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Resumo Os sensores desempenham um papel fundamental na Internet das 

Coisas (IoT, do inglês Internet of Things), monitoramento uma infinidade 

de parâmetros, dentro e fora das redes de comunicação. Os desafios 

para a IoT residem na falta de estratégias acessíveis capazes de 

converter, de forma sustentável, um sinal proveniente de uma rede de 

sensores óticos numa sequência de dados digitais. A junção de sensores 

óticos com smartphones aparece como uma estratégia interessante para 

a nova geração de sensores óticos móveis (usualmente designado em 

inglês por mOptical, mobile Optical). De entre as propriedades óticas, a 

luminescência destaca-se como uma técnica espectroscópica não 

invasiva baseada na dependência da emissão do material que estímulos 

físicos ou químicos externos (por exemplo, a temperatura, o pH, ou a 

dose UV-C), e que muitas vezes resulta numa variação de cor facilmente 

quantificada utilizando a câmara do smartphone. As características 

intrínsecas das transições intra-4f dos iões lantanídeos (Ln3+) fornecem 

pureza de cor e capacidade de ajuste necessárias para a deteção 

baseada numa imagem. A escolha criteriosa dos ligandos e da matriz 

para os iões Ln3+ permite processar os materiais de diferentes formas, 

tamanhos e morfologias, possibilitando um design dedicado ao IoT e 

criando etiquetas luminescentes inteligentes que garantem uma série de 

aplicações. Além disso, a absorção de radiação e o elevado desvio de 

Stokes fornecido pelos ligandos são fundamentais para garantir a 

emissão eficiente de Ln3+ sob as potências de excitação mais baixas, 

típicas dos díodos emissores de luz (LED, do inglês Light Emitting 
Diodes) comerciais. Estes aspetos permitem antever uma serie 

aplicações abrangentes, nas quais se destacam os serviços de saúde e 

de onde surgem os conceitos de eSaúde (traduzido do inglês eHealth) e 

mSaúde (traduzido do inglês mHealth – mobile health, eSaúde assistida 

por dispositivos móveis), sendo cada vez mais explorados no sentido do 

desenvolvimento de sistemas eficazes de baixo custo e sustentáveis que 

promovam a prestação de cuidados de saúde. O uso combinado de 

smartphones e LEDs apresenta-se como uma abordagem sustentável 

para a indústria, tendo também uma aceitação social e uso generalizado. 

Esta combinação, traça um novo caminho para desenvolvimentos na 

fotónica, estabelecidos pela incorporação de smartphones como 

ferramenta na ciência e na engenharia, prevendo novos designs de 

sensores mOptical para a IoT. 
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abstract 

 

Sensors play a key role on the Internet of Things (IoT) providing 

monitoring inside and outside the communication networks in a multitude 

of parameters. Challenges towards IoT lie in the lack of affordable 

strategies able to convert sustainably, a signal from an optical sensors 

network into a digital data sequence. The coupling of optical sensors to 

smartphones appears as an exciting strategy for the new generation of 

mobile optical (mOptical) sensing. Among optical features, luminescence 

stands out as a non-invasive spectroscopic method based on the 

dependence of the phosphor emission on the measurand (e.g., 

temperature, pH, UV-C dose) which often is translated into color variation 

easily accessed by the smartphone camera. The intrinsic characteristics 

of the intra-4f transitions of lanthanide ions (Ln3+) provide color purity and 

tuneability required for image-based sensing. The judicious choice of the 

ligands and the host for the Ln3+ enables the flexible processing in shape, 

size, and methodology permitting the design of IoT enabling smart labels 

ensuring authenticity (combining anti-counterfeiting and uniqueness), 

and traceability. Moreover, the radiation harvesting, and the large Stokes 

shift provided by the ligands are fundamental to ensure efficient 

Ln3+emission under the lower-excitation powers typical of commercial 

light-emitting diodes (LEDs). Those aspects predict broad applications 

ranging, in which, healthcare services standout and the concepts of 

eHealth and mHealth (mobile-assisted eHealth) arose, being more and 

more explored towards the development of effective low-cost and 

sustainable systems that promote healthcare provision. The combined 

use of smartphones and LEDs is a sustainable approach to the industry 

and societal acceptance and widespread use, transforming. A new path 

for advances in photonics research is traced established by the 

incorporation of smartphones as a tool in science and engineering, 

foreseeing new designs for mOptical sensors towards IoT. 
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QR (Quick Response) codes are two-dimensional barcodes composed of special geometric patterns of
black modules in a white square background that can encode different types of information with high
density and robustness, correct errors and physical damages, thus keeping the stored information pro-
tected. Recently, these codes have gained increased attention as they offer a simple physical tool for quick
access to Web sites for advertising and social interaction. Challenges encompass the increase of the stor-
age capacity limit, even though they can store approximately 350 times more information than common
barcodes, and encode different types of characters (e.g., numeric, alphanumeric, kanji and kana). In this
work, we fabricate luminescent QR codes based on a poly(methyl methacrylate) substrate coated with
organic-inorganic hybrid materials doped with trivalent terbium (Tb3+) and europium (Eu3+) ions,
demonstrating the increase of storage capacity per unit area by a factor of two by using the colour mul-
tiplexing, when compared to conventional QR codes. A novel methodology to decode the multiplexed QR
codes is developed based on a colour separation threshold where a decision level is calculated through a
maximum-likelihood criteria to minimize the error probability of the demultiplexed modules, maximiz-
ing the foreseen total storage capacity. Moreover, the thermal dependence of the emission colour coor-
dinates of the Eu3+/Tb3+-based hybrids enables the simultaneously QR code colour-multiplexing and
may be used to sense temperature (reproducibility higher than 93%), opening new fields of applications
for QR codes as smart labels for sensing.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

QR (Quick Response) codes, introduced by DensoWave Incorpo-
rated in 1994, are bi-dimensional barcodes composed of black and
white modules. Since then, QR codes were certified by interna-
tional standard norms becoming a world known codification
scheme with numerous applications in distinct areas, e.g., food
(to track and certify the products quality and also to avoid counter-
feiting [1,2]), security (combined with encryption techniques to
improve identification documents security [3]), medicine (to easily
manage the patients-related information [4]), among other, like
pharmaceutics [5], marketing [6], and tourism [7]. The unequivocal
implantation of QR codes is well demonstrated by its popularity
increase in the last years, in particular, in daily routines as they
offer a simple physical tool for quick access to web sites, advertis-
ing, and social interaction [8].

The popularity of QR codes lies on their unique characteristics,
such as fast and easy readability independently from the orienta-
tion, ability to correct errors and physical damages, which make
them a very robust code in what concerns information protection.
Despite the fact that they can store approximately 350 times more
information than common barcodes and encode different types of
characters (numeric, alphanumeric, kanji and kana) [9], their stor-
age capacity is still reduced, limiting a wider use.

The information capacity limit has been addressed in the liter-
ature involving the use of colour schemes and/or multiplexing
methods. In particular, information multiplexing can be achieved
by replacing the modules with special characters (e.g. n, /, <, >, ^)
associating them to a unique array of n bits, creating a unique
QR code, increasing the storage limit up to n times; so far a 3 times

http://crossmark.crossref.org/dialog/?doi=10.1016/j.optlastec.2017.11.023&domain=pdf
https://doi.org/10.1016/j.optlastec.2017.11.023
mailto:lcarlos@ua.pt
mailto:paulo.andre@ist.utl.pt
mailto:rferreira@ua.pt
https://doi.org/10.1016/j.optlastec.2017.11.023
http://www.sciencedirect.com/science/journal/00303992
http://www.elsevier.com/locate/optlastec
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increase was already demonstrated [10]. Another approach pro-
poses a multi-view scheme in which three QR codes are translated
into a planar projection of a three-dimensional shape with a cubic
form, where the QR codes are placed on the sides of the cube,
allowing a 1.5 increase of information storage [11]. Other possibil-
ity to deal with QR code storage limitation is the use of colour
schemes that consist in the use of multiple colours, defining each
module with more than one bit of information, which is the same
principle as the one behind the use of special characters. One
example is based on predefining a standard colour pallet for each
set of bits combination permitting to double the QR code storage
capacity using four colours [12] and quadruple using 16 colours
[13]. However, practical disadvantages are envisaged due to the
sensitivity to reading conditions, as the colour scheme decoding
process must be able to match the colour detected with the colour
pallet pre-established to process the decoding. Another possibility,
reported by some of us, to codify each QR code consists in the use
of the primary colours (red, R, green, G, or blue, B) with an addic-
tive colour method, resulting in an eight-colour pallet [14]. In this
case, since the primary colours are orthogonal among them, the
final images can be decoded by separating colours in the RGB com-
ponents, obtaining the original three monochromatic QR codes. An
increase of storage capacity per unit area by a factor of six, when
compared to the normal QR code, may be foreseen using multilevel
encoding in each primary colour [14].

The methodology we present here is based on the former prin-
ciple of colour adding using the RGB components. As a proof of
concept, we work only with one RGB component, but the materials
and processing techniques here reported allow the incorporation of
more than one colour. To experimentally implement this strategy,
visible light-emitting organic-inorganic hybrids were used to
design RGB luminescent multiplexed QR codes. The advantage of
organic-inorganic hybrids lies on the fact that they are easily pro-
cessed at room temperature with the desired shape and thickness,
combining the flexibility of the organic counterpart with the
mechanical stability of the inorganic one [15–17]. Moreover, the
possibility of incorporating optically active centres with light emis-
sion properties tuned along the visible spectral range is of great
advantage, as distinct multiplexing colours may be selected. There-
fore, beta-diketonate complexes of trivalent lanthanide ions (Ln3+,
Ln = Eu, Tb) were selected as they are red and green emitters,
respectively, under UV excitation [18], permitting the hybrids to
keep their transparency under day light illumination, keeping cod-
ified and enabling the multiplexing of information. This later
aspect arises from the fact that UV illumination is required to acti-
vate the emission and, therefore, to enable the information read-
ing, ensuring security features. We propose to multiplex
luminescent QR codes based on transparent Ln3+-doped organic-
inorganic hybrid materials with a standard black-white QR code.
In this case, instead of having three black-white QR codes and
add them, we propose the use of one printed black and white QR
code (base code) combined with a QR code made of Ln3+-doped
organic-inorganic luminescent hybrids deposited over a transpar-
ent poly(methyl methacrylate) (PMMA) substrate. We demon-
strate the applicability of the methodology to decode the
multiplexed based QR codes on the RGB addictive colour method
[14] using a green-emitting luminescent QR code. The methodol-
ogy to decode the multiplexed is developed based on colour sepa-
ration threshold, where a decision level is calculated trough
probability density functions. Furthermore, taking advantage of
the emission thermal dependence of the luminescent QR code
layer, we demonstrate the ability of these codes to potentially rea-
lise the simultaneously sensing of the temperature (5–50 �C),
prospecting luminescent QR codes for higher storage capacity
smart labelling.
2. Experimental section

2.1. Materials synthesis and processing

2.1.1. Synthesis of Tb(3Cl-acac)3(H2O)2
The Tb(3Cl-acac)3(H2O)2 (3Cl-acac = 3-chloro-2,4-

pentanedione) was prepared as detailed elsewhere [19]. A mixture
of 1 mmol of TbCl3�6H2O (Sigma-Aldrich) and 3 mmol of 3-chloro-
2,4-pentanedione was dissolved in 5 mL of H2O and the pH of this
solution was adjusted to 7 by adding an appropriate amount of an
aqueous NaOH solution (10% w/v). The resulting mixtures were
stirred at room temperature for 3 h to yield the Tb(3Cl-
acac)3(H2O)2 complex. The white solid products were filtered,
washed with water, and dried in desiccators at room temperature.
The molecular structure is depicted in Fig. 1.
2.1.2. Synthesis of Eu0.25Tb0.75(tfac)3(H2O)
The complex was synthesized according to the literature

[20,21]. It started by adding 0.37 mL (3.0 mmol) of tfac (1,1,1-tri
fluoro-2,4-pentanedione, Sigma-Aldrich) to 10 mL of water. A cer-
tain amount of diluted ammonium solution (1.0 mol/L) was added
and a two-phase solution was formed. The mixture was stirred at
room temperature until a homogeneous solution was obtained,
and pH value was kept around 8. Then 91.6 mg of EuCl3�6H2O
(Sigma-Aldrich) and 280.1 mg of TbCl3�6H2O in 15 mL of water
was added and the precipitate appeared. The mixture was further
stirred at 50 �C and then placed at ambient condition overnight.
The precipitate was filtered off, washed with water, and dried at
60 �C. The molecular structure is depicted in Fig. 1.
2.1.3. Synthesis of the doped di-ureasil, d-U(600), and tripodal tri-
ureasil, t-U(5000), organic–inorganic hybrids

The d-U(600) di-ureasil is formed by polyether chains (with
average molecular weight of 600 g mol�1) covalently linked to a
siliceous inorganic skeleton by urea bridges and the t-U(5000) host
is a urea cross-linked tripodal siloxane-based hybrid, Fig. 1. The
synthesis of d-U(600) and t-U(5000) involves two steps. For d-U
(600), in the first step, 1.0 g (1.67 mmol) of Jeffamine� ED-600
(Sigma-Aldrich, 97%) was mixed with 1.0 mL of dried THF (tetrahy-
drofuran, Sigma-Aldrich, 99.9%). The mixture was stirred for 10
min at room temperature. Then 0.866 mL (3.34 mmol) of ICPTES
(3-(triethoxysilyl)propyl isocyanate, 95%, Sigma–Aldrich) was
added dropwise under stirring. The molar ratio Jeffamine� ED-
600 to ICPTES is 1:2. The resulting transparent sol was stirred for
24 h at room temperature. The THF was evaporated and thus the
precursor d-UPTES(600) was obtained (Fig. 1). The molar ratio of
d-UPTES(600):H2O is 1:6. The t-UPTES(5000) precursor (Fig. 1)
was synthesized in an identical way, except for the Jeffamine� T-
5000 used, which presents a branched chain structure with the
amino groups located at the end of each branch, with a molecular
mass of 5000 (Huntsman). The molar ratio of Jeffamine� T-5000:
ICPTES is 1:3. The resulting solution was refluxed at 80 �C for 24
h. The solvent THF was evaporated using rotary evaporator under
reduced pressure. The molar ratio of t-UPTES(5000):H2O is 1:9.

In a second step, a solution of Tb(3Cl-acac)3(H2O)2 (5.8 mg, 0.01
mmol) and 1 mL of ethanol (Fisher Scientific, 99.9%) was kept
under magnetic stirring for 20 min and 2 g of t-UPTES(5000) were
added, with 25 lL of water and stirred for 15 min. Then, 50 lL of
0.5 M HCl (Sigma Aldrich, 37%) were added to reduce pH from 9
to 2, to decrease the time necessary for the sol-gel transition. In
these conditions the resulting material (tU5Tb), presents a sol-gel
transition in �3 h at 40 �C. For the synthesis of d-U(600) ureasil
doped with the Eu0.25Tb0.75(tfac)3(H2O) complex, 0.75 mL of EtOH
was added to 1.0 g (0.914 mmol) of d-UPTES(600) and the mixture



Fig. 1. Scheme of the chemical structure of the (a) di-ureasil and (b) tri-ureasil organic–inorganic non-hydrolysed precursors and (c) Tb(3Cl-acac)3(H2O)2 and Ln(tfac)3(H2O)
(Ln = Eu or Tb) complexes.
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was stirred at room temperature for 10 min. Then 5 mg of Eu0.25-
Tb0.75(tfac)3(H2O) dissolved in 0.75 mL of CHCl3 was added, and
the solution was stirred for another 10 min. A certain amount of
HCl acidified water (pH = 2) was added under stirring to catalyse
the hydrolysis and condensation reaction. The resulting material
(dU6EuTb) was stirred at room temperature for further 2 h, and
then it was deposited by dip-coating, as detailed below. The
dU6EuTb presents a sol-gel transition in 1 week at 45 �C.

2.1.4. QR codes processing
Three base (black-white) and luminescent QR codes of version 1

(21 � 21 modules2) with error correction level L (7%) with the mes-
sage ‘‘University of Aveiro (UA)”, ‘‘Instituto de Telecomunicações
(IT)” (dimension 6 � 6 cm2) and ‘‘Measure the temperature”
(dimension 3 � 3 cm2) were fabricated. The base QR codes were
printed on photographic white paper sheet using a digital printer
(RicoH Aficio MP 8001). Aiming at preparing a luminescent layer,
QR codes based on PMMA were printed using a 3D printer (Maker-
Bot Replicator 2 and Ultimaker 2 Extended+), with thickness of 5.0
� 10�4 m to ensure the transparency. These QR codes were verti-
cally immersed in a solution of the Tb3+- or Eu3+/Tb3+-doped
hybrids (tU5Tb and dU6EuTb, respectively) at a velocity of 1.4 �
10�3 m s�1 using a homemade dip-coating system. After the depo-
sition, the luminescent QR codes were transferred to an oven at
45 �C for 48 h.

2.1.5. QR codes multiplexing
The strategy to multiplex distinct coloured QR codes consists in

overlapping the base QR code by the luminescent QR code. Under
daylight the PMMA-based luminescent code is transparent and
the base code is readily accessed (Fig. 2a), whereas under UV illu-
mination the PMMA-based QR code is luminescent enabling the
colour-multiplexing of the overlapped codes (Fig. 2b). The images
of the multiplexed QR codes under daylight or UV illumination
were taken with a smartphone camera with resolution of 1440 �
2560 pixel2 (577 ppi), aperture of f /1.9 and a sensor dimension
of 1/2.600.

2.1.6. Emission spectra vs. temperature
The emission spectra of the luminescent QR codes were mea-

sured using a spectrometer OceanOptics Maya 2000 Pro coupled
with an optical fibre, under UV excitation (254 nm). The pho-
tographs of the luminescent QR codes under UV illumination were
taken with a smartphone camera with resolution of 2238 � 3986
pixel2 (294 ppi), aperture of f /2 and a sensor dimension of 1/4.200.
The temperature sensing measurements cover the 5–50 �C temper-
ature range with a step of 5 �C. To independently monitor the tem-
perature ensuring its uniformity within the QR code surface, a
thermal camera FLIR DG001U-E (sensitivity of 0.1 �C, accuracy of
±2 �C, accordingly to the manufacturer) was used. The IR camera
temperature profiles result from an averaging of four thermal
images acquired in distinct regions of the QR code. To estimate
the dU6EuTb di-ureasil hybrid layer emissivity, the following
methodology was adopted: the setup was left to stabilize at room
temperature for 30 min and the temperature was monitored using
two thermocouples. Afterwards, the temperature of a black plastic
cover and of a black dull paper with known emissivity values
(e = 1.00 and e = 0.94, respectively, accordingly to the equipment’s
manual) were recorded. A thermal picture of a region comprising
both the hybrid layer, the black plastic and the black paper was
acquired with the IR camera. Then, the temperature was deter-
mined in the region of the materials with known e values and
the hybrid layer emissivity was adjusted until the reconstructed
temperature matches that of the known materials. A value



Fig. 2. Multiplexing-colour scheme resulting from the superimposition of the black-white and luminescent QR codes (multiplexed QR code) under (a) daylight and (b) UV
illumination.
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e = 0.85 was calculated, resembling that previously reported for
analogous organic-inorganic hybrid materials [22].
3. Theory/calculation

3.1. Pixel colour identification

The colour representation of the pixels in any image can be
made in a 3D space, assigning each coordinate R (red), G (green)
and B (blue) to an orthogonal axis. The pixel intensity of an image
taken from a QR code with a CCD based device, for a one-
dimensional space (one colour coordinate), is represented by a ran-
dom variable. For a large number of samples, the intensity his-
togram of this random variable is described by a Gaussian
probability density function (pdf) with expected (mean) value (l)
and colour noise variance (r2), resulting from ‘speckel’, arbitrary
white Gaussian noise and errors associated with the image acqui-
sition [14].

The images formed by pixels with more than one colour exhibit
a one-dimensional intensity histogram with more than one cluster
of pixels around an average value, each one being described by a
Gaussian pdf. A ‘maximum-likelihood’ decision criteria can be used
to decide to which colour a given pixel is assigned, as function of
the intensity. For a particular image exhibiting pixels with 2 clus-
ters (2 colours) in the one-dimensional intensity histogram, with
pdfs centred at A and B, with variance values of r2

A and r2
B , respec-

tively and considering that each colour has a priori probability of pA
and pB, the error probability associated with pixel colour misinter-
pretation is:
perrorðkÞ ¼
pBffiffiffiffiffiffiffiffiffiffiffiffi
2pr2

B

q Z k

�1
exp �ðx� BÞ2

2r2
B

 !
dx

þ pAffiffiffiffiffiffiffiffiffiffiffiffi
2pr2

A

q Z 1

k
exp

ðx� AÞ2
2r2

A

 !
dx ð1Þ

where k is the decision level. The error probability can be minimised
for an ideal decision level, kopt, given by:

kopt ¼ AþB
2 ;rA ¼ rB ^ pA ¼ pB

kopt ¼
�ðAr2

B�Br2
A
Þ�2
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The error probability for the optimum decision level can be

obtained by solving Eq. (1). For the particular case in which the col-
ours probability values are equal (pA = pB) and for equal noise vari-
ances (r2

A ¼ r2
B ¼ r2), the error probability is:

perror ¼
1
2
erfc

B� A

2
ffiffiffi
2
p

r2

� �
ð3Þ

where erfc (.) refers to the complementary error function. These
optimal decision level values can be applied as a threshold to iden-
tify the pixels in each RGB component.



Fig. 3. Multiplexed black-white and luminescent QR codes under (a) daylight and
(b) UV illumination (encoding the message ‘‘UA” and ‘‘IT”, respectively). (c)
Emission spectrum of the tU5Tb hybrid layer excited at 360 nm and (d) CIE
chromaticity diagram showing the room temperature (x, y) emission colour
coordinate.

Fig. 4. (a) Histogram for Fig. 3a with the decision level kopt that allows separating
the active (k) from the inactive (W) modules of the black-white QR code. (b)
Representation of all modules from Fig. 3b in a 3D orthogonal space. c) Base plane is
a 2D graphic from G (x axis) and B coordinates (y axis) for Fig. 3b, left plane is G
coordinate histogram and the right plane is B coordinate histogram.

Fig. 5. Base (a) original and (b) reconstructed QR codes. Lumin
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4. Results and discussion

4.1. QR codes multiplexing

Fig. 3a shows the base QR code overlapped by the tU5Tb-based
luminescent QR code under daylight illumination. When shined
with UV radiation, the tU5Tb-based luminescent QR code displays
a bright green colour (Fig. 3b), ascribed to the intra-4f8 5D4 ?

7F6-2
transitions (Fig. 3c), with (x, y) CIE emission colour coordinates
(0.28, 0.61) in the yellowish-green spectral region, Fig. 3d. Under
both daylight and UV illumination, the base QR code is discerned
due to the transparency of the PMMA-based QR code, enabling
the multiplexing of the individual information in each QR code.

From the experimental results two situations may occur: (i)
under natural daylight illumination the luminescent material does
not emit and only the base black-white QR code is visible, since the
PMMA and the organic-inorganic hybrid are transparent, and (ii)
under UV illumination the luminescent QR code emits green light
and a multiplexed colour code is obtained resulting from mixing
the black-white modules with the material’s characteristic emis-
sion colour. This final scheme increases the encoding data capacity
in two times, as it will be quantitatively addressed next.

The quantitative assessment requires that the QR codes images
(Fig. 3a and b) are processed, namely the QR code edges (silence
zone inclusive) are cut and each module is individually crop to
eliminate its borders and isolate the central pixels (matrix). Then,
the mode function was applied to the pixels matrix of each module,
allowing to define each module with a unique RGB value and gen-
erating the 3D orthogonal space presented in Fig. 4b. Note that the
image in Fig. 3a is monochromatic and the absolute intensity his-

togram is I ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 þ G2 þ B2

p
, whose pdf exhibits 3 peaks (labelled

as 1–3, in Fig. 4a) ascribed to the active modules of the base QR
code covered by the inactive modules (free spaces) of the PMMA
based QR code (peak 1) or covered by the active modules of the
PMMA based QR code (peak 2). The peak 3 corresponds to the
white inactive modules of the base QR (independently of the over-
lap modules arising from the upper PMMA based QR code). Apply-
ing the maximum-likelihood decision criteria between peak 2 and
peak 3, it is possible to identify the state (active or inactive) of the
base QR code modules. The modules with intensity values higher
than the optimum decision level (kopt = 148) are identified as inac-
tive and the remaining ones as actives. The kopt was estimated from
Eq. (2) using the parameters (mean and variance) obtained by fit-
ting the aforementioned peaks histograms to Gaussian pdfs.

The 3D orthogonal colour space of Fig. 3b, shows a negligible
contribution of the red coordinate, as presented in Fig. 4b. There-
fore, the analysis will be focused on a 2D space representing only
the blue and green coordinates, Fig. 4c. This figure shows also
the presence of three different clusters corresponding to the three
different colours present in Fig. 3b (black, green and blue). The
green colour corresponds to the active module of the PMMA based
QR code (independently of the base QR code module state). The
blue colour (resulting from the paper luminescence under UV illu-
mination) corresponds to the inactive module of the base QR code
superimposed by the inactive module of the PMMA based QR code.
The black colour corresponds to the active module of the base QR
escent PMMA (c) original and (d) reconstructed QR codes.



Fig. 6. (a) Photo of the QR code covered with dU6EuTb (encoding the message ‘‘Measur
49.6 �C, displaying a visible colour change at the naked eye; (b) corresponding emission
green (region marked with the asterisk is a superimposition between the Eu3+ 5D0 ?
emission spectra (in b) in CIE 1931 diagram; (d) Values of u0 and v 0 calculated from the co
the references to colour in this figure legend, the reader is referred to the web version o

Table 1
Decision level (kopt) and associated error (perror) for the QR code images (Fig. 3a and b),
experimental error (pexp:error) obtained from the multiplex decode process.

Illumination Histogram kopt perror pexp:error

Daylight Intensity 148 0.002 <0.002
UV Blue coordinate 105 0.023

0.007
Green coordinate 83 0.003
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code superimposed by the inactive module of the PMMA based QR
code. The histograms for the 2D space and the pdf fit are depicted
in Fig. 4c with the kopt value obtained from the maximum-
likelihood decision criteria (Eq. (2)).

Fig. 5 compares the original and reconstructed QR codes (base
and luminescent PMMA QR codes), where the erroneous identified
modules are marked in red.

The upper bound value for the error rate associated with pixel
colour misinterpretation, perror , can be estimated by Eq. (1), yielding
e the temperature”) under UV excitation at distinct temperatures between 5.0 and
spectra of the QR code with the Eu3+ transitions marked in red and the Tb3+ ones in
7F0,1 and the Tb3+ 5D4 ?

7F6). (c) Emission colour coordinates calculated from the
lour coordinates (x, y) for one complete cycle (5? 50 ? 5 �C). (For interpretation of
f this article.)
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to the values displayed in Table 1. The experimental value for the
error rate, pexp:error , is obtained by the direct comparison of the ini-
tial code and the reconstructed one. The experimental and esti-
mated error rate values have the same order of magnitude (<1%)
and its difference can be explained by the divergences between
the probability density function used to describe the random vari-
ables and the measured histograms distributions (see Fig. 4c).

4.2. QR codes for temperature sensing

Aiming to take advantage of the luminescent features of
Ln3+-based organic-inorganic hybrids, a luminescent QR code
based on a Eu3+/Tb3+ complex was prepared, permitting to fabri-
cate luminescent QR codes with distinct emission colours. In par-
ticular, besides the contribution of the Tb3+ emission in the green
spectral region (as illustrated in Fig. 3), the Eu3+ ions will be
responsible to add the red spectral component to the emission fea-
tures enabling the application of the proposed multiplexing
method to the red component. Moreover, the dU6EuTb-based QR
code reveals an emission colour dependent on the temperature
(Fig. 6a) due to the distinct thermal dependence of the green
intra-4f8 (Tb3+) and the red intra-4f6 (Eu3+) emissions (Fig. 6b).
Whereas at higher temperature values (above 30 �C) the Eu3+ emis-
sion clearly dominates, as the temperature approaches 5 �C there is
an increase in the relative intensity of the Tb3+ transitions, yielding
a colour change from the red to the green spectral region. The
increase in the relative intensity of the Eu3+ emission as tempera-
ture increases is determined by the temperature dependence of the
balance between (i) host-to-Ln3+ and ligand-to-Ln3+ energy trans-
fer rates, including pathways through excited singlet and triplet
states; (ii) Ln3+-to-host and Ln3+-to-ligand energy back transfer
rates, and (iii) non-radiative deactivations from upper excited 4f
levels to the emitting 5D4 and 5D0 states [23,24]. The thermal
dependence of the emission colour was quantified by the calcula-
tion of the CIE (x, y) emission colour coordinates, Fig. 6c. As the
temperature increases from 5 �C to 50 �C, the colour coordinates
vary from the yellow (0.47, 0.47) to the orange (0.56, 0.43) spectral
regions.

The reversibility of the emission colour coordinates measure-
ment is a crucial factor that determines the capability of the sys-
tem to return to the original conditions and, thus, to be used in a
continuous way. To study the reversibility of the proposed
methodology to potentially sense temperature, the emission colour
coordinates were quantified during a cooling-heating cycle. To
ensure the comparison between distinct emission colour coordi-
nates, the linear (u0, v0) colour space was used, instead of the (x,
y) based one, through:

u0 ¼ 4X
�2X þ 12Y þ 3

and v 0 ¼ 9Y
�2X þ 12Y þ 3

ð4Þ

The process reversibility (R) is calculated using:

Ru0 ¼ 1� Du0

�u0
and Rv 0 ¼ 1� Dv 0

�v 0 ð5Þ

where Du0 and Du0 are the deviation from u0 and v 0 and �u0 and �v 0 are
the mean from u0 and v 0 at 5 �C. The value Ru0 and Rv 0 obtained are
0.93 and 1.00, respectively, indicating that the proposed methodol-
ogy for colorimetric temperature sensing is not affected by the pro-
longed exposition to UV radiation neither to the temperature
cycling.

5. Conclusions

This work describes the implementation of a multiplexing
methodology based on an additive RGB colour model to increase
the QR codes information storage capacity. The strategy relies on
the multiplexing of black-white QR codes with monochromatic
RGB luminescent QR codes, whose emission is activated by UV
radiation. A green-emitting luminescent QR code based on a tri-
ureasil organic-inorganic hybrid doped with Tb3+ ions was used
to demonstrate the success of this strategy that is able to increase
at least 2 times the information capacity compared with conven-
tional black-white QR codes. This limit, however, can be pushed
high using multilevel encoding in each primary colour [14]. Fur-
thermore, the application of a maximum likelihood criteria to the
modules state identification, guaranties the quality of the demulti-
plexed information. Following the same approach, a luminescent
QR code was produced using a di-ureasil hybrid material co-
doped with Tb3+ and Eu3+ ions whose emission results from the
contribution of both ions in the green and red spectral regions,
respectively. The tuning between the green and red emission is
thermally controlled, inducing a colour variation with repro-
ducibility higher than 93% envisaging the possibility to sense tem-
perature simultaneously with the multiplexing approach. without
the mandatory need of special hardware requirements, a step for-
ward in respect to the examples that require costly spectrometers
connected to mobile phones to record the temperature. Moreover,
the possibility to tune the emission colour with other physical
parameters (e.g. excitation wavelength) prospects either the
chance to externally actuate the QR codes colour multiplexing,
selecting the information stored within each RGB colour. From
the processing point of view, the deposit of the emitting layer in
flexible substrates and as free-standing QR codes (provided by
the hybrid host) envisages new opportunities for smart labelling
and sensing using flexible QR codes.
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Abstract — Internet of Things (IoT) is certainly a relevant 
concept in the education of the future engineering students, 
providing important instruments to adapt the teaching and 
learning methodologies. Among those instruments, QR codes 
are unique tools due to its intrinsic properties such as fast and 
easy readability and larger information storage capacity, in 
parallel with its increasing popularity in the last years 
associated to daily routines as they offer a simple physical means 
for quick access to web sites. We propose a project-oriented 
approach tailored for pre-university students to develop their 
skills in the field of IoT, namely, programming and prototyping 
development in straight connection with school activities. The 
students’ experimental assessment of the project-based learning 
was complemented by the expertise of the team from the 
University shortening the classical loop between the student 
problem solution and teacher feedback. It was observed a 
fruitful improving of the students self-awareness and of their 
overall performance in multidisciplinary issues in the field of 
IoT contents, with impact in the school day life and promoting 
the engagement in Engineering University level degrees. 

Keywords— project based learning; IoT; QR Code; photonics; 

I. INTRODUCTION 

Internet of Things (IoT) is a high topical issue in an era 
where everyone wants to be connected. The IoT concept is 
simple and it is related to devices or objects connected to the 
internet, so that they are linked to each other or have 
information stored in it, allowing a trade of information 
among them, suiting, the best way possible, the human needs 
[1]. In IoT, the information and communication systems are 
invisibly embedded in the environment around us, where a 
smart connectivity and interoperability between existing 
networks is a challenge. Thus, communication device-device 
or device-person or storage mechanisms are fundamental. 
Examples of this communication mechanisms are chips, near 

field communication, radio frequency identifiers, barcodes or 
quick response (QR) codes [2]. 

The QR codes were created in 1994 by Denso Wave 
Incorporated [3] and, since then, their popularity and usage 
growth and spread all over the world. QR codes consist in a 
matrix code composed by black and white modules that can 
encode numeric, alphanumeric, kanji and kana languages with 
a storage capacity ranging from 10 to 7089 characters, 
depending on the encoding text. Other unique features are the 
fast and efficient readability, even from different angles and 
the ability to correct damage in the code (until a certain level) 
[4]. Moreover, QR codes are a free patent, so that several 
generators and decoders are available online, rendering easy 
and cheap to produced and decode them. The combination of 
all these features and the fact that any object can have a unique 
QR code attached to it, makes them ideal candidates to 
establish simple communication between an object and a 
device (e.g. smartphone) or a person. The transmitted 
information can range from simple text to the setup of internet 
connection, so that it can also be used in IoT applications, 
endowing, in the end, schools with new tools to promote 
education.  

Aiming to bring IoT-based know-how to high school 
students as a motivation for future engaging in engineering 
degrees at the University level, this engineering project-based 
learning (PBL) oriented activity was conducted in straight 
collaboration with high-school teachers and pre-university 
students, focused in photonics technology, namely QR codes. 
The target students included those attending to the last year of 
the secondary education that selected as learning subjects 
mathematics and physics courses, being, therefore, potential 
pre-university students of an engineering course. The 
realization of this PBL also intended to promote a smooth 
transition from secondary education to higher education, as 
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the employed methodologies potentiate autonomous, 
dedicated and multidisciplinary work, which are among the 
most significant challenges faced by the students in their 
academic life after engaging University. In particular, the use 
of prototypes and related approaches such as problem, design 
and project-oriented methodologies are basilar in engineering 
education. Project based-learning is also a way to engage 
students in a physics course requiring a multidisciplinary 
context, inside of a long-term project, solving a real-world 
problem in a creative and authentic way. When a student has 
the opportunity to set a project with practical use in his daily 
life, the level of motivation increases yielding to an open mind 
of learning the physics course issues and the interdisciplinary 
related ones (as mathematics and engineering issues). 

We propose to use IoT through innovative coloured QR 
codes in the engineering education in line with the current 
trends related to engineering practice and technology 
education. The results attained by this proposal are easily 
extended from pre-university to university engineering 
students. For the former students, the project findings 
establish know-how on recent and high-topical issues from the 
technological point of view, in parallel, with the 
encouragement for multi-disciplinary work in the field of 
engineering. The university engineering students benefit from 
the development of innovative tools to push recent advances 
in IoT together with the ability to interact with younger 
students (non-specialist), developing communications skills 
related to scientific and technical aspects. This PBL was 
piloted during the 2016/2017 scholar year (~ 8 months) 
bringing together students, teachers and researchers at 
University of Aveiro/UA and University of Lisbon/UL-IST, 
Portugal, and teachers and pre-university students from high-
school in Escola Secundária de Oliveira do Bairro (ESOB), 
Portugal. The success of the project envisages that it will be 
repeated involving the same groups and an attempt to spread 
it over other high-schools near UA and UL-IST motivating 
pre-university students for engineering learning. 

II. FUNDAMENTALS

Along the years, several colour models have been 
developed featuring a specific application. While some 
models try to adjust and replicate human eye response, others 
simply recreate colours and are able to display them. A 
fundamental concept behind these methods is the existence of 
primary colours, that when mixed can generate an entire 
spectrum. One of the more relevant cases is the additive colour 
model involving the primary red (R), green (G) and blue (B) 
colours because it is the most common model used in 
electronic devices and it is based on the human perception of 
colour [5]. In the additive model, any colour is created by 
adding and mixing distinct amounts of the RGB primaries. In 
electronics, three primaries RGB colours are called channels 
(red channel, green channel and blue channel) and each value 
is represented as [R,G,B], where the minimum and maximum 
values for R, G and B are 0 and 255, respectively. Within this 
concept, every image can be split into three pictures, one 
representing the contribution of each channel, transforming a 
three dimensional image into three bi-dimensional ones. The 
reverse process can also be done, namely, concatenate three 

bi-dimensional images (one per each channel) into a single 
image with the three mixed colours. 

Focusing RGB colour models in the field of QR codes, we 
note that as QR codes are produced in black and white, each 
channel is identical to each other. In particular, black or white 
modules are represented by [R,G,B]=[0,0,0]. In this case, the 
image can be reduced to one single channel where 0 is black 
and 255 is white forming a bi-dimensional picture. To create 
a coloured QR code, three different bi-dimensional black and 
white QR codes must be created; afterwards each QR code 
must be concatenated into one of the channels yielding an 8 
colour (R, G, B, white, black, cyan, yellow and magenta) QR 
code resulting from the mixture of the three RGB channels 
(Fig. 1) [6].  

Fig. 1. Scheme illustrating the generation of a coloured QR code from three 
concatenated black and white QR codes: each colour channel generates a 
coloured QR code with 8 colours, resulting from the mix of the R, G and B 
channels. 

To access the three original QR codes (R, G, B channels) 
from the coloured QR code, the RGB colour channels must be 
split and the reverse process must be done. The reverse 
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methodology may be slightly more complicated than the 
concatenate process, when QR codes are exposed to daylight. 
In this case, and depending on the camera sensor sensitivity, 
it is expected a broader colour spectrum, as illustrated in 
Fig. 2. A simple methodology was developed to overcome it, 
enabling the pure colours separation in an efficient and fast 
way: i) each channel is split and analysed using a histogram 
of the image pixel intensity (e.g. R channel histogram, Fig. 2) 
and ii) definition of a colour threshold value, so that above (or 
below) it, we considered 255 (or 0) [5]. With this 
methodology, a broader spectrum may be converted into an 
image with pure colours (0 or 255), enabling that the three 
original QR codes will be easily available and ready to be 
decoded via smartphone app or using a MatLab-based 
decoder. 

 

Fig. 1. Example of a histogram of the R channel selected to define a colour 
separation threshold value that distinguishes between pure red from black. 
Image taken acquired under daylight illumination with a smartphone CCD 
camera (resolution 13 MP, aperture ƒ/1.9 and sensor dimension of 1/2.6”). 

III. IMPLEMENTATION 

Based on the premise that PBL requires teacher guidance 
and team collaboration, this project was implemented with a 
complementary team from University (UA and UL-IST) and 
a high school (ESOB) in Portugal. The team from the 
University included one professor from the Physics 
department and one PhD student and from UL-IST one 
professor from the Department of Electric and Computer 
Engineering was also engaged, being able to provide all the 
fundaments, background and prototyping needs for the 
proposal execution. From the high school, the team consists 
of one professor of the Physics course and four pre-university 
students engaged in the last year of the secondary level school 
that have chosen learning subjects such as mathematics and 
physics featuring university studies in the engineering field. 
The project was performed at UA in the high school free time 
in a volunteered regime, revealing a students’ high degree of 
motivation and autonomy. The students’ motivation along the 
project duration and the attained results, unequivocally 

attested the suitability of the proposal to promote to novice 
engineering students the design and build of IoT prototypes 
with impact in the school live. 

The development of the project comprises the following 
stages: project planning, project implementation, and 
evaluation. The planned project intends to create high capacity 
tracking and information system for the books available at the 
library located at the students high-school and was prepared 
with the contribution of all the mentors. Following a strategy 
of PBL, the high-school students interact with the University 
mentors (2 professors, and 1 PhD student) during one 
academic year (2016/2017) and build a functional prototype 
(Fig. 3).  

The PBL implementation started with an introductory 
meeting, with all the participants, at the beginning of the 
project activities. The mentors demonstrated and explained 
the project basic requirements, providing to the students a 
general understanding of the proposal before its 
implementation. In this implementation stage, the basic tasks 
goals and schedule were established. The mentors and the 
students analysed and set the background knowledge and 
competences related to the duties on each stage of 
implementation and development. After this initial step, the 
students received the relevant bibliography and begin the 
completion with the group members. 

 

Fig. 2. Image of the coloured QR code decoder graphic interface. 

After that, the high-school teacher act as a leader, with the 
commission to observe the activities, participate in the 
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discussion, leading students to analyse, think, explore and 
solve problems, in a comprehensive manner. The team from 
the University visited the high-school for a closer contact with 
the students’ environment and the students visited the 
University each 3 months, so that with all the participants 
evaluate the project evolution. Informal meetings took place 
along the project via internet. 

The implementation stage of the coloured QR codes starts 
with the creation of 3 black and white QR codes, each one 
containing a different information. The QR codes were easily 
designed with available generators (e.g. [7] or similar). For 
this work, it was developed a graphic interface MatLab script 
that allowed to create or upload at a maximum of 3 different 
QR codes and merge them into one coloured QR code. This 
script was written using pre-built scripts developed by 
MatLab users. Regarding the project development, three main 
objectives were set: i) to inform about book details, such as, 
name, author and publishing year (Text, QR code), ii) to assist 
the renovation of the book via mobile phone text messaging 
(SMS, QR code) and iii) to give additional information on the 
book contents in a distinct format such as video (YouTube 
link, QR code). The QR code tags were produced with an 
ink-jet printer (Konica Minolta bizhub C458). To detect and 
decode the QR codes the interface developed in MatLab was 
connected to a web cam (Trust SpotLight Webcam Pro – 1.3 
MP), Fig. 4. 

 

Fig. 4. Schematic of the decoding process using a Webcam and the decoding 
developed interface.  

The field trial test was applied to track books from the 
high-school library, Fig. 5. A coloured QR code was included 
in the inside cover of a book with an information message 
about the book properties, a YouTube link with extra 
information about the author and book subject and a 
renovation SMS encoded. A coloured QR code, able to store 
3 times more information than traditional QR codes was 
design using RGB addictive colour model and it was applied 
in a library context. This field trial test also enabled us to set 
that IoT and QR codes can be intimately related, once QR 
code can easily establish a bridge between any object (book) 
and the internet (e.g. videos, internet sites) or a person (student 
with the book). Although not explored in detail in this project, 
the use of coloured QR codes also enables to improve its 
storage capacity and give a more appealing style to QR codes 
[6], opening new questions for the development of a 
subsequent oriented-project, whose background was already 
established here. Evaluation of the project focused the 
advantages of the project results and outcomes, namely to the 
deliver value to the school.  

 

Fig. 5.  (top) Coloured QR code used to track one library book (Eça de 
Queiroz, “Os Maias”, 4th edn, Ulisseia (Biblioteca Ulisseia de Autores 
Portugueses), Portuguese Legal deposit nº 19996/88); (bottom) developed 
software decoder graphic interface used to decode the QR codes, allowing to 
renew the book subscription, and to access additional online information. 

IV. DISCUSSION AND CONCLUSIONS 

The outcomes of this program demonstrate that pre-
university students can explore engineering project-based 
learning topics. As IoT and QR codes can be intimately 
related, once QR code can establish a bridge between any 
object with the internet or with an individual. The project aims 
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were tested providing a coloured QR code inside a book cover 
with an information message about its editorial characteristics, 
a YouTube link with extra information and a renovation SMS 
encoded in it. The use of each channel of the RGB colour 
space to encode three different information’s proved to be a 
valid option to generate a coloured QR code and to allow it to 
encode distinct types of information. It was noticed an 
increase of the QR code complexity due to the number of bits 
stored per module that changed from one to three, leading to 
the necessity of more intricate approach to the decoding 
process. Even so, this methodology still allows the principle 
used by the QR code decoders to be applied with minor 
adaptations. When using coloured QR codes, instead of 
distinguishing between two different colours, the intensity 
values of an image using a threshold value was addressed. 
Firstly, the image is split into three RGB channels and after 
that the separation of the colours is applied to recreate the 
original codes. At this point, this procedure may be affected 
by the surrounding environment conditions. Nevertheless, 
under controlled conditions, the definition of a simple 
threshold parameter revealed to be an efficient approach 
which allowed to separate the colours and to form the original 
QR codes, validating the methodology.  

The presented project, due to his interactive and 
technological methodology, made students feel more 
motivated to interact with it, increasing their interest in school 
activities. Also, in this specific application, it was 
demonstrated that QR codes can relieve traffic from libraries, 
once renovation can be made by decoding the QR code 
associated with the book and that connect it to a library 
database. At the end of the project, students recognise the 
increased autonomy and ability to solve-problems with a 
scientific-based approach, being, therefore, better-prepared to 
engage engineering at the university level.  

This work is an example of a project-based learning 
involving IoT that was tailored to make students active in the 
learning process due to the required experiential activities. 
The proposed PBL also contributed to develop teaching 
approaches related to active learning due to the loop between 
the student problems and teacher feedback. The resulting 
benefits for the future engineers in what concerns skills 
development towards team and collaborative work, 
addressing multidisciplinary areas in engineering, critical 
thinking, and computational thinking were unequivocally 
demonstrated, with a clear impact in the motivation to study 
and address learning beyond classroom time oriented 
activities. The post project assessment by the high school 
teacher reveals that the students have increased their grades in 
the physics course and currently they are studying in different 
Universities nationwide in engineering degrees. 
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Radiation pyrometry is the current standard for noncontact 
temperature measurements, as it offers many advantages over 
electrical contact methods, such as a higher upper temperature 
limit (radiation energy increases with temperature), a faster 
response (due to the absence of inherent thermal inertia of ther-
mocouples), and immunity to the surrounding environment 
electromagnetic interferences.[1] Thermal imaging infrared 
cameras and pyrometers dominate, therefore, the worldwide 
market of noncontact temperature sensors. Several disadvan-
tages, however, are common in pyrometry, such as emissivity 
and sensitivity to stray light, reflected radiation, gas stream, and 
flame interferences, making it quite subtle to the environment. 
Typically, measurement errors in pyrometry are 2 K or 1–8% 
of the measured value (dependent on the target temperature[2]).

Luminescence thermometry overcomes these limitations, 
being minimally intrusive and insensitive to electromagnetic 
interferences from the surrounding environment, which 

In this study, it is shown how the temperature range of luminescent ther-
mometers can be widened in an unprecedented way by combining the intra- 
and interconfigurational transitions of the Pr3+ ion in a single material. Using 
Sr2GeO4:Pr3+ crystalline powders as an illustrative example, the implementa-
tion of luminescence thermometry is reported in the broadest temperature 
range up to now (17–600 K) with a remarkable performance: maximum rela-
tive sensitivity values of 9.0% · K−1 (at 22 K, cryogenic range), 0.6% · K−1 (at 
300 K, physiological range), and 0.5% · K−1 (at 600 K, high-temperature range) 
and minimum temperature uncertainty of 0.1 K.

Luminescence Thermometry
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partially explains why this is a quickly 
growing research area.[1,3–6] In fact, in the 
last three decades, numerous works devel-
oped the idea patented by Neubert[7] in 
1937 of using phosphor luminescence as 
a nonintrusive technique for monitoring 
the high temperature of highly corrosive 
environments of turbomachinery (see 
the papers by Allison and Gillies[8] and 
Khalid and Kontis[9] for a review). Despite 
this significant development, commer-
cial devices based on luminescence ther-
mometry are still reduced.[10,11] Moreover, 
the needs for noncontact and accurate 

temperature sensing in a whole variety of emerging technolo-
gies, e.g., microelectronics, photonics, biomedicine, and space 
exploration, among others,[12–14] are driving the field. The major 
requirements are related to accuracy, thermal sensitivity, and 
temperature-sensing range.[14,15] While plentiful luminescent 
phosphors are exploited, a single composition offering reason-
able accuracy and thermal sensitivity in a wide temperature 
range (covering, for instance, 2–3 orders of magnitude) is not 
yet achieved, as it was pointed out in several reviews.[3–5,15] For 
instance, thermometers working through an intensity ratio of 
two transitions in which the emitting levels are thermally cou-
pled, e.g., 4S3/2/2H11/2 levels in Er3+-based thermometers[16] (the
most used in luminescent temperature sensors) and 4F9/2/4I15/2 
in Dy3+-based ones,[17,18] are only operative for T > 100 K. A 
quite narrow working range is also the limitation of Eu3+-based 
high thermographic phosphors operating through the tempera-
ture dependence of (i) the 5D0-3 emissions; (ii) rise time of the 
5D0 → 7F2 transition, or (iii) the 5D0,1 lifetimes.[8]

Here, we show that the intriguing luminescence proper-
ties of the Pr3+ ion in the Sr2GeO4 host, combining the fast
decaying allowed 5d → 4f luminescence with the intra-f 2 transi-
tions, are an enormous benefit for luminescence thermometry 
permitting to cover a wide temperature range (10–1000 K) with 
impressive relative thermal sensitivity and temperature uncer-
tainty values. A few Pr3+-based luminescent micro- and nano-
thermometers have been reported in the past three years[19–23] 
(following previous works on Pr3+-based fiber optics thermom-
etry[24]). In 2014, Zhou et al. reported NaYF4:Pr3+ microcrys-
tals for temperature sensing using the 3P1 → 3H5/3P0 → 3H5  
intensity ratio in the 120–300 K range with a maximum sen-
sitivity of 4.7% · K−1.[19] In 2016, Gao et al. described a set of 
five distinct Tb3+/Pr3+ co-doped oxide hosts able to cover the 
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303–483 K or the 583–783 K ranges with sensitivity values up to 
5.3% · K−1 using the 1D2 → 3H4 (Pr3+)/5D4 → 7F5(Tb3+) inten-
sity ratio.[20] Later, essentially the same group of authors realize 
that in Na2La2Ti3O10:Pr3+, MgLaTiO6:Pr3+, and YNbO4:Pr3+, the 
thermo-induced relaxation between the 3P0–2 and 1D2 Pr3+ levels 
can be used to produce luminescent thermometers with a rela-
tive sensitivity up to 1.96% · K−1 in the 303–483 K range. The 
materials were excited in the Pr3+-M (M = Ti4+ and Nb5+) inter-
valence charge transfer state and the thermometric parameter 
is the 1D2 → 3H4/3P0 → 3H4 intensity ratio.[21] Recently, Shi 
et al. used the same intensity ratio in La2MgTiO6:Pr3+ to cover 
the 77–500 K range with a relative thermal sensitivity lower 
than 1.5% · K−1.[22] Finally, Pudovkin et al.[23] reported LaF3:Pr3+ 
nanocrystals for nonratiometric thermal sensing (80–320 K) 
as the intensity of a single transition (3P1 → 3H5) is used. 
The Sr2GeO4:Pr3+ crystalline powders discussed here work in 
the unprecedented wide temperature range (17–600 K), with 
a temperature uncertainty down to 0.1 K and maximum rela-
tive sensitivity values of 9.0% · K−1 (at 22 K, cryogenic range), 
0.6% · K−1 (at 300 K, physiological range), and 0.5%·K−1 (at 
600 K, high-temperature range).

Sr2GeO4 synthesis is described in the Experimental Sec-
tion. The material crystallizes in orthorhombic structure, space 
group Pbn21, a = 5.85240 Å, b = 14.2991 Å, c = 9.9165 Å, and 
Z = 8.[25] The host offers four different sites for the Sr2+ ion 
and the X-ray diffraction pattern of the investigated Sr2GeO4:Pr 
demonstrates crystallographic purity of the synthesized pow-
ders (Figure S1, Supporting Information).

By means of high-resolution low-temperature luminescence, 
Ln3+ dopants were proved to enter all four local symmetry 
sites.[26,27] On the other hand, the 5d ↔ 4f excitation and emis-
sion bands of the various sites were found to overlap so stur-
dily that their spectroscopic separation was not possible and 
the 5d → 4f luminescence resembled emission from Pr3+ on a 
single site.[26,27] Quite similar effect was observed for 5d ↔ 4f  
transitions of Ce3+ and Eu2+ in the Sr2GeO4 host.[26,27] Even 
low-temperature luminescence decay traces of the 5d → 4f 
Pr3+ luminescence were perfectly single-exponential with decay 
times of ≈17.5 µs, up to ≈150 K. Consequently, 4f → 5d exci-
tation peaking around 250–255 nm appeared useful to excite 
luminescence of Pr3+ ions occupying each of the four sites 
simultaneously.

The emission spectra of Sr2GeO4:Pr3+ present significant 
changes when the temperature increases from 17 to 600 K 
(Figure 1). The broad band located at 280–400 nm is assigned to 
the 4f15d1 → 3H4–6, 3F2–4 transitions[26,28] decreasing as temper-
ature increases until 300 K, when it becomes of the same order 
of magnitude of the noise level intensity. On the other hand, 
the intensities of the 3P0 → 3H4–6, 3F2–4 intra-f 2 transitions  
located in the 450–750 nm range increase as temperature raises 
until 300 K, decreasing, then, until 600 K. The emission from 
1D2, discerned at ≈604 nm,[33] is practically absent below ≈50 K 
gaining intensity when temperature increases up to 600 K. 
Yet, since the 1D2 red emission is always mixed with the var-
ious components of the 3P0 radiative relaxation, the intensity 
of the 1D2 → 3H4 transition cannot be separated from that of 
the 3P0 → 3H6 one. The assignment of the emission lines is 
validated through time-resolved photoluminescence studies 
presented elsewhere.[29] The out of the noise level transitions in 

all the tested temperatures are related to the radiative relaxation 
of the 3P0 excited state (≈475–750 nm).

To use Sr2GeO4:Pr3+ as luminescent thermometer, it is 
gainful to adopt a ratio of intensities for T < 300 K, involving 
the 4f15d1 → 3H4–6, 3F2–4 band (I1) and the 3P0 → 3H6/1D2 → 
3H4 (I3) transitions, and another ratio for T > 300 K, involving 
the 3P0 → 3H4 (I2) and I3 intra-4f 2 transitions (Figure 2), where 
the I1, I2, and I3 integrated areas are calculated using
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The definition of a single thermometric parameter ∆ (based 
on an intensity ratio) for the temperature range studied  
(17–600 K) is not possible because I1 and I2 are within the noise 
level, in the limit of high and low temperatures, respectively 
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Figure 1. Emission spectra of Sr2GeO4:Pr3+ (excited at 250 nm) in the low 
(a) and high (b) temperature range.
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(Figure 3). Therefore, for 17 ≤ T < 300 K, the thermometric 
parameter is defined as ∆ = I1/I3 (smaller values are obtained 
considering I1/I2) whereas for 300 ≤ T ≤ 600 K ∆ = I2/I3.

In the absence of a complete physical model to rationalize the 
observed evolution of the integrated areas with the temperature 
(Figure 3a), the thermometric parameter in both temperature 
ranges was fitted using the different following empirical functions
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where A1,2, T1,2, and ∆0 are fitting constants for T < 300 K 
and B0–3 are fitting constants for T ≥ 300 K (Figure 3b). The 
resulting fitting parameters are presented in Table 1.

The performance as a luminescent thermometer is evaluated 
using the relative thermal sensitivity (Sr) and the temperature 
uncertainty (δT) values calculated using[3,14]
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where δI/I is the relative uncertainty in the integrated inten-
sity (whose temperature dependence is fitted by Equation (2)), 
Figure 4.

Figure 5 compares the relative thermal sensitivity of 
Sr2GeO4:Pr3+ in the 17–600 K range with those of other Pr3+-
based thermometers. Sr2GeO4:Pr3+ is, for the best of our knowl-
edge, the first Pr3+-based luminescent ratiometric thermometer 
operative in a wide range, from cryogenic (17 K) to high tem-
peratures (600 K), with a temperature uncertainty ranging from 
0.1 to 2 K and maximum relative sensitivity values of 9.0% · K−1 
(at 22 K, cryogenic range), 0.6% · K−1 (at 300 K, physiological 
range), and 0.5% · K−1 (at 600 K, high-temperature range). 
Comparing with other phosphors working through time-
integrated methods (intensity ratio) and covering large temper-
ature ranges, extensively reviewed by Allison and Gillies[8] and 
Brübach et al.,[30] there is no other example covering an interval 
as wide as that of the Sr2GeO4:Pr3+. Furthermore, even consid-
ering phosphors working via time-resolved methods, there are 
only two examples where comparable ranges were scanned: 
4–570 K in La2O2S:Eu3+ and 4–1150 K in Mg4FGeO6:Mn.[30] 
Generally, the distinct classes of luminescent thermometers 
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Figure 2. Emission spectrum of Sr2GeO4:Pr3+ at 150 K under 250 nm 
excitation. The temperature chosen is an illustrative example in which all 
the relevant transitions are observed.

Figure 3. a) Integrated intensities and b) thermometric parameter in the 17–600 K range computed from the emission spectra presented in Figure 1. 
The full lines represent the fits to the experimental data using Equation (2) (Table 1).



www.advancedsciencenews.com

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1701318 (4 of 5)

www.advopticalmat.de

developed so far cover either the cryogenic to room-tempera-
ture range (e.g., the lifetime of the Yb3+ charge transfer lumi-
nescence[31]) or the room temperature to 1300 K interval (e.g., 
the Y2O3:Eu3+ integrated intensity[32]). For instance, upcon-
verting materials are typically operative from room temperature 
until 600–900 K, with relative sensitivity values of the order of 
that calculated by us for the Sr2GeO4:Pr3+ crystalline powders 
(for a complete list consult Table 9 of ref. [5] or Tables 3 and 5 
of ref. [30]).

When compared with other noncontact temperature probes 
operative in large-temperature ranges, the relative tempera-
ture uncertainty of Sr2GeO4:Pr3+ in the 425–600 K interval 
is 0.4–0.3%, which is 2.5–3 times more accurate than the 

conventional pyrometers and infrared cameras presenting 
typical relative error values higher than 1%.[2]

In conclusion, Sr2GeO4:Pr3+ crystalline powders were char-
acterized as luminescent thermometers in the unprecedented 
wide temperature range (17–600 K), with a maximum relative 
sensitivity of 9.0% · K−1 (at 22 K) and temperature uncertainty 
down to 0.1 K. Even at high temperature, the thermometer 
is two to three times more accurate than the conventional 
infrared thermographic systems. There is no other example in 
the literature able to cover such a wide temperature range dem-
onstrating that the tuning between the intensities of inter- and 
intraconfigurational Pr3+ transitions is able to broaden the tem-
perature range of luminescent thermometers.

Experimental Section
Materials: Powder sample of Sr2GeO4:0.1 mol% Pr was prepared by 

means of the classic ceramic method using SrCO3 (99.999%), GeO2 
(99.9999%), and Pr(NO3)3 · 6H2O as starting materials. The latter was 
prepared using Pr6O11 (99.999%) and nitric acid of analytical quality. The 
stoichiometric mixture of the three starting materials was thoroughly 
ground in an agate mortar with some acetone for wetting. After drying, 
the mixture was heat treated in a tube furnace at 1623 K for 3 h in a 
reducing atmosphere of N2–H2(25%) mixture. The heating and cooling 
rates were 3 K min−1.

Methods: Photoluminescence emission spectra were recorded in 
the range of 17–600 K with an FLS980-sm Fluorescence Spectrometer 
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Table 1. Fitting parameters resulting from the fitting of ∆(T) to  
Equation (2).

Parameter Value r2 Observations

∆0 508 ± 22

A1 53 ± 1

T1 88 ± 3 0.9999 T < 300 K

A2 (1.8 ± 0.3) × 106

T2 1868 ± 30

B0 −6.1 ± 0.2

0.9954 T ≥ 300 K
B1 0.051 ± 0.004

B2 (−1.2 ± 0.3) × 10−4

B3 (1.1 ± 0.2) × 10−7

Figure 4. Dependence of δI/I with the temperature (open points) fitted 
with a fifth-degree polynomial function in the 17–300 K range (blue points, 
r2 > 0.937) and a second-degree polynomial (red points, r2 > 0.980) in 
325–600 K range (solid lines) Notice that δI/I is always <1%, attesting 
the good signal-to-noise ratio of the emission spectra.

Figure 5. Relative thermal sensitivity of Sr2GeO4:Pr3+ (green) compared 
with that of other Pr3+/Tb3+-co-doped (1–5) and Pr3+-doped (6–10) lumi-
nescent ratiometric microthermometers: (1) LaVO4,[20] (2) La3Ti3O9,[20] 
(3) LaLu(MoO4)2,[20] (4) NaGd(MoO4)2,[20] (5) NaLu(WO4)2,[20] 
(6) NaYF4,[19] (7) La2MgTiO6,[22] (8) La2Ti3O10,[21] (9) YNbO4,[21] and 
(10) MgLa2TiO6.[21] The inset presents the temperature uncertainty of 
Sr2GeO4:Pr3+ in the 17–600 K range. The interrupted vertical lines mark 
the transition between the low- and high-temperature ranges.
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from Edinburgh Instruments Ltd. using 450 W continuous Xenon arc 
lamp as the excitation source. TMS302-X Single Grating excitation 
and emission monochromators of 0.30 m focal lengths were used and 
the luminescence signal was recorded by Hamamatsu R928P high-
gain photomultiplier detector. The sample was mounted on a copper 
holder of a Lake Shore Cryotronics closed-cycle He cryostat using Silver 
Adhesive 503 supplied by Electron Microscopy Sciences.

The integrated areas of the transitions were computed using a 
MatLab routine, after baseline removal. The error in the integrated areas 
is estimated from the signal-to-noise of each emission spectrum. First 
using the Origin fast Fourier transform (FFT) smoothing routine, the high 
frequency components were removed (3 points window, corresponding to 
a cutoff spatial frequency of 1.66 nm−1). Then, the noise fluctuation (mean 
value δI) was figured subtracting the resulting smoothed spectrum from the 
original one, and δI/I was calculated dividing it by the maximum intensity.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
L.D.C. and E.Z. acknowledge Marco Bettinelli. His great hospitality 
during our joint visit to Verona at the end of January 2017 made us 
possible to come up with the idea of this research. This research 
was supported by the National Science Centre, Poland under grant 
#UMO-2017/25/B/ST5/00824. This work was partially developed 
in the scope of the project CICECO—Aveiro Institute of Materials  
(Ref. FCT UID/CTM/50011/2013), financed by Portuguese funds 
through the Fundação para a Ciência e a Tecnologia/Ministério da 
Educação e Ciência (FCT/MEC) and when applicable co-financed by 
FEDER under the PT2020 Partnership Agreement. Financial support of 
FCT (PTDC/CTM-NAN/4647/2014 and POCI-01-0145-FEDER-016687) 
is also acknowledged. C.D.S.B. and J.F.C.B. R. thank their individual 
grants funded, respectively, by the SusPhotoSolutions (CENTRO-
01-0145-FEDER-000005) and Smart Green Homes (POCI-01-0247-
FEDER-007678) projects, financed by national funds through the FCT/
MEC and Portugal 2020 through European Regional Development Fund.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
high-temperature phosphors, intra- and interconfigurational transitions, 
luminescence thermometry, Pr3+ ion

Received: December 5, 2017
Revised: February 8, 2018

Published online: 

[1] L. D. Carlos, F. Palacio, Thermometry at the Nanoscale: Techniques 
and Selected Applications, Royal Society of Chemistry, Oxfordshire 
2016.

[2] K.-D. Gruner, Principles of Non-Contact Temperature Measurement, 
Raytek Company, Santa Cruz, CA, USA 2003.

[3] C. D. S. Brites, P. P. Lima, N. J. O. Silva, A. Millán, V. S. Amaral, 
F. Palacio, L. D. Carlos, Nanoscale 2012, 4, 4799.

[4] D. Jaque, F. Vetrone, Nanoscale 2012, 4, 4301.
[5] X. D. Wang, O. S. Wolfbeis, R. J. Meier, Chem. Soc. Rev. 2013, 42, 

7834.
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measured with a D8 Advance X-ray Diffractometer from Bruker in the range of 2θ= 0-80° and 
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1. Introduction

The prominent advancement in mobile 
technologies has allowed an ever-closer 
approach between the user and the access 
to information, in a more intuitive and 
simplified way. One of the mechanisms 
able to promote this approach is based on 
the use of Quick Response (QR) codes. 
A QR code consists of a 2D matrix com-
posed of white (inactive) and black (active) 
square modules capable of encoding 
information and was first presented in 
1994 by the Japanese company Denso 
Wave Incorporated. Since then, QR codes 
have been sparking interest and visibility 
among markets and users. The ability 
to correct errors in damaged zones, the 
variety of supported coding languages 
(e.g., numeric, alphanumeric, kanji, 
kana), the low cost and easy production 
and the high storage capacity are greater 
advantages of QR codes, compared with 
other labels (linear barcodes, RFID, NFC 
tags). Therefore, it is not surprising that 

QR codes are now employed in distinct areas of daily life and 
with different extents, such as anti-counterfeiting and lumines-
cent on-demand tags,[1–3] industry 4.0,[4] security (authentica-
tion of documents for legal, institutional, or other equivalent 
purposes),[5] food science and nutrition,[6] and Internet of 
Things (IoT).[7]

With such broad spectrum of applications, in recent years the 
emphasis has been placed on optimizing and developing the 
capabilities of QR codes, in order to mitigate their weaknesses. 
Main challenges encompass the increase of the information 
storage capacity and the possibility of adding new properties, 
yielding to active smart labels. Concerning the increase in 
storage capacity, several methods have been settled.[8–10] Among 
those, we highlight color multiplexing methods for which the 
storage capacity can be enhanced with respect to that of a black/
white QR code (e.g., eight color codes, obtained with the color 
multiplexing of three base codes, can triple the data storage),[10] 
adding the extra attractive visual effect produced as QR codes 
become visually more appealing. When luminescent materials 
are used as inks to print or coat QR codes[1,11] novel function-
alities may be expected by exploring the sensing characteristics 
associated to color variation with physical parameters, such as 
temperature. Organic–inorganic hybrids doped with trivalent 

Quick Response (QR) codes are a gateway to the Internet of things (IoT) due 
to the growing use of smartphones/mobile devices and its properties like fast 
and easy reading, capacity to store more information than that found in con-
ventional codes, and versatility associated to the rapid and simplified access 
to information. Challenges encompass the enhancement of storage capacity 
limits and the evolution to a smart label for mobile devices decryption appli-
cations. Organic–inorganic hybrids with europium (Eu3+) and terbium (Tb3+) 
ions are processed as luminescent QR codes that are able to simultaneously 
double the storage capacity and sense temperature in real time using a 
photo taken with the charge-coupled device of a smartphone. The method-
ology based on the intensity of the red and green pixels of the photo yields a 
maximum relative sensitivity and minimum temperature uncertainty of the 
QR code sensor (293 K) of 5.14% · K−1 and 0.194 K, respectively. As an added 
benefit, the intriguing performance results from energy transfer involving 
the thermal coupling between the Tb3+-excited level (5D4) and the low-lying 
triplet states of organic ligands, being the first example of an intramolecular 
primary thermometer. A mobile app is developed to materialize the concept of 
temperature reading through luminescent QR codes.

Internet of Things
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lanthanide (Ln3+) ions[12] combine the pure and tunable emis-
sion of the metal centers with the processing flexibility of 
hybrid materials, offering the appropriated properties to design 
luminescent QR codes.[9] Moreover, several molecular lumines-
cent thermometers based on the temperature dependence of 
the emission spectra of Ln3+ ions embedding into organic–inor-
ganic hybrids have been reported in the past decade.[13–15]

Recently, smartphone-based apparatus in which smart-
phones are modified with additional components have been 
used to read luminescent parameters (intensity and lifetime 
detection)[2,16,17] and to generate persistent luminescence, 
through their white-emitting LEDs coupled to the smartphones’ 
charged-coupled device (CCD) camera.[17,18] Fewer examples, 
however, refer to the combination of luminescent QR codes 
with smartphones in which although the emission color is 
quantified applicability is directed to objects authentication 
(anti-counterfeiting).[2,19]

In a step forward toward the popularization of lumines-
cent smart QR codes in IoT, here we demonstrate how pho-
tographs of luminescent QR codes recorded by a smartphone 
are used to measure in real-time the absolute temperature[20] 
in the 283–317 K interval with a relative thermal sensitivity 
(5.14%·K−1) and a temperature resolution (0.194 K) better 
than those typical of electrical counterparts. Since the decoding 
tool and temperature sensing require only a CCD camera the 
mobile phone is used in its original configuration. The thermal 
dependence of the QR code color is quantified by the RGB 
coordinates, whose G/R ratio is used as the thermometric para-
meter. Moreover, and as an added benefit, the luminescence 
thermometer based on the G/R ratio is the first example of a 
primary intramolecular thermometer allowing to predict the 
temperature through a well-defined equation of state prior to 
any time-consuming thermal calibration. Luminescence ther-
mometry having become very popular since 2010, particularly 
due to its enormous potential in micro and nanofluidics, micro 
and nanoelectronics, photonics, and nanomedicine,[21] and its 
connection to QR codes will open exciting horizons on mobile-
based IoT applications.

2. Results and Discussion

2.1. Luminescent QR Codes

Figure 1 shows a dU6EuTb-based luminescent QR code at dis-
tinct temperature values, revealing different emission color 
coordinates, as illustrated in the emission spectra of Figure 1d 
and in the corresponding 1931 CIE diagram in Figure 1e. The 
emission is ascribed to the intra-4f6 (Eu3+) and intra-4f8 (Tb3+) 
transitions, whose relative intensity is thermal sensitive. As the 
temperature is raised from 283 to 323 K, the relative intensity 
of the 5D4 → 7F6–3 transitions decreases, whereas that of the 
5D0 → 7F0–4 transitions remains nearly constant. Consequently, 
the emission color coordinate deviates from the orange (0.578, 
0.356) to the red (0.636, 0.234) spectral regions, Figure 1e.

This color variation with temperature was also quantified 
in the RBG color space calculated from photographic records 
of the luminescent QR codes in the same temperature range, 
Figure 2a, taking advantage of the ability of the smartphone 

CCD camera that simultaneously allows the QR code reading 
(decryption) and the photo acquisition for further processing 
and temperature sensing, through the quantification of the 
RGB color coordinates of the image avoiding the need of a 
spectrometer to record emission spectra.

The digital images of the QR codes were split into the pro-
jections to the three orthogonal bases, one for each primary 
color (R, G, and B). For each projection, an intensity histo-
gram describing the number of pixels as functions of the 
intensity is obtained and modelled with a Gaussian prob-
ability density function (pdf), defined by mean value (µ) and 
a color noise variance (σ2) (details in Supporting Informa-
tion).[14] Figure S4 in the Supporting Information presents 
the histograms for the R, G and B coordinates, as function 
of temperature, demonstrating the presence of two distinct 
peaks in the R histogram, one centered at intensity ≈7, with 
no noticeable temperature dependence, and another one at 
intensity ≈110 decreasing as the temperature is raised. In the 
case of the G histogram, two peaks are discerned at intensi-
ties of ≈3 and ≈38. As the temperature is increased, the inten-
sity of the later peak decreases overlapping the low-intensity 
one for T > 310 K. The B related histogram exhibits two peaks 
(0 and 6 intensity) both stable with temperature and, thus, 
negligible in the present context.

Based on this, the split procedure of both QR codes can 
be made solely recurring to the R histogram, by applying a 
“maximum likehood” decision criterion (Figure S5, Supporting 
Information), minimizing the associated error for an optimal 
decision level. This criterion is used as a threshold value to sep-
arate the modules corresponding to the luminescent QR code 
from the modules of the black/white QR code. The black/white 
QR code is described by the black color of the active modules 
and the luminescent QR codes (taken at different temperatures) 
are well described only by two color coordinates (R and G) for 
the active modules. After separating both QR codes, it is pos-
sible to calculate the RGB coordinates associated to the lumi-
nescent material, applying the same pdf fitting (Figure S5,  
Supporting Information). As the RGB is a 3D orthogonal 
space, while describing the color of an image it is predictable 
the formation of n clusters, composed by pixels with similar 
coordinate values, resulting from the noise stochastic process. 
Therefore, the image composed by pixels with a broad variety of 
RGB values is transformed, by a simple function, into an image 
with well-defined RGB values, described by the centroid point 
of each cluster, that best identify the exhibited color of lumi-
nescent material at each temperature, with an error equals to 
square root of the color noise variance.[9,10]

In this work we focus on the red and green contributions, 
as they have a variation with temperature (Figure 1c) and arise 
from the emission color typical of both lanthanides ions (red 
and green spectral regions for Eu3+ and Tb3+, respectively). As 
illustrated in Figure 2a, the thermal dependence of the nor-
malized R and G coordinates follows the intra-46 and intra-
4f8 thermal dependence, respectively. In particular, while the 
intensity of the normalized R coordinates remains approxi-
mately constant (inside the error margins) between 280 and 
325 K, the normalized G coordinates intensity decreases until 
317 K, from which a minor variation (within the corresponding 
uncertainty) is noted. As the R and G intensity becomes nearly 
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constant above 317 K, the thermometer operating range will be 
restricted to 280–317 K.

To determine the activation range of the QR codes emission, 
the excitation spectra were selectively monitored within the 
Eu3+ (5D0 → 7F2 line at 611 nm) and Tb3+ (5D4 → 7F5 line at 
544 nm) emissions (Figure 2; Figure S6, Supporting Informa-
tion). Selective excitation spectrum is assured as no spectral 
overlap occur between the Eu3+ and Tb3+ transitions nor with 
the blue intrinsic diureasil emission[22] (Figure S7a, Supporting 
Information). The excitation spectra are dominated by a broad 
band in the UV/blue ascribed to the ligands’ singlet excited 
states.[23] The negligible intensity of the intra-4f lines points 
out that the Ln3+ excited states are mainly populated through 
ligands sensitization. Moreover, the nonobservation of Tb3+ 
transitions in the excitation spectrum selectively monitored 

within the 5D0 → 7F2 transition, supports the absence of Tb3+-
to-Eu3+ energy transfer, in accord to the larger number of Tb3+ 
ions compared to those of Eu3+ in the binuclear complex, as 
pointed out by the 1:3 ratio between the Eu3+:Tb3+ ions (relative 
concentration of 25% and 75%, respectively, in the dU6EuTb). 
In that case, the probability of Eu3+ and Tb3+ ions to be closely 
located is low, increasing only at larger Eu3+:Tb3+ ratios. The 
same conclusion is obtained by the analysis of the low tem-
perature excitation spectra (Figure S6, Supporting Informa-
tion) that are analogous to those acquired at room temperature. 
The absence of efficient Tb3+-to-Eu3+ energy transfer is further 
experimentally supported by i) the 5D0 lifetime value is inde-
pendent of the excitation wavelength (Figure S8a, Supporting 
Information) and of the temperature (Figure 2b); ii) the 5D0 
decay curves do not reveal a rise time typical of Tb3+-to-Eu3+ 

Adv. Sci. 2019, 1900950

Figure 1. Thermal dependence of the color of the luminescent QR codes. a) Schematic representation of the temperature sensing and message 
decoding using a smartphone to read the luminescent QR codes. b) Photograph of a multiplexed black/white and luminescent QR code (encoding 
the message “SMART LABELLING” under daylight. c) Photograph of the luminescent QR codes (encoding the message “INST. DE TELECOMUNI-
CACOES”) under UV illumination at 254 nm for different temperatures (283–317 K). d) Emission spectra under 270 nm excitation recorded between 
12 and 318 K. e) Corresponding 1931 CIE emission color coordinates.
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energy transfer; iii) the 5D4 emission decay curves overlap up 
to 200 K which is not compatible with Tb3+-to-Eu3+ energy 
transfer that is thermally activated at much lower temperature 

values accordingly to an energy difference around 400 cm−1 
between the 5D4 and the 5D2 levels (main Tb3+-to-Eu3+ energy 
transfer path); and iv) the emission spectrum excited under 

Adv. Sci. 2019, 1900950

Figure 2. a) Normalized red and green color coordinates variation with temperature (283–323 K) calculated from the photographic records of the 
luminescent QR code at different temperatures. Temperature dependence of the b) 5D0 and 5D4 lifetime values (excitation at 330 nm) and c) integrated 
areas of the 5D0 → 7F2 (IEu) and of the 5D4 → 7F5 (ITb) transitions (excitation at 365 nm). The shadowed areas in a–c mark the region T > 317 K in which 
the G coordinate, 5D4 lifetime or 5D4 → 7F5 integrated area, respectively, change within the error values, and thus the thermometers are out of their 
operating range. d) Partial energy diagram illustrating potential energy transfer processes in the dU6EuTb, where ∆E = 3534 ± 218 cm−1.



www.advancedsciencenews.com

1900950 (5 of 9) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

selective direct intra-4f8 level (488 nm) reveals only the hybrid 
host intrinsic emission and no sign of the Eu3+-related ones is 
detected (Figure S7, Supporting Information).

As a direct consequence of this ligands-sensitization, the 
absolute emission quantum yield is 0.13 ± 0.01 under UV 
excitation. This ensures that light emission is easily discerned 
under cost-effective low-power excitation sources, as light emit-
ting diodes, which is a relevant property envisaging molecular 
thermometry using the analysis of the QR codes photographic 
records, as detailed below.

The mechanism behind the emission color dependence on 
the temperature was studied through the selective acquisition 
of the 5D0 (Eu3+) and 5D4 (Tb3+) emission decay curves under 
different UV excitation wavelengths (255–330 nm, Figure 2; 
Figure S8, Supporting Information). The 5D0 and 5D4 decays 
are independent of the excitation wavelength, yielding analo-
gous lifetime values, as expected since despite distinct excita-
tion wavelengths are used, they involve essentially analogous 
ligands-to-Ln3+ energy transfer.[24] Therefore, the thermal 
dependence of the decay rates for each state was studied under 
330 nm excitation (Figure 2b; FigureS9, Supporting Informa-
tion). All the decay curves were well-modeled by a single expo-
nential decay function yielding to the 5D0 and 5D4 lifetime 
values presented in Figure 2b. Whereas the 5D0 lifetime is 
temperature independent within the experimental error, that 
of 5D4 markedly decreases (≈6×) between 180 and 317 K. The 
τ(T) dependence (Equation (1)) is rationalized on the basis of 
the classical Mott-Seitz model that considers the competition 
between radiative and nonradiative transitions of an emitting 
level as

T
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k T
1 exp

0

B

τ τ

°
( ) =

+ −
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where τ0 is the decay time at the limit T → 0 K (also known 
as the radiative decay time), α is the ratio between the radia-
tive and the nonradiative transfer rates and ∆E is the activation 
energy for the depopulation of the emitting level.[25] From the 
best fit of Equation (1) to the experimental 5D4 lifetime values, 
results ∆E = 3534 ± 218 cm−1, α = (2.28 ± 0.26) × 108 and τ0 = 
(0.776 ± 0.020) × 10−3 s. We note that τ0 value resembles that 
measured at 14 K, (0.769 ± 0.005) × 10−3 s, (Figure 2b; Figure S9,  
Supporting Information). To further rationalize the fitting 
parameter ∆E, namely describing the nature of the thermally 
activated nonradiative channel, an energy diagram was built 
(Figure 2d). The partial diagram includes the Eu3+ and Tb3+ 
levels, the d-U(600) excited singlet (SH) and triplet (TH) states[22] 
and those from the tfac ligand (S1,2 and T1).[23] The energy dif-
ference between the barycenters of the 5D4 excited state and 
the low-lying triplet, the T1 triplet of tfac ligand, matches the 
∆E estimated from Equation (1), suggesting that this level is 
the nonradiative thermal activated channel for the Tb3+ ions. 
As theoretical calculations demonstrated ligand-to-Ln3+ energy 
transfer rates are one order of magnitude larger than the values 
estimated for direct hybrid-to-Ln3+ energy transfer,[26] and so the 
dominant intramolecular energy transfer pathway involving the 
Tb3+ levels is S1

H → T1
H → T1 → 5D4 → 7F6–0, for excitation in the 

d-U(600) singlet excited states. Despite the resonance between 

T1 and T1
H, this later level is not considered thermally coupled 

with the 5D4 level due to the quite effective T1
H → T1 energy 

transfer rates, both through the multipolar and exchange 
energy transfer mechanisms.[26] For Eu3+ ions, the exchange 
mechanism is the dominant energy transfer mechanism and 
for excitation in the d-U(600) singlet excited states the most 
efficient channel is S1

H → T1
H → T1 → (5D1, 5D0) → 7F0–6. The 

∆E value experimentally accessed from the data best fit using 
Equation (1) is an average value for the barycenters energy sep-
aration taking into account the temperature dependence of the 
population distribution among T1-related vibrational levels and 
high energy 5D4 Stark components.

In what follows, we show how luminescence thermometry is 
on the route of mobile-based IoT. The abovementioned energy 
transfer mechanism involving the coupling between the T1 
and 5D4 levels is exploited to demonstrate that the G/R ratio 
acquired through a smartphone and used to determine the 
absolute temperature is the first ever reported example of an 
intramolecular primary thermometer.

Accordingly to the well-known relation between the lumi-
nescence intensity of a given transition and the lifetime of 
the upper transition level[27] (Equation S4 in Supporting Infor-
mation), the thermal dependence of the 5D0 → 7F2 (IEu) and 
5D4 → 7F5 (ITb) transitions (Figure 2c) should be analogous 
to that found for τ(T) of the 5D0 and 5D4 states (Figure 2b). 
This is observed in the 280–317 K range. Moreover, it is well 
established in the literature that the sagest definition of a ther-
mometric parameter should consider a ratio of intensities to 
compensate optical drifts and concentration fluctuations.[14,15] 
Because IEu is temperature independent, the ratiometric ther-
mometric parameter ∆ = ITb/IEu has the same functional form 
of Equation (1), (Equations S5–S7 in Supporting Information). 
For further convenience, we consider a normalized thermo-
metric parameter as
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where ∆0 is the intensity ratio at the limit T → 0 K. We notice 
that the temperature dependences of ∆N and τN  τ/τ0 − 1 are 
described by the same α and ∆E parameters, meaning the tem-
perature values can be predicted trough Equation (2) avoiding 
the conventional intensity-to-temperature laborious calibration. 
To circumvent the phenomenological character of the α para-
meter, Equation (2) may be rewritten expressing α as function 
of one known temperature, T0, to determine the corresponding 
∆N value at T0, denoted by ∆N0. The temperature is, then, calcu-
lated through
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We want to emphasize that rewriting the thermometric 
parameter as ∆N the system follows the same functional 
dependence previously reported by some of us for lumi-
nescent thermometers described by two thermally coupled 
emitting levels ruled by the Boltzmann law.[28] To validate the 
use of Equation (3) to calculate the absolute temperature, we 
first use the well-established analysis of the emission spectra 

Adv. Sci. 2019, 1900950



www.advancedsciencenews.com

1900950 (6 of 9) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

in the 281–317 K range. The integrated emission areas, and 
the corresponding uncertainties (Equation S11, Supporting 
Information), were evaluated using the signal-to-noise ratio 
of the emission spectra, following the strategy detailed in the 
literature[14] (Figure S10, Supporting Information). The ratio 
of integrated intensities calculated from the emission spectra 
is denoted by ∆PL and its value in the limit T → 0 K is deter-
mined using the emission spectra recorded at 12 K, yielding to 
∆0

PL = 2.40 ± 0.05 (Figure S7, Supporting Information). Next 
the normalized thermometric parameter (∆N

PL) is calculated 
and represented with respect to the measured temperature 
(Figure 3a) with ∆N0 calculated through the emission spectrum 
recorded at T0 = 281 K. The ∆N curve predicted by Equation (3) 
is represented for comparison in the same figure. We observe 
an excellent agreement between the experimental values and 
those predicted, validating Equation (3) as the equation of state 
for this thermometer. The repeatability of the QR code was 
tested in three consecutive temperature cycles and the max-
imum repeatability is 97% at 283 K (Figure S11, Supporting 
Information).

Envisaging the temperature sensing using the processing of 
a smartphone’s photographic record of the code we correlate 
the changes in the emission spectra with the changes in the 
RGB color coordinates of the photographs. The thermometric 
parameter (Equation (4)) is accessed by the ratio between the 
green (G) and red (R) channels presented in Figure 2a

G

R
QR∆ =  (4)

and the corresponding uncertainty (Equation (5)) is
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R
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QR QR

2 2

δ δ δ
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The thermometer performance can be quantified using the rel-
ative thermal sensitivity and temperature uncertainty (details of 
calculus in the Supporting Information). The maximum relative 
sensitivity (Sm) and the minimum temperature uncertainty of the 
QR code are 5.14%·K−1 and 0.194 K, respectively, both at 293 K, 
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Figure 3. a) Calibration curve of the QR codes using the emission spectra (∆N
PL) and a photograph recorded by a smartphone (∆N

QR) in the 281–317 K 
range. The solid line is the predicted calibration curve of the primary intramolecular curve (Equation (3)). b) Comparison between the calculated (y) 
and measured (x) temperature values. The calculated temperatures use the emission spectra (PL) or the image of the QR code (QR). The line corre-
sponds to y = x. The relative thermal sensitivity and temperature uncertainty in the same temperature range are presented in (c) and (d), respectively.
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among the best values reported for luminescent thermometers 
(secondary and primary) based on Ln3+ ions, including examples 
of upconverting nanoparticles, molecular systems, metal-organic 
frameworks, and near infrared emitters (for comparison of the 
Sm values see Table 1 of ref. [15], Figure 4 of ref. [29], Table 10.3 of 
ref. [30], and Figure S12a in the Supporting Information).

Attending to the thermal dependence of the Sr values with the 
parameters that characterize the intramolecular luminescent 
primary thermometer, we calculate the curves resulting from 
values of ∆E between 500 and 5500 cm−1 (the energetic separa-
tion value between the 5D4 and the 5D3 level, Figure S12b in 
the Supporting Information). The maximum energy value was 
chosen to simulate the situation of the triplet state responsible 
to the 5D4 depopulation starts to depopulate the next level in the 
Tb3+ energy diagram. It points out to the possibility of choosing 
the temperature range of operation of these thermometers 
playing with ∆E value: the lower the ∆E, the lower the Tm, and 
the higher Sm values. For thermometers operating in the tem-
perature range of interest for IoT applications (typ. 270–330 K  
range, shadowed area in Figure S12b in the Supporting Infor-
mation), ∆E should lie between 3500 and 4000 cm−1. The ther-
mometer reported here is characterized by ∆E = 3534 ± 218 cm−1  
exactly within the optimum range that produces the higher Sm 
values in the temperature range of interest.

After establishing the concept of QR codes as smart labels 
for sensing, a practical example for temperature decoding was 
performed through the development of a free access and user-
friendly mobile application for smartphones (mobile app, fur-
ther details in Figure S13 in the Supporting Information). This 
app enables the simultaneous QR code decoding and tempera-
ture reading through the pixel intensity map of one photograph 
of the luminescent QR code captured by the camera of the 
smartphone. One luminescent QR code photo is taken and the 
application simultaneously decodes the QR code information 
and indicates the temperature at which the photo was captured. 
The app is free and available for download at https://tinyurl.
com/qr-luminescent.

3. Conclusions

Luminescent QR codes were fabricated with Eu3+/Tb3-doped 
organic–inorganic hybrid materials. Photographs taken with 
the CCD camera of a mobile phone enable the temperature 
readout with a maximum relative sensitivity and a minimum 
uncertainty of 5.14% K−1 and 0.194 K, respectively, both at 
293 K. These figures of merit result from the thermal cou-
pling between the 5D4 Tb3+-excited level and the low-lying tri-
plet states of the organic ligands and are among the best ones 
known for luminescent thermometers. The ratio between the 
intensity of the green and red pixels of the photos are the basis 
for the temperature sensing through a unique intramolecular 
primary thermometer opening the possibility for the imple-
mentation of QR codes in mobile IoT without the need of any 
technological adaptation of current smartphones.

This is the first example in which smartphones are used as 
an effective alternative to portable spectrometers to calculate the 
temperature using the induced color temperature change. The 
methodology constitutes an innovation in the area, assigning 

technological value to the QR codes and leveraging the area 
of IoT devices toward smart labels using a smartphone in its 
original configuration, as there is no need to adapt neither the 
tag decoding nor the CCD detector for temperature sensing, in 
which e-health is a target application. Additional features are 
envisaged to the luminescent QR codes (e.g., traceability, data 
storage, and security alerts) through dedicated applications, that 
establish connections and information exchanging between the 
QR code reader and the cloud, in which the encrypting connec-
tion may appear as an optional tool. A dedicated mobile app 
was build enabling the simultaneous QR code information 
access and the temperature monitoring, demonstrating the 
unequivocal applicability of the developed concept behind the 
QR codes as smart labels in IoT.

4. Experimental Section

Materials: The binuclear Eu0.25Tb0.75(tfac)3 ⋅ H2O complex (tfac = 
1,1,1-trifluoro-2,4-pentanedione, Sigma-Aldrich), was synthesized as 
previously reported,[9] (further details in Figure S1 in the Supporting 
Information). Elemental analyses for C and H were performed with a 
TruSpec 630-200-200 CNHS Analyzer. The doping concentrations of 
Eu3+ and Tb3+ were determined by ICP-OES (inductively coupled plasma-
optical emission spectroscopy) on a Horiba Jobin Yvon model ACTIVA M.  
The analytical results were: calcd. (wt%): C 28.38, H 2.21, Eu 5.99, 
and Tb 18.80; found (wt%): C 27.97, H 2.24, Eu 5.97, and Tb 18.10. 
To process the complex as films it was incorporated into a diureasil 
organic–inorganic hybrid host, so-called d-U(600), which was formed 
by polyether chains (with average molecular weight of 600 g ⋅ mol−1) 
covalently linked to a siliceous inorganic skeleton by urea bridges, as 
previously reported[31] (further details in Figure S1 in the Supporting 
Information). The resulting material, hereafter termed as dU6EuTb, 
was characterized by X-ray diffraction (XRD) and Fourier transform 
infrared (FT-IR) spectroscopy, as detailed in Figure S2 in the Supporting 
information.

QR Codes Processing: Luminescent QR codes version 1 
(21 × 21 modules2) with error correction level L (7% of codewords can be 
restored by a Reed-Solomon error algorithm) and dimensions 5 × 5 cm2 
with the different messages, “SMART LABELLING,” “UNIVERSITY OF 
AVEIRO,” and “INST. DE TELECOMUNICACOES,” were implemented. 
Aiming at preparing a luminescent layer, QR codes produced on a 
5.0 × 10−4 m thickness acetate substrate layer were laser cut (the 
acetate on the inactive modules region was removed). These QR codes 
were vertically immersed in a solution of the dU6EuTb (3.39 wt%) at 
a velocity of 1.4 × 10−3 m s−1 using a homemade dip-coating system. 
After the deposition, the substrates with the luminescent QR codes 
were transferred to an oven at 45 °C for 48 h. The QR codes were 
transparent under day light, enabling color-based multiplexing. This 
strategy to multiplex distinct colored QR codes consists in overlapping 
a conventional black/white QR code by the luminescent QR code. 
Under daylight the acetate-based luminescent code was transparent, 
and the base code was readily accessed, whereas under UV illumination 
the acetate-based QR code becomes luminescent (Figure 1a,b), enabling 
the color-multiplexing of the overlapped codes, as recently proposed.[9]

Optical Characterization—Image Acquisition: The photographs of 
the luminescent QR codes under UV illumination were taken with a 
smartphone camera with resolution of 2238 × 3986 pixel2, aperture of 
f/2 and a sensor dimension of 1/4.2″.

Optical Characterization—Emission Spectra and Temperature Calibration: 
The temperature-dependent emission spectra of the QR codes were 
measured using a portable spectrometer (OceanOptics Maya 2000 Pro) 
coupled with an optical fiber, under a UV lamp excitation (254 nm). 
The QR code response to temperature was calibrated using either the 
emission spectra or the smartphone photographic records of the codes. 

Adv. Sci. 2019, 1900950
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For calibration, a homemade Peltier-plate based temperature controller 
and a K-type thermocouple were used. The temperature was set in the 
temperature controller and the QR code was let to thermalize for 5 min 
to ensure a constant temperature value reading in the thermocouple. 
An emission spectrum (integration time of 1.0 s, recorded at a central 
location of the code) and a photograph of the whole code were collected 
using the portable spectrometer and the smartphone’s camera, 
respectively. The procedure was repeated in the 283–323 K range 
(step of 1 K). To independently monitor the temperature attesting its 
uniformity within the QR code surface, a thermographic camera FLIR 
DG001U-E (sensitivity of 0.1 K, accuracy of ±2 K, according to the 
manufacturer) was used. The IR camera temperature profiles result from 
an averaging of four thermal images acquired in distinct regions of the 
QR code (Figure S3, Supporting Information). To estimate the dU6EuTb 
layer emissivity (ε), the procedure described elsewhere was adopted,[9] 
resulting ε = 0.85. The emission color coordinates were calculated from 
the emission spectra using the 1931 Commission Internationale de 
Éclairage (CIE) methodology defined for the 2nd standard, whereas the 
color coordinates from the photographs were determined using the RGB 
model (Supporting Information for details).

Photoluminescence: The emission and the excitation spectra were 
recorded using a modular double grating excitation spectrofluorimeter 
with an emission monochromator (Fluorolog-3 2-Triax, Horiba Scientific) 
coupled to a photomultiplier (R928 Hamamatsu), using the front face 
acquisition mode. The excitation source was a 450 W xenon arc lamp. 
The excitation spectra were weighed for the spectral distribution of the 
lamp intensity using a photodiode reference detector. The absolute 
emission quantum yields were measured at room temperature using a 
system (Quantaurus-QY Plus C13534, Hamamatsu) with a 150 W xenon 
lamp coupled to a monochromator for wavelength discrimination, an 
integrating sphere as the sample chamber, and a multichannel analyzer 
for signal detection. The method was accurate to within 10%.

RGB Color Model: The RGB color model is an additive model that 
creates color through the mix of three primaries colors Red, Green, and 
Blue. Based on this every image can be decomposed into that three 
channels, one corresponding to each primary being possible afterward to 
determine the mean value for each channels (µR,G,B) using an histogram 
fitted with a Gaussian function and their associated error defined by the 
standard error of the mean, Equation (6)

R,G,B
R,G,B

n
µ

°
∆ =  (6)

where n is the sample number of points and σR,G,B is the standard 
deviation of each fit.

The R, G, and B values were normalized using Equation (7)

r g bR
R G B

; G
R G B

; B
R G B

= + + = + + = + +  (7)

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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S1. Materials  

 

Figure S1. Molecular structures of (a) d-U(600), (b) tfac ligand and of the mononuclear (c) 
Ln(tfac)3H2O (Ln=Eu or Tb) complex. 
 

S1.1 Synthesis of Eu0.25Tb0.75(tfac)3H2O complex.  

The Eu0.25Tb0.75(tfac)3H2O was synthesized according to the literature.[1] Typically, 0.74 mL (6.0 

mmol) of 1,1,1-trifluoroacetylacetone (tfac, SigmaAldrich) was transferred to 10 mL of distilled 

water, followed by addition of 6.0 mL (6.0 mmol) of 1.0 mol/L NH3H2O. The resulting mixture 

was stirred at room temperature until a homogenous clear solution was obtained. Then 183.2 mg 

(0.5 mmol) of EuCl36H2O and 560.1 mg (1.5 mmol) of TbCl36H2O were added with the molar 

ratio of Eu and Tb to tfac is 1:3 and the precipitate appeared. The mixture was further stirred at 50 

ºC and then placed at ambient condition overnight. The resultant precipitate was filtered off, washed 

with water and dried.  

 

S1.2 Synthesis of di-ureasil, dU(600), doped with the Eu0.25Tb0.75(tfac)3H2O complex.  

The organic-inorganic hybrid precursor, d-UPTES(600), was prepared according to the literature.[2] 

In order to get the optimal doping concentration for the QR code fabrication, two doping contents 

corresponding to the final concentrations in the gels of 0.87 wt% (dU6TbEu-1) and 3.39 wt% 

(dU6TbEu), were adopted. For synthesis of sol doped with higher concentration of 

Eu0.25Tb0.75(tfac)3H2O, typically, 6.0 g (5.484 mmol) of d-UPTES(600) was mixed with 8 mL of 

EtOH under stirring. Then 168.0 mg of Eu0.25Tb0.75(tfac)3H2O was added, and the mixture was 

treated under ultrasonic condition until a clear solution was obtained. Next 0.592 mL of HCl 

acidified water (pH=2) was added under stirring to catalyse the hydrolysis and condensation 



reactions. The molar ratio of d-UPTES(600):H2O is 1:6. The resulting sol (dU6EuTb) was stirred at 

room temperature for further 2 hours and then it was deposited by dip-coating, as detailed below. 

The resulting materials were characterised by X-ray diffraction (XRD) and Fourier transform 

infrared (FT-IR) spectroscopy, as detailed in the following section. 

 

S1.3 Structural characterization 

The powder X-ray diffraction (XRD) patterns were recorded in the 2θ range spanning from 3.5 to 

70.0° by using a Panalytical Empyrean Diffractometer under exposure of CuKα           (λ= 1.54 Å) 

at room temperature, Figure S2A. The Eu0.25Tb0.75(tfac)3H2O diffraction pattern reveals a 

crystalline structure, whose determination will be further studied. We notice that the tentative 

chemical structure consisting of one water molecule is in accordance with previous results[3, 4] and 

with elemental analysis (experimental section on the manuscript). However, the presence of more 

than water molecule cannot be excluded. 

The XRD pattern for dU6EuTb-1 (lower doping concentration of Eu0.25Tb0.75(tfac)3H2O is 

dominated by a broad band centered at around 21o, that is characteristic of amorphous structure of 

di-ureasils.[5] The peaks related to the complex are not evident in the pattern of dU6EuTb-1, due to 

the low relative concentration (0.87 wt%) of the complex in dU6TbEu-1 in comparison with 

dU6TbEu (3.39 wt%).  

 

  
 
Figure S2. (a) XRD patterns and (b) FT-IR spectra of the (black line) Eu0.25Tb0.75(tfac)3H2O 
complex and of (red line) dU6EuTb-1. 
 
The Fourier transform infrared (FT-IR) spectra were obtained using a MATTSON 7000 FT-IR 

Spectrometer system to scan the sample absorbance intensity from 4000400 cm–1 with 64 scans 



and 2 cm–1 resolution (Figure S2B). The FT-IR spectrum of Eu0.25Tb0.75(tfac)3H2O shows C=O and 

C=C stretching vibrations at 1630 and 1535 cm–1, respectively, being characteristic absorptions of 

Ln3+-based -diketonates due to the extended -conjugation structure.[3] The peak at 1470 cm–1 is 

from CH bending vibration combining with C=O stretching vibrations. The two strong absorption 

bands at 1292 and 1140 cm–1 in the complex spectrum are assigned to asymmetric and symmetric 

stretching vibrations of CF3 groups, respectively.[6] The vibration bands of LnO are not observed 

in the recorded region. Moreover, because of the low concentration (0.87 wt%) of the complex in 

dU6EuTb-1 and/or due to the overlap of the weaker absorption band from di-ureasil, the absorption 

bands from the complex are not detected in dU6EuTb-1 spectra. Thus, there are no evidences that 

the d-U(600) coordinates to the Ln3+ ions. 

 

S2. Temperature monitoring with IR thermal camera 

 

 

Figure S3. Photograph of a luminescent QR code coated with dU6EuTb recorded by the thermal 

camera FLIR DG001U-E. The regions marked in red are the four zones where the temperature was 

measured to verify the uniformity within the QR code surface. 
  



S3. Colour identification 

 

 

Figure S4. (a) Red, (b) green and (c) blue components histograms variation with temperature in the 

283 to 323 K range, calculated from photographic records of the luminescent QR codes. (d), (e) and 

(f) selected histograms without taking into account the black colour pixels. 



 

Figure S5. (a) Red, (b) green and (c) blue components histograms (black lines) for the luminescent 

QR code photographic record retrieved at 303 K modulated (r>0.99) by Gaussian functions (red, 

green and blue lines, respectively). 

 

The peaks near the zero-intensity value in all histograms corresponds to the black modules, 

represented by coordinates (0,0,0), while the red active modules are responsible by the maximum 

intensity value in the R component. We note that the emission colour from the luminescent material 

is not pure (R or G) thus it is related to the peak in R histogram at intensity 110 but also to small 

contributions on the remaining primaries G (~38 decreasing with temperature) and B (~6), this is 

explained with the mismatch between the material emission spectra and the RGB space primaries 

wavelength ranges.  



Considering only the R component histogram, composed of two peaks fitted with gaussian pdf 

centred at A and B, with variance 𝜎𝐴2 and 𝜎𝐵2 , the error probability when separating the colours, 

and considering that each colour has a probability of pA and pB, is given by:[2] 
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𝑤here   is the decision level. Minimizing the error probability allow to determine the ideal decision 

level, opt, level, and is given by: 
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In the case both colour have the same probability values (pA = pB) as well as the same variance 

(𝜎𝐴2  𝜎𝐵2  𝜎2) the error probability is given by: 
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where erfc (.) refers to the complementary error function 
 
  



S4. Photoluminescence  

S4.1 Excitation spectra 

 

Figure S6. (a) Comparison between the room temperature excitation spectra of the dU6EuTb 

monitored within the Tb3+ (544 nm) and the Eu3+ (611 nm) related emission. Excitation spectra 

monitoring different wavelengths acquired at (b) 298 K and at (c) 12 K. 
 

The excitation spectra of the dU6EuTb (Figure S6) spectra resemble those of the single-based 

complexes[7] being observed a larger full-width-at-half maximum (fwhm) for the excitation spectra 

monitored within the Eu3+ emission in the bi-nuclear Eu0.25Tb0.75(tfac)3H2O and mono-nuclear 

Eu(tfac)3H2O complexes[7] compared with those monitored within the Tb3+ lines (both in 

Eu0.25Tb0.75(tfac)3H2O and mono-nuclear Tb(tfac)3H2O complexes[7]). Although the clarification of 

this aspect lies beyond the scope of this work, this larger fwhm suggests the presence of another 

component (around 370 nm) dedicated to the selective excitation of intra-4f6 levels, tentatively 

ascribed to a ligand-to-metal-charge transfer (LMCT) band. As the energy of LMCT states is 

dependent on the Ln3+ ion (Tb3+-based LMCT bands are blue-shift when compared with those 

involving Eu3+, for the same ligands)[8] the non-observation of such component, while monitoring 

the intra-4f8 levels is a supporting argument for the LMCT band assignment. 



S4.2 Emission spectra 

 

 

Figure S7. Emission spectra of the dU6EuTb at different excitation wavelengths acquired at (a) 
298 K and at (b) 12 K. The asterisks denote the overlap between the 5D4 → 7F4 (Tb3+) and 
5D0 → 7F0,1 (Eu3+) transitions. (c) Emission spectrum of the dU6EuTb excited under intra-4f8 
excitation wavelength (488 nm) acquired at 298 K. 
 



Figure S7 shows the emission spectra obtained at 298 K and 12 K for dU6EuTb, excited at 270 nm, 

330 nm and 365 nm. The narrow lines (fwhm <10 nm) are ascribed to the Tb3+ (5D4 → 7F3-6) and Eu3+ 

(5D0 → 7F0-4). The energy and fwhm of these transitions do not vary as a function of the excitation 

wavelength, suggesting a unique local environment for the Tb3+ and Eu3+ ions. For higher excitation 

wavelengths (in the case 365 nm), it should be noted the broad band (fwhm ~ 90 nm) between 380 and 

580 nm, associated with the intrinsic emission of the hybrid[9] ascribed to the contribution of 

donoracceptor pair recombinations occurring in the oxygen-related defects in the siliceous skeleton 

and proton transfer within the urea group.[10] The energy low-lying singlet and triplet states associated 

with the siliceous-based domains (     and     ) and NH groups (     and     ) indicated in the 

energy diagram of the manuscript were previously determined.[9-11] The phosphorescence spectra of 

the Gd(tfac)3H2O[12] is formed of a broad band in the blue region overlapping that of the intrinsic 

di-ureasil and, therefore, its contribution to the broad band in Figure S7 cannot be neglected. 

  



S4.3 Emission decay curves 

 

 

Figure S8. Emission decay curves (300 K) of the dU6EuTb excited at 255 nm, 270 nm and 330 nm 

and monitored at (a) 611 nm (5D0 → 7F2, Eu3+) and at (b) 544 nm (5D4 → 7F5, Tb3+). 

 



 

Figure S9. Thermal dependence of the emission decay curves of the dU6EuTb excited at 330 nm 

and monitored at (a) 611 nm (5D0 → 7F2, Eu3+) and at (b) 544 nm (5D4 → 7F5, Tb3+). 

 

 All the emission curves in Figures in S3.3 reveal a single exponential behavior, in good 

agreement with the selective detection of the emission decay from the 5D0 (Eu3+) and the 5D4 (Tb3+) 

and with the presence of a single average local environment for each ion. 

  



S5. Temperature Calibration 

S5.1. Thermometric parameter 

The τ(T) dependence (Eq. 3 in the manuscript) is rationalized on the basis of the classical Mott-Seitz 

model.[13] When the integrated intensity I(T) of a transition from level |1> to |0>, is proportional to 

the lifetime of |1> (T) that is modeled by Eq. 3 (in the manuscript), replacing (T) by I(T): 
 

 ( )  
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 𝐵 

)
  (S 4 ) 

 

where I0 is the intensity at T0 K.  

Comparing the temperature dependence of (T) and of I(T) in the 280320 K temperature range, we 

notice that the thermal dependence of the 5D0
7F2 (IEu) and of the 5D4

7F5 (ITb) transitions (Figure 

2c of the manuscript) is analogous to that found for the (T) of the 5D0 and 5D4 states (Figure 2b), 

validating the use of Eq. S5. Defining a ratiometric thermometric parameter by =ITb/IEu we keep 

the same functional form of Eqs. 3 (manuscript) and S5. In this case the thermal dependence of  is: 
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wh    Δ0 is the limit of the intensity ratio at the limit T0 K. For further convenience, we consider 

a normalized thermometric parameter as: 
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The temperature is calculated through: 
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and the temperature uncertainty is: 
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S5.2. Relative thermal sensitivity and temperature uncertainty 

 

It is well established that the performance of a thermometer can be quantitatively expressed in terms 

of its relative thermal sensitivity (Sr), defined as:[14]  
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and in terms of its temperature uncertainty (T):  
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where / is the relative uncertainty on the intensity ratio, that is estimated using: 
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where    is the intensity fluctuation, obtained from the emission spectra (Figure S). 



 

Figure S10. Emission spectrum (318 K) of the dU6EuTb excited at 254 nm, illustrating the 

procedure adopted to calculate I.  

 

Considering that  is described by Eq. S5, Sr is given by: 
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and T is given by: 
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S5.3 Repeatability 

Repeatability was calculated by: 
 

𝑅     
ma  ([∆𝑐  ∆𝑖])

∆𝑐
 ( 14 ) 

 

where ∆𝑐 is the thermometric parameter mean and ∆𝑖 is the thermometric parameter calculated at 

each temperature. 

 

Figure S11. Repeatability of the thermometric parameter PL calculated for 3 complete temperature 

cycles between 283 and 317 K. 

 

S5.4 Primary Thermometers 

 

The attention on this topic was triggered by Souza et al.[15] that introduced the concept of predicting 

the temperature using the temperature dependence of the 5D0 → 7F4 emission intensity when the 5D0 

level is directly excited from specific 7F1 or 7F2 Stark components thermally populated with respect 

to the 7F0 non-degenerate ground state. The authors illustrate the principle using Y2O3:Eu3+ micro 

and nanocrystals with a relative thermal sensitivity up to 1.7% K−1.  

Later, Botas et al.[16] use Silicon nanoparticles (NPs) luminescence do develop a thermometer based 



on the temperature dependent emission maximum shift. Upon 365 nm excitation the system display 

a single Gaussian profile ascribed to recombination of photogenerated electrons and holes located in 

the crystalline core of the NPs. The system is highly reproductible, however presenting a maximum 

relative thermal sensitivity of about 0.04 % K−1.  

More recently Balabhadra et al.[17] shown that the temperature dependence of any upconverting 

luminescent thermometer based on the transition intensity ratio originated in two thermally coupled 

emitting levels (2H11/2 and 4S3/2) can be predicted using the Boltzmann equation for the intensity 

ratio of transitions originated in thermally coupled states. The authors used the Yb3+/Er3+-doped 

SrF2 nanoparticles were used to show that the temperature calculated by the Boltzmann equation 

and that measured by a conventional thermometer in contact with the sample match within the error 

of both methods. A maximum relative thermal sensitivity of 1.21 % K−1 at 298.2 K was reported, in 

good agreement with the values listed for Er3+-based thermometers in this temperature range. This 

work triggered the development of several systems that use the 2H11/2
4I15/2 and 4S3/2

4I15/2 

transitions intensity to predict the temperature. The most recent works on applications of primary 

thermometers based on Er3+-doped nanoparticles to electrochromic devices were reported by 

Martinez et al..[18] 

 

 
Figure S12. (a) Relative thermal sensitivity (Sr) of the primary luminescent thermometers. The Sm 
value reported here is the highest value reported so far for primary thermometer (a 4-fold increase 
with respect to the previous best value). (b) Predicted Sr curves according to Eq. S12, keeping the 
values of  and 0 constant and changing the E value between 500 and 5500 cm−1. The shadowed 
area marks the temperature range in which the maximum sensitivity is attained by E values 



between 3500 and 4000 cm−1. The curve resulting from the parameters of the thermometer reported 
here corresponds to the bold green line. 

S5.5 QR code mobile App 

A mobile application (App) devoted to QR code decoding and temperature reading was developed 

for an IOS based smartphone using programming language swift (version 5.0.1) and XCode 

compiler (version 10.2.1). Making use of the free UIKits avaliable for this language, namely 

UIImage class for image capture, processing, colour detection and quantification and CIDectector 

class for automatic shapes and pattern detection that assist in the QR code decoding, it was possible 

to structure the application in 4 main stages all connect and used in the presented order: 

i) Image acquisition through the smartphone inbuilt rear camera or via stored photography in the 

sma  ph   ’  g       (UIImagePickerController class); 

ii) QR code detection (CIDetectorTypeQRCode class) and decoding (CIQRCodeFeature class) that 

when successfully made imply the presence of QR code and so, the luminescent material that 

provide the temperature sensing capability;  

iii) Colour analyses and quantification using the mean RGB values of an area composed by 5%  

5% pixels2 of the image maximum width/height (getPixelColor - UIImage class extension and 

getAreaColor) centered at a user selected point for an intuitive interface (UIGestureRecognizer 

class); 

iv) Based on the colour analyses using the reported values and methodology in the manuscript for 

temperature quantification. 

 

The application is free and available for download at https://tinyurl.com/qr-luminescent. 

 
 

 
Figure S13. Schematic overview of the App structure. 

 

 

 

https://tinyurl.com/qr-luminescent
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Abstract— The access and exchange of information increased 
dramatically in the last years and Quick Response (QR) codes are a 
facilitating technology. Assembled with black and white modules 
and able to store different types of information (numeric, 
alphanumeric, kanji, kana) with high density and robustness to 
reading errors, QR codes have spark interest and visibility among 
users being applied in several fields of society. Challenges 
encompass the increase of storage capacity to keep promoting their 
use in a broader range of applications. We propose the use of 
multiplexing methods based on colour to generate high density QR 
codes with 3 times storage capacity increased when compared to 
traditional QR codes. A methodology to decode the multiplex 
coloured QR code, based on colour separation threshold aided by 
maximum likehood criteria to minimize the error associated with 
decoding and maximizing the foreseen storage capacity, is also 
presented. 

Keywords—QR code, colour space, multiplexing 

I. INTRODUCTION  
The access and exchange of information have increased 

dramatically in the last years benefiting from different 
enabling technologies. Advances in software or hardware, 
especially in what concerns mobile technology promotes the 
gain of visibility of the Quick Response (QR) codes. Since 
they are a tool to promote and stimulate the exchange of 
information, shortening the user and information gap, being 
accessible to everyone.  

Proposed in 1994 by the Japanese company Denso Wave 
incorporated, a QR code is a two-dimensional barcode 
composed by black and white modules, able to store different 
types information (numeric, alphanumeric, kanji, kana) with 
high density and robustness to correct errors induced by the 
physical damages. Their easiness of use and low-cost 
production, fast readability and the important fact that 
decoding is made with a smartphone or mobile device, have 
since, spark interest and visibility among users, being applied 
in different society areas such as food and nutrition [1], 
security [2] or working as a gateway to the Internet of Things 
(IoT) [3], [4]. 

To keep promoting their use in such broad range of 
applications, improvements must be made, mainly increasing 
storage capacity and adding new unique features, 
transforming them from passive to active labels. Focusing on 
increasing storage capacity several approaches can be used, 
such as data compression methods, data hiding methods or 
multiplexing methods [5]–[7]. 

In this work, we address a multiplexing method based on 
the use of colour space to enhance their storage capacity. This 
methodology changes a monochromatic QR code into a 
coloured QR code, conferring also a new visual appeal. 

The use of colour allows the increase of the storage 
capacity density to more than one bit of information per 
module. The relation between the storage capacity density, 
given by the number of bits per module (BpM), with the 
number of colours is given by [8]: 

 
Practical disadvantages in the use of colour are envisaged, 

as the colour detection and classification are very sensitive to 
surrounding reading conditions and detectors, increasing the 
complexity in the QR code decoding. 

One solution encompasses the use of a predefined colour 
palette unbuilt in the code so that the decoding process relies 
on a matching technic to identify colours. We will focus on 
the use of an additive colour scheme, such as the RGB model 
and on the coding in each primary colour, red (R) green (G) 
and blue (B) a unique QR code. The QR code achieved after 
multiplexing the colours has a data storage capacity 3 times 
higher than that of a monochromatic QR code and exhibits a 
8 colour palette (white, black, R, G, B, cyan, yellow and 
magenta). Due to the orthogonality of this colour space, 
retrieving the original message is always assured as it is 
possible to reverse the process, by grouping similar colours 
into clusters that are well distributed into a 3-dimensional 
space [9]. A methodology used for the detection and colours 
splitting of coloured QR codes can be based on a threshold 
method, where an optimum decision level is calculated 

BpM=log2(#colours) (1) 
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through the ‘maximum-likehood’ criteria. This methodology 
has been proved to yield low error rates in colour detection, 
when applied to QR codes with 4 different colours [10].  

 The resulting increase of the storage capacity enables the 
host of new applications, capable of interacting with 
smartphones and paving the way to the possibility of 
exploiting coloured QR codes as an efficient label for IoT. In 
fact, examples of small applications, although limited by the 
storage capacity, are already in use. In particular, a QR code 
containing a phone number and a pre-written message that, 
when scanned, automatically opens the message application 
on the smartphone and QR codes that upon reading 
automatically sets up a wi-fi connection. 

II. FUNDAMENTALS 

A. multiplexing of colours and methodology 
A fundamental concept in colour is that a broad spectrum 

can be created through the mixing of primary colours in 
different proportions. Models based on this principle are 
named additive or subtractive colour models, and an example 
is the RGB one used in this work.  

The RGB model is described by three independent 
channels, one for each primary R, G and B colours. An image 
is seen as 3-dimensional and can be split into three bi-
dimensional images, each one assigned to one channel. The 
reverse methodology can be also applied to multiplex three bi-
dimensional images into one single 3-dimensional image, 
inserting in each channel a 2-dimensional image to create a 
final image with colour resulting from the RGB mix. A 2-
dimensional image without a colourmap associated is a 
monochromatic image, the same as the traditional QR codes. 
So, generating 3 monochromatic QR codes (one for each 
channel) with similar features (physical size and same 
version) and concatenated into one of the channels yield an 8 
colour QR code, Figure 1. 

B. colour separation methodology and decoding 
 Colour separation and identification of the initial codes is 
based on an image, formed of pixels with an intensity encoded 
by 8 bits, from 0 (minimum) to 255 (maximum) that can be 
represented in a 3-dimensional space, assign each orthogonal 
axis to one of the colour coordinates. It is expected to observe 
the formation of clusters distributed along the axis of an RGB 
cube, whose number is equal to the number of colours 
presented in the coloured QR code (Figure 2) [10].  

 
Fig. 1 - (a)-(c) Monochromatic and (d) coloured QR codes. (e) Photo of (d) 
captured with a smartphone camera. 

For each colour coordinates the pixels’ intensity can be 
represented by a random variable whose behaviour can be 
modulated by one or more Gaussian probability density 
functions (pdf’s). Depending on the number of clusters, the 
expected a mean value (µ) and a variance (σ) of the pdfs, that 
describes the white noise and other errors related with the 
image capture process, can be attained. Using a ‘maximum-
likehood’ criteria is possible to assign each pixel in the image 
to one specific cluster, depending on their intensity, grouping 
them all with the same well-defined R, G or B value. For a 
situation with 2 clusters of pixels, with pdf’s centred at A and 
B, variances σa and σb, respectively, and considering that 
probability of having a colour is the same for every colour, the 
error associated with a misinterpretation is given by: 

 

 
 
Minimizing the error to achieve an optimum decision level 
(opt) described in (3).  

 
Fig. 2 - Random selection of pixels retrieved from Figure 1(e) represented in 
3D space, assign each orthogonal axis to one of the colour coordinates, 
forming clusters. The number of clusters is equal to the number of colours 
presented in the coloured QR code. The olive green colour is representing 
the white pixels of the image, and the light grey pixels represent noise not 
assigned to any cluster). 

 

In the particular, when both clusters have equal variance, the 
error associated with a misinterpretation is: 

 
The optimum decision levels, when combined, can be used 

as threshold values to identify the pixels, separate the colour 
and reconstruct the original monochromatic QR codes. 
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III. EXPERIMENTAL DETAILS AND RESULTS 
Three monochromatic QR codes were produced with the 

messages: “IMOC2019.COM/ABOUT-IMOC”, 
“COLOURED QR CODESFOR IOT APPLICATIONS”, and 
“ORCID.ORG/0000-0002-5657-1510”, all with version 2 and 
equal physical dimensions (55 cm2). The 3 images were 
concatenated into a single one 3-dimensional image with 8 
colours that was printed using a standard inkjet printer. A 
photographic record of the coloured QR code taken with a 
CCD camera inbuilt into a smartphone was obtained under 
daylight conditions (Figure 1), simulating the environment 
where QR codes are usually found. The image was processed 
in MatLab®, where RGB channels were separated and a 
histogram of each was performed and modulated with the 
pdfs, obtained the optimum decision level at each, Figure 3.  

 
Fig. 3 – (a) – (c) Histogram of the R, G and B channels of the image presented 
in Figure 1. The vertical dot lines assign the optimum level. 

From the optimum decisions levels (Figure 3), it is 
possible to establish conditions to identify the pixels and 
separate the original QR codes, retrieving the original message 
with error rates <1%. This methodology is particularly 
important in a scenario where is impossible to control the 
illumination conditions (e.g. outdoor conditions). When 
controlled illumination conditions are used, the original QR 
codes are simply obtained by a simple separation of the RGB 
channels. 

IV. CONCLUSIONS 
A new combined methodology based on the colour 

multiplexing scheme, using the RGB model and a model to 
reduce the errors associated with colour identification is 
proposed, enhances the QR code storage capacity. 

An three-fold increase in the storage capacity of 
conventional monochromatic QR codes is attained, providing 
the opportunity to use coloured QR codes in different IoT 
applications. In particular, the interaction with a smartphone 
combined with such increase for storage capacity provides a 

way to embedded low complexity dynamic information 
generating new ways to QR codes interact with the users. 
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as well as to interference of flame. Nowadays, 
luminescence thermometry is considered a 
possible replacement technology for pyrom-
etry because it generally shares the benefits 
of the latter and has the potential to over-
come at least some of the limitations just 
mentioned. In-depth discussion of these 
issues can be found in a number of review 
papers published in recent years[3–8] and in 
the latest book by Dramićanin.[2]

What largely drives the field of lumines-
cence thermometry is its relevance to, and 
potential usage in, novel and emerging 
technologies, such as microelectronics, 
photonics, biomedicine, and space explo-
ration.[9–14] It might be useful not only to 
measure temperatures down to nanometric 
resolution but also for imaging of tempera-
ture distributions with high spatial resolu-
tion, well below micrometer scale. The high 
spatial resolution would require lumines-
cent thermometers in the form of nanopar-
ticulated phosphors or complexes, which is 
an additional challenge. Many applications 

do not require such high spatial resolution, however, and prereq-
uisites to the physical form of phosphors are not so strict.

We have recently communicated on a new luminescent 
thermometer—Sr2GeO4:Pr—with a tremendous reading range 
(≈20−600 K) and spectacular relative sensitivity of Sr = 9.0% K−1 
at 22 K and 0.5% K−1 at 600 K.[15] Also, impressive minimum 
temperature uncertainty down to δT = 0.1 K was achieved. Ear-
lier, a number of compositions activated with Pr3+ were exam-
ined as luminescence thermometers,[16–24] but none of them pre-
sented outstanding performance. The Sr2GeO4:Pr3+ benefitted 
greatly from using both intra- (mainly 3P0→3HJ and 1D2→3HJ) 
and interconfigurational 5d→4f parity-allowed transitions. 
This approach led to temperature measurements benefitting 
from the changes in intensity ratios of the three luminescence 
bands—in the UV, greenish blue, and orange-red parts of the 
spectrum. The very successful results of the Sr2GeO4:Pr3+ lumi-
nescence thermometer proved that Pr3+ may be more useful in 
this field than was previously thought. This also encouraged us 
to develop the preliminary, scant research into a more compre-
hensive project, an important part of which is presented herein. 
In general, such thermometers are expected to benefit from the 
different temperature dependences of the three emissions of 

Having proven that the temperature range of luminescent thermometers 
can be greatly widened by combining the intra- and interconfigurational 
transitions of the Pr3+, the possibility to manage important thermometric 
parameters by bandgap engineering and variation of energy of excitation 
photons are examined. Partial replacement of Ge with Si to form Sr2(Ge,Si)
O4:Pr is very useful to manage these luminescence thermometer properties. 
This allows control of the range of temperatures within which the 5d1→4f 
Pr3+ luminescence can be detected. Also, excitation energy appears to affect 
the thermometer’s performance. These allow adjustment of the range of 
temperatures that can be measured with the highest accuracy, reaching the 
spectacular value of Sr = 9.2% K−1 at 65 K for a Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ 
thermometer upon 244 nm excitation. For the first time, it has been proven 
that excitation energy may significantly affect the performance of luminescence 
thermometers. In Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ the highest relative sensitivity 
shifts from 65 K upon 244 nm excitation (Sr = 9.2% K−1) to 191 K upon 253 nm 
excitation (Sr = 3.97% K−1). This occurs despite both excitation wavelengths 
fitting within the 4f→5d1 excitation band. This paper shows that bandgap 
management is useful to effectively design new luminescent thermometers.
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Thermometry

1. Introduction

Radiation pyrometry offers a number of important advantages, 
which are particularly useful in noncontact remote temperature 
measurements. It can operate over very wide range of tempera-
tures, and its response is fast and is not disrupted by external 
electromagnetic field.[1] However, it is not free of drawbacks and 
deficiencies such as its high sensitivity to stray and/or reflected light 
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Pr3+. The least one may expect is an increased range of tem-
perature readings. Because all the three emissions are gener-
ated by one dopant, the possibility to control the phosphor per-
formance is very high. A different approach, but showing some 
similarities, was presented by Pan et al.[25] These authors used 
phosphor activated with Eu2+ and Eu3+. This resulted in very 
good performance but over a much narrower range of tempera-
tures. Having more than two luminescence features may be a 
key factor to extending the range of temperature reading.

In this paper we explore the possibility to managing the 
main luminescence thermometric parameters by means 
of host lattice bandgap engineering. We thus modified the 
Sr2GeO4:Pr3+, replacing some of the Ge with Si, and produced 
mixed Sr2(Ge,Si)O4:Pr3+ luminescence thermometer phosphors 
with different Ge:Si ratios. The addition of Si to replace Ge 
was expected to enlarge the host bandgap energetic separation 
of its valence and conduction bands (Figure 1a,b). Conse-
quently, we expected that the 5d→4f luminescence would be 

Adv. Optical Mater. 2019, 1901102

Figure 1. Schematic of the bandgap engineering effect in a) Sr2GeO4:Pr3+ and b) Sr2(Ge,Si)O4:Pr3+ powders. Emission spectra of Sr2(Ge0.75,Si0.25)
O4:0.05%Pr3+ upon c,d) 253 nm excitation and e,f) 244 nm excitation in the temperature range 25−675 K.
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less susceptible to temperature quenching—in Sr2GeO4:Pr3+ 
it lasted only up to 275 K. Assuming our approach would 
work, this was expected to broaden the range of temperatures 
within which the feasibility of using the 5d→4f-to-4f→4f tran-
sition intensity ratio could be operated for temperature meas-
urement. This, in turn, was anticipated to broaden or at least 
shift the range of temperatures with high relative sensitivity 
of the thermometer. This paper will present to what extent the 
expectations were met and will discuss the overall potential of 
our approach. Furthermore, we show the importance of the 
energy of excitation radiation—a problem which had not been 
addressed in the field of luminescence thermometry.

2. Results and Discussion

2.1. X-Ray Diffraction (XRD) Measurements

In order to confirm the phase purity of the synthesized compo-
sitions the XRD measurements were performed and analyzed. 
The experimental results are basically identical with those 
published previously for Sr2GeO4:Pr3+[26] and are presented 
in Figure S1 (Supporting Information). Comparisons of the 
position and intensity of the diffraction lines of the obtained 
samples with the simulated diffractogram of α-Sr2GeO4 
(ICSD # 83345) confirm the phase purity of the Sr2(Ge0.75,Si0.25)
O4:0.05%Pr3+ and Sr2(Ge0.5,Si0.5)O4:0.05%Pr3+ powders. Only 
some shift of the diffraction peaks toward higher angles is 
observed with increasing Si content; this is related to the dif-
ference of the Ge4+ (0.39 Å) and Si4+ (0.26 Å) ionic radii,[27] 
which reduces the interplanar distances in the elementary cell 
with increasing content of Si. This confirms formation of the 
expected mixed compositions. Above 50% of Si content, a mix-
ture of two phases, α-Sr2SiO4 and β-Sr2SiO4, was identified. 
Therefore, these samples were not further investigated.

In Sr2GeO4 four different symmetry sites of Sr2+ exist.[28] 
They were precisely described in refs. [28,29], and here we give 
just the most significant information related to this topic. Two 
of the four Sr2+ sites are sixfold coordinated, and two others are 
eight-fold coordinated. All of them are of low local symmetry. 
Consequently, degeneracy of the SLJ states (J ≠ 0) is very much 
lifted. This, in turn, should lead to a reach structure of the 
luminescence and excitation spectra in the range of the 4f↔4f 
transitions. On the other hand, even at low temperatures, no 
signs of the different sites could be seen in the 4f→5d excita-
tion and 5d→4f luminescence bands.[26]

2.2. Photoluminescence and Thermometric Parameter 
Calculation of Sr2(Ge0.75,Si0.25)O4:Pr3+

2.2.1. Steady-State and Time-Resolved Photoluminescence 
of Sr2(Ge0.75,Si0.25)O4:Pr

Figure S2 (Supporting Information) presents low-temperature 
(17 K) excitation spectra monitoring the 5d→4f (314.0 nm), 
3P0→3H6 (647.0 nm), and 1D2→3H4 (605.0 nm) transitions. 
The broad band located in the UV spectral region with a 
maximum at 250 nm corresponds to the transition from the 

3H4 ground state of Pr3+ to its lowest 5d1 level. The narrow 
lines located in the spectral range 420−500 nm are assigned 
to the 3H4→3P0,1,2,1I6 transitions, and those in the range 
575−600 nm to the 3H4→1D2 transitions of Pr3+. The excita-
tion spectra imply that energy delivered to the 5d1 level is 
shared between three emissions generated by the dopant: 
5d→3HJ,3FJ, 3P0→3HJ,3FJ, and 1D2→3HJ,3FJ. However, at 17 K, 
after exciting the electron to the 5d1 level, the emission spectra 
are dominated by the 5d→4f band in the UV spectral range. It 
is known that Pr3+ luminescence in the red range of spectrum 
may have a mixed origin because, besides the 1D2→3HJ,3FJ 
transition, also the 3P0→3H6, 3P0→3F2, and 3P0→3F4 transi-
tions are observed there. Distinguishing between the contri-
butions from 1D2 and 3P0 in the red part of the spectrum is 
essential for the calculation of the thermometric parameters. 
Fortunately, due to its spin-allowed character, the lumines-
cence from the 3P0 level decays much faster than that of 1D2, 
which is both parity- and spin-forbidden. Therefore, the time-
resolved emission spectra allow us to distinguish between 
the two contributions connected with transitions from 3P0 or 
1D2 levels (Figure S3, Supporting Information). We conclude 
that in the 600–610 nm range exclusively the slowly decaying 
emission from the 1D2 level occurs whereas in the range 
≈610–640 nm contributions from both 1D2 and 3P0 levels are 
present. Finally, above 640 nm, only relaxation from 3P0 con-
tributes to the observed luminescence.

Figure 1c–f presents the temperature dependence of 
Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ luminescence spectra in the 
20−675 K temperature range. We present the Jacobian trans-
formed[30,31] emission spectra after baseline removal and reg-
istered upon excitation at 253 nm (in the lower-energy limit 
of the 4f→5d excitation band) and at 244 nm (in the higher-
energy limit of the 4f→5d excitation band). According to 
literature[26] and the Dorenbos VRBE (Vacuum Referred 
Binding Energy) model,[32–37] the 244 nm 4f→5d1 excitation 
raises the electron to the energy range of the very bottom of 
the host conduction band.

The broad-band luminescence appearing in the range 
4.70–3.45 eV and observed only below room temperature 
(Figure 1c,e) is assigned to the 4f15d1→3H4-6,3F2-4 parity and 
spin-allowed transitions. As the temperature increases, this 
transition weakens, and finally, above ≈275 K, only the intra-
configurational 4f→4f transitions at lower energies can be 
easily detected (Figure 1d,f). While upon 244 nm excitation the 
5d→4f emission also vanishes around 275 K (Figure 1e), its 
intensity related to the intra-4f transitions is lower (compared to 
the 253 nm excitation) in the entire temperature range. When 
the 4f15d1→4f2 emission is below the detection limit, the 4f→4f 
emissions are continuously observed up to 700 K and present 
measurable intensities. We see that reliable measurements up 
to 700 K are only limited by the experimental setup used, and 
not the material performance. Importantly, significant and con-
tinuous changes in intra-4f transition intensities are observed 
when the temperature increases to 700 K (Figure 1d,f). The 
transitions from the 3P0 level (parity-forbidden but spin-
allowed) appear over the whole 2.70−1.65 eV range of energies 
(also in Figure S3, Supporting Information). The parity- and 
spin-forbidden transitions from the 1D2 level are located mainly 
in the range 2.08−1.83 eV.

Adv. Optical Mater. 2019, 1901102
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The thermal quenching of 4f15d1→4f2 luminescence was 
already recognized and comprehensively analyzed for Si-free 
Sr2GeO4:Pr3+ in the past.[26] It was concluded that the quenching 
is due to thermally stimulated ionization of the 5d1 excited level, 
and the single barrier model gave the thermal barrier energy 
∆Ea = 0.15 eV. As we stated above, in the (Ge,Si) mixed composi-
tions sample, the thermal energy barrier for quenching of the 
5d→4f luminescence was likely to be larger than that in the Si-
free sample because the conduction band was expected to shift 
to higher energies, as schematically represented in Figure 1a,b.

To gain some insight into the 4f15d1→4f2 emission thermal 
quenching in Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ its decays were 
measured at different temperatures (Figure 2a,b). All the decay 
traces were fitted with single-exponential functions applying 
the instrumental response function correction. Up to 150 K, 
the decay time is constant with values between 17 and 18 ns. 
By increasing the temperature, the lifetime is systematically 
shortened, and at 300 K the emission is not measurable. The acti-
vation energy Ea = 0.15 eV of thermal quenching was calculated 
using the single-barrier model described by Equation (1)[21,38]

1 1

0

a

B

p Bexp
E

k Tτ τ
= = + −






  (1)

where p and τ are the rate of luminescence transition and its decay 
time at temperature (T), respectively, τo is the radiative decay time 
of a given luminescence (when quenching is not present), B is a 
constant depending on the radiative and nonradiative decay rates, 
and kB is the Boltzmann constant (8.617 × 10−5 eV K−1). Surpris-
ingly, the obtained Ea = 0.15 ± 0.01 eV does not differ from what 
was found previously for the Si-free Sr2GeO4:Pr3+.[26] As we will 
discuss next, the Ea barrier will increase out of the measurement 
uncertainty as anticipated only upon even higher content of Si in 
Sr2(Ge0.5,Si0.5)O4:Pr3+ materials.

2.2.2. Thermometric Analysis of Sr2(Ge0.75,Si0.25)O4:0.05%Pr

To investigate the Sr2(Ge0.75,Si0.25)O4:Pr as a noncontact lumi-
nescent thermometer in a wide temperature range, the ratio 

of integrated emission intensities in the three spectral ranges 
revealed in Figure S4a,b (Supporting Information) was consid-
ered. I1 represents exclusively the 4f15d1→3H4-6,3F2-4 transition, 
I2 reflects the 3P0→3H4, and I3 the 1D2→3H4 transitions, with 
some admixture of 3P0→3H6, especially at higher tempera-
tures when the spectral features broadened. The transitions’ 
integrated intensities were calculated in the 17–675 K range 
following the strategy reported elsewhere[15] and detailed in 
Experimental Section. The integration limits for each transi-
tion are listed in Table 1. Setting the constraints for defining I3 
was the most problematic part, and we limited it to the energies 
where luminescence from 1D2 is observed exclusively, resulting 
in a most significant change of the I2/I3 ratio as the tempera-
ture increases. On the other hand, at higher temperatures the 
emission from 1D2 and 3P0 in the red part of spectrum could 
not be precisely separated due to the significant broadening of 
the emission lines.

The method of calculating the thermometric parameter, ∆, 
is presented in Equation (2). Above 275 K, for each of the 
two excitation wavelengths (253 and 244 nm), emission from 
the 5dl level is within the noise intensity of the detector, so a 
different ratio was employed then. Values of the integrated 
areas used in these calculations are presented in Figure S5a,b 
(Supporting Information). Their courses with temperature 
differ because in each case the excited electron rises to an 
energy level positioned differently compared to the host con-
duction band. Note that even the temperature dependence 
of the decay time of the 5d→4f luminescence (Figure 2) is 
slightly different from this emission intensity. This is natural 
because emission intensity is also affected by the necessary 

Adv. Optical Mater. 2019, 1901102

Figure 2. Temperature dependence of the 5d→4f luminescence decay traces of Sr2(Ge0.75,Si0.25)O4:0.05%Pr. a) Luminescence was monitored at 281 nm 
under 250 nm excitation. b) Temperature dependence of the luminescence decay times and the fit using Equation (1).

Table 1. Integration limits used to calculate the integrated areas of 
the transitions. The starting (Ei) and ending (Ef) integration limits are 
presented.

Integrated Area Ei [eV] Ef [eV] Observations

I1 3.36 4.73 5d14f1→3H4-6,3F2-4

I2 2.39 2.66 3P0→3H4

I3 1.93 2.13 1D2→3H4/3P0→3H6
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changes of the 4f→5d excitation band with temperature. This 
was nicely presented by Bachmann et al.[39] for the 5d→4f 
luminescence of Ce3+
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The I1 changes with temperature are more pronounced 
than those of I2 and I3 (Figure S5, Supporting Information). 
Observing the functional form of ∆(T) (Figure 3), we use 
the Mott-Seitz model, described by Equation (1),[40] to fit the 
experimental curves up to 275 K. Due to the characteristic 
double-S shape of the curves, two nonradiative decay channels 

characterized by the energy barriers E1 and E2 for the 5d→4f/
intra-4f ratio of emission intensities were used
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where ∆0 is the value of the ∆ parameter in the limit T→0 K, 

,0W

W
i

i

Ri

α =  where W0i stands for unquenched (W0i, T → 0 K) and 

WRi for radiative (evaluated at temperature T) rates for each of 
the i nonradiative decay routes. More details about the Mott-
Seitz model are given in ref. [41].

Figure 3 presents the experimental ∆ parameters and corre-
sponding relative thermal sensitivity (Sr) for 253 and 244 nm 
excitation wavelengths. In both cases, there are two nonra-
diative channels (N = 2) with significantly different activation 
energies. Upon 253 nm excitation, the fit with Equation (3) 
yields E1 = 0.164 ± 0.002 eV and E2 = 0.032 ± 0.006 eV. A rea-
sonable fit with Equation (3) to the data for the 244 nm exci-
tation was not viable, so we decided to split the experimental 
points into two temperature ranges (17–125 K and 125–275 K),  
performing fitting for each of them separately using the 
Mott-Seitz equation for one nonradiative channel (N = 1),[40] 

Adv. Optical Mater. 2019, 1901102

Figure 3. Calibration of the Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ sample in the 25–300 K range using a) 253 nm and c) 244 nm excitation. The solid lines are 
the best fit to the experimental data using Equation (3) (fitting parameters presented in Table S1, Supporting Information). The corresponding relative 
thermal sensitivity values are presented in (b) and (d), respectively.
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resulting in E1 = 0.157 ± 0.003 eV and E2 = 0.068 ± 0.004 eV. 
We conclude that, regardless of the excitation wavelength used, 
E1 is approximately equal to ≈0.16 eV, while the other energy 
value is approximately within the range ≈0.03−0.07 eV. The E1 
value coincides with the energy barrier found from the tem-
perature dependence of the decay times of the 5d→4f lumines-
cence (Figure 2), making its physical meaning evident; the E2 
value will be discussed in the following sections.

The relative thermal sensitivity, Sr, was calculated according 
to Equation (10). Upon 253 nm excitation the greatest rela-
tive sensitivity reaches 3.97% K−1 at 191 K (Figure 3b). As the 
temperature further increases, Sr slowly decreases, reaching 
2.50% K−1 at 275 K. At temperatures lower than 191 K the Sr 
also decreases, and below 50 K its value is lower than 1.00% K−1. 
The temperature dependence of Sr notoriously changes when 
the more energetic excitation is used (Figure 3d). Sr reaches the 
very high value of 9.2% K−1 at 65 K, a value similar to that 
reported by us previously for the Si-free Sr2GeO4:Pr3+ at 22 K 
upon 250 nm excitation (i.e., close to the corresponding 4f→5d 
excitation maximum).[15] Below 65 K Sr decreases, reaching 
nearly zero at 40 K. This result is because up to about 40 K ∆ 
does not change because it is corroborated by the integrated 
areas in Figure S5b (Supporting Information) in which the 
three integrated areas do not change upon 244 nm excitation 
for T < 40 K.

Above 275 K the 4f15d1→4f2 band is not observed (Figure 4), 
and the thermometric parameter ∆ was calculated using the 
ratio between the intra-4f transitions. Due to the lack of an 
unambiguous physical model for describing the observed tem-
perature evolution of ∆, an empirical third-degree polynomial 
function was fitted to the experimental data. For both excitations 
the dependence of Sr on temperature is similar, presenting slight 
differences at the highest temperatures. Maximum relative sen-
sitivity in both cases reached ≈0.30% K−1 at around 450 K.

2.3. Luminescent Properties of Sr2(Ge0.5,Si0.5)O4:0.05%Pr3+

The results for the Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ materials 
highlight the importance of higher content of Si for the spectro-
scopic and thermometric performance of the materials.

2.3.1. Photoluminescence of Sr2(Ge0.5,Si0.5)O4:0.05%Pr3+

To characterize the Sr2(Ge0.5,Si0.5)O4:0.05%Pr3+ sample we per-
form a similar analysis to that presented above for the other 
samples, restricting the photoluminescence experiments to 
252 nm (maximum of the 4f→5d1 excitation band). Figure S6  
(Supporting Information) presents the emission spectra of 
Sr2(Ge0.50,Si0.50)O4:0.05%Pr3+ in the 18−700 K range. The 
4f15d1→4f2 band decreases with increasing temperature, but it 
could be recorded up to 375 K, a temperature 100 K higher than 
that of Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+. This is a strong indication 
that the bandgap in Sr2(Ge0.5,Si0.5)O4:0.05%Pr3+ is increased 
with respect to Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+, enlarging the 
barrier for the thermal ionization of the emitting 5d1 level of 
Pr3+. Furthermore, comparing the spectra of Sr2(Ge0.50,Si0.50)
O4:0.05%Pr3+ presented in Figure S6 (Supporting Information) 

with those of Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ presented in 
Figure 1c,d, it is clear that the intra-4f transition lines are less 
resolved in the former, even at low temperatures. This indi-
cates a growing inhomogeneous broadening of the spectro-
scopic features caused by structural distortions of the local 
symmetry of the dopant in the mixed 1:1 Ge:Si host lattice. In 
Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ (Figure 1c,d) such an effect is not 
yet significant.

Decay times of the 4f15d1→4f2 luminescence derived from 
the decay traces measured at different temperatures are pre-
sented in Figure 5. The traces could be fitted using Equation (1). 
The derived Ea = 0.17 ± 0.01 eV was found to be 0.02 eV larger 
than in Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ discussed above. Hence, as 
expected, replacing half of the Ge atoms with Si in the host made 
the 5d→4f luminescence of Pr3+ less prone to thermal quenching.

2.3.2. Thermometric Parameters of Sr2(Ge0.5,Si0.5)O4:0.05%Pr3+

Thermometric parameters of Sr2(Ge0.50,Si0.50)O4:0.05%Pr3+ 
were calculated analogously to those of Sr2(Ge0.75,Si0.25)
O4:0.05%Pr3+. Figure S7a, b (Supporting Information) pre-
sents the integrated intensities of I1, I2, and I3 dependence 
on temperature. Because the 4f15d1→4f2 band is observable 
until 375 K the luminescence intensity ratio (∆) was calculated 
according to Equation (4)

, 375 K
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2

3

T

I

I
T

I

I
T
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Figure 6 presents the ∆ parameters and the corresponding 
relative sensitivities, Sr. Up to 375 K the Mott-Seitz equation 
with two independent components (Equation (3), N = 2) was 
fitted to the experimental points, and the obtained values are 
E1 = 0.168 ± 0.004 eV and E2 = 0.018 ± 0.001 eV. The former 
perfectly matches the energy barrier of the 4f15d1→4f2 lumi-
nescence thermal quenching. The possible origin of the second 
energy barrier of the lower value (E2) will be discussed later. 
A fifth-degree polynomial function was fitted to the ∆ experi-
mental points for T > 375 K.

The relative thermal sensitivity was calculated for both 
temperature ranges (Figure 6b,d). Up to ≈20 K Sr is very low 
because the integrated intensities practically do not change 
their intensities, but above 25 K Sr increases to 2.94% K−1 at 
225 K. Upon further temperature increase, Sr continuously 
decreases, reaching 1.30% K−1 at 375 K. When the 4f15d1→4f2 
band is completely quenched (T > 375 K), the maximum Sr of 
1.48% K−1 at 400 K is found. It decreases to 0.25% K−1 at 500 K, 
increasing to 0.38% K−1 at 575 K. At higher temperatures it con-
tinuously decreases because the fitting curve presents changes 
lower than the uncertainty in ∆, and we adopt this criterion to 
define the thermometer out of its operating range. The corre-
sponding temperature uncertainty values are calculated and 
presented in Figure S8 (Supporting Information).

Before discussing the results let us comment on the 
repeatability and stability of the luminescence thermometer’s 

Adv. Optical Mater. 2019, 1901102
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performance. The reproducibility was measured for each of 
the composition in 10 cycles of heating-cooling. For that pur-
pose, luminescence spectra were recorded at 20 and 600 K  
in each cycle and compared for possible changes in relative 
intensities of the various luminescent features. Only very 
small random statistical variations of the intensities not 
exceeding ≈0.5% (relative) were observed. The investigated 
phosphors’ performance may thus be considered stable in 
time and the thermometric parameters unaffected by multiple 
measurements. An important technical recommendation is 

to use pellets with flat surfaces. This was found to produce 
the most stable signal.

3. Discussion

In this work we elucidated the change of the relative energetic 
position of the conduction band with respect to the emitting 
levels of Pr3+ by means of the host bandgap engineering to 
deliberately manage various thermometric parameters.

Adv. Optical Mater. 2019, 1901102

Figure 4. Calibration of the Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ sample in the 300–650 K range using a) 253 nm and c) 244 nm excitation. The solid lines are the 
best fit to the experimental data using a third-degree polynomial (fitting parameters presented in Table S2, Supporting Information). The corresponding 
relative thermal sensitivity values are presented in (b) and (d), respectively. Schematic depiction of the difference between the two excitation wavelengths:  
e) 253 nm and f) 244 nm. In (f), the electron is excited to the vibronic levels of the 5d1 electronic level where it can couple to the host’s conduction band even 
at the lowest temperatures. This increases the probability of its escape, which reduces the 5d1→4f relative intensity compared to the excitation at 253 nm.
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3.1. Bandgap Engineering

Bandgap engineering is successfully used, among others, to 
adjust persistent luminescence parameters[42–47] and reduce or 
even remove afterglow in scintillation.[48] Replacing Ge with 
an increasing amount of Si in Sr2(Ge,Si)O4:Pr3+, we antici-
pated an increase of the quenching temperature of the 5d→4f 

luminescence. In turn, this was expected to extend the range 
of temperatures within which the 5d→4f luminescence could 
be observed. Consequently, this should allow us to use the 
5d→4f/4f-4f ratio for temperature measurement. This was 
previously found to be crucial to increase the relative sensi-
tivity of thermometers using Pr3+ luminescence.[15] The results 
presented here generally affirm our approach. However, the 

Adv. Optical Mater. 2019, 1901102

Figure 6. Calibration of the Sr2(Ge0.50,Si0.50)O4:0.05%Pr3+ sample in the a) 17− 375 K and c) 400−700 K ranges using 252 nm excitation. The solid lines 
are the best fit to the experimental data using Equation (3) in (a) and a third-degree polynomial in (c) (fitting parameters presented in Table S3, Sup-
porting Information). The corresponding relative thermal sensitivity values are presented in (b) and (d), respectively. In (c) and (d), the shaded area 
marks the region in which the fitting curve changes are smaller than the uncertainty in ∆, indicating the thermometer being out of its operating range.

Figure 5. Temperature dependence of the 5d→4f luminescence decay traces of Sr2(Ge0.5,Si0.5)O4:0.05%Pr. a) Luminescence was monitored at 281.9 nm 
under 250 nm excitation. b) Temperature dependence of the luminescence decay times and the fit using Equation (1).



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1901102 (9 of 11)

www.advopticalmat.de

Adv. Optical Mater. 2019, 1901102

increase of the 5d→4f quenching temperature was lower than 
we anticipated, indicating that further experimental results are 
needed to improve our understanding of the effect of the dis-
tinct parameters on the thermal performance of these systems.

Compared to Sr2GeO4:0.05%Pr3+,[15,26] the Sr2(Ge0.75,Si0.25)
O4:0.05%Pr3+ showed no improvement in the 5d→4f lumines-
cence thermal stability. In both cases this emission could be 
recorded up to about 275 K, and the activation energy of the 
quenching derived from the temperature dependence of the 
decay times was practically identical in both cases, yielding Ea = 
0.15 eV. By further enrichment of the Si at the expense of Ge, 
in the Sr2(Ge0.5,Si0.5)O4:0.05%Pr3+, the 5d→4f luminescence of 
Pr3+ was measurable up to 375 K, and the thermal evolution of 
decay times proved that the activation energy of the quenching 
increased to Ea = 0.17 eV, a value 0.02 eV (≈13%) higher than in 
Sr2GeO4:0.05%Pr3+ and Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+.

The explanation of the rather moderate changes was found 
with the help of IR spectroscopy. Figure S9 (Supporting Infor-
mation) presents the FTIR spectra of the investigated powders 
differing only in the Ge:Si ratio. In Sr2GeO4 a broad absorption 
band with a maximum at 710 cm−1 is assigned to antisymmetric 
and symmetric stretching vibrations of the GeO4 units. With 
increasing content of Si, a new band of growing intensity and 
maximum at 908 cm−1 is observed. This is assigned to asym-
metric vibrations of the SiO4 units. Furthermore, at 507 cm−1 
another band comes into view with an Si content increase, 
which can be associated with SiO4 group bending vibrations.[49] 
The IR spectra demonstrate that as more Si appears in the host 
lattice of the phosphor the higher-energy vibrations become 
available and can interact with the Pr3+ luminescence center.

In the nonradiative processes responsible for luminescence 
quenching of the 5d→4f transition, the host lattice phonons 
play a major role. Replacing Ge with Si we have two opposite 
effects: higher content of Si must enlarge the host bandgap and 
increase the energetic space between the emitting 5d1 level and 
the host conduction band; and on the other hand, the more 
energetic host phonons appear in the system, facilitating the 
thermal excitation further to the host conduction band of the 
optically excited electron to the Pr3+ 5d1 level. This explains why 
only after a significant amount of Si addition to the host could 
we observe the expected improvement on the thermal stability 
of the Pr3+ 5d→4f transition, and even then, it was moderate. 
Thus, trying to manage the phosphor’s performance by varying 
the host composition, a whole variety of interactions and their 
possible interplays must be considered, suggesting that the per-
formance of luminescent thermometers may indeed be man-
aged by bandgap engineering.

3.2. Excitation Energy Effect

In the case of the Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ two different 
excitation wavelengths were tested: 244 nm (5.08 eV) and 
253 nm (4.90 eV), with an energy difference of 0.18 eV. The 
253 nm excitation was set close to the 4f→5d1 Pr3+ excitation 
band maximum, while the former raised the electron to yet 
higher vibronic levels of the 5d1 electronic level of the acti-
vator ion. The situation is schematically depicted in Figure 4e,f. 
From decay kinetics data the activation energy of 5d→4f 

luminescence quenching in this composition was found to be 
Ea = 0.15 ± 0.01 eV. We thus may agree that the 244 nm excita-
tion raised the electron to the vibronic levels of the 5d1 already 
immersed within the host conduction band, although very 
close to its very bottom. This should make the electron prone 
to escape from its mother ion before thermalization to the 
bottom of the 5d1 parabola. Upon 253 nm excitation the elec-
tron reaches the 5d1 parabola, still below the host conduction 
band. This reasoning is perfectly supported by the temperature 
dependence of the 5d→4f luminescence upon both excitations, 
as presented in Figure 1c–f. First, the relative intensity of the 
5d→4f luminescence upon 244 nm excitation is much less than 
upon 253 nm over the whole range of temperatures of its pres-
ence. Furthermore, upon 244 nm excitation the 5d→4f lumi-
nescence intensity drops greatly just above 50 K and then again 
between 150 K and 225 K. Upon 253 nm excitation a sudden 
drop of the 5d→4f emission intensity occurs only in the range 
150–225 K. Hence, some characteristics are common for both 
excitation wavelengths, as expected. However, the 244 nm exci-
tation additionally opens an efficient channel of the 5d→4f 
luminescence quenching. All that explains why under 244 nm 
excitation, the relative intensity of the 5d→4f emission com-
pared to the 4f→4f one was significantly lower than in the case 
of 253 nm excitation.

The above discussed observations and the conclusions drawn 
from them are also valuable when the results of the Mott-Seitz 
fitting of the ∆(T) dependence are considered. From the course 
of the ∆(T) for the Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ presented in 
Figure 3, it can immediately be seen that for both excitation 
energies (244 and 253 nm) a double-S shape is observed. How-
ever, upon 244 nm excitation ∆ declines greatly within the range 
50−75 K, and its second regression appears around 150−200 K, 
being much smaller. In contrast, excitation at 253 nm leads 
to much smaller regression around 75 K and more profound 
downfall around 175−200 K. Thus, qualitatively, in both curves 
two steps of the ∆(T) decrease are observed, but the relative 
contributions of each of them are very much dependent on the 
excitation energy.

In Figure S10 (Supporting Information), most of the above 
discussed observations and conclusions drawn are summa-
rized comparing the relative sensitivity, Sr, for all the up-to-date 
investigated compositions on the basis of Sr2(Ge,Si)O4:Pr. Also, 
the effect of excitation energy is included.

4. Conclusions

Recently, using Sr2GeO4:Pr phosphor, we showed that taking 
advantage of both interconfigurational 5d→4f and intraconfigu-
rational 4f→4f luminescent transitions of Pr3+ opens new pos-
sibilities to develop luminescent thermometers working over a 
very broad range of temperatures and with very high accuracy. 
In this paper we showed for the first time that in such systems 
the chosen excitation wavelength/energy affects the lumines-
cent thermometer performance to a significant degree; hence, 
it appears to be yet another parameter shaping the quality of 
such thermometers. Specifically in the system tested in this 
paper, i.e., Sr2(Ge0.75,Si0.25)O4:Pr, the choice of excitation energy 
greatly affected the range of temperatures within which the 
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performance was the best in terms of the thermometer’s rela-
tive sensitivity. This could be achieved without sacrificing the 
exceptionally broad range of temperature reading (20–700 K). 
Furthermore, we showed that the thermometric parameters 
may be managed by means of bandgap engineering. In our case 
a different Ge:Si ratio was utilized to formulate the host lattice, 
and a higher content of Si increased the bandgap and conse-
quently enlarged the range of temperatures at which the 5d→4f 
luminescence could be reliably measured, by 100 K, from 275 
to 375 K. Due to the phase instability of the Si-rich composi-
tions, we could not test the full range of concentrations from 
Sr2GeO4:Pr to Sr2SiO4:Pr. Nevertheless, the results are undoubt-
edly encouraging and prove that this approach may offer a sig-
nificant improvement of luminescence thermometers and may 
be a suitable tool that can be used to shape their properties.

5. Experimental Section
Materials: Microcrystalline Sr2(Ge1−x,Six)O4 (x = 0.25 or 0.5) powder 

materials containing 0.05 mol% of Pr dopant with respect to Sr were 
prepared by means of the classic ceramic method. Sr2CO3(Strem 
Chemicals, 99.995%), SiO2 (Umicore, 99.99%), GeO2 (Alfa Aesar, 
99.999%), and Pr(NO3)3 6H2O were the starting materials. Additionally, 
1 mass% of H3BO3(Roth, 99.8%) flux was also added to a sample 
containing 50% and 75% of Si to prevent formation of β-Sr2SiO4.[29] 
The raw materials were thoroughly ground in an agate mortar with 
some acetone for wetting. Then the mixture was heated in a tube 
furnace at 1350 °C for 3 h in a reducing atmosphere of forming gas 
(25%H2+75%N2).

X-Ray Diffraction: The X-ray diffraction patterns were measured with a 
D8 Advance diffractometer (Bruker) using Cu Kα1 radiation (λ = 1.5406 Å) 
in the range 2θ = 10°–70° and with the step 2θ = 0.008°. IR spectra were 
recorded by means of the KBr pellet technique with an IFS 66/s Bruker 
spectrometer with a transmission mode in the range 400−4000 cm−1.

Photoluminescence: Photoluminescence excitation (PLE) and 
photoluminescence (PL) spectra were recorded in the temperature range 
17–700 K using an FSL 980 spectrometer from Edinburgh Instruments 
Ltd. A 450 W Xenon lamp was used as an excitation source. The sample 
was mounted on the copper holder of a closed-cycle helium cryostat 
(Lake Shore Cryotronics, Inc.) using Silver Adhesive 503 glue from 
Electron Microscopy Sciences. TMS302-X Single Grating excitation 
and emission monochromators of 300 mm focal length were used, 
and the luminescence signal was recorded with a Hamamatsu R928P 
high-gain photomultiplier detector electronically cooled to −20 °C. The 
decay traces of the Pr3+ 5d→4f luminescence were measured using the 
same spectrometer and F-G05 photomultiplier featuring a Hamamatsu 
H5773-04 detector upon excitation with a 250 nm pulsed LED (EPLED-3) 
supplied by Edinburgh Instruments Ltd.

Thermometric Parameters Assessment: Preanalysis corrections to the 
emission spectra were performed, applying a uniform baseline removal and 
a transformation from wavelength to energy scale because the calculation 
of the thermometric parameter based on intensities, spectral shifts, or 
bandwidths must be made from emission spectra as a function of energy 
to avoid misleading and incorrect conclusions. To do this, the intensity 
as a function of wavelength, f(λ), in the wavelength range d(λ), must be 
converted to intensity as a function of energy, f(E), in the energy range dE. 
Considering energy conservation, a relation between both is obtained[30,31]

d ( )df E E f λ λ( ) =  (5)

Knowing that E is related to λ by the Planck law

E hc
λ=  (6)

combing both equations
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where h is the Plank constant, c is the speed of light in vacuum, and 
the minus signal can be ignored because it merely indicates different 
directions of integration in E and λ. Thus, to correctly apply a 
transformation of the data obtained, the wavelength must be converted 
to energy using Equation (7) and intensity values scaled by the hc/E2 
factor, known as the Jacobian transformation.[31]

This transformation, often forgotten in the field of luminescent 
thermometry, can be critical, especially if the spectrum presents peaks 
over a large energy range and with different bandwidths, because it can 
significantly alter the spectrum.[8,31]

The integrated areas (Ii) of the transitions (Equation (4)) were 
computed after the preanalysis processes

, d
1

2

I f E T Ei

E

E

∫ ( )=  (8)

The error in this parameter is estimated from the signal-to-noise 
ratio (SNR) divided by the maximum intensity (Imax) calculated for 
each spectrum. SNR was calculated by applying OriginLab Fast Fourier 
Transform smoothing, retrieving the noise fluctuations, and calculating 
the mean value (δI).[5]

The thermometric parameter (∆) is given by the ratio of integrated 
area intensities of two transitions (i and j) as a function of temperature

I
I

i

j
∆ =  (9)

Thermometric Performance: The evaluation of the thermometer 
performance is made calculating the relative sensitivity[5,8,50]

1
rS

T
= °

∂∆
∂  (10)

and the temperature uncertainty
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I T

δ
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where δI/I is a function of temperature, obtained by fitting polynomial 
functions to the δI/Imax discrete values previously calculated.

To define the operating temperature range of the materials, we select 
the range in which the fitting function (Equation (3) or polynomial 
function) changes are higher than the uncertainty in the thermometric 
parameter.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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[6] M. D. Dramićanin, Methods Appl. Fluoresc. 2016, 4, 042001.
[7] Y. Cheng, Y. Gao, H. Lin, F. Huang, Y. Wang, J. Mater. Chem. C 

2018, 6, 7462.
[8] C. D. S. Brites, S. Balabhadra, L. D. Carlos, Adv. Opt. Mater. 2019, 

7, 1801239.
[9] E. Carrasco, B. del Rosal, F. Sanz-Rodríguez, Á. J. de la Fuente, 

P. H. Gonzalez, U. Rocha, K. U. Kumar, C. Jacinto, J. G. Solé, 
D. Jaque, Adv. Funct. Mater. 2015, 25, 615.

[10] E. D. Martínez, C. D. S. Brites, L. D. Carlos, R. R. Urbano, C. Rettori, 
Front. Geochem. 2019, 7, 83.

[11] T. Miyagawa, T. Fujie, Ferdinandus, T. T. V. Doan, H. Sato, 
S. Takeoka, ACS Appl. Mater. Interfaces 2016, 8, 33377.

[12] B. del Rosal, E. Carrasco, F. Q. Ren, A. Benayas, F. Vetrone, 
F. Sanz-Rodriguez, D. L. Ma, A. Juarranz, D. Jaque, Adv. Funct. 
Mater. 2016, 26, 6060.

[13] B. del Rosal, E. Ximendes, U. Rocha, D. Jaque, Adv. Opt. Mater. 
2017, 5, 1600508.

[14] B. del Rosal, D. Ruiz, I. Chaves-Coira, B. H. Juarez, L. Monge, 
G. S. Hong, N. Fernandez, D. Jaque, Adv. Funct. Mater. 2018, 28, 
1806088.

[15] C. D. S. Brites, K. Fiaczyk, J. F. C. B. Ramalho, M. Sojka, L. D. Carlos, 
E. Zych, Adv. Opt. Mater. 2018, 6, 1701318.

[16] Y. Gao, F. Huang, H. Lin, J. C. Zhou, J. Xu, Y. S. Wang, Adv. Funct. 
Mater. 2016, 26, 3139.

[17] Y. Gao, F. Huang, H. Lin, J. Xu, Y. S. Wang, Sens. Actuators, B 2017, 
243, 137.

[18] Y. Gao, Y. Cheng, T. Hu, Z. L. Ji, H. Lin, J. Xu, Y. S. Wang, J. Mater. 
Chem. C 2018, 6, 11178.

[19] S. Gharouel, L. Labrador-Páez, P. Haro-González, K. Horchani-Naifer, 
M. Ferid, J. Lumin. 2018, 201, 372.

[20] R. S. Lei, X. Y. Luo, Z. Y. Yuan, H. P. Wang, F. F. Huang, D. G. Deng, 
S. Q. Xu, J. Lumin. 2019, 205, 440.

[21] M. S. Pudovkin, O. A. Morozov, V. V. Pavlov, S. L. Korableva, 
E. V. Lukinova, Y. N. Osin, V. G. Evtugyn, R. A. Safiullin, 
V. V. Semashko, J. Nanomater. 2017, 2017, 3108586.

[22] R. Shi, L. T. Lin, P. Dorenbos, H. B. Liang, J. Mater. Chem. C 2017, 
5, 10737.

[23] S. Zhang, H. B. Liang, Y. F. Liu, J. Appl. Phys. 2014, 115, 073511.
[24] S. S. Zhou, G. C. Jiang, X. T. Wei, C. K. Duan, Y. H. Chen, M. Yin, 

J. Nanosci. Nanotechnol. 2014, 14, 3739.
[25] Y. Pan, X. Xie, Q. Huang, C. Gao, Y. Wang, L. Wang, B. Yang, H. Su, 

L. Huang, W. Huang, Adv. Mater. 2018, 30, 1705256.
[26] K. Fiaczyk, S. Omagari, A. Meijerink, E. Zych, J. Lumin. 2018, 198, 163.
[27] R. D. Shannon, Acta Crystallogr. A 1976, 32, 751.
[28] F. Nishi, Y. Takeuchi, Z. Kristallogr. 1996, 211, 607.
[29] A. Madej, E. Zych, RSC Adv. 2015, 5, 104441.
[30] G. Blasse, B. C. Grabmaier, Luminescent Materials, Springer-Verlag, 

Berlin 1994.
[31] J. Mooney, P. Kambhampati, J. Phys. Chem. Lett. 2013, 4, 3316.
[32] P. Dorenbos, J. Lumin. 2000, 91, 155.
[33] P. Dorenbos, J. Phys.: Condens. Matter 2003, 15, 8417.
[34] P. Dorenbos, ECS J. Solid State Sci. Technol. 2013, 2, R3001.
[35] P. Dorenbos, J. Lumin. 2000, 91, 91.
[36] P. Dorenbos, Phys. Rev. B 2012, 85, 165107.
[37] P. Dorenbos, Opt. Mater. 2017, 69, 8.
[38] J. Pejchal, M. Nikl, E. Mihokova, J. A. Mares, A. Yoshikawa, 

H. Ogino, K. M. Schillemat, A. Krasnikov, A. Vedda, K. Nejezchleb, 
V. Mucka, J. Phys. D: Appl. Phys. 2009, 42, 055117.

[39] V. Bachmann, C. Ronda, A. Meijerink, Chem. Mater. 2009, 21, 
2077.

[40] N. F. Mott, Proc. R. Soc. London, Ser. A 1938, 167, 384.
[41] D. Ananias, F. A. A. Paz, D. S. Yufit, L. D. Carlos, J. Rocha, J. Am. 

Chem. Soc. 2015, 137, 3051.
[42] Y. Katayama, A. Hashimoto, J. Xu, J. Ueda, S. Tanabe, J. Lumin. 

2017, 183, 355.
[43] J. Ueda, K. Kuroishi, S. Tanabe, Appl. Phys. Lett. 2014, 104, 101904.
[44] J. Ueda, P. Dorenbos, A. J. J. Bos, K. Kuroishi, S. Tanabe, J. Mater. 

Chem. C 2015, 3, 5642.
[45] J. Xu, J. Ueda, S. Tanabe, Opt. Mater. Express 2015, 5, 963.
[46] J. Xu, J. Ueda, Y. X. Zhuang, B. Viana, S. Tanabe, Appl. Phys. Express 

2015, 8, 042602.
[47] W. X. Zheng, H. Y. Wu, G. F. Ju, Z. Mo, H. F. Dong, Y. H. Hu, 

Y. H. Jin, Dalton Trans. 2019, 48, 253.
[48] M. Fasoli, A. Vedda, M. Nikl, C. Jiang, B. P. Uberuaga, 

D. A. Andersson, K. J. McClellan, C. R. Stanek, Phys. Rev. B 2011, 
84, 081102(R).

[49] M. Handke, M. Urban, J. Mol. Struct. 1982, 79, 353.
[50] C. D. S. Brites, P. P. Lima, N. J. O. Silva, A. Millán, V. S. Amaral, 

F. Palacio, L. D. Carlos, Nanoscale 2012, 4, 4799.



Copyright WILEY-VCH Verlag GmbH & Co. KGaA, 69469 Weinheim, Germany, 2019.

Supporting Information

for Adv. Optical Mater., DOI: 10.1002/adom.201901102

Bandgap Engineering and Excitation Energy Alteration to
Manage Luminescence Thermometer Performance. The Case
of Sr2(Ge,Si)O4:Pr3+

Małgorzata Sójka, João F. C. B. Ramalho, Carlos D. S.
Brites, Karolina Fiaczyk, Luís D. Carlos,* and Eugeniusz
Zych*



  

1 

 

Supporting Information  

Band-gap engineering and excitation energy alteration to manage luminescence 

thermometer performance. The case of Sr2(Ge,Si)O4:Pr3+
 

Author(s)  

Małgorzata Sójka, João F. C. B. Ramalho, Carlos D. S. Brites, Karolina Fiaczyk,  

Luís D. Carlos* and Eugeniusz Zych* 

 
 

Figure S1. XRD measurements of Sr2(Ge1-x,Six)O4:0.05%Pr compositions. The black dotted 
line shows the position of the most significant line of the β phase. 
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Figure S2. Excitation spectra of Sr2(Ge0.75,Si0.25)O4:0.05%Pr monitored at 314.0 nm, 605.0 
nm (1D2), and 647.0 nm (3P0) recorded at 17 K. 
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Figure S3. Time-resolved luminescence spectra of Sr2(Ge0.75,Si0.25)O4:0.05%Pr at 17 K . 

 

 

Figure S4. Emission spectrum of Sr2(Ge0.75,Si0.25)O4:0.05%Pr recorded at 150 K under 253 
nm excitation (a) and at 75 K under 244 nm excitation (b). The colors represent the emission 
areas that have been used in the calculations. 
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Figure S5. Integrated intensities based on emission spectra of Sr2(Ge0.75,Si0.25)O4:0.05%Pr 
under 253 nm excitation (a) and under 244 nm excitation (b). 

 

Figure S6. Luminescence spectra of Sr2(Ge0.5,Si0.5)O4:0.05%Pr recorded under 252 nm 
excitation at temperature range 17-700 K. 
 

 

 



  

5 

 

Figure S7. Example of integrated areas taken into considerations for 
Sr2(Ge0.5,Si0.5)O4:0.05%Pr at 50 K (a). Dependence of integrated areas on temperature (b). 
 

 

Figure S8. Temperature uncertainty of Sr2(Ge0.5,Si0.5)O4:0.05%Pr in the range 17-700 K. 
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Figure S9. FTIR spectra of Sr2(Ge1-x,Six)O4:0.05%Pr, where x=0, 0.25, 0.5, powders. 
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Figure S10. Comparison of relative thermal sensitivity, Sr, of Sr2(Ge,Si)O4:Pr phosphors.  
 
 

 
Table S1. Fitting parameters for Sr2Ge0.75Si0.25O4:0.05%Pr in the range 20-275 K by means of 
Mott-Seitz function (a) under 253 nm excitation and (b) under 244 nm excitation.  

 
(a) 
T(K) αa αb Ea Eb Δ0 

20-275  1.16E5±2.98E4 8.19±5.34 1903.37
 
±28.05 370.19±76.19 36.06±0.35 

 
(b) 
T (K) αa Ea d Δ0 

20-125 3.25E5±4.56E4 550.91±3.80 3.41
 
±0.25 32.47±0.35 

125-275 (6.35±2.34)E4 1402.81±24.78 0.66
 
±0.17 3.02±0.24 
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Table S2. Fitting parameters for Sr2Ge0.75Si0.25O4:0.05%Pr in the temperature range 300 – 
675 K (a) under 253 nm excitation by fourth-degree polynomial function (b) under 244 nm 
excitation by cubic function.  

 
(a) 

T (K) A B C D E 

300-675 0.12±0.08 0.06±0.005 (-2.60E±4.92)E-5 (3.36±2.53)E-8 (-1.76±1.30)E-11 

 
(b) 

T (K) A B C D 

300-675 0.63±0.37 0.03±0.02 -1.08E-5±5.21E-6 9.60E-9±3.55E-9 
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Table S3. Fitting parameters for Sr2Ge0.5Si0.5O4:0.05%Pr under 252 nm excitation 

wavelength (a) in the range 20-375 K by using Mott-Seitz model and (b) in the range 400-675 

K by fifth-degree polynomial function.  

 
(a) 

(b) 
T (K) A B C D E F 

400-675 67.97±16.97 -0.60±0.15 0.002±5.96E-5 (-3.69±1.10)E-6 (3.21±1.01)E-9 -1.11E-12±3.67E-13 

 

 

 

T (K) αa αb Ea Eb Δ0 

17-375 74752.64±20882.62 8.79±0.48 1952.41±55.31 208.41±5.25 20.01±0.28 



80 

Manuscript 7 

ARTICLE OPEN 

Super modules-based active QR codes for smart 
trackability and IoT: a responsive-banknotes case 
study 

João F. C. B. Ramalho, Sandra F. H. Correia, Lianshe Fu, Lília M. S. Dias, Pedro Adão, 

Paulo Mateus, Rute A. S. Ferreira and Paulo S. André 

Published: 2020 | https://doi.org/10.1038/s41528-020-0073-1 

npj Flexible Electronics volume 4, Article number: 11 (2020) 

https://doi.org/10.1038/s41528-020-0073-1


ARTICLE OPEN

Super modules-based active QR codes for smart trackability
and IoT: a responsive-banknotes case study
João F. C. B. Ramalho 1, Sandra F. H. Correia1, Lianshe Fu1, Lília M. S. Dias1, Pedro Adão2, Paulo Mateus3, Rute A. S. Ferreira 1✉ and
Paulo S. André 4✉

The general use of smartphones assigns additional relevance to QR codes as a privileged tool to the Internet of Things (IoT). Crucial
for QR codes is the evolution to IoT-connected smart tags with enhanced storage capacity and secure accesses. Using the concept
of super-modules (s-modules) built from adjacent spatial multiplexed modules with regular geometrical shapes, assisted by colour
multiplexing, we modelled and design a single QR code with, at least, the triple storage capacity of an analogous size black/white
QR code, acting as a smart-tag ensuring restrict access and trackability. The s-modules are printed using luminescent low-cost and
eco-friendly inks based on organic-inorganic hybrids modified by lanthanides with multiplexed colour emission in the orthogonal
RGB space. The access to the restrict information is attained only under UV irradiation and encrypted for secure transmission. The
concept of active QR codes for smart trackability and IoT was materialised through the development of a free friendly-user
mobile app.

npj Flexible Electronics            (2020) 4:11 ; https://doi.org/10.1038/s41528-020-0073-1

INTRODUCTION
Internet of Things (IoT) is expanding daily, reaching applications in
the fields of industry1 and smart cities2, bridging living entities,
processes and devices with the Information and Communication
Technologies (ICT), inspiring new concepts as “Internet of Nano-
Things”3, “Internet of Food”4, “Internet of Biology”5 or “Internet of
Animals”6. Simultaneously, IoT promotes remotely data exchange
for processing/management, leading to larger and more complex
networks7. Thus, IoT can be considered as an ubiquitous network,
which allows the communication between human-to-human
(H2H), human-to-machine (H2M) and machine-to-machine
(M2M), in which each element has a unique identity8. Therefore,
tag elements for identification (people or objects) are of
paramount relevance.
New smart labels able to real-time sensing and to establish H2H,

H2M and M2M communication are a growing market busted by
applications as Industry 4.0, Smart Cities, and Smart and
Connected Communities9 that is expected to worth 16.12 billion
dollars by 2025 (https://www.grandviewresearch.com/industry-
analysis/smart-label-market). In this framework, smart labels for
authentication, trackability and counterfeiting detection, with
controlled (public, restrict or encrypted) accesses to information
are relevant10–12. From the user point of view, IoT smart labels
should be reliable, ensuring the integrity, authenticity and
preservation of information for objects in circulation or during
transactions13.
QR codes are described as a gateway to IoT, as its remarkable

evaluative process points out. From handwrite codes, the first
major evolutive step was the arising of barcodes in 195214 that, in
1994 were develop into matrix structures, like QR Codes. The full
potential and widespread of QR codes become a reality, in recent
years, with the massive use of smartphones incorporating image
acquisition modules and enhanced data processing capacities.

The well-known advantages of QR codes such as fast and easy
readability independent from the orientation, the ability to endure
physical damages recurring to error correction codes, place them
as good candidates to be part of the next evaluative step of tag
elements. Moreover, compared to electronic labels, QR codes
optical elements provide extra advantages such as easy manu-
facturing (materials based ink printing)15–20 and reading (smart-
phones) with lower production and operation costs (CAPEX and
OPEX), strictly visual and tactile (appealing for societal applica-
tions), environmentally sustainable (easy recycling), among others.
Here, we propose a new approach to the design and

implementation of an improved identification optical tag that
meets the challenges of QR codes and covers the demanding
features of smart labels. In particular, QR codes based on spatial
and colour multiplexed super-modules (s-modules) able to
increase the storage capacity of a single QR code up to, at least,
three times, using the RGB colour orthogonal space21–23 are
modelled and fabricated. The s-modules printed with eco-friendly
luminescent inks form distinct layers of information storage with
the public, restrict and/or encrypted accesses, yielding a new
generation of active QR codes materialised in the development of
a free access mobile application for smartphones (mobile app).

RESULTS
Spectrally selective luminescent QR codes
Spectrally selective colour multiplexed luminescent QR codes will
be produced with the ability to store information at different
layers of accessibility (Fig. 1) allowing the control of the provided
information for (i) public access and (ii) restricted access. The
public access, available under ambient illumination (Fig. 1a) can
be scanned with the user’s mobile device and provides a link to an
internet server containing static informational details (e.g.,

1Department of Physics and CICECO - Aveiro Institute of Materials, University of Aveiro, 3810-193 Aveiro, Portugal. 2Department of Computer Science and Engineering and
Instituto de Telecomunicações, Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisbon, Portugal. 3Department of Mathematics and Instituto de Telecomunicações,
Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisbon, Portugal. 4Department of Electrical and Computer Engineering and Instituto de Telecomunicações, Instituto
Superior Técnico, Universidade de Lisboa, 1049-001 Lisbon, Portugal. ✉email: rferreira@ua.pt; paulo.andre@lx.it.pt

www.nature.com/npjflexelectron

Published in partnership with Nanjing Tech University

1
2
3
4
5
6
7
8
9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-020-0073-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-020-0073-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-020-0073-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41528-020-0073-1&domain=pdf
http://orcid.org/0000-0002-5657-1510
http://orcid.org/0000-0002-5657-1510
http://orcid.org/0000-0002-5657-1510
http://orcid.org/0000-0002-5657-1510
http://orcid.org/0000-0002-5657-1510
http://orcid.org/0000-0003-1085-7836
http://orcid.org/0000-0003-1085-7836
http://orcid.org/0000-0003-1085-7836
http://orcid.org/0000-0003-1085-7836
http://orcid.org/0000-0003-1085-7836
http://orcid.org/0000-0002-6276-4976
http://orcid.org/0000-0002-6276-4976
http://orcid.org/0000-0002-6276-4976
http://orcid.org/0000-0002-6276-4976
http://orcid.org/0000-0002-6276-4976
https://doi.org/10.1038/s41528-020-0073-1
https://www.grandviewresearch.com/industry-analysis/smart-label-market
https://www.grandviewresearch.com/industry-analysis/smart-label-market
mailto:rferreira@ua.pt
mailto:paulo.andre@lx.it.pt
www.nature.com/npjflexelectron


thematic topics, historical content) or dynamic information (e.g.,
currency exchange rate). The restricted access is granted with
illumination from UV/blue light-emitting diodes (LEDs, Fig. 1b) and
scanned recurring to dedicated applications. The encrypted
messages stored in the restricted access layer, containing unique
authentication tags, can be securely transmitted to a remote
server, which enables the trackability and the triggering of security
alerts or other additional security features.
The colour multiplexing is attained using luminescent materials

in the visible spectral region, activated by UV radiation and
displaying red (R), green (G) and blue (B) emission24, being each
colour assigned to a selective s-module-based QR code and
related with a layer of accessibility. The demultiplexing process is
ensured by the RGB colour space orthogonality. To achieve
spectral selectivity (selective excitation energy), luminescent QR
codes will be manufactured using flexible and transparent
organic-inorganic hybrids materials modified by lanthanide (Ln3
+)-based complexes. The hybrids are processed at room
temperature with the desired shape and thickness, combining
the flexibility of the organic counterpart with the mechanical
stability of the inorganic one25–27. Among the different organic-
inorganic hybrids, the emphasis is given to di-ureasils, whose
siliceous-based skeleton provides compatibility with current
microelectronics confers enhanced thermal stability with the
onset of the decomposition temperature at ∼339 °C compared
with pure polymer-based host28. Di-ureasils are processed using
environment-friendly green solvents with tuneable viscosity,
which makes them ideal low-cost inks to be easily printed in
virtually any substrate (paper, plastic, and textile) similarly to what
occurred in printable electronic circuits, which will further
promote the spread of the IoT applications. Moreover, the

possibility of incorporating optically active centres with light
emission properties tuned along the visible spectral range is of
great advantage, as distinct multiplexing colours may be selected.
Therefore, organic complexes of trivalent lanthanide ions (Ln3+,
Ln= Eu, Tb) were selected as they are nearly pure red and green
emitters, respectively29, permitting the hybrids to keep their
transparency under daylight illumination.
The active QR codes concept will be assisted by the

combination of colour multiplexing and spatial multiplexing
through distinct colours coordinates and different module shapes
(circle, square and hollow square, Fig. 1), respectively, with
optimised dimensions yielding an s-module with the triple storage
capacity of an individual one. The layers assigned to each module
shape combines perfectly without overlapping avoiding extra
misinterpretation (in the demultiplexing step) which is present
when colours are mixed due to the modules (of distinct colour)
superposition. In this case, the colour multiplexing is used apart
from the spatial multiplexing here proposed, which is a clear
advantage gained through the s-modules since the result is a
single multiplexed QR code with the ability to store the triple
capacity compared to conventional black/white ones. The
s-modules innovative spatial multiplexing ensures itself colour
separation that is not affected by the background emission, even
when the red and green QR codes are simultaneously active. The
red and green colours separation is ensured regardless of the
emission intensity since these colours are the base functions (used
to describe all the visible colours) for the RGB orthogonal colour
space, thus linearly independent between them, never mixing,
and being discerned one from another. We also note that other
colour spaces establish red and green colours as complementary
ones30, thus, also in this case, the easiest colour to be discerned
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Fig. 1 Schematic of the proposed super-modules and multiplexing process. The QR codes are aggregated into a single one (spatial
multiplexing) where the modules fit perfectly one inside the others (s-modules). The QR code contains 3 levels of information due to use of 3
independent inks (colour multiplexing) and shapes, allowing: a public access, read with ambient light, providing information to the user
through the applications available at any mobile device and b restricted access with illumination UV/blue LED, read via dedicated
applications/devices, that enable the monitoring and security, triggering alerts thought the establishing of an encrypted connection to a
server.
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from red is green and vice-versa. To unequivocally demonstrate
the potential of luminescent QR codes as smart optical tag
elements for security and real-time monitoring, we select, as an
example, the banknotes trackability application.
To reveal the luminescent QR codes two distinct excitation

wavelengths, UVC (254 nm) and UVA (365 nm), were selected. This
methodology to activate colour in the banknotes is identical to
that used nowadays to detect safety elements in the current
money. Optically activated features are already used in banknotes,
for instance, in the Euro banknotes (see the European Central Bank
website for additional information, https://www.ecb.europa.eu/
euro/banknotes/security). For Euro banknotes, under standard
UVA irradiation, small fibbers embedded in the paper present
yellow, green and red colour emission, enlightening special areas
of the banknote, and under UVC yellow and orange colours are
displayed (Supplementary Fig. 1). The use of UV-activated
luminescent inks to print the s-modules instead of simple
reflective-type ones guarantees the conventional notes aspect
and its activation with such current standard procedures. This
rationale behind the selection of inks that are luminescent under
UV-standard radiation intended to render easier and cost-effective
the implementation of these new s-modules QR codes, as it is in
line with a well-established technology. Nonetheless, we note that
the use of non-standard UV excitation may be tuned by the
judicious choice of the ligands of the Ln3+-based organic
complexes. Taking advantage of the Ln3+-based emission (intra-
4f transitions), pure red (Eu3+) and green (Tb3+) colours will be
attained, independently of the ligands’ sensitization energy31, This
work is in line with the idea of selecting identification elements,
through optical illumination, in different regions of the UV
spectrum, thus, it has a huge potential to be implemented in
parallel with well-established technology and procedures
employed nowadays.

Responsive QR codes
Optimised luminescent QR codes based on s-modules were
embossed on banknotes specimens for demonstration. The
process used to multiplex the three levels of information
combines the concept of s-modules and the RGB-based colour
multiplexing21,22. Direct multiplexing can be achieved printing a
black/white QR code and luminescent QR codes displaying
emitting in the red (R) and green (G) and eventually blue (not
implemented in this work) spectral regions, provided by the
dU6Eu and dU6Tb inks (see methods material synthesis),
respectively. Dot shaped black module (denoted as ↓) is used
for the base black/white QR code, providing public access
information visible under daylight illumination and readable with
any smartphone. Surrounding this module, two other modules
characterised by different shapes (denoted as ↑ and ≡) were built
using two luminescent materials (as illustrated in the central
column of Fig. 1), each one assign to a different accessibility level.
The s-modules based methodology assisted by luminescent inks
allow the construction of QR codes without superposition,
avoiding colour mixture and assuring the separation and read-
ability of the different levels.
To keep the QR code dimension analogous to that of a single

black/white QR code, the s-module areas (Ai) were optimised,
minimizing the overall reading error probability (Rerror, Supple-
mentary Eq. 1) associated to the misinterpretation of the module
binary information (active or inactive). The overall Rerror was
minimised as a function of the modules exposed areas using an
unconstrained numerical method (Nelder–Mead) and yielding to
the ratio between the module’s areas (↑/≡/↓)= 1.00/0.77/0.43
(Supplementary Fig. 13 and Supplementary information). Other
regular polygon geometrical patterns may also be envisaged to
build s-modules if the current detection limits of CCD cameras are
pushed forward in the near future. This would certainly enable

larger storage capacity s-modules (Supplementary Fig. 14,
Supplementary Eq. 2 and Supplementary Information) up to
eight times.
The optimised multiplexed QR codes were printed on banknote

specimens, available from the European Central Bank, as an
illustrative application example. The di-ureasil-based inks are
amorphous and homogenous, resulting from the mixture at the
molecular level of all the components (Supplementary Figs. 2–7
and Supplementary information). The number of printouts was
optimised featuring luminescent QR codes with RGB pixel
intensity values large enough to enable the colour demultiplexing
using smartphones’ CCD cameras. Although a single printout
reveals remarkable intensity value, the saturation intensity of the R
and G pixels occurs for a minimum number of printouts equal to 3
(dU6Eu) and 7 (dU6Tb), respectively, Fig. 2a. Hyperspectral
microscopy shows that the emission colour is homogenous, at
least, at the micrometre scale (Supplementary Figs. 6 and 7).
The first level of information is embedded in the black QR code

module (public access) containing data about the exchange rate
of the specimen facial value to other currencies, obtained on real-
time from official data (X-Rates.com website). The second level of
information is added displaying the information of the author's
research affiliation institutions, using the luminescent QR codes for
restrict access (green-emitting QR code, only accessed under UV
radiation). The third level for combined restrict access and secure
data transmission (red emitting QR code, accessed under UV
radiation) contains an authentication tag (obtained with an AES-
CBC-MAC protocol) of the banknotes’ serial number, which is a
unique feature, allowing the individual identification of each
specimen, Supplementary Table 3. This data is transmitted to a
central server, via a secure connection, being used as a tag
element employed to track the note transaction (see encrypting
information for trackability section).
Under daylight illumination, the luminescent QR codes based

on dU6Eu and dU6Tb inks are transparent enabling the typical use
(public access, Fig. 1a) of the black/white QR code, Fig. 2b. Under
UV, the emission is activated and the luminescent QR codes
become visible, and a three-level multiplexed QR code is available,
Fig. 2c, d, (restrict access, Fig. 1b). In particular, under UVA, the
luminescent QR code reveals the R colour (Fig. 3b) from the dU6Eu
that dominates over the G-based QR code (dU6Tb) that is,
however, favoured under UVC irradiation, in whose scenario a
bright green code is visible (Fig. 3c).
The transparency of the dU6Tb and dU6Eu inks guarantees the

conventional notes aspect (Fig. 3a), as negligible absorption
coefficient values, α < 10−4 cm−1 (Supplementary Fig. 11) in the vis
ible spectral range, are detected. The absorption spectra in Fig. 2e
are dominated by broad bands in the UV spectral region
(240–390 nm), ascribed to the ligands singlet (S) excited
states32–34 with large molar extinction coefficients (ε) above
∼ 2 × 105 M−1 cm−1 (Fig. 2e), analogous to those found in UV-
absorbing organic dyes35, and quite large for Ln3+-based
materials, enabling the excitation of a thin layer with commercial
UV-emitting LEDs, converting it from transparent to bright R or G
luminescent QR codes. The overlap between the absorption
spectra of dU6Tb and dU6Eu enables that a single UV illumination
source may be used to activate both luminescent QR codes.
Nevertheless, we noticed that the absorption maximum peak
position for each material is tuned to allow the selective and
relative intensity favouring of the luminescent QR codes with R
and G emission. Whereas the R intensity is favoured under
illumination at 275 and 350 nm, the G one is maximised around
240 and 300 nm.
The QR codes emission colour arises from the 5D4→

7F6-3
(dU6Tb) and 5D0→

7F0-4 (dU6Eu) transitions, Fig. 2f. The low full-
width-at-half-maximum (fwhm < 10 nm) and the higher relative
intensity of the 5D0→

7F2 and 5D4→
7F5 transitions peaking

around 612 nm and 544 nm, respectively, render the emission
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colour close to pure G and R colours, as illustrated in the
Commission Internationale d’Éclairage (CIE) colour diagram in
Fig. 2g. The near-pure colour emission is advantageous in what
concerns the multiplexing analysis, as above detailed. The
activation range of the QR codes emission was inferred from the
selective excitation spectra monitored within the 5D0→

7F2 and
5D4→

7F5 transitions for the dU6Eu and dU6Tb inks, respectively
(Supplementary Figs. 8a and 9a). The excitation spectra resemble

the absorption ones (Fig. 2e), pointing out that the main excitation
mechanism is based on the ligands’ sensitization process, rather
than direct intra-4f excitation. The population of the Ln3+ excited
states mainly through ligands sensitization (low-lying triplet
excited states, T1) is advantageous because of the large ε values
(Fig. 2e) and the large ligands-induced Stokes shift, ensuring that
the materials although emitting in the visible spectral range
remain transparent under daylight conditions with negligible
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self-absorption losses. Although direct hybrid-to-Ln3+ energy
transfer involving the di-ureasil singlet SH1

� �
and triplet TH

1

� �
excited states cannot be neglected (Supplementary Figs. 8 and 9),
theoretical calculations demonstrated that ligand-to-Ln3+ energy
transfer rates are one order of magnitude larger36. The main
dominant intramolecular energy transfer pathway involving the
Ln3+ levels is SH1→TH

1 →T1→
5DJ →

7FJ’ (J= 4, J′= 6-0 and J= 0,1,
J′= 0-6, for Ln3+= Tb3+ and Eu3+, respectively)23,34. We notice
that, apart from a solvatochromic shift observed in the ligands’
excited states, the optical properties of the inks are identical
before and after drying (Supplementary Figs. 8 and 9) as pointed
out by the structural results.
The emission properties were further quantified by the

measurement of the absolute emission quantum yield, whose
larger values (up to 0.40, Supplementary Table 2) permits to
predict the activation of the QR codes even at lower-excitation
powers typical of commercial LEDs. The light emission efficiency
and light-harvesting ability can be further related by the molar
brightness (B), given by B= ε × q37 allowing both properties to be
compared across distinct samples. The B values (5.8 × 104 and
3.3 × 104 M−1 cm−1 for dU6Eu at 365 nm and dU6Tb at 315 nm,
respectively) are larger than the best values reported for other
organic-dye molecules, with light emission in the 530–650 nm
range38–40.
Aiming at studying the role of moisture, and temperature on

the QR codes stability, the emission quantum yield was monitored
after placing the dry inks in a climatic chamber. In particular, the
absolute emission quantum yield was evaluated upon severe

accelerated ageing tests performed under controlled relative
humidity (RH) and temperature (Supplementary Table 2). After 2
consecutive cycles of 8 and 16 h each (40 °C and RH= 50%), only
minor changes in the quantum yield values were recorded for the
dU6Eu, whereas no change was measurable for dU6Tb. No
variation was further detected after keeping the samples under
ambient conditions (T= 25 °C, RH= 85%). The stability of emission
colour was also studied after prolonged continuous solar
irradiation (AM1.5G, 1000Wm−2). Despite a negligible intensity
decrease found only for the red-related coordinate of the dU6Eu
(Supplementary Fig. 12), the red and green colours remain
detectable, using the smartphone CCD camera. Those results
reinforce the active role of the di-ureasil organic-inorganic hybrids
that enable the easy and tailored processing and simultaneously
overcome the photodegradation31,41,42.
The black/white QR code can be decoded using a common

application, therefore any further analysis or processing is
avoided. For the luminescent QR codes, it is necessary to separate
the different QR codes levels and proceed with decoding
(Supplementary Fig. 15). A ‘maximum-likelihood’ criterion (Sup-
plementary Information), was used to split both luminescent QR
codes, based on a pixel colour identification, using a separation
threshold level (see methods Colour identification process). The
probability density function (pdf) for the pixels’ intensity distribu-
tion (defined in an 8-bit dimension) in the 3 colour space channels
(R, G, B) was calculated from the photos of the embedded codes
(Fig. 3b, c). The red and green channels combined with the blue
one (Fig. 3d, e) were used to retrieve the luminescent QR codes

Fig. 3 Multiplexed luminescent QR code based on s-modules printed on banknote specimens. a Black QR code printed directly on top of a
100 € banknote specimen under daylight illumination. The QR code is fully visible and ready to be accessed. b, c Images of the banknotes
under 254 nm and 365 nm excitation, respectively, displaying the Tb3+ based QR code (green) and Eu3+ based QR code (red). d Blue and
green coordinates histogram and e blue and red coordinates histogram for QR codes displayed in (b) and (c), respectively, with the decision
level marked. The shaded areas are the modules colour coordinates of interest for identification. f Decoded QR codes obtained from the
decision level of (d) and (e). The red square in (f) is one misinterpreted module. The images in a–c are not real images; they are digital
montages; whose only purpose is to illustrate a possible application.
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based on dU6Eu and dU6Tb, respectively. From this method, it is
possible to extract the predicted probability error (Perror), obtained
through the calculus of the pdf integral. For further comparison
(Supplementary Table 4), it is also presented the experimental
error (Eerror) defined as the number of modules whose colour was
misinterpreted, resulting in Eerror < 0.1%. As the embedded
forward error correction code can handle (and correct) interpreta-
tion error rates up to 30%, this Eerror can be considered error-free.
The red QR code, decoded using a dedicated free QR code reader
application, contains encrypted data which must be transmitted
to a central server, as described next.

Encrypting information for trackability
A system that enforces security and trackability relies on two
factors: (a) secure encoding of the information/serial number in the
QR code and (b) secure transmission of the tag information to a
server. Besides the security imposed by the UV excitation granted
accessibility, additional security features can be explored. A new
and relevant level of security is added with the inclusion of s-
modules QR code. Contrarily to the passive and static/immutable
conventional security elements, those QR codes are active and
dynamic tags. Taking advantage of the colour space orthogonality,
assisted by spatial multiplexing, it is possible to increase the
capacity of QR codes and encode (using one single colour) the note
serial number using a secure block-cipher (Advanced Encryption
Standard AES) with 128 bits. This procedure ensures that each note
has a unique identification tag and that it is not possible to create
new valid authentication tags for each serial number. Each time a
transaction occurs, the encrypted identification information is
transmitted, in a secure way to a central server, encrypted with
RSA-4096 bits, allowing this way tracking the usage of the
banknotes. In summary, the security is not achieved by the inability
to read the QR code, but rather in its ability to prevent the creation
of valid forged (new) tags and on the security of the ciphers used
for the communication. With respect to long-term security, AES-128
and RSA-4096 are solutions resilient to classical attacks, and
according to NIST recommended for usage beyond 203043.

The ISO standard for QR codes allows the encoding of strings of
length 25 over a 45-letter alphabet resulting in a maximum of 137
bits of information, log2(45

25). This size is large enough to contain
a Message Authentication Code (MAC) produced with AES-128
(128 bits), resulting in the possibility of securely encoding any
message with 128 bits into a QR code such as our example of
banknotes, that only needs 42 bits (1 capital letter+ 11 numbers,
log2(26 × 1011)). The identifying serial number of each note was
thus encrypted into a 128-bit string unique to each note. More
precisely, we encode the serial number of each note in 42 bits,
pad this message to 128 bits, apply CBC-MAC to it (AES-128), and
encode the resulting cipher (also 128 bits) in a QR code of length
25 (string presented in Supplementary Table 1).
The cipher block chaining Message Authentication Code (CBC-

MAC) construction is secure for fixed-length messages given the
security of the underlying block-cipher (AES), under the standard
security notion for MACs, resistance under existential forgery for
adaptive chosen-message attacks44,45. This security notion states
that an adversary cannot forge new valid pairs (message,
authentication tag) for messages he has not seen before. In our
case, it means that it is possible to clone a known QR code, but it is
not possible to forge/create valid new QR codes.
After retrieving the string encoded in the QR code containing

the encrypted note serial number, the client application estab-
lishes a secure connection with the server. In this communication,
the client transmits to the server the QR code information, its
geographic location and a timestamp to ensure freshness
encrypted with RSA-4096 bits. On receiving this ciphertext the
server decrypts it, validates the integrity of the received message,
and checks if the elapsed time since the timestamp is less than a

preconfigured value to avoid a replay of the same transaction. The
server then stores information such as date of the note usage, the
geographic location (e.g. based on the IP address) where the note
was transacted, and (eventually) provides a transaction warning
message to the client application, regarding the authentication of
the note (or if it is on a blacklist), as illustrated in Fig. 4.
After establishing the concept of multiplexed QR codes based on

s-modules as smart labels for trackability and IoT, a practical
example for decoding was performed through the development of
free access and user-friendly mobile app for smartphones
(Supplementary Fig. 16 and Supplementary Information). This app
allows to decode the luminescent multiplexed QR code, presenting
the public information to the user and when UV-excited retrieves
the restrict access. Simultaneously, it establishes a secure connec-
tion to a server sending the encrypted information to be stored
(more details in Supplementary Information). This app in conjuga-
tion with luminescent responsive banknote prototypes is unequi-
vocally a new generation of stamps that combine authentication,
security features and IoT. The app for IOS smartphones is free and
available for download at https://tinyurl.com/QR-note.

DISCUSSION
We demonstrated a single multiplexed QR code based on super-
modules (s-modules) with enhanced storage capacity (triple than
that of a traditional black/white QR code with the same
dimensions) printed with flexible luminescent inks based on
organic-inorganic materials modified by Ln3+ ions with tunable
colour in the RGB colour space. The hybrid materials are prepared
through a well-studied and optimised process near ambient
temperature using low-cost precursors and non-toxic solvents
being promising inks in a scale-up scenario for industrial
applications. The multiplexed QR code size was optimised based
on the use of s-modules formed by modules with distinct shapes
(squares and circles) and different areas, baring the same location
patterns, for considering a typical reading distance (0.20 m). The
optimised dimensions yield a QR code with 4.5 × 4.5 cm2 that fits
most of the current applications and ensures detection and
reading. Moreover, we also demonstrated a real application using
banknotes combining IoT applications with restrict and encrypted
access. The black/white QR code confers to the banknote societal
IoT interaction and the luminescent part of the multiplexed QR
code is devoted to restrict access. The green and red parts of the
multiplexed QR code are UV-activated in analogous conditions to
that used nowadays for banknote security track. The secure access
was further demonstrated using the red-emitting modules QR
code through encrypted information. The high-efficiency and pure
colours emission from the Ln3+-based inks ensures the multi-
plexed QR code readability under the illumination of commercial
LEDs and under natural daylight demonstrating that active QR
codes, for smart trackability and IoT, could be realised using the
concept of s-modules multiplexed in colour. Featuring the
detection limits of CCD cameras in a near future, s-modules with
storage capacity up to 8× may be envisaged by tuning the spatial
multiplexing by simply adding to the circles and squares modules
other regular polygon geometrical patterns.

METHODS
Material synthesis
The di-ureasils’ synthesis protocol is a well-studied and optimised process,
so that materials replication can be easily attained46,47, despite processing
by inkjet printing is a new aspect that potentiates other applications
besides the traditional monolithic and film deposition processing. The di-
ureasil d-U(600), formed by polyether chains (average molecular weight of
600 g·mol−1) covalently linked to a siliceous inorganic skeleton by urea
bridges, was prepared according to the literature46,47. The di-ureasil hybrid
was modified by Eu3+- and Tb3+-based complexes, as detailed in
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Supplementary Information. The structures of non-hydrolyzed organic-
inorganic hybrid precursor, and of the complexes are illustrated in
Supplementary Fig. 1. Supplementary Information contains details of
structural (X-ray diffraction, scanning electron microscopy with energy-
dispersive X-ray, Fourier transform infrared (FT-IR) spectroscopy) and
optical characterisation (photoluminescence and hyperspectral imaging) of
the fabricated materials, Supplementary Figs. 2–11. To enable the materials
processing as inks to be printed in a commercial inkjet printer, the viscosity
was controlled and measured using a Brookfield DV- II+Pro viscometer
using the Enhanced Brookfield UL Adapter. The viscosity values were set as
5.02 cP and 2.34 cP (at 20 °C) for dU6Eu and dU6Tb, respectively.

Printing process
The multiplexed QR code was printed with dimensions 4.5 × 4.5 cm2 in
order to fit within the banknote and to ensure reading, considering an
optimised distance between the CCD camera of the smartphone and the
QR code (0.2 m, Supplementary Fig. 14 and more details in Supplementary
Information). The first access level modules, with a dot-shaped, was printed
with black colour, using a commercial laser printer (Xerox Colour C60) over
Ingres from Fabriano Inc. paper (worldwide producer of banknote paper). It
is an uncoated laid paper made with elemental chlorine-free pulp
with 90 ± 3% g/m2 (ISO 536), opacity 90 ± 3% (ISO 2471) and roughness
1100 ± 300mL/min (ISO 8791-2) according to the manufacturer. The

luminescent QR codes were printed using the dU6Eu and dU6Tb inks in a
commercial inkjet printer (Brother DCP - J562DW), with a resolution of
6000 × 1200 dots per inch, able to produce 12 black or 6 colour copies per
minute (ISO/IEC 29183) with drop size ∼ 1.5 pL. All the QR codes were
generated using online software (https://www.qrcode-monkey.
comwebsite) and the printing followed the legislation for the use of
specimens printed money.

Image processing
The images of the luminescent QR codes under daylight and UV
illumination were captured with a smartphone camera with a resolution
of 4160 × 3120 pixel2, aperture of f /1.9 and sensor dimension of 1/2.6". The
photographs of the QR codes superimposed on banknotes specimens
were taken using a Canon 5D MkII with a lens Super Macro-Takumar
50mm F4 and an extension tube of 28mm. The UV excitation sources
were a portable lamp (Spectroline ENF-280C/FE and Shanghai Heqin
Analytical Instruments Co. Ltd High-Intensity Ultraviolet Analyzer UV-3000)
and UV-emitting LEDs (Ocean Optics MCLS LLS-365).

Optical properties
UV/Visible spectroscopy: UV/visible absorption spectra were measured using
a Lambda 950 dual-beam spectrometer (Perkin-Elmer). All measurements
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Fig. 4 Transaction process diagram. The QR code is decoded and the encrypted information is sent to a server/cloud service that has the key
to decrypt the received information. An alert can be trigged with the transaction information and transmitting to the client app.
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were performed using a 1 cm optical path quartz cell. Using the Beer-
Lambert law, the absorption coefficient (α, cm−1) and the molar extinction
coefficient (ε, M−1 cm−1) were calculated.

Photoluminescence spectroscopy. The photoluminescence spectra were
recorded at room temperature with a modular double-grating excitation
spectrofluorimeter with a TRIAX 320 emission monochromator (Fluorolog-
3, Horiba Scientific) coupled to an R928 Hamamatsu photomultiplier. The
emission spectra of the luminescent QR codes were measured using a
spectrometer OceanOptics Maya 2000 Pro coupled with an optical fibre,
under UV excitation (365 nm).

Absolute emission quantum yield. The absolute emission quantum yield
values (q) were measured at room temperature using a C9920-02
Hamamatsu system. The method is accurate within 10%.

Colour demultiplexing methodology
The multiplexed QR code photograph (Supplementary Fig. 15a) is split into
the three RGB colour space channels, Supplementary Fig. 15. Then, for
each channel the intensity pdf (Supplementary Eq. 3) is calculated in the
range [0, 256] (Supplementary Fig. 15c); being described by Gaussian
distribution functions. The presence of more than one discriminated
Gaussian distribution function in each channel indicates that the channel’
information can be used to separate the modules by colours22. The optimal
decision level was established by minimizing the error pdf (Supplementary
Eqs. 4 and 5) and used as a threshold value to separate the different colour
modules, Supplementary Fig. 15d. The image was split into 21 × 21
modules2 where the contiguous regions were mapped and grouped
according to size. Afterwards, the original QR codes (Supplementary Fig.
15e) are ready to be decoded and the access to server/cloud established.
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Figures and Tables 
Supplementary Figure 1. Molecular structures of the inks. (a) Non-hydrolyzed 
organic−inorganic hybrid precursor, d-UPTES; (b) Eu(tta)3·2H2O complex 
(tta=thenoyltrifluoroacetone) and (c) salicylic acid (SA) ligand (used in the Tb3+-based 
complexes). (d) 50 € banknote specimen under standard UV irradiation showing simultaneously 
the QR code and the special security elements already present (digital montage). 
Supplementary Figure 2. SEM image and EDX. (a) SEM images and (b) EDX for Si atoms 
of the dU6Eu. 
Supplementary Figure 3. SEM image and EDX. (a) SEM images and (b) EDX for Si and Tb 
atoms of the dU6Tb. 
Supplementary Figure 4. Structural characterization of the inks. XRD patterns of the (a) 
dU6Eu and (b) dU6Tb inks before and after drying.  
Supplementary Figure 5. Structural characterization of the inks. FT-IR spectra of the (a) 
dU6Eu and (b) dU6Tb inks before and after drying. 
Supplementary Figure 6. Hyperspectral microscopy. Bright-field optical images (a) in 
transmission mode under white light and (b) in reflectance mode under UV radiation for dU6Eu. 
(c) Emission spectrum and (d) hyperspectral microscopy image; the intensity of the pixels is based 
on the intensity of the emission spectra at 617 nm; (the emission intensity variation arises from 
the non-uniform spatial-spectral power distribution of the excitation lamp); (e) SAM 
classification for a threshold value of θ=0.20 rad. 
Supplementary Figure 7. Hyperspectral microscopy. Bright-field optical images in 
transmission mode under (a) white light and (b) UV radiation for dU6Tb. (c) Emission spectrum 
and (d) hyperspectral microscopy image; the intensity of the pixels is based on the intensity of the 
emission spectra at 545 nm; (the emission intensity variation arises from the non-uniform spatial-
spectral power distribution of the excitation lamp); (e) SAM classification for a threshold value 
of θ=0.20 rad.  
Supplementary Figure 8. Photoluminescence characterization of the dU6Eu ink. (a) 
Excitation and (b) emission spectra of the dU6Eu ink before and after drying, monitored at 614 nm 
and excited at 370 nm, respectively. 
Supplementary Figure 9. Photoluminescence characterization of the dU6Tb ink. (a) 
Excitation and (b) emission spectra of the dU6Tb ink before and after drying, monitored at 544 
nm and excited at 350 nm, respectively. 
Supplementary Figure 10. Emission decay curves of the inks. Emission decay curves of (a) 
dU6Eu, excited at 365 nm and monitored at 612 nm, and (b) dU6Tb, excited at 287 nm and 
monitored at 543 nm, before and after drying. The solid lines represent the best data fit. 
Supplementary Figure 11. Absorption coefficient of the inks. Absorption coefficient (α) of the 
inks as a function of the wavelength. 
Supplementary Figure 12. Inks photo-stability. Color coordinate variation overtime under 
solar irradiation (AM1.5G) for (a) dU6Eu and (b) dU6Tb. 
Supplementary Figure 13. Choropleth map of the reading error probability (Rerror) as a 
function of the s-modules area optimization. The visible area of each QR code was calculated 
through the minimization of the Rerror function considering the outside area () unitary. 
Supplementary Figure 14. QR code minimum reading size relation with the distance to the 
CCD camera. The points are the minimum vertical size (blue) and horizontal size (red) to which 
the QR code is still recognized by the CCD camera. The linear fit to both sets of points gives the 
correlation between the distance between the QR code and the CCD camera and the minimum 
side size of a QR code. 
Supplementary Figure 15. Scheme of the process to decompose the multiplexed luminescent 
QR code into the original QR codes. (a) A collected image from the printed QR codes is (b) 
decomposed into the three RGB channels used to (c) perform probability density function (pdf) 
histograms determining the optimal decision level. Combining the optimal decision level every 
multiplexed QR code can be (d) obtained (exemplified with the green one) and after (e) re-built 
into the original QR code. 
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Supplementary Figure 16. Scheme of the app structure and interfaces for luminescent QR codes 
decoding. 
 
Supplementary Table 1. Emission lifetime (τ) of the inks before and after drying. 
Supplementary Table 2. Absolute emission quantum yield (q) of the dry inks at distinct aging 
conditions. 
Supplementary Table 3. Illustrative examples of the QR codes encoded information in each 
banknote specimen. 
Supplementary Table 4. opt and Perror for the QR code images in Figure 4b,c in the manuscript 
and Eerror calculated from Figure 4f in the manuscript. 
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S1. Experimental details 
Scanning Electron Microscope (SEM). SEM images were obtained at 20 kV on a Hitachi S-

3400N type II microscope equipped with a Bruker x-flash 5010 at a high vacuum. The samples 

were coated with gold. Elemental mapping analyses on microscopic sections of selected 

electrolytes were performed by Energy Dispersive X-ray spectroscopy (EDS). The acquisition 

time for satisfactory resolution and noise performance was 5 min. 

X-ray diffraction (XRD). The X-ray diffraction (XRD) patterns were recorded in the 2θ range 

spanning from 3 to 50° by using a PANalytical Empyrean diffractometer system underexposure 

of CuKα radiation (1.54 Å) at room temperature. The diffractograms of the inks before drying 

were analyzed on transmission mode in glass capillary tubes for 12 hours. 

Fourier transform infrared (FT-IR) spectroscopy. The FT-IR spectra from 4000 to 400 cm−1 

with 64 scans and 4 cm−1 resolution were obtained by using MATTSON 7000 FT-IR 

Spectrometer. The best fit of the experimental data was sought by varying the frequency, 

bandwidth, and intensity of the bands and by employing Lorentzian/Gaussian contributions. 

Optical microscopy. The optical images were recorded using an Olympus BX51 microscope 

(100× objective), equipped with a color digital CCD camera (Retiga 4000R, QImaging). 

QImaging) used to capture the microphotographs of the samples under white light illumination of 

a DC regulated illuminator (DC-950, Fiber-Lite), and under UV irradiation from a light-emitting 

diode (LED, LLS-365, Ocean Optics, emission at 365 nm). 

Hyperspectral microscopy. The hyperspectral images were performed using a hyperspectral 

imaging system from CytoViva, coupled to the Olympus BX51 microscope, that includes a digital 

camera (IPX-2M30, Imperx) coupled to a spectrograph (V10E 2/3″, Specim, 30 μm slit, nominal 

spectral range of 400–1000 nm, and nominal spectral resolution of 2.73 nm). The hyperspectral 

images were recorded in bright field reflection mode, under UV irradiation. Each pixel field-of-

view (FOV) on the hyperspectral images corresponds to 129×129 nm2 on the samples’ plane. The 

hyperspectral scanning is performed by lines, in a total of 696 lines measured using an exposure 

time of 1 s for each line. All the hyperspectral data were acquired and analyzed using ENVI 4.8 

software. The hyperspectral image pseudocolor is based on the intensity of the Eu3+ and Tb3+ 

emission (not normalized to concentration thus, a quantitative assessment of the performance 

cannot be inferred). The spectral angle mapper (SAM) classification was performed considering 

the 400-1000 nm and the 400-700 nm spectral ranges for dU6Eu and dU6Tb, respectively. 
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S2. Materials and inks 

S2.1 Synthesis and processing 
 

 

Supplementary Figure 1. Molecular structures of the inks. (a) Non-hydrolyzed 
organic−inorganic hybrid precursor, d-UPTES; (b) Eu(tta)3·2H2O complex 
(tta=thenoyltrifluoroacetone) and (c) salicylic acid (SA) ligand (used in the Tb3+-based 
complexes). (d) 50 € banknote specimen under standard UV irradiation showing simultaneously 
the QR code and the special security elements already present (digital montage). 
 

Synthesis of the dU6Eu ink. The organic-inorganic hybrid precursor, d-UPTES(600), was 

prepared according to the literature.1 The Eu(tta)3·2H2O complex was synthesized by the reaction 

of europium chloride (EuCl3·6H2O, Sigma-Aldrich, 99%) and 2-thenoyltrifluoroacetone (tta, 

Sigma-Aldrich) in the presence of NaOH (Merck, 98%) ethanol (EtOH, Fisher Scientific) solution 

and fully described elsewhere.2 The dU6Eu ink was prepared by mixing 50 mg of Eu(tta)3·2H2O 

dissolved in 10 mL of EtOH and 5.0 g of d-UPTES(600) in the presence of 2.0×10−3 mL 0.1 M 

HCl under stirring.  

Synthesis of the dU6Tb ink. Since the preformed Tb3+ complex with SA is not soluble in 

common solvent, the in situ synthetic strategy was used to prepare dU6Tb. TbCl3 aqueous solution 

(0.1 mol/L) was obtained by dissolving terbium oxide (Tb4O7, Sigma-Aldrich) in hydrochloride 

acid (HCl), the remaining acid was removed by evaporation, and the resulting solid was dissolved 

in distilled water. Typically, 1.371 mL (0.1371 mmol) of TbCl3 aqueous solution was added to a 

beaker and dried to evaporate the water. Then 0.5 g (0.4566 mmol) of d-UPTES(600) was added, 

followed by the addition of 10 mL of absolute ethanol (EtOH, Sigma-Aldrich). The mixture was 

stirred at room temperature to get a clear solution. Then 0.050 mL of 0.05 mol/L HCl was added 

and stirred at room temperature for 30 min. 56.7 mg (0.4105 mmol) of SA was added, stirred for 

some time, and finally, 0.082 mL of 5.0 mol/L sodium hydroxide (NaOH, Merck, 98%) was 

added. The molar ratio of d-UPTES(600):TbCl3:SA:NaOH was 1:0.3:0.9:0.9. The resulting sols 

were used for the preparation of QR codes.  
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S2.2 Morphology and structural characterization of the inks 
The morphology and structure of the inks were compared before and after drying, using scanning 

electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) X-ray diffraction 

(XRD) and vibrational Fourier transformed infrared (FT-IR) spectroscopy. 

 

Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) 

The SEM images reveal a featureless morphology consisting of the mixture of the molecular 

level of the organic-inorganic host and the Ln3+-based complexes. Moreover, we note that the 

surface is a smooth, crack- and pinhole-free dense microstructure with a minimal number of 

defects. Noteworthy, the Tb (dU6Tb) and Si (dU6Eu/Tb) atoms are homogeneously distributed, 

as evidenced by the X-ray mapping (Supplementary Figure 2b and S3b). The very low amount of 

Eu3+ (5.87510−3 M) lies beyond the detection limits of the EDX. 

 
Supplementary Figure 2. SEM image and EDX. (a) SEM images and (b) EDX for Si atoms 

of the dU6Eu. 

 

 
Supplementary Figure 3. SEM image and EDX. (a) SEM images and (b) EDX for Si and Tb 
atoms of the dU6Tb. 
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X-ray diffraction (XRD) 

The XRD patterns of dU6Eu and dU6Tb inks before and after drying are shown in 

Supplementary Figure 4. All the patterns are dominated by a broad band centered at ca. 21.0° 

ascribed to the presence of amorphous siliceous domains from the d-U(600) organic-inorganic 

host.3, 4 The second-order of this peak appears as a very broad weak hump around 35.0-50.0°. 

Accordingly, the structural unit distances are estimated, using the Bragg law,5 to be 4.2±0.1 Å, 

resembling that previously reported (4.2±0.1 Å) for d-U(600).6 For the case of dU6Eu, there are 

no significant changes in the patterns after incorporating the Eu3+-based complex, suggesting that 

the local structure of the hybrid host remains essentially unaltered. In the case of dU6Tb, the sharp 

peaks at 31.9, 45.6 and 56.6° result from the diffraction of NaCl, which was formed when Cl− 

ions in TbCl3 react with Na+ ions in NaOH.5 

 

Supplementary Figure 4. Structural characterization of the inks. XRD patterns of the (a) 
dU6Eu and (b) dU6Tb inks before and after drying.  
 

Fourier-transform infrared spectroscopy 
The FT-IR spectra of the dU6Eu and dU6Tb inks are presented in Supplementary Figure 5. 

The amino groups (−NH2) in Jeffamine® amines react with the isocyanate moieties (−NCO) in 

ICPTES, originating urea linkages. The strong vibration bands appeared in the “amide I” (1800-

1600 cm−1) and “amide II” (1600-1500 cm−1) regions indicating that Jeffamine® amines and 

ICPTES were combined through urea linkages either before and after drying of the inks. The most 

intensive peaks located at around 1110 cm−1 are attributed to C=O vibrations.7 Upon drying of the 

inks, the bands at 1110 cm−1 become broader and a shoulder appears, suggesting that the 

hydrolysis and polycondensation reaction of the d-UPTES(600) organic-inorganic hybrid 

precursor happen and Si−O−Si bonds are formed. In addition, the vibrations from the complexes 

are not evident. 
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Supplementary Figure 5. Structural characterization of the inks. FT-IR spectra of the (a) 
dU6Eu and (b) dU6Tb inks before and after drying.  
 

S2.3 Optical characterization of the inks 
 

Optical microscopy and hyperspectral microscopy 

The optical and hyperspectral microcopies studies were performed on one drop (10 μL) of 

dU6Eu and dU6Tb on top of a glass substrate (NEXTERIONS, Slide Glass B cleanroom cleaned, 

Schott), Supplementary Figure 6a and S7a, respectively. Under white light, bright field images in 

transmission mode show a featureless profile, indicating homogeneity at the micrometer scale. 

Also, under UV excitation, the bright-field images show the uniform red (dU6Eu) and green 

(dU6Tb) emission, Supplementary Figure 6b, and S7b, respectively. The emission spectrum 

collected by a single pixel (129×129 nm2) shows the intra-4f6 (Eu3+) and intra-4f8 (Tb3+) 

transitions, Supplementary Figure 6c and S7c, respectively. 

The inks’ emission was further analyzed using a hyperspectral camera, and the emission 

spectra were mapped within the ink drop, Supplementary Figure 6d, and S7d. To further study 

the emission spectral homogeneity over the total drop surface, the emission spectra were analyzed 

through spectral angle mapper (SAM) classification, where each emission spectrum is treated as 

a vector.8 In practice, the SAM is a simpler tool that enables a fast mapping of the spectral 

similarity between the spectra of any pixel of the sample and a reference spectrum. The similarity 

criterion is based on an angle (θ) that quantifies the angular distance between the vector that 

represents the emission spectrum at a given position with the vector of the spectrum considered 

as reference.8 Therefore, θ=0 rad when the emission spectrum at a given position fully-overlaps 

with the reference one. The values θ=0.10 rad and θ=0.20 rad have been considered as threshold 

values.9 The reference spectra for the dU6Eu (Supplementary Figure 6c)  and dU6Tb 

(Supplementary Figure 7c) are the typical intra-4f emission (measured in an area of 1×1 pixels2, 
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which is equivalent to 129×129 nm2) and a similarity criterion with a threshold value of θ=0.20 

rad was considered. For both inks, the SAM images present pixels in black which correspond to 

θ>0.20 rad and pixels in red and green which correspond to θ≤0.20 rad for dU6Eu and dU6Tb, 

respectively. In the areas of the images (Supplementary Figure 6e and Supplementary Figure 7e) 

with inks, the ratio between the number of color and black pixels is 99.9%, demonstrating the 

homogeneity of the emission. 

 
Supplementary Figure 6. Hyperspectral microscopy. Bright-field optical images (a) in 
transmission mode under white light and (b) in reflectance mode under UV radiation for dU6Eu. 
(c) Emission spectrum and (d) hyperspectral microscopy image; the intensity of the pixels is based 
on the intensity of the emission spectra at 617 nm; (the emission intensity variation arises from 
the non-uniform spatial-spectral power distribution of the excitation lamp); (e) SAM 
classification for a threshold value of θ=0.20 rad. 
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Supplementary Figure 7. Hyperspectral microscopy. Bright-field optical images in 
transmission mode under (a) white light and (b) UV radiation for dU6Tb. (c) Emission spectrum 
and (d) hyperspectral microscopy image; the intensity of the pixels is based on the intensity of the 
emission spectra at 545 nm; (the emission intensity variation arises from the non-uniform spatial-
spectral power distribution of the excitation lamp); (e) SAM classification for a threshold value 
of θ=0.20 rad. 

Photoluminescence and absorption spectroscopies 

Supplementary Figure 8. Photoluminescence characterization of the dU6Eu ink. (a) 
Excitation and (b) emission spectra of the dU6Eu ink before and after drying, monitored at 614 nm 
and excited at 370 nm, respectively. 
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Supplementary Figure 9. Photoluminescence characterization of the dU6Tb ink. (a) 
Excitation and (b) emission spectra of the dU6Tb ink before and after drying, monitored at 544 
nm and excited at 350 nm, respectively. 

 

The 5D0 (dU6Eu) and 5D4 (dU6Tb) emission decay curves were monitored within the 5D0 → 
7F2 and 5D4 → 7F5 transitions, respectively, under UV excitation (Supplementary Figure 10). All 

the curves (before and after drying) are well described by a single exponential function, in 

agreement with the presence of a single average homogenous Ln3+ local environment in each ink. 

From the data best fit, the 5D0 (dU6Eu) and 5D4 (dU6Tb) lifetime values were calculated, 

Supplementary Table 1. Whereas for the dU6Eu ink the lifetime remains identical 

(0.570.0210−3 s) before and after drying (Supplementary Figure 10a and Supplementary Table 

1), we notice that the gelification of the dU6Tb induces a decrease in the 5D4 lifetime 

(Supplementary Figure 10b and Supplementary Table 1). This result may be rationalized as a 

larger impact of the gelification process is expected for the dU6Tb (compared with dU6Eu), as 

the Tb3+ complex with SA is prepared in-situ. Thus, as the ink is drying, the local structure of the 

ink in materials is gradually changed.  

 

Supplementary Table 1. Emission lifetime (τ) of the inks before and after drying. 

 dU6Eu dU6Tb 

 Before After Before After 

τ (ms) 0.55±0.01 0.59±0.01 1.48±0.01 1.18±0.01 
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Supplementary Figure 10. Emission decay curves of the inks. Emission decay curves of (a) 
dU6Eu, excited at 365 nm and monitored at 612 nm, and (b) dU6Tb, excited at 287 nm and 
monitored at 543 nm, before and after drying. The solid lines represent the best data fit. 
 

 
Supplementary Figure 11. Absorption coefficient of the inks. Absorption coefficient (α) of the 
inks as a function of the wavelength. 
 

S2.4 Stability of the inks 
Aiming at studying the moisture, thermal, and photoluminescence stability of the inks, the 

emission quantum yield values were measured for the as-prepared inks and after placing them in 

a climatic chamber (Angelantoni Industrie, model Challenge 340). This climatic chamber was set 

to temperature (T) of 40 °C and relative humidity (RH) of 50% for 24h. Then, the inks were 

subjected to ambient conditions, and the emission quantum yield values were measured every 

24h, for 72h. The method is accurate within Δϕ/ϕ=0.10. 
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Supplementary Table 2. Absolute emission quantum yield (q) of the dry inks at distinct aging 

conditions. 

dU6Eu 

λexc (nm) as-prepared 
T=40 °C and RH=50% T=25 °C and RH=85% 

8h 24h 24h 48h 72h 

280 0.17 0.12 0.13 0.11 0.11 0.11 

315 0.31 0.23 0.23 0.23 0.21 0.21 

365 0.34 0.38 0.26 0.25 0.25 0.23 

dU6Tb 

λexc (nm) as-prepared 
T=40 °C and RH=50% T=25 °C and RH=85% 

8h 24h 24h 48h 72h 

280 0.22 0.24 0.23 0.24 0.22 0.21 

315 0.40 0.46 0.45 0.45 0.42 0.42 

365 0.10 0.07 0.08 0.08 0.08 0.07 

 

 
Supplementary Figure 12. Inks photo-stability. Color coordinate variation overtime under 

solar irradiation (AM1.5G) for (a) dU6Eu and (b) dU6Tb.  
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S3. QR code super-modules (s-modules) area optimization 

 

 
Supplementary Figure 13. Choropleth map of the reading error probability (Rerror) as a 
function of the s-modules area optimization. The visible area of each QR code was calculated 
through the minimization of the Rerror function considering the outside area () unitary.  

 

The use of non-square modules has been applied so far to render QR codes visually more 

appealing. Here, that idea was pushed forward to enable the overlap of QR codes in the same area, 

using more efficiently the modules dimension and, simultaneously, transform multiplexing in an 

easier process avoiding problems arising from the overlapping and mixing of colors. Embedding 

a module inside a normal size one (denoted as ) was achieved by forming smaller squares 

modules (denoted as ), and circular shape modules (denoted as ) (Figure 1 in the manuscript). 

In this way, spatially multiplexed super-modules (s-modules) are formed.  

The different shape modules areas are optimized, minimizing the overall reading error 

probability (Rerror) for the three superimposed modules given by Supplementary Equation 1, 

where ui weights the contribution of each module for the overall error probability (considered as 

1/3 in this work).  
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𝑅𝑒𝑟𝑟𝑜𝑟 =∑𝑢𝑖𝑃𝑖
𝑖

 , 𝑖 ∈  {↑, ↓, ≡} 

{

𝑃↓ =∑∑∑
𝐾↓

𝐴↓ − 𝐴↑𝛿𝑧,0𝛿𝑤,1 − 𝐴≡𝛿𝑧,1
𝑤𝑧𝑗

𝑝↓=𝑗𝑝≡=𝑧𝑝↑=𝑤 𝑗, 𝑧, 𝑤 ∈ {0,1}

𝑃≡ =∑∑  
𝐾≡

𝐴≡ − 𝐴↑𝛿𝑤,1
𝑝≡=𝑧𝑝↑=𝑤

𝑤𝑧

𝑧, 𝑤 ∈ {0,1}

𝑃↑ =
𝐾↑
𝐴↑
𝑝↑=𝑤 𝑤 ∈ {0,1}

(SE1) 

The parameter Ki
 is a constant correlating the modules exposed area with the error probability 

and pi represents the probability of a module be active/inactive. In QR codes, as stated in their 

ISO, a mask pattern is applied in order to balance the number of active and inactive modules to 

have a  50% ratio and based in this premise, 𝑝𝑖 =
1

2
.

The relation between the areas obtained through the minimization of Supplementary 

Equation 1 is represented in Supplementary Figure 13 through a choropleth map considering the 

outside area value 1. According to this, to minimize Rerror, the modules built around the dot-shaped 

black module is based on squares with 175% increased area compared to the latter code. The outer 

layer of information is built with modules with regular size modules around the existing ones, 

approximately 227% larger than the dot shaped black module. 
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S4. QR code area minimization 

 
Supplementary Figure 14. QR code minimum reading size relation with the distance to the 
CCD camera. The points are the minimum vertical size (blue) and horizontal size (red) to which 
the QR code is still recognized by the CCD camera. The linear fit to both sets of points gives the 
correlation between the distance between the QR code and the CCD camera and the minimum 
side size of a QR code. 

 

The minimum physical dimension of the QR codes version 1 to ensure its detection and 

recognition by the CCD camera was estimated. Considering an image with dimensions (𝐴𝑥 ×  𝐴𝑦, 

cm2), occupying completely the image detected by the CCD camera with resolution (𝑛𝑥  × 𝑛𝑦, 

pixels2) the following linear relation (Supplementary Equation 2) may be considered (𝑆𝑥 ×  𝑆𝑦, 

cm2 pixel−2, stands for the area of the image projected into each pixel of the camera).  

𝑆𝑖(𝑑) =  
𝐴𝑖
𝑛𝑖

, 𝑖 ∈ 𝑥, 𝑦 (SE2) 

This relation (𝑆𝑖) changes linearly with the distance between object and camera (𝑑) in which 

the slope is given by the tangent of FOV angle (Supplementary Figure 14). 

The used inbuilt smartphone camera for a Samsung Galaxy S6, composed by a sensor Sony 

IMX240, has FOV60 degrees, a minimum focal length of 2.9 cm (minimum value for 𝑑), and a 

maximum resolution of 2988 × 5312 pixels2. To estimate the minimal dimensions of the QR code 

in order to be readable, we define a range operation (𝑑𝑚𝑖𝑛 − 𝑑𝑚𝑎𝑥), from the minimum focal 

length to 𝑑𝑚𝑎𝑥 =20 cm (considered the typical distance used in QR code reading). From this 
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analysis, it was concluded that each module of the QR code, must occupy a CCD area of 

5×5 pixels2. The minimal dimensions of the QR, for the considered values of the working 

distance, were estimated to be 0.13 ×0.14 cm2 and 0.72 ×0.72 cm2 for 0.029 m and 0.200 m, 

respectively. 

Using the same camera specifications and pushing the CCD limits for detection is also 

possible to estimate the maximum enhanced storage capacity using s-modules. Considering the 

multiplexing QR codes is square, composed by 21 × 21 modules2 (version 1) and the maximum 

pixels per side is 2988 pixels (minimum dimension in CCD resolution) is possible to obtain the 

maximum pixels per module of approximately 142 × 142 pixels2 (𝐷𝑚𝑎𝑥). As considered above,

all the modules are concentric and the minimum dimensions for a module to be detected is 

5×5 pixels2, so the minimum distance considered between layers is 5 pixels (𝑛1 ). Another

assumption made is that the visible area of the modules that compose an s-modules should be the 

same or within a 5% margin. 

The side dimension in pixels (𝑛𝑖, 𝑓𝑜𝑟 𝑖 > 1) for each module that composes s-module is

presented in Supplementary Equation 3. 

{

𝑛𝑖 =

⌈
⌈
⌈
(𝐷𝑚𝑎𝑥 − 2∑ (𝑛𝑗)

𝑖−1
𝑗=1 ) − √(𝐷𝑚𝑎𝑥 − 2∑ (𝑛𝑗)

𝑖−1
𝑗=1 )

2
− (4𝐷𝑚𝑎𝑥𝑛1 − 4𝑛1

2)

2

⌉
⌉
⌉

∑2(𝑛𝑗

𝑘

𝑗=1

) < 𝐷𝑚𝑎𝑥

 (SE3) 

Leading to a storage capacity up to 8 (k) times using spatial multiplexing. 
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S5. QR codes encoded messages 

Supplementary Table 3. Illustrative examples of the QR codes encoded information in each 

banknote specimen. 

The strings encoded in each QR code messages have a size capable of being contained in QR 

codes version 1 (21 × 21 modules2), according to the defined by ISO/IEC 18004.10 The QR codes 

were generated with error correction level H (30%) and dimensions 4.5 × 4.5 cm2. 

QR code information and access 

specimen Public restrict restrict and encrypt 

500 € 

X-RATES.COM IT+CICECO+IST+UA

X04039946129 

(00+JZZZKPLC 

IB%YR:0.87H$2) 

200 € 

X01156337039 

(0300L-VA-

*UX/15RZ3DDRG$N7)

100 € 

S11125132567 

(01$/H:F COW2PSG 

+1MSDX0ED)
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S6. Color demultiplexing 

  

 
Supplementary Figure 15. Scheme of the process to decompose the multiplexed luminescent 
QR code into the original QR codes. (a) A collected image from the printed QR codes is (b) 
decomposed into the three RGB channels used to (c) perform probability density function (pdf) 
histograms determining the optimal decision level. Combining the optimal decision level every 
multiplexed QR code can be (d) obtained (exemplified with the green one) and after (e) re-built 
into the original QR code. 

 

Supplementary Figure 15 illustrates the methodology used to demultiplex colors. For the 

performed histograms (Figure 4d,e in the manuscript), we note that the probability distribution is 

described by a bimodal Gaussian function (Supplementary Equation 4) with probability pA and 

pB, along with the point at which the intersection is minimum (𝜆) and probability error (Perror) in 

the color identification can be minimized (Supplementary Equation 5).11  

𝑝𝑒𝑟𝑟𝑜𝑟(𝜆) =
𝑝𝐵

√2𝜋𝜎𝐵
2
∫ exp (−

(𝑥 − 𝐵)2

2𝜎𝐵
2 )𝑑𝑥

𝜆

−∞

+
𝑝𝐴

√2𝜋𝜎𝐴
2
∫ exp(

(𝑥 − 𝐴)2

2𝜎𝐴
2 )𝑑𝑥

∞

𝜆

 

(SE4) 

 

where 𝜆 is the optimal decision level, 𝜎𝐴2 and 𝜎𝐵2 are the variance of both Gaussians centered at A 

and B, respectively. 

Minimizing the error: 
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{

𝜆𝑜𝑝𝑡 =
𝐴 + 𝐵

2
 , 𝑖𝑓 𝜎𝐴 = 𝜎𝐵  ∧  𝑝𝐴  =  𝑝𝐵

𝜆𝑜𝑝𝑡 =
−(𝐴𝜎𝐵

2 − 𝐵𝜎𝐴
2)

(𝜎𝐴
2 − 𝜎𝐵

2)

±

2√(𝐴𝜎𝐵
2 − 𝐵𝜎𝐴

2)2 − (𝜎𝐴
2 − 𝜎𝐵

2) (𝐵2𝜎𝐴
2 − 𝐴2𝜎𝐵

2 − 2𝜎𝐴
2𝜎𝐵

2 ln (
𝑝𝐵
𝑝𝐴

𝜎𝐴
𝜎𝐵
))

(𝜎𝐴
2 − 𝜎𝐵

2)
,

 𝑖𝑓 𝜎1 ≠ 𝜎2   ∧  𝑝𝐴  ≠  𝑝𝐵

(SE5) 

allows determining the optimal decision level (opt), Supplementary Table 4. An experimental 

error Eerror was also calculated by counting the incorrectly identified modules 

Supplementary Table 4. opt and Perror for the QR code images in Figure 4b,c in the manuscript 

and Eerror calculated from Figure 4f in the manuscript. 

Excitation 

wavelength 

Histogram opt Perror Eerror 

365 nm 
Red coordinate 134 4   10-3 

2 x 10-3 
Blue coordinate 52 4  10-3 

254 nm 
Green coordinate 141 4  10-3 

< 1 x 10-2 
Blue coordinate 111 2  10-4 
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S7. Encrypting information for trackability  
 

To add extra security features, serial numbers were encrypted using an AES-CBC-128 (128 

bits) cipher and then encoded into the QR code. We note that this prevents an adversary from 

forging (new) valid QR codes for a given serial number, as the CBC-MAC construction is secure 

for fixed-length messages given the security of the underlying block-cipher (AES). Our notion of 

security is the standard one for MACs, resistance under existential forgery for adaptive chosen-

message attacks, that basically guarantees that an adversary cannot forge new valid pairs 

(message, authentication tag), that is, he can clone a known valid QR code but cannot create new 

valid ones.  

This work follows the suggested NIST recommendation of key length for symmetric keys, 

whose security is believed to be equivalent to brute-forcing a space of 2128 keys, which at the 

moment has never been broken, and for which there is no practical classical nor quantum attack. 

This size is suggested to be used in 2016-2030 and beyond. The communications were encrypted 

with RSA-4096 bits, that is also suggested to be used in 2016-2030 and beyond.12, 13  

On the premise that these QR codes are issued a priori and by a central authority, one can 

assume that both the AES symmetric key and initialization vector (IV) are fixed and known to the 

central authority that will later validate these messages (the IV can, in fact, be public and can even 

be 0 without any compromise on security). If the issuing and verification parties are different, this 

key and IV can also be easily shared securely between the two parties.  

Furthermore, secure transmission of the message to the server was also provided. For this, 

one just needs to send the QR code information that was read and a timestamp of the transaction 

to the central server and this can be achieved in multiple ways as it just needs to create a secure 

link to the central server and there are no constraints over the size of the message that is sent. For 

simplicity, we implemented our prototype using RSA-4096 where the client is in possession of 

the server public key but it is a trivial extension to retrieve this public key from a server certificate, 

and modular enough so that one can replace it by another cryptographic scheme.  

The whole process is described in Figure 4 in the manuscript. On top, there is the client-side 

application (Supplementary Figure 16) where a QR code is read and decomposed (Supplementary 

Figure 15), and the encrypted message is sent to the server; in the bottom, there is the server-side, 

that has both the key to decipher the received message and the key to decode the QR-code 

associated to each note. Messages are checked for integrity and freshness, and the decrypted 

information is stored in a file. 

On the server, since there is the log of the received messages, it is possible to track the 

different timestamps and submissions from different machines. The IP address information allows 

the control and tracking of the note each time it is transacted. Notice that there are techniques that 
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can be used to obfuscate the real source IP address. However, in this work, we assume that 

legitimate merchants are interested in performing this verification, hence have no motivation to 

obfuscate their real IP address.  

Our method hence prevents an adversary from forging a transaction for a QR code that he has 

not seen before (a) by the security of CBC-MAC he cannot forge new valid QR codes, and (b) he 

cannot replay previous transactions since by encrypting the QR code and adding a timestamp 

when the transaction is sent to the server there is a time frame in which this transaction is accepted. 

It is not possible to prevent an adversary from cloning QR codes (for the serial numbers of 

those notes) and consequently, we cannot prevent an adversary from submitting (bogus) 

transactions for those QR codes in the future. Nevertheless, these transactions will be registered, 

permitting the identification of large dissemination patterns not compatible with normal 

utilization. 
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S8. Luminescent QR codes mobile App 

The mobile application for smartphones (mobile App) was developed using programming 

language swift (version 5.0.1) for an iOS based smartphone and compiled on XCode (version 

10.3). Interface images of the App and their several menus are presented in Supplementary Figure 

16. 

The App interface is divided into 5 stages: 

1. Initial screen.

2. Live image, real-time detection, and decoding of QR codes under daylight.

3. Live image, real-time image analyses, and QR code detection and decoding, under UV

excitation for restrict access.

4. Live image, real-time image analyses and QR code detection and decoding, under UV

excitation for restrict encrypt access.

5. Server connection and image display to restrict encrypted access.

Interfaces 2, 3, and 4. Can be structured into 4 main stages: 

i) Image acquisition.

ii) QR code identification.

iii) Color demultiplexing.

iv) QR code reading (for 4. adds a server connection to parse the message).

Live image acquisition uses the inbuilt rear camera of the smartphone-controlled using swift 

framework AVFoundation that allows media capture. An AVCaptureSession is initialized, 

configuring the device properties, device inputs, and a device output, which will be accessed for 

real-time image analyses and QR code detection and decoding. Recorded image/video is 

displayed in a UIImage object created in the interface. 

For both QR code detection and decoding and for color analyses and demultiplexing is used 

in the Core Image framework. This framework provides high-performance image analysis and 

process, allowing to create custom filters or image feature detection using either a GPU or CPU 

rendering path, increasing process speed, and efficiency. It uses Core Image Kernel Language, 

enabling the development of Kernel code.  
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Supplementary Figure 16. Scheme of the app structure and interfaces for luminescent QR codes 

decoding. 

To perform real-time QR code detection CIDetectorTypeQRCode class is used and for 

decoding CIQRCodeFeature class is called with the optional QRCode retrieving the message. 

This class can perform automatic pattern and shape recognition and it is possible to apply in real-

time to the outputs already setup with AVCaptureSession. 

For color analyses and demultiplexing, it is used one custom filter. This filter is based on a 

simple RGB threshold criterion that can be adjusted with slider bars. With the slider below zero, 

it sets the conditions R, G and/or B lower than the value and above zero while for values above 

zero it sets the conditions R, G or B greater than the value and below one. Combining both criteria 

to adjust the filter and applying them to the AVCaptureSession output, it was possible to separate 

the colors and retrieve the colored QR codes in real-time. To assist in this process, it is possible 

to touch the image to pop-up the RGB values of that area. 
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The change from restrict access to restrict encrypted access, where a connection with the server 

is made, the lock button (top right corner of 3. and 4.) must be pressed and the lock closed. In this 

stage, the message is not displayed at the message bar but sent to the server (step 5.), not allowing 

the user to know the content of the message but see the server information about that specific 

message (Step 5.). To connect with the server/cloud and send a message, a secure connection is 

established as described in the previous section, giving back information regarding this 

transaction. The App is free and available for download at https://tinyurl.com/QR-note. 

  

https://tinyurl.com/QR-note
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La0.4Gd1.6Zr2O7:0.1%Pr transparent sintered
ceramic – a wide-range luminescence
thermometer†

Joanna Trojan-Piegza, ‡*a Carlos D. S. Brites, ‡b João F. C. B. Ramalho, b

Zhengjuan Wang,c Guohong Zhou,c Shiwei Wang,c Luı́s D. Carlos ab and
Eugeniusz Zych ab

Sintered transparent ceramics, presenting extraordinary resistance to thermal shocks, incomparably

larger than glasses, glass ceramics, and single crystals, maybe valuable luminescence thermometers

especially for high-temperature applications. The literature on that subject is, however, very much

limited at present. In this paper, the performance of La0.4Gd1.6Zr2O7:0.1%Pr3+ sintered transparent

ceramics as a luminescence thermometer was investigated. Temperature dependence of the intensity

ratio of emissions from 3P0 and 1D2 levels of the Pr3+ activator was found useful to measure temperature

with reasonable relative sensitivity and accuracy over the 15–650 K range – one of the broadest achievable

up to date. Time-resolved spectroscopy enabled distinct emissions from 1D2 and 3P0 in the red part of the

spectrum. This allowed achieving an impressive relative sensitivity of the La0.4Gd1.6Zr2O7:0.1%Pr luminescence

thermometer which exceeded 0.81% K�1 at 650 K.

Introduction

The first scaled thermometer was developed by Fahrenheit and
its production started in 1720. Following that, various methods
and devices for temperature measurement have been developed.
Presently, novel and emerging technologies are the driving forces
of research and progress in this field. The temperature is the
most frequently measured physical quantity and the market
of temperature sensors is forecasted to exceed $ 6.8 billion
by 2023.1,2

The history of luminescence thermometry begins in 1937
with the work of Neubert3 who noted the advantage and
potentials of the non-invasive temperature reading using phos-
phor materials. Soon Urbach et al.4 presented that luminescence
might serve not only for measuring the local temperature but also
for imaging its distribution over an area. Nevertheless, thorough
comprehensive research in this field started much later, about
twenty years ago, being the main driving force bio- and medical

imaging, monitoring of temperature in electronic devices, space
exploration, etc.5–9 In recent years luminescence thermometry
proved to be one of the most promising approaches to a non-
contact temperature measuring.2,10–13 Several methodologies
taking advantage of different temperature-dependent lumines-
cence parameters were proposed and are under continuous
development.10,14–18

There are applications, like bio- and medical imaging, for
which high-performance and highly sensitive probes are needed
to work on a relatively narrow temperature range (close to the
physiological temperature).19,20 Yet, one may find several other
applications, as, for instance, in industrial processes,21 requiring
that the temperature should be read with good sensitivity and low
uncertainty, over a broad temperature range. The probe should
withstand both very low and high temperatures and often
also harsh conditions. In the past years, Pr3+-based inorganic
luminescent thermometers were reported in the literature,22–27

including the single example of a Pr3+-based sintered transparent
ceramic material.28 Moreover, there are till now only three other
examples of transparent ceramics reported for luminescence
thermometry.29–31

In this paper, we report on the application of transparent
polycrystalline La0.4Gd1.6Zr2O7:0.1%Pr3+ (denoted by LGZO:0.1%Pr3+)
sintered ceramics as a luminescent thermometer operative in the
15–650 K range. Originally developed for scintillation (in which its
performance was average at most, unfortunately)32 we found this
material interesting for luminescence thermometry. Its perfect
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densification (see Fig. S1, ESI†) and cubic structure33 results in
high transparency (Fig. S2, ESI†) and assures the transmission
of emitted light through its body practically without loss and
scattering. The ceramics transparency offers high flexibility in
the geometrical configuration of the excitation and luminescence
trajectories and thus in device construction. Sintered transparent
ceramics are also known for their extreme resistance for thermal
shocks (which made them useful in heads of heat-seeking
missiles), excellent thermo-chemical stability as well as for their
fracture toughness.34 It is clear that also in thermometry these
properties may be very beneficial.

Resistance to drastic changes in temperature combined
with the transparency of the thermometer and its applicability
at high temperatures would be very useful in monitoring
temperature in engines for example. Such ceramics might also
be useful in monitoring temperature on industrial surfaces as
well as in nuclear power plants. Transparent luminescence
thermometers were also mentioned in recent reviews.21,35

These reviews deal mostly with glass ceramics, however, which
do not offer all the advantages of sintered transparent ceramics –
they are not resistant to thermal shocks and cannot withstand
similarly high temperatures, for example. This results directly from
the fact that the main body of glass-ceramics is made of glass,
whose continuous structure generates stresses and tensions upon
quick and especially non-uniform heating or cooling. Sintered
ceramics were proved to dissipate the stresses and tensions upon
fast or non-uniform heating taking advantage of the network of
their grain boundaries.36 Finally, glasses have typically lower melting
points than oxide-based sintered ceramics, a representative of which
is LGZO investigated in this paper.

Experimental

LGZO:0.1%Pr3+ transparent ceramic was fabricated employing
vacuum sintering of a glycine-fuel combusted powders. The
sintering was performed in a vacuum at 1850 1C. The concen-
tration of Pr was 0.1 mol%. More details on the ceramic fabrication
are given in previously published papers.37–39 Photoluminescence
measurements in the 15–700 K range were performed using an
FLS980 Spectrometer from Edinburgh Instruments equipped with
a 450 W Xe lamp as an excitation source. A Hamamatsu R928P
photomultiplier detector operating within the 180–870 nm range
and TMS302-X single grating excitation and emission mono-
chromators of 30 cm focal lengths were used. The spectral
resolution of the luminescence spectra and the monochromator
step are 0.3 and 0.1 nm, respectively. Time-resolved emission
spectra were measured using the same instrument and the
excitation pulses were obtained from 60 W Xe lamp. All emissions
were recorded upon the Pr3+ 4f - 5d transition excitation at
270 nm.32

Since all the observed emission peaks are f - f transitions
with similar bandwidths (see below) the Jacobian transformation
REF40 was not applied and, thus, the calculation of the thermo-
metric parameter was made from the emission spectra represented
as a function of the wavelength. The recorded emission spectra

I(l,T) were analysed after background removal41 and the integrated
areas of the transitions, expressed by eqn (1):

I Tð Þ ¼
ðlf
li
Iðl;TÞdl; (1)

were calculated for the wavelength ranges presented in Table 1.
The relative uncertainty of the integrated area, dI/I, is estimated
from eqn (2):

dI
I

� �2

¼
ðlf
li

dG
G

� �2

þ dl
Dls

� �2
" #

dl; (2)

where dl is the uncertainty in the wavelength step (Dls = 0.1 nm),
given by the product of the reciprocal linear dispersion of the
diffraction grating (1.8 nm mm�1) and the detection slit widths
(0.20 mm), and dG/G is the relative uncertainty on the intensity.
The latter parameter is calculated by the signal-to-noise ratio of
each spectrum dividing the readout fluctuations of the baseline
(calculated as the standard deviation of a representative region) by
the maximum intensity value of the transition whose area is
integrated through eqn (1).10 The standard deviation is determined
by applying the descriptive statistic tool of OriginLabs, and a
MatLabs routine was implemented to calculate dI.

Results and discussion
Room temperature luminescence of LGZO:0.1%Pr3+

LGZO:0.1%Pr3+ transparent ceramic, Fig. 1a, b, and Fig. S1
and S2, ESI,† displays luminescence only through the intra-
configurational 4f - 4f transitions of the dopant, Fig. 1c, d.
Both emission in greenish-blue and the red part of the spectrum
could be effectively excited in UV by the 4f - 5d or in blue by
the 3H4 - 3PJ transitions as presented in Fig. S3, ESI.† In this
research, we have chosen the former as it allowed efficient
separation of the excitation and emission light. Excitation in
blue posed some problems as the luminescence at higher
temperatures became broad and tended to overlap with the
excitation light.

No Pr3+ 5d - 4f luminescence could be detected, even at the
lowest measured temperature (15 K). This is justified by the

Table 1 Values of the initial (li) and final (lf) wavelengths used to calculate
the integrated intensities of the I1–5 transitions through eqn (1)

Intensity li (nm) lf (nm) Transitions

I1 475 520 3P0,1 - 3H4

I2 575 595 1D2 - 3H4

I3 595 620 1D2 - 3H5/3P0,1 - 3H6

I4 620 650 1D2 - 3H5/3P0,1 - 3H6
I5 650 670 3P0,1 - 3F2

Table 2 Parameters resulting from the fit of eqn (3) to the D1–3 values. The
fittings were performed using OriginLabs software

D1 D2 D3

A 1.68 � 0.04 1.05 � 0.02 53 � 4
b (10�3 K�1) 4.7 � 0.7 5.0 � 0.7 8.1 � 0.2
r 2 0.992 0.992 0.986

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

20
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
de

 A
ve

ir
o 

(U
A

ve
ir

o)
 o

n 
10

/2
8/

20
21

 1
1:

22
:2

8 
A

M
. 

View Article Online

https://doi.org/10.1039/d0tc00861c


This journal is©The Royal Society of Chemistry 2020 J. Mater. Chem. C, 2020, 8, 7005--7011 | 7007

overlapping of the lowest-lying 5d1 level in the conduction band
of the host lattice, Fig. 1c. At 500 nm (in the bluish-green
spectral region) we observed emission from the 3P0 level and in
the red spectral range superposition of emissions from both 3P0

and 1D2 levels,32 Fig. 1d. It is known that at higher temperatures
some luminescence from 3P1,2 levels is also produced as they are
thermally populated at the expense of the 3P0 level.42,43

To apply the transparent ceramic in luminescence thermo-
metry, it is essential to assign the emission in the red spectral
region to the 3P0 and 1D2 levels. This is particularly important
for the LGZO:0.1%Pr3+ transparent phosphor, as its emission
spectrum presents inhomogeneous broadening due to a structural
disorder in the host lattice32 (see below). For that reason, we
performed time-resolved emission spectroscopy of the sample on
the 575–690 nm spectral range, Fig. 2. The 3P0 -

3HJ transition of
Pr3+ is spin-allowed (though parity-forbidden) and thus its
intensity decays much faster than the 1D2 - 3HJ transition,
which is both spin- and parity-forbidden one, as discerned in
Fig. 2b and c. Using time-resolved spectroscopy it was possible
to assign the emission peak located around 580–595 nm exclu-
sively to luminescence from the 1D2 level. However, the decrease
of the signal-to-noise ratio of the time-resolved spectra in that
wavelength range increases the temperature uncertainty of the
luminescence thermometer.2,44 Furthermore, although in the
595–650 nm spectral range, where the 3P0 and 1D2 emissions are
strongly mixed, the contribution from the latter is significant. The
peak at around 660 nm has a contribution only from the 3P0 level.

Emission of LGZO:0.1%Pr3+ in the 15–700 K range

Temperature significantly affects also non-radiative dissipation
of energy by electrons which happened to reach the 3P0 level of
Pr3+. The energetic gap between this level and its next lower-energy
1D2 is about 4000 cm�1. As a rule of thumb, the non-radiative

Fig. 1 (a) Schematic representation of the Pr3+-doped La0.4Gd1.6Zr2O7 transparent ceramics under UV (270 nm) excitation as a luminescent
thermometer. (b) Photograph of the transparent phosphors under daylight illumination. (c) Simplified energy scheme of the electronic levels of Pr3+

ion in the LGZO ceramic host. Note the two possible transitions from different levels producing luminescence in the red spectral range of the
electromagnetic spectrum. The thermal population of the higher 3PJ levels is also indicated. (d) Emission spectra of LGZO:0.1%Pr3+ at 300 K under
270 nm excitation. The intra-4f transitions are signed.

Fig. 2 (a) Photoluminescence emission map of the LGZO:0.1%Pr3+ ceramics at
room temperature (b) Time-resolved emission spectra in the fast (15 ms) and slow
(150 ms) time windows extracted from (a) and signed by the grey and orange
vertical bars, respectively. (c) Intensity decay curves at distinct monitoring
wavelengths (lm) extracted from (a) and signed by the magenta, green and blue
bars. (d) Time-resolved emission with different delay times (normalized at
612 nm). The asterisk assigns the transitions originated in the 1D2 level.
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3P0-to-1D2 process is governed by multiphonon relaxation in a
diluted system as presented here.45 The efficiency of the multi-
phonon relaxation is determined by accessible phonons around
the emitting ion. Consequently, higher temperature allows for
more efficient delivering of energy to the 1D2 level at the expense of
the 3P0. However, at high temperatures also the 1D2 loses energy in
favor of the yet lower 1G4 through an analogous non-radiative
process as these two are separated by almost 7000 cm�1 gap. All
that makes the emissions from 3P0 and 1D2 levels temperature-
dependent though to a different degree. Consequently, the physics
standing behind the anticipated changes in intensities of the two
emissions is determined by the Pr3+-host lattice interaction and, in
systems stable like the LGZO reported here, will not change in time
whatsoever. Hence, in Pr3+-activated systems, the relative intensity
of the two emissions is expected to change with temperature and
this is a crucial factor in luminescence thermometry based on
emission band intensities ratio.

In Fig. S4a and b, ESI† the decay traces of emissions from
both 3P0 and 1D2 levels at different temperatures are presented
and in Fig. S4c, ESI† the temperature dependence of the
derived decay times is shown. As expected from the above
considerations, both emissions experience thermal quenching
but the 3P0 luminescence is more susceptible to that. Its decay
time shortens starting at about 150 K while that ascribed to the
1D2 shows shortening at about 250 K. We shall see later that these
properties will be mirrored by the thermometer operating range.

The steady-state emission spectra of the LGZO:0.1%Pr3+

ceramic (upon 270 nm excitation) are shown in Fig. 3a, for the
15–700 K range. The intensities of the Pr3+ intra-4f transitions
around 475–520 nm (3P0,1 - 3H4, I1), 540–570 nm (3P0 - 3H5)
and the structured broadband measured above 575 nm (mixed
1D2 - 3H4,5 and 3P0,1 - 3H6,3F2 transitions, I2–5, Table 1)
exhibit a clear and significant temperature dependence.

We remark that even at cryogenic ranges (o100 K) the Pr3+

4f - 4f transitions give quite broad structures, which is not
typical for these transitions in crystalline materials. This effect
was already observed and explained for the Eu3+-activated
LGZO.32 In short, in the LGZO host lattice the La, Gd, and Zr
(and thus also the Pr3+ activator) local symmetries are perturbed as
the surrounding O2� ligands locate at several slightly different
positions. As a consequence, a noticeable inhomogeneous broad-
ening is observed in the emission of dopant ions substituting the
metal sites.32 Moreover, the presence of La3+ and Gd3+ ions in the
ceramics strengthens this effect,32 as both ions occupy the same
metal site in the host but present quite different ionic radii.46

To use the LGZO:0.1%Pr3+ transparent ceramics as luminescent
thermometers, we define 3 thermometric parameters (D1�3) per-
mitting the tune of the operation range (15–700 K range). Using
time-resolved photoluminescence studies (Fig. 2), we defined the
integration wavelengths shown in Table 1 and calculated the
integrated areas of the transitions presented in Fig. 3b.

As expected, I1 and I5 follow essentially the same profile
upon temperature increase, in good agreement with the time-
resolved spectra that suggested that both these bands result
from transitions from the 3P0 level and only the terminal levels
are different. Thus, it is not surprising that the I1/I5 ratio was

found unsuitable for thermometry. However, the use of one of
those (I1 or I5) to define a thermometric parameter may be
useful. Using the I1/I3 ratio (I3 covers the high-energy part of the
spectral range of the overlapping 1D2 - 3H5 and 3P0,1 - 3H6

emissions) it is possible to cover the temperature range bellow
300 K. As the I3 integrated area consists too much extent of 1D2

luminescence and its overall intensity is high, it renders a good
signal-to-noise ratio. An alternative tested approach uses the
area of the similar integrated areas (I3 + I4, Table 1) since both,
resulting from a mixture of the 1D2 - 3H5 and 3P0,1 - 3H6

transitions, present the same temperature dependence. Finally,
a third thermometric parameter was defined (D3) involving I2

(despite its rather low intensity), that was found to be con-
nected solely with 1D2 luminescence. In summary, we define
the 3 following thermometric parameters:

Di ¼

I1

I3
; i ¼ 1

I1

I3 þ I4
; i ¼ 2

I1

I2
; i ¼ 3

8>>>>>>>><
>>>>>>>>:

(3)

looking forward to the application of the LGZO:0.1%Pr3+ trans-
parent ceramic as a luminescent thermometer. We conclude
that the thermometer operating range is 15– 600 K, being

Fig. 3 (a) Emission spectra of La0.4Gd1.6Zr2O7:0.1%Pr3+ in the 15–700 K
range upon 270 nm excitation. The intra-4f transitions are signed.
(b) Integrated areas in the same temperature range. The integration ranges
for the distinct intensities are defined in Table 1.
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narrower than the tested temperature range as I1 approaches to
the noise level at high temperatures (a criterion of 5% higher
than the noise level was applied47) and due to the fluctuations
of D1–3 within their corresponding errors.

The calibration curves for the three thermometric para-
meters are presented in Fig. 4. In the absence of a complete
physical model to describe the temperature dependence of the
integrated areas, we simply adopt an empirical calibration
curve by fitting the thermal quenching of the three thermo-
metric parameters to a single exponential decay:

Di = Aie
�bit, i = 1, 2, 3, (4)

where Ai and bi (i = 1, 2, 3) are fitting parameters. The error in
the thermometric parameters is calculated by error propagation
from the integrated areas of the corresponding transitions.

Upon excitation into the 5d1 level of Pr3+ a few parallel
relaxation processes managed by different physical mechanisms
occur and are responsible for delivering the energy to the 3P0,1

and 1D2 emitting levels. Because the 5d1 level locates within the
conduction band, part of the energy supplied through the
4f - 5d excitation has to go to the conduction band due to
photoionization. This conclusion is drawn from the lack of the
5d - 4f emission even at the lowest temperatures. Part of the
excited electrons may decay non-radiatively down to the 3P0

directly from the 5d level and those which escaped the mother

ion may thermalize down to the 3P0 too but many of them must
dissipate their energy entirely non-radiatively. Once the excited
electron reaches the 3P0 level it may relax radiatively or may
further decay non-radiatively to the 1D2 level. Then the red
luminescence with long decay (Fig. 2) occurs. Furthermore, a
fraction of electrons that escaped the Pr3+ coupling to the host
conduction band may find their way to reach 1D2 level bypassing
the 3P0. All these processes are temperature-dependent following
distinct tendencies and, consequently, their efficiencies present
complex temperature dependencies.

Figures of merit of the luminescent thermometer

The figures of merit of the thermometer were calculated for the
operative temperature range. According to ref. 10 the relative
thermal sensitivity (Sr) is calculated according to:

Sr ¼ 1

D
@D
@T

����
����; (5)

whereas the corresponding temperature uncertainty is given by:

dT ¼ 1

Sr

dD
D
; (6)

where dD/D is the relative uncertainty in the determination of D.
The temperature dependence of Sr and dT are presented in

Fig. 4b and c, respectively. For both D1 and D2 (eqn (3)), Sr

resulted in a constant value over the 17– 600 K range of 0.47
and 0.50% K�1, respectively. The corresponding temperature
uncertainties are determined exclusively by the relative error
dD/D that decreases with temperature increase resulting in a
minimum dT of 0.20 and 0.15 K, both at 550 K, for D1 and D2,
respectively (Fig. 4c). As the change of D3 is of the order of
magnitude of its error for T o 200 K and the data points are
well described by eqn (3) until 600 K, we set the operating range
for D3 as 200 K o T o 650 K. The corresponding Sr is constant
within the whole 200–600 K range (0.81% K�1) and the resul-
tant dT decreases with increasing temperature resulting in a
minimum of 0.11 K at 575 K.

A simple test for the reproducibility and repeatability of the
results was also performed. Emission spectra were measured at
300 K at the beginning and the end of all experiments. The time
between experiments was 4 days and included 3 complete cooling
and heating cycles. The overall intensity of the LGZO:0.1%Pr3+

transparent ceramic was not affected and, consequently, the
thermometric parameter did not change. This is not surprising
in the case of so thermodynamically stable oxide phosphors
fabricated at 1850 1C.

For comparison, the maximum relative thermal sensitivity
(Sm) and the temperature at which it occurs (Tm) for the very few
examples known for transparent ceramics are provided in
Table 3. LGZO:0.1%Pr sintered transparent ceramic thermo-
meter displays by far the upmost performance and its constant
Sr value over the whole usability range is unique and may be
taken as an advantage this phosphor offers. Furthermore,
LGZO:0.1%Pr belongs to still a very limited group of lumines-
cent thermometers with such a broad range of temperature
sensing, practically from helium temperatures to about 600 K.

Fig. 4 (a) Calibration curves of the thermometer using the three thermo-
metric parameters. The lines are the best fit to eqn (4) (correlation and fitting
parameters in Table 2) (b) Relative thermal sensitivity and (c) temperature
uncertainty derived from the calibration curves. The interrupted lines in (b) and
(c) mark the regions in which the thermometer is out of the operating range.
(d) Schematic presentation of the electronic levels of Pr3+ in the LGZO host
and the main spectroscopic processes occurring upon the 270 nm excitation
through the 4f - 5d transition (magenta vertical arrow).
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Conclusions

The performance of the LGZO:Pr3+ sintered transparent ceramics
in luminescence thermometry was thoroughly evaluated over the
15–650 K range. Above 650 K the luminescence from 3P0 level
becomes so weak that the LGZO:0.1%Pr ceramics cannot serve as
a reliable luminescence thermometer. Using time-resolved
spectroscopy the red part of the emission spectrum was divided
into areas where the contribution from 1D2 level was most
significant. Thus, this luminescence technique may be a useful
tool to identify the most suitable luminescence bands for defining
the thermometric parameter. Accordingly, three distinct thermo-
metric parameters D1–3 were calculated using different emission
bands. The thermal relative sensitivity and the temperature uncer-
tainty of LGZO:0.1%Pr ceramics depend on which emission bands
are used to calculate the thermometric parameter. A maximum Sr

value of 0.81% K�1 over 200–650 K is achieved, an impressive value
especially for the high-temperature fraction of this range.

Compared to other transparent ceramics the LGZO:0.1%Pr
performs very well. Yet, as recalled in Introduction, Pr-activated
thermometers greatly benefit when their 5d - 4f luminescence can
also be utilized to calculate the thermometric parameter, D. It is a
pity that LGZO:0.1%Pr does not produce any luminescence due to
this transition. Further progress needs sintered transparent ceramics
where this limitation is not present. Nevertheless, this research
justified that in future sintered ceramics should become attractive
replacements for infrared cameras in non-contact industrial thermo-
metry. They may easily serve at cryogenic and high temperatures.
When composed of oxides, like LGZO:Pr ceramic, they may with-
stand long-term operation at high temperatures without damage or
decrease of performance quality even in harsh conditions. Neither
stray light nor external electromagnetic field affects their perfor-
mance. These are real and important advantages and therefore it
could be anticipated that luminescence thermometry will become
the method of choice in temperature measuring in disparate
industrial applications.
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18 M. Runowski, P. Woźny, I. R. Martı́n, V. Lavı́n and S. Lis,
J. Lumin., 2019, 214, 116571.

19 P. Rodrı́guez-Sevilla, Y. Zhang, P. Haro-González, F. Sanz-
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L. D. Carlos and E. Zych, Adv. Opt. Mater., 2018, 6, 1701318.
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S1. Material morphology  

The microstructure of the investigated LGZO:0.1%Pr transparent ceramic is presented in Figure S1 

upon two different magnifications: 500x (top) and 2000x (bottom). Very efficient densification is 

proved and no voids or pores can be seen within the material body. This results in a very low loss of 

in-line transmittance as presented in Figure S2. The material was sintered at 1850 °C.1 Hence, there 

is no fear that its microstructure will undergo any changes at temperatures at which its thermometric 

properties are tested in this work. 

 

Figure S1. The microstructure of the La0.4Gd1.6Zr2O7:0.1%Pr sintered ceramic upon different 
magnifications.  
 

  



3 

S2. Transmittance and absorption spectrum of the LGZO:0.1%Pr sintered ceramic 

Transmission and absorption spectra of the LGZO:0.1%Pr ceramic are presented in Figure S2. The 

transmittance of the ceramic reaches 72.5% at 633 nm and 74% at 1000 nm. These values reach 

94.3 % of the highest theoretical transmittance of ideally transparent LGZO as discussed in 1. The 

strong absorption below 350 nm is related to the 4f5d allowed transition of Pr3+. It will be seen in 

the excitation spectra of Pr3+ luminescence presented in Figure S3.  
 

 
Fig. S2. Transmittance and absorption spectrum of the LGZO:0.1%Pr ceramic 1 mm thick.  
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S3. Temperature dependence of LGZO:0.1%Pr excitation spectra 

Figure S3 presents excitation spectra of 608 nm Pr3+ luminescence. At this wavelength mainly the 
1D2 emission is observed but an admixture of transitions from the 3P0 level is also present (compare 

Figure 2). The spectra were recorded at 15, 150, 300, and 600 K. In the UV part a broad band 

representing the 4f5d transition and coinciding with the strong absorption of the material (see 

Figure S2) is present. At the lowest temperature, 15 K, a broad band peaking around 340 nm and 

partially overlapping with the 4f5d band is seen. It is presumably related to a defect. From Figure 

S3 it is clear that the Pr3+ luminescence can be effectively excited either by the intra-configurational 

4f5d transition in UV or by the 3H4
3PJ blue band (in 425-500 nm range). Choosing the latter 

poses a problem of effective separation of the excitation and emission especially at higher 

temperatures when the luminescence features become very broad (see Figure 3a). Therefore, we 

have chosen excitation into the UV 4f5d band.  
 

 

Figure S3. Excitation spectra of 608 nm luminescence (at which wavelength both emission from 3P0  
and 1D2 is seen) recorded at indicated temperatures. A the lowest temperature (15 K) a defect 
related feature around 350 nm appears.  
 
  



5 

S4. Temperature dependence of decay kinetics of 
3
P0 and 

1
D2 luminescence  

Figure S4 presents temperature dependence of kinetics of the two emission of Pr3+. Decay curves of 

the 3P0 luminescence are seen in Figure S4a and those of 1D2 emission in Figure S4b. Both figures 

show also the relative instrumental response functions (IRF, red points), which exposes the 

temporal evolution of the excitation pulse. This proves that the spikes at the beginning of the traces 

are related to the excitation pulses of the Xe-lamp not to any very short components. All traces only 

slightly deviated from the single exponential dependence. Nevertheless, good fits needed using a 

two-exponential dependence according to Eq. S1:  

𝐼 =  𝐴1 exp (−
𝑡

𝜏1
) + 𝐴2exp (−

𝑡

𝜏2
) + 𝐴0,        (S1) 

where I is the intensity at time t, τ1 and τ2 are the decay time constants, A1 and A2 are fitting 

constants and A0 is a background signal. The temperature dependence of the derived time constants 

of both emissions is presented in Figure S4c. The luminescence from the 3P0 level is by a factor of 

~15 shorter (at 15 K) than emission from the 1D2. This is a typical difference since transitions from 
3P0 are spin-allowed whilst from 1D2 are spin- and parity-forbidden.2 The decay times of the two 

emissions (Figure S4c) shorten with temperature indicating thermally stimulated nonradiative 

draining of the emitting levels, as discussed in the main paper. As anticipated, however, the 

luminescence of 1D2 shows the first sign of thermal quenching at 250 K, while the decay of the 3P0 

emission shortens slightly right above 15 K and above 150 K the quenching becomes significant. 

Clearly, 3P0 level is more susceptible to thermal quenching, as explained in the main paper.  



6 

Figure S4. Decay curves of the 3P0 (a), and 1D2 emissions at selected temperatures. 
Temperature-dependence of decay times derived from the curves for both emissions (c). IRF stands 
for instrumental response function presenting a temporal evolution of the excitation signal.  
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mOptical Sensing for the Internet of Things:
A Smartphone-Controlled Platform for Temperature
Monitoring

João F. C. B. Ramalho, Luís D. Carlos, Paulo S. André, and Rute A. S. Ferreira*

1. Introduction

The Internet of Things (IoT) was introduced in 1999 and ever
since it has been re(de)fined with trends, elements, and defini-
tions surveyed and discussed over the years (2010,[1] 2013,[2]

2015,[3] and 2019[4]). Today it is no longer an idea of the future
and has become a concept of the present, beginning to be incor-
porated in our daily life and extending to all sorts of branches in
society, including industry 4.0,[5] healthcare 4.0,[6] and smart

cities.[7] In a simplified way, IoT can be
defined as a network of entities connected
to each other’s exchanging information.
For IoT to become a functional network,
several technologies will play a key role
and work together combining information
and communication technologies, such as
cloud, edge, and fog computing,[8,9] big
data, artificial intelligence, and machine
learning,[10,11] cybersecurity and access
control technologies,[12] or data transmis-
sion[13] with physical technologies as effi-
cient energy-harvesting technologies[14–17]

or sensors,[18,19] resulting in cyberphysical
systems.

Over the past years, several develop-
ments and innovations in hardware and
software increased the complexity and het-
erogeneity of the networks with the con-
comitant increase in the volume of data
generated and collected. One of the main

data sources are sensors, that are present almost everywhere,
monitoring different parameters within the network or on its
surrounding, either in continuous mode or occasionally after
the interaction. Examples include biometrics sensors (e.g., facial
recognition), human behavior sensors (e.g., touch screen), device
status sensors (e.g., battery, network connections), emergency
events sensors (e.g., stress/fatigue, flame), and environment sen-
sors (e.g., humidity, temperature), among others.[20–23] Thus, the
IoT comprises a large and complex network with branches reach-
ing almost every point of science evidenced in the large number
of publications in the recent years, with several reviews and sur-
veys exploring small portions of this ubiquitous network being
made.[8–17,21,22] Among the distinct sensing technologies, optical
sensors appear as real alternatives to electronic ones due to their
inherent features such as contactless, large-scale measures, faster
response times, immunity to electromagnetic fields,[24] which in
some scenarios are more advantageous.[25] Temperature is one of
the most demanded sensing targets, in science and in the global
economy, where sensors account for �80% of the world sensor
market, expecting that the sector reaches economic record
by 2023.[26]

This work focuses on temperature optical sensors inserted
into an IoT network. It begins with an overview of the field
based on more than 11 600 publications in the past 20 years
(see Section 5 for more information) revealing that optical tem-
perature sensors may be split into two main clusters, namely
waveguided optical sensors (Cluster I) and nonguiding optical
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Sensors play a key role on the Internet of Things (IoT), providing monitoring
inside and outside the networks in a multitude of parameters. A fundamental
parameter to sense is temperature, being essential to acquire knowledge on the
best way to include thermal sensing into the communications networks. Despite
that the temperature measurement in the optical domain is well known for its
advantages compared with the electric one, its incorporation in the IoT is a
challenge due to the lack of affordable strategies able to convert optical into an
electronic signal in a cost-effective way. The coupling of such optical sensors to
smartphones appears as an exciting strategy for mobile optical (mOptical)
sensing. Herein, advances in optical temperature sensors for mOptical sensing
are reviewed and the chronological mechanistic context of waveguided and
nonguided optical signal sensors is outlined. A new path for advances in
photonics research is traced, established by the incorporation of smartphones
as a tool in science and engineering that foresees new designs for mOptical
temperature sensor toward IoT.
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sensors (Cluster II). The search was refined to focus on
smartphone-based optical temperature sensors, revising the
current advances and trends for mOptical sensing. Emphasis
is given to examples related to nonwaveguided optical signals
due to the recent explosion of the field.

2. Optical Temperature Sensors Overview

The wide spreading of mOptical sensors as a reliable alternative
in thermal sensing requires the identification of the vectors for
the appropriate direction of the efforts toward incorporation
in IoT and improved societal impact. A literature review over
the past 20 years including published articles, letters, reviews,
and books from Web of knowledge Collection was carried out
using search keywords as temperature, sensing, and optical
(see Experimental Section for more information), emanates
two main clusters of sensors, namely waveguided optical sensors
(Cluster I) and nonguiding optical sensors (Cluster II), Figure 1.
Cluster I, identified with the red color, aggregates indexing terms,
such as fiber Bragg grating,[27] interferometer (Fabry–Perot,
Sagnac, or Mach–Zehnder),[28] that are associated with waveguide

propagation of the optical signal in fiber. The indexing terms refer
to either the measured property of the optical signal (e.g., polari-
zation, reflectance spectrum, wavelength shift, intensity), the
principle of operation (e.g., interferometer), or the measurand
(e.g., refractive index, strain, temperature). Cluster II, represented
with the green color, combine indexing terms more often associ-
ated with nonguided optical signal properties (e.g., emission
spectra, fluorescent intensity ratio), the principle of operation
(e.g., upconversion, downshifting), or the measurand
(mainly temperature). There are indexing terms (identified
in blue) that are shared by both clusters, which include,
spectra, intensity, or phase, which are related to the way the
temperature information is encoded into the optical signal.
All the terms used to build Figure 1 are shown in Table S1,
Supporting Information.

Additional information retrieved from Figure 1 appears
when the data are seen from a historical temporal point of view.
It is chronologically clear that in the field of optical temperature
sensors, the nonguided optical signal propagation sensors
(Cluster II) are a hot topic, with a higher number of publications
and average citations in the past 5 years (more information in
Figure S1 and Table S1, Supporting Information). Despite this,
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Figure 1. a) Map generated using data (title and abstract) in 11 692 publications from Web of Knowledge principal collection in the period 1999–2021,
using search keywords related to temperature sensing and optical, accessed on February 4, 2021. The red and green clusters, expanded in (b) and (c),
aggregate the indexing terms in (b) waveguided optical signal temperature sensors (Cluster I) and c) nonguided optical signal temperature sensors
(Cluster II). The diameter of the circles is directly proportional to the number of occurrences of an indexing term, the width of the linking line is directly
proportional to the relation between them (larger width link⇒ stronger relation), as well as the distance on the map (the closer two indexing terms are the
more related they are). d) Chronological evolution of the map in (a).

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2021, 2000211 2000211 (2 of 14) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


waveguiding optical sensors are more mature and closer to daily
life applications mostly due to 1) the maturity of the fiber-optic
communication industries; 2) the longevity of the field with pub-
lications dating back to the 1980s, and 3) the advances in opto-
electronics that allowed an easier transition from optics to
electronics.[29]

Noticeable, in Cluster I, the waveguided optical signal sensors
working principle is somehow general among the different types
of sensors. It is based on the propagation of the optical signal
inside a medium (e.g., optical fiber), that will suffer a perturba-
tion, being reflected, transmitted, or scattered and afterward col-
lected and processed. In the presence of a physical disturbance
(temperature, humidity, pressure, strain, etc.), the optical signal
will undergo a variation, such as a wavelength (frequency) shift of
the spectrum, a variation of the amplitude, changes in the polar-
ization or phase, which constitute the sensing parameter. Thus,
the sensor response is based on the mismatch between pertur-
bated and nonperturbated conditions that are correlated with the
physical disturbance applied to sense the surrounding environ-
ment.[29–31] Many works have been published in this field, featur-
ing improvements in the figures of merit, cost, and energy
consumption reduction, and ease in manufacturing. Examples
include, the fabrication of optical fibers with different materials
and geometries, novel fibers working as amplifiers, multicore
fibers, multiplexing schemes, or new detection systems.[32–34]

Considering Cluster II based on nonguided optical signal
sensors, their prominence started around 2015 (Figure 1d), using
thermal-sensitive optical properties of the materials such as
reflection, absorption, Raman scattering, or luminescence.
Among those optical properties, luminescence is the one that
has been drawing larger attention for thermal sensing.[35,36]

The current interest in luminescence thermometry is well
evidenced in a series of very recent review papers.[26,37–42]

Luminescence is a noninvasive spectroscopic method for tem-
perature measurement based on the thermal dependence of
the phosphor emission (also known as the thermometric param-
eter) combining high relative thermal sensitivity (Sr> 1%K�1)
and spatial resolution (10�6 m) with short acquisition times
(<10�3 s).[26,35,36,43–48] The working principle of luminescence
thermometry is based on the temperature dependence of the
materials’ emission that manifests itself mostly through the
1) variation in the lifetime of a certain excited energy level,
2) emission peak shift or, the most used 3) variation in the emis-
sion intensity (I) of one or two electronic (I1 and I2) transitions,
Figure 2.[26,35–37]

Lifetime-based measurements present several advantages over
the other luminescence thermometry principles, such as not
being affected by the size, geometry, or concentration of the sens-
ing probe, or by unrelated optical effects (e.g., light scattering or
intensity fluctuations). As a disadvantage, it is heavily time-
consuming and equipment dependent, requiring a pulsed exci-
tation source rendering it difficult for IoT applications, nonethe-
less technological advances to simplify and reduce costs are
being made.[26,36]

The use of the temperature-dependent emission peak shift
generally produces thermometers with a low relative sensitivity
as the peak shift values are around a few dozens of cm�1 over a
broad temperature range[49,50] as, for example, a Tm3þ-doped
crystalline TiO2 film displayed a spectral shift of 1.25 nm in

the 85–750 K range. This is not, however, a rule of thumb as
recently a Green Fluorescent Protein-based thermometer dis-
plays a 3 nm shift over a much shorter temperature range
(293–333 K).[51] In any way, such thermometers require in gen-
eral high spectral resolution spectrometers, making difficult a
practical application. Nevertheless, and as an advantage, they
do not rely on an absolute intensity analysis and are not affected
by intensity fluctuations caused by changes in the local concen-
tration of the emission centers. In addition, a spectral shift-based
thermometer could be useful in combination with another type
of luminescent thermometers (dual sensing) to reduce experi-
mental uncertainties.[26,36]

The most popular approach to determine the absolute temper-
ature is to measure the intensity ratio of distinct spectral regions
in the emission spectrum (so-called self-reference ratiometric
thermometer).[52] These thermometers offer consistent temper-
ature measurements, as they are not affected by local intensity
fluctuations (e.g., emitting centers concentration or excitation
source power). However, recent works have drawn attention to
reliability issues caused by experimental artifacts and even intrin-
sic effects.[47,53–58] The solution lies in primary thermometers,
characterized by a well-established state-equation that directly
relates a particular measured value to the absolute temperature
without the need for calibration. So far, only a few primary lumi-
nescent thermometers have been reported,[43,53,58–65] most of
which based on the intensity ratio between two thermally coupled
electronic levels, for instance, the Er3þ 2H11/2 and

4S3/2 levels. In

Figure 2. Schematic of the thermometric parameters (lifetime variation of
a certain excited energy level, emission peak shift, and variation in the
emission intensity of one or two electronic transitions) used in lumines-
cence thermometry and those (photographs) used for mOptical sensing
toward IoT.
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this case, the thermometric parameter is based exclusively upon
the validity of the Boltzmann distribution.[62] The required use of
spectrometers to record luminescence imposes an innovative
transformation that allows primary thermometers to be useful
in IoT.

In all the cases, luminescence dependence with temperature is
expressed through the so-called thermometric parameter (Δ). For
ratiometric thermometers, the most common example is[52]

Δ ¼ I1
I2

(1)

The quantitative figures of merit used to characterize lumines-
cent thermometers are the relative sensitivity (Sr), defined as the
rate of change of the thermometric parameter (Δ) in response to
temperature stimuli ( ∂Δ/ ∂T ) divided by the thermometric
parameter (usually expressed in %K�1)[35,52]

Sr ¼
1
Δ

���� ∂Δ∂T
���� (2)

and the temperature uncertainty ( ∂T ), which is the minimum
temperature change, able to be detected by the thermometer
given by[35,52]

δT ¼ 1
Sr

δΔ
Δ

(3)

where ∂Δ is the uncertainty in Δ. The operating temperature
range of the device, defined as the interval in which the temper-
ature changes are larger than the uncertainty of the thermome-
ter, is also a critical parameter.[42] Figure 3a (and Table S2,
Supporting Information) shows examples of the largest Sr values
(Sm) reported for ratiometric (hollow symbols) luminescent ther-
mometers with an operating range compatible with mOptical
sensing and for smartphone-based luminescence thermometry
(solid symbols).[46,55,59,66–89] The Sr values for primary lumines-
cent thermometers are shown in Figure 3b.[43,53,58–64] Noticeable,
only one example refers to smartphone-based luminescence ther-
mometry, and presents the largest Sr value.

[59]

Based on Figure 1, we propose to divide the field of optical
thermometry into the above mentioned two main clusters

(waveguided optical signal and nonguided optical signal), where
none of each cluster permits to identify a dominant position in
what concerns IoT and mOptical sensing with very few reports
combining thermal sensing with an explicitly IoT connection and
most of the examples refer only to a potential IoT link (Table 1),
meaning that the field of optical temperature in the context of IoT
is still in the infancy.

3. Optical Temperature Sensors for the IoT

In the framework of IoT, several entities are required to be con-
nected to each other’s and to the internet, exchanging informa-
tion.[4] Among those entries, sensors could play a special role. In
particular, a sensor which is, in its simplest definition, a con-
verter of external stimulate (chemical, physical) to an electronic
or optical signal, generating information that is afterward proc-
essed and in the IoT context is also exchanged with the network.
For electronic sensing, there is a plethora of processing and com-
munications mechanisms, but for optical sensors, this is not so
evident. To render clear our vision, an optical temperature sensor
for IoT can be taken as a technology whose sensing process
generates information that can be processed or transmitted to
a commercially available device with an interface connected to a
communication network. Several reports point to smartphones
as a key element in the development ofmOptical sensors toward
IoT. In particular, for optical temperature sensors, it might be the
main path, as smartphones are a ubiquitous technology, with the
necessary processing capacity and, most importantly, they can
convert optics into electronics due to the charge-coupled device
(CCD) camera.[90–92] Based on this definition, examples found in
the literature comprehending both waveguided and nonguided
optical signal thermometers, prospecting the first steps to
mOptical temperature sensing into IoT are presented.

3.1. Waveguided Optical Signal Temperature Sensors (Cluster I)

Cluster I sensors in IoT make use of an optical fiber attached to
the smartphone camera. Depending on the effect of the temper-
ature, the disturbance created on the guided light can result in
either an intensity variation[79,80] or a spectral shift.[93] In the

(a) (b)

Figure 3. a) Recent examples of Sm values for ratiometric luminescent thermometers (hollow symbols) operating in a temperature range suitable for
mOptical sensing and for smartphone-based luminescence thermometry (solid symbols). b) Relative sensitivity values as function of the temperature for
primary luminescent thermometers.
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latter, it requires the coupling of a diffraction grating to convert
the spectral shift into an angular deviation that can be monitored
through the position of the illuminated pixel, quantified from an
image. This disturbance is afterward correlated with temperature
to characterize the sensor. These examples will be detailed in the
following sections.

3.1.1. Intensity-Based Measurement

Surface plasmonic resonance (SPR) sensors are implemented
based on the intensity or spectral variation of the input guided
signal. The lack of portability and connectivity, relying on expen-
sive equipment, complex optical systems, and accurate align-
ment of components hamper commercial applications.[94]

Efforts have been made to overcome these difficulties by present-
ing fiber-optic SPR sensors as an alternative to traditional SPR
sensors.[95] Lu et al. reported a fiber-optic SPR sensor using a
smartphone able to monitor the temperature in the range from
303 to 340 K with a sensitivity of 0.0018 a.u. K�1 (estimated
Sr� 0.27%K�1, Table 1 and Experimental Section for details).
The sensing system is composed of a side-polished-fiber-based
SPR sensor illuminated by the light-emitting diode (LED) flash
from one end, and the output signals are recorded and processed
by the camera and a designed mobile smartphone base applica-
tion (App). The sensing method uses two photographs, one from
a reference signal and the other from the measured signal and
the ratio between the grayscale values from both, that have a lin-
ear variation with temperature. This low cost and portable system
resolution can challenge spectrometer-based SPR systems reso-
lutions although as with other optical fiber thermometers, it has
additional equipment that can be dysfunctional for some appli-
cations (Figure 4).[80]

Fujiwara et al. presented a low-cost kit to transform a smart-
phone into a sensing platform, exploring different types of sensors

based on multimode fibers. At the optical fiber bending zone, the
temperature will affect the refractive index value of the core and
cladding through thermo-optic effects, changing the light-guiding
conditions. This translates into a variation of the propagated
light intensity that can be correlated with temperature by a
well-established equation. The intensity temperature dependence
results in a thermometer sensitivity of 1.29� 10�2 ºC (estimated
Sr� 6.74%K�1, Table 1 and Experimental Section for details) in
the 20–120 ºC (293–393 K) range.[79]

3.1.2. Reflectance Spectrum Shift Measurement

Waveguided optical signal temperature sensors can also work
based on reflected or transmitted spectrum peak shift. Pan et al.
developed a temperature sensor monitored by a smartphone,
taking advantage of TiO2 optical properties. The system scales
down the interrogation system used in optical fiber sensors, mak-
ing it portable and affordable, using a commercially visible trans-
mission diffraction grating (300 groovesmm�1) mounted on the
smartphone camera, in which a LED acts as a light source. At the
camera and LED, a bifurcated optical fiber with a temperature-sen-
sitive material is attached. The light emitted by the LED travels
through the fiber, interacting with TiO2 thin film, whose refractive
index and thickness vary with temperature resulting in a change of
the optical path, yielding a shift of the reflected interference spec-
trum (Figure 5).[93] This shift is linear in the range from 263 to
453 K with a sensitivity of 0.46 pixel K�1 (estimated Sr� 0.07%K�1,
Table 1 and Experimental Section for details). This system
reduces the costs and increases the portability at the expense
of having additional apparatus. It illustrates how optical fiber
sensors can impact IoT, as they have a simple concept that
can be low cost, smart, and incorporated into a sensor network.

From the works described so far, fiber optics sensors are
based on the perturbation of the guided light inside the fiber

Table 1. Highlights and figures of merit of selected examples temperature sensors using smartphones. The mechanism, thermometric parameter, input
(experimental temperature-dependent raw data), operation range, the ability to communicate with the IoT environment, maximum relative sensitivity (Sr),
and minimum temperature uncertainty ( ∂T ) are listed.

Mechanism Thermometric parameter Input Operating range [K] IoT link Sr [%K�1] ∂T [K] Ref.

SPR Intensity ratio Photograph (Grayscale) 263–453 No �0.27a) � [80]

Macrobending Photograph (RGB) 293–393. No �6.74a) � [79]

Optical path difference of thin film Reflectance spectrum shift Photograph (Grayscale) 303–340 No �0.07a) � [93]

Luminescent Emission spectrum shift Emission spectrum 303–393. No �0.06a) � [98]

Intensity difference Photograph (RGB) 303–418 Yes 0.164 K�1b) � [99]

Intensity ratio Emission spectrum 278–408 No 3.40 � [97]

298–338 No 2.17 � [84]

Photograph (CIE) 298–425 No 0.6 � [101]

Photograph (RGB) 283–317 Yes 5.14 0.194 [59]

Lifetime Photograph (RGB) 273–333 No 4.5 >1 [83]

Thermochromism Reflectance spectrum shift Photograph (RGB) 307–313 No � 0.2 [106]

302–313 Yes � 0.1 [107]

a)Estimated value from the data provided by the authors (see Experimental Section for more information); b)Authors reported sensitivity (K�1) as not enough data is available to
estimate Sr value.
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(intensity variation and spectral peak shift) due to temperature
effects and their analyses can be made using a smartphone
without compromising the figures of merit. Nevertheless, we
must consider that waveguided sensors are based on optical
phenomena that occur inside a waveguide and not due to an
intrinsic optical property of the material, as the sensors to
be presented in nonguided optical sensors. This can make
them more sensitive to external perturbations, as strain, dis-
placement, humidity, or other parameters affecting the light
guiding. In some cases, without changing the sensor configu-
ration, they can act as a multiparameter sensor, depending on
the characterization made and the calibration to be used. This is
exemplified by the work of Markvart et al. that develop a strain
sensor based not only on the spectral shift in the guided light
created by a fiber Bragg grating using an analysis similar to

the one in Pan et al. but also manage to characterize it as a tem-
perature sensor.[96]

3.2. Nonguided Optical Signal Temperature Sensors (Cluster II)

Cluster II sensors in IoT include luminescent thermometers,
using the lifetime and the variation in the emission intensity
as thermometric parameters, and also examples in which the
temperature sensing is mediated by the analysis of the reflec-
tance spectrum. The examples that will be discussed exclude
measurements requiring the use of a spectrometer and refer
to those in which the thermometric parameter can be based
on images acquired by a CCD camera. Some of the examples
do not include an IoT connection[84,97] but the methodology is
easily transposed to mOptical sensing. As shown in Figure 3a,

Figure 4. a) Schematic diagram of the SPR-based sensing system. b) Interface of the designed smartphone application. c) Schematic diagrams of the
assembled sensing system and the experimental setup. Reproduced under the terms of the CC-BY license.[80] Copyright 2019, The Authors, published by
Optical Society of America.
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come out from the flashlight and go into the camera. b) Reflectance spectra of the sensor at different temperatures. Reproduced with permission.[93]

Copyright 2018, Elsevier Inc.
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the Sm values (solid symbols) compare well with those found for
spectrometer-based luminescence thermometry.

3.2.1. Emission Intensity-Based Measurement

Othong et al. developed a dual function sensor based on
Cd2(2,5-tpt)(4,5-idc)(H2O)4 to detect the water percentage and
measure the temperature using the emission color dependence
in the 303–393 K range. Under 360 nm excitation, it is visible at
the naked eye a color shift (�24 nm) from the yellow-green to the
green-blue regions, with an estimated Sr� 0.06%K�1 (Table 1
and Section 5 for details). Noticeably, the smartphone was only
used to sense the water percentage by the intensity ratio between
the R and G coordinates associated with color change. Even
though this technique was not transposed to the temperature
analyses, one can assume that if it was, a thermometric parame-
ter could have been defined possibly as a ratio between cyan and
yellow coordinates (to note that cyan is the complementary color
of red, C¼ 1� R, and yellow the complementary of blue,
Y¼ 1� B) and temperature could have been quantified using
a smartphone as they did to the water percentage.[98]

Another work based on the temperature dependence of
the luminescence intensity is presented by Kumbhakar et al.
using Mn2þ-doped ZnS quantum dots (MZQDs) encapsulated
into a polymer thin film, in the 303–418 K range with sensitivity
of¼ 0.164 K�1. The emission spectrum is formed by two well-
defined bands at 400 and 595 nm, whose relative intensity
depends on the temperature inducing color variation as the tem-
perature increases. This emission color dependence is also
detected in the photographic records (RGB coordinates) of the
MZQD-based films. The thermometric parameter was set as
the difference between the intensity at room temperature and
the intensity at the different temperatures. A custom-made
App able to capture photography and measure the color intensity
was also developed.[99]

The potential of using a smartphone as a device in tempera-
ture sensing as an alternative to other methods was also
presented by Lee et al. A polyethylene glycol-functionalized gra-
phene oxide based colorimetric thermosensor using guanine rich
DNAzyme and peptide nucleic acid assisted by a smartphone was
developed creating a colorimetric platform for distinct IoT sce-
narios (e.g., health diagnostics or food safety). The material
changes from transparent to green as the temperature increases
in the 277–353 K range. This color change is perceived at the
naked eye and was quantified through images taken with a smart-
phone and an image analyzer software to retrieve the green color
coordinate intensity.[100]

Other examples of intensity-based sensors include ratiometric
thermometers. Shi et al., exploit dihydrophenazine-based
ratiometric thermometers excited at 365 nm (Table S3 in
Supporting Information), over a temperature range 278–408 K,
using the spectral emission dependence with temperature quan-
tified by the ratio between the intensities of the orange–red and
blue emission bands presenting Sr¼ 3.40%K�1 (Table 1). The
emission dependence with temperature is visible at the naked
eye as the color changes from blue at low temperature (278 K)
to orange–red at high temperature (408 K). Although the color
quantification was only carried out using spectral data, the broad

color variation in this range of temperatures is remarkable. Such
color dependence with temperature could be further explored to
develop IoT temperature sensor labels as they can be coated onto
any object surface for simple and fast large-area temperature
detection. As presented by Ma et al., temperature-sensitive
Zn2þ and Co2þ metal–ligand complexes incorporated into poly-
ethylene glycol (Table S3, Supporting Information) with tunable
color were used as a counterfeit label.[84,97] This work presents a
similar idea to that of Shi et al. in which the Zn2þ complex
(Table S3, Supporting Information) displays a color response
with temperature under 365 nm excitation. Using the ratio
between the blue and the yellow transitions, the thermometric
parameter shifts from the blue to the yellow spectral ranges in
the range 298–338 K range excitation and with a Sr¼ 2.17%K�1

(Table 1). While both works refer to thermometers with
remarkable sensitivities and enormous potential, they lack a
direct application into IoT.

Following the same research direction, Piotrowski et al. pre-
sented thermochromic luminescent nanomaterials codoped with
Mn4þ/Tb3þ (Table S3, Supporting Information) for temperature
sensing, presenting a color variation from red to green as the
temperature changes from 298 to 425 K, under 266 nm excita-
tion, obtaining a maximum Sr calculated from Commission
Internationale d’Éclairage (CIE) 1931 color coordinates of
0.6%K�1 (Table 1). The color variation occurs due to a decrease
in the Mn4þ-related emission (the red component of the spectra)
as the temperature increases, whereas the Tb3þ-based emission
is independent of the temperature. The relative variation between
the Mn4þ and Tb3þ emission spectra induces a shift in the color
from the red to the green spectral regions. Moreover, the emis-
sion color temperature dependence was explored a step further,
as the color variation was also quantified using photographic
records from a digital camera in the RGB color system, comple-
menting the analysis of spectral data to in CIE 1931 color coor-
dinates (Figure 6).[101] This is a representative example that
quantifies emission color through remote captured images even
though the full temperature range is very broad and outside the
expected working regime for a smartphone. Nonetheless, as
luminescence thermometry is a noncontact method, it is feasible
to consider the use of a smartphone, illustrating its use for tem-
perature sensing in more extreme scenarios.

Examples in which IoT is explicitly included were presented by
us, Ramalho et al. In a step forward, the popularization of lumi-
nescence thermometry smart QR codes in IoT,[102] photographs
of QR codes printed using luminescent inks and recorded by a
smartphone were used to sense, in real time, the absolute tem-
perature (283–317 K) with a Sr¼ 5.14%K�1, and ∂T¼ 0.194 K
(Table 1).[59] An end-to-end process for an optical thermometer
for IoT based on smartphone technology and luminescent QR
codes was developed by Ramalho et al. It was demonstrated
how photographs of QR codes printed using luminescent inks
based on organic–inorganic hybrid codoped with europium
(Eu3þ) and terbium (Tb3þ) ions and recorded by a smartphone,
could be used to sense, in real time, the absolute temperature
(283–317 K) with Sr¼ 5.14%K�1 and a resolution of 0.194 K,
being the first example of an intramolecular primary thermom-
eter (Figure 7). Processing the material in a form of QR codes
gave the opportunity to easily interact with the smartphone,
using a custom developed App, providing temperature
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information in real time, and being able to be inserted into a
sensor network.[59,103]

3.2.2. Reflectance Spectrum Shift Measurement

In the nonguided optical signal thermometers based on the
reflectance spectra shift, Choi et al. developed a colorimetry sen-
sor using thin, soft, and skin-compatible microfluidic systems
that include networks of microfluidic channels, inlet/outlet
ports, microreservoirs, to carry out sweat analyses (pH, temper-
ature, concentrations of chloride, glucose, and lactate) in physi-
ologically relevant ranges from 305 to310 K with a ∂T¼ 0.2 K
(Table 1), Figure 8.[104–106] This optical sensor is based on the
reflectance of the material avoiding the need for external excita-
tion, unlike emission-based sensors where external excitation is
necessary. These colorimetry sensors performing quantitative
analyses for extracting absolute values are affected by the sur-
rounding illumination conditions, requiring a fine-tuned color
reference marker to be placed near the measurement site to facil-
itate the analyses independently from lightning conditions. The
authors present a systematic study verifying that proper use of
the reference markers can yield accurate color information in
a wide range of lighting conditions, proving that this can be a
reliable path for other optical temperature sensors to deal with
ambient light conditions.

A thermochromic ternary cholesteric liquid crystalline mix-
ture of 40 wt% cholesteryl oleyl carbonate, 40 wt% cholesteryl

nonanoate, and 20 wt% cholesteryl 2,4-dichlorobenzoate encap-
sulated by a film of polyester (25 μm thick, Table S3 in
Supporting Information) was used. The film presents a broad
color variation, red (305 K), green (306 K), and blue (307 K) end-
ing in the absence of color at 310 K, quantified via digital images
using the RGB color space. The entire process could have been
carried out entirely with a smartphone, whose capability to ana-
lyze the color in a small area of an image is easily attained with a
commercial App, especially with a palette having such different
colors leaving room for further improvement and, once again,
opening the door for IoT, as evaluation can be made in real time,
inside a physiological temperature range with a smartphone.

The use of thermochromic liquid crystals was also explored by
Moreddu et al. embedding them into contact lenses to measure
corneal temperature based on the reflectance spectra shift. The
liquid crystal was obtained by the mixture of cholesteryl oleyl
carbonate, cholesteryl nonanoate, and cholesteryl benzoate
(wt%, 0.35:0.55:0.10, respectively) that when melted together
retains its unique chemical properties. There is a shift in the
reflected wavelength from 738 to 473 nm (red to blue in the visi-
ble spectrum) in a small temperature variation of 11 K (302–
313 K) having an average ∂T¼ 0.3 K (Table 1). The color quanti-
fication was made using a commercial App, returning RGB values
for each image afterward correlated with temperature. A color shift
of this magnitude can be easily accessed by an unchanged smart-
phone, from image acquisition and processing to image analyses.
These contact lenses that can measure ocular surface temperature
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in real time, which is desirable for point-of-care diagnostics and
diseasemonitoring.[107] In a later article by the same author, where
the same idea was exploited to sense other parameters, a custom

App was presented, allowing to store data and create a personal
record that could be sent to a healthcare provider, becoming a part
of IoT. The potential of this technology, if available for a common

317 K

308 K

298 K
293 K

283 K

(a)

(b) (c)

280 290 300 310 320
0.0

0.2

0.4

0.6

0.8

1.0

1.2

Temperature (K)

N
or

m
al

iz
ed

 C
ol

or
 C

oo
rd

in
at

e

Red
Green

317 K

Temperature (K)

S r(%
.K

-1
)

280 290 300 310 320
4.8

5.0

5.1

4.9

5.2
5.14 %.K-1

K
592
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QR code at different temperatures and c) relative thermal sensitivity. Reproduced with permission.[59] Copyright 2019, Wiley-VCH.
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person tomonitor themselves exchanging data or having their data
analyses in real time (telemedicine), could help target early-stage
diagnosis and/or monitor ocular infections.[108]

3.2.3. Lifetime-Based Measurement

Recently, Katumo et al. proceed with a new trend in the literature
that is visible across fields. The idea is to transform techniques
that are only accessible in controlled laboratory conditions with
specific equipment into an affordable and inexpensive format to
allow more general applications. They exploit luminescence ther-
mometry using a smartphone as a tool to quantify temperature,
as a cheap alternative to thermal cameras that are usually very
expensive. Moreover, thermal cameras also display the disadvan-
tages of lacking good spatial resolution, the calibration, and tem-
perature measurements are dependent on the object and the
knowledge of their properties (e.g., emissivity).[24] Temperature
is measured using a phosphor whose lifetime is temperature-
dependent and is also long enough to be recorded by a 30 fps
CCD camera (�1 frame every 30ms). The measurement
requires the recording of a video with a smartphone and the sub-
sequent analyses are carried out in a computer that evaluates the
intensity variation of the red channel. This evaluation was made
by adding every coordinate in a region of interest and a decrease
in the emission intensity of the phosphor was observed in every
consecutive frame. The performance of the thermometer
reached a Sr¼ 4.5%K�1 (Table 1) at 273 K and ∂T> 1 K for tem-
perature below 300 K increasing to ∂T¼ 2.5 K at around 333 K in
the temperature range from 273 to 333 K using 375 nm excita-
tion. This approach includes a smartphone and although the
analyses and excitation are externally provided, it is an important
step towardmOptical sensing for IoT, as smartphones are widely
available and easily accessible equipment for science and engi-
neering to use.[83]

3.3. Discussion

The end-to-end operation idea applied by Ramalho et al.,
Moreddu et al., and more recently by Kumbhakar et al. could
be easily translated to other works, either the ones using lumi-
nescence or thermochromism, using smartphones to quantify
the temperature without the necessity of having additional equip-
ment, while the works of Pan et al., Lu et al., and Fujiwara et al. in
the field of waveguided optical signal thermometers, proved that
is possible to reduce the costs while maintaining the main fea-
tures and figures of merit for that type of sense.

An overview of the key parameters and figures of merit is
shown in Table 1 comparing both waveguided and nonguided
optical signal sensors (see Experimental Section for the mathe-
matical definition). When possible, the relative sensitivity was
also calculated, as defined by Wade et al. and proposed as a figure
of merit for luminescence thermometry by Brites et al., as it
appears as a definition shared by both fields, so that a comparison
is possible.[35,109] From Table 1, it is possible to infer that the
main input for all systems is photographic records used to ana-
lyze the intensity of the pixels to calculate an intensity ratio,
a shift in the reflectance spectrum, or a lifetime value. Those
parameters are traditionally calculated from data acquired with

expensive laboratory equipment, and these works were able to
do it with inexpensive and easily accessible equipment. The
figure-of-merit that enables performance comparison between
waveguided and nonguided optical signal temperature sensors
is relative sensitivity (see Experimental Section for more informa-
tion), which is independent of the thermometric parameter. It is
also noticeable from Table 1 that, similarly to luminescence ther-
mometry, the ratiometric approach is the most popular having an
overall maximum relative sensitivity value and when comparing
the physical mechanisms involved, the luminescence-based ther-
mometers present, in general, higher values (around one order of
magnitude) than their counterparts.

It is interesting that the aforementioned examples that com-
bine emission and a smartphone, or a digital camera, adapt and
develop the methodologies typically used in the luminescence
thermometry fields, Figure 2. Traditionally, the measurement
of those parameters (and consequently the temperature quanti-
fication) requires the need for a spectrometer or an optical inter-
rogator to acquire the optical input (e.g., spectrum or decay
curves). Another aspect of thermometry understudy is sensing
using smartphones.[59] In a step forward toward the populariza-
tion of luminescence thermometry, photographs of luminescent
materials recorded by a smartphone could be used to sense, in
real-time, the absolute temperature. The decoding tool and the
temperature sensing require only a CCD, thus smartphones
and closed-circuit television, also known as video surveillance,
may be used in their original configuration to sense temperature
forming a distributed network of thermal sensors. This
sensing network will be based on simple, widely available, and
unchanged smartphone or digital cameras, proving that the
well-established methods can be used by acquiring an image
not compromising the result, and represents an important
advance in the field of optical temperature sensors. The
mOptical sensing requires the development of phosphors with
improved optical features suitable to operate in combination with
a smartphone (or similar devices in the future), acting as a sens-
ing probe (e.g., increasing the emission color change or the life-
time value or broadening the temperature sensing range). In
parallel, the excitation/illumination source is a challenge requir-
ing high-quality LEDs to be used externally or to be incorporated
into the smartphone. Despite the high processing capacity of the
current smartphones, an optical to the electronic signal converter
with a quality equivalent to traditional equipment still fails to per-
form as high quality and reliable excitation/illumination source.
This need will benefit from the noticeable enhancement of the
external quantum efficiency of compact and higher output near-
UV-emitting LED pushing and suit well engineering needs in a
bordering field.[110]

4. Conclusion

In this work, a literature survey was carried out to outline the
recent developments of optical temperature sensors. In this short
overview enclosing different optical technologies with potential
applications in future smart infrastructures, namely IoT, we
observed that keywords representing indexing terms typically
associated with waveguided and nonguided optical sensors tend
to cluster in two distinct groups. The results presented so far
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prevent us to infer whether any of them will be predominant in
IoT andmOptical as the examples of optical temperature sensors
for IoT reported so far are scarce. Both waveguided optical signal
and nonguided optical signal thermometers reveal serious argu-
ments to be an alternative to electronic thermometers, which so
far are the dominant technology in the field of mOptical sensing
and are already moving toward IoT.

Waveguided optical signals systems have the advantage of
including several types of sensors with high sensitivity, that
can be spread across a vast distance, but they are mainly station-
ary because they require the attachment of the optical fiber to the
detection and the illumination device as an extra piece of equip-
ment. For non-guided optical signal thermometers breakthrough
into IoT and our daily life, smartphone usage seems to be the
obvious route, as this technology is an on-growing trend in many
different sensing areas (not yet in thermometry). Their increased
use is due to their widespread availability and (more important)
to their ability to perform the transition from optics to electronics
which is, until now, one key base topic. This will allow nonguided
optical signal thermometry to be part of a large complex sensors
network, leaving specific equipment for specific niche applica-
tions (e.g., e-medicine).

From the examples here, it is clear that progress has been
made in introducing mOptical sensors into IoT, even though
at this stage none of the works is robust enough for a real sce-
nario application. The key point is to look at all strengths and the
common aspects between works and envision a temperature sen-
sor that combines them. The strengths are a broad color variation
to reduce readout errors, a broad temperature range to maximize
the number of applications, being able to carry out without any
prior calibration and the ability to perform without any external
illumination source in addition to the smartphone LED.
However, the common points are the use of a smartphone
(mobile device or camera) and the temperature quantification
using a photograph. Having a temperature-sensing probe with
those features working in a combination with a good design
and user-friendly App able to take care of all the data collection
(image or live video) and, most important, all the data processing
and temperature quantification would create a robust thermom-
eter capable to be operated by both individuals and industries in a
multitude of different areas of expertise from industry 4.0,
healthcare 4.0 to smart cities.

Challenges for the future must encompass distinct fields of
science, either centered in materials science with the develop-
ment of newmaterials increasingly suitable formOptical sensing
and in computer science and engineering developing new and
specific software (mobile applications) to work with today’s
widely available hardware (smartphone), toward the collection
and analyses of information that the materials provide, either
to sense temperature or any other physical or chemical parame-
ter. Only with the merge of the two areas toward the same objec-
tive will be possible to keep on moving forward, creating new
alternatives to traditional methods and seizing the opportunities
offered by today’s technology. In conclusion, such advances in
photonics research, foresee that currently available and emerging
optical technologies for sensing will contribute to a large number
of globally connected IoT devices and systems with relevant
societal impact.

5. Experimental Section

Bibliographic Survey: To have a broad view of the published literature, a
survey of the field of optical temperature sensors was made using
CitNetExplorer and VOSViwer tools and a sample data consisting of
the information from 11 692 published articles, letters, reviews, and books
from the principal Web of Knowledge collection containing the following
citation indexes: SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI,
CCR-EXPANDED, and IC, using the search terms in all fields: (thermos-
ens* OR “temperature monitoring” OR “temperature sens*"OR thermo-
met* OR “temperature-sens*”) AND (optic* OR color OR colour OR
colorimet* OR reflectance OR transmitance OR luminesce* OR emission)
in the period from 1999 to 2021, accessed on February 4, 2021.

From each article, information was obtained such as authors’ names,
affiliation and funding entity, the document title, keywords, abstract, and
reference list, the publication citations and date and the journal informa-
tion, allowing to analyze the field in a multitude of parameters. We ana-
lyzed the field by creating a map based on text data (Figure 1), which
means that the abstracts and titles were scanned for terms or verified
whether a term is present or not (binary counting) and if it has a link with
some other term (both appear in the same document). If the term
appeared in a document, it is counted as one occurrence and if two terms
appear together in the same document (co-occurrence), a link is created
between them. The number of occurrences a term was represented by the
size of its circle, and the number of co-occurrences between two terms was
represented by the width of the line connecting them. Also, the proximity
of terms in the map was representative of how closely related they were,
despite having a co-occurrence or not, even though in some cases, a term
was linked with many others that were not related it can appear further
away, being placed in the middle of all his connections. There was also
the aggregation of terms that were homonym but had different interpre-
tations depending on the field. An example of this is the terms marked in
blue in Figure 1, that despite being closely related to all others (having
many strong connections), they do not appear close to either, being placed
in the middle. Based on these connections, it was possible to defined clus-
ters and as shown in Figure 1, these clusters contained indexing terms that
are representative of different fields of study. The analyses also allowed us
to have a clear view of the field evolution over the years and what elements
were trending.[111,112]

From these articles, we refined the search to include only smartphone-
related works, reviewing these examples and other works directly related to
those articles (citing or citation), to analyze the evolution of optical tem-
perature sensors for mOptical sensing in the context of the IoT.

Figures of Merit for Optical Sensing: To compare the performance of the
thermometers, the relative thermal sensitivity (Sr, %.K�1) was calculated
(marked values in Table 1) using the temperature thermometric parameter
Δ and δΔ/δT, the derivative of the Δ parameter to temperature (T ).[52,109]

In the work of Pan et al.,[93] the thermometric parameter was defined as
the peak position, having a variation from around pixel 732 to 644 in the
temperature range from 263 to 453 K, given by the estimated equation

ΔðTÞ ¼ �46.32� 10�2 T þ 72.73� 10 (4)

The δΔ/δT¼ 46.32� 10�2 and divided by the minimum value of Δ
(644) to obtain gives the maximum Sr � 0.07%K�1.

For the work of Lu et al.,[80] the thermometric parameter was defined as
the relative grey value, that had a variation from 73.48� 10�2 to
66.28� 10�2, in the temperature range from 30 ºC (303 K) to 70 ºC
(340 K) given by the equation

ΔðTÞ ¼ �1.80� 10�3 T þ 78.88� 10�2 (5)

The δΔ/δT¼ 1.80� 10�3 and divided by the minimum value of Δ
(66.28� 10�2) to obtain gives the maximum Sr � 0.27%K�1.

In the work of Fujiwara et al.,[79] the thermometric parameter was
defined as the intensity value, that had a variation from 1.89� 10�2 to
89.37� 10�2, in the temperature range from 20 ºC (293 K) to 120 ºC
(393 K) given by the equation
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ΔðTÞ ¼ 8.17� 10�5 T2 � 2.69� 10�3 T þ 0.04 (6)

The δΔ/δT¼ 16.34� 10�3 T� 2.69� 10�3 and divided by Δ (T ) gave
the maximum Sr � 6.74%K�1.

For the work of Othong et al.,[98] the thermometric parameter was
defined as the emission peak shift, that had a variation from �495 to
522, in the temperature range from 30 ºC (303 K) to 120 ºC (393 K) given
by the equation

ΔðTÞ ¼ �0.309 T þ 523.3 (7)

The δΔ/δT¼ 0.309 and divided by the minimum value of Δ (495) to
obtain gives the maximum Sr � 0.06%K�1.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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[37] M. D. Dramićanin, J. Appl. Phys. 2020, 128, 040902.
[38] J. Zhou, B. del Rosal, D. Jaque, S. Uchiyama, D. Jin, Nat. Methods

2020, 17, 967.
[39] H. Suo, X. Zhao, Z. Zhang, Y. Wang, J. Sun, M. Jin, C. Guo, Laser

Photonics Rev. 2020, 2000319, 1.
[40] M. Suta, A. Meijerink, Adv. Theory Simulations 2020, 2000176, 1.
[41] M. Jia, Z. Sun, M. Zhang, H. Xu, Z. Fu, Nanoscale 2020, 12, 20776.
[42] A. Bednarkiewicz, L. Marciniak, L. D. Carlos, D. Jaque, Nanoscale

2020, 12, 14405.
[43] E. D. Martínez, C. D. S. Brites, L. D. Carlos, A. F. García-Flores,

R. R. Urbano, C. Rettori, Adv. Funct. Mater. 2019, 29, 1807758.
[44] L. Marciniak, K. Prorok, L. Francés-Soriano, J. Pérez-Prieto,

A. Bednarkiewicz, Nanoscale 2016, 8, 5037.
[45] C. D. S. Brites, X. Xie, M. L. Debasu, X. Qin, R. Chen, W. Huang,

J. Rocha, X. Liu, L. D. Carlos, Nat. Nanotechnol. 2016, 11, 851.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2021, 2000211 2000211 (12 of 14) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


[46] A. Skripka, A. Benayas, R. Marin, P. Canton, E. Hemmer, F. Vetrone,
Nanoscale 2017, 9, 3079.

[47] R. G. Geitenbeek, H. W. De Wijn, A. Meijerink, Phys. Rev. Appl. 2018,
10, 1.
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[72] R. Piñol, C. D. S. Brites, R. Bustamante, A. Martínez, N. J. O. Silva,
J. L. Murillo, R. Cases, J. Carrey, C. Estepa, C. Sosa, F. Palacio,
L. D. Carlos, A. Millán, ACS Nano 2015, 9, 3134.

[73] Y. Cui, B. Li, H. He, W. Zhou, B. Chen, G. Qian, Acc. Chem. Res. 2016,
49, 483.

[74] M. Rodrigues, R. Piñol, G. Antorrena, C. D. S. Brites, N. J. O. Silva,
J. L. Murillo, R. Cases, I. Díez, F. Palacio, N. Torras, J. A. Plaza,
L. Pérez-García, L. D. Carlos, A.Millán, Adv. Funct. Mater. 2016, 26, 200.

[75] C. D. S. Brites, M. C. Fuertes, P. C. Angelomé, E. D. Martínez,
P. P. Lima, G. J. A. A. Soler-Illia, L. D. Carlos, Nano Lett. 2017,
17, 4746.

[76] K. Nigoghossian, Y. Messaddeq, D. Boudreau, S. J. L. Ribeiro, ACS
Omega 2017, 2, 2065.

[77] O. A. Savchuk, J. J. Carvajal, C. D. S. Brites, L. D. Carlos, M. Aguilo,
F. Diaz, Nanoscale 2018, 10, 6602.

[78] A. R. N. Bastos, C. D. S. Brites, P. A. Rojas-Gutierrez, C. DeWolf,
R. A. S. Ferreira, J. A. Capobianco, L. D. Carlos, Adv. Funct.
Mater. 2019, 29, 1905474.

[79] E. Fujiwara, P. L. Machado, T. C. D. Oliveira, M. C. P. Soares,
T. D. Cabral, C. M. B. Cordeiro, Sbfot. Int. Opt. Photonics Conf.
2019, https://doi.org/10.1109/SBFoton-IOPC.2019.8910250.

[80] L. Lu, Z. Jiang, Y. Hu, H. Zhou, G. Liu, Y. Chen, Y. Luo, Z. Chen,Opt.
Express 2019, 27, 25420.

[81] Y. Chen, J. He, X. Zhang, M. Rong, Z. Xia, J. Wang, Z. Q. Liu, Inorg.
Chem. 2020, 59, 1383.

[82] M. Jia, Z. Sun, H. Xu, X. Jin, Z. Lv, T. Sheng, Z. Fu, J. Mater. Chem. C
2020, 8, 15603.

[83] N. Katumo, G. Gao, F. Laufer, B. S. Richards, I. A. Howard, Adv. Opt.
Mater. 2020, 8, 2000507.

[84] Y. Ma, Y. Dong, S. Liu, P. She, J. Lu, S. Liu, W. Huang, Q. Zhao, Adv.
Opt. Mater. 2020, 8, 1901687.

[85] E. V. Salerno, J. Zeler, S. V. Eliseeva, M. A. Hernández-Rodríguez,
A. N. Carneiro Neto, S. Petoud, V. L. Pecoraro, L. D. Carlos, Chem.
Eur. J. 2020, 26, 13792.

[86] O. Savchuk, J. J. C. Marti, C. Cascales, P. Haro-Gonzalez, F. Sanz-
Rodríguez, M. Aguilo, F. Diaz, Nanomaterials 2020, 10, 993.

[87] M. Sójka, C. D. S. Brites, L. D. Carlos, E. Zych, J. Mater. Chem. C
2020, 8, 10086.

[88] S. Wang, S.Ma, J. Wu, Z. Ye, X. Cheng, Chem. Eng. J. 2020, 393, 124564.
[89] Z. Zhang, H. Suo, X. Zhao, C. Guo, Photon. Res. 2020, 8, 32.
[90] D. Zhang, Q. Liu, Biosens. Bioelectron. 2016, 75, 273.
[91] S. Kanchi, M. I. Sabela, P. S. Mdluli, Inamuddin, K. Bisetty, Biosens.

Bioelectron. 2018, 102, 136.
[92] K. E. McCracken, J. Y. Yoon, Anal. Methods 2016, 8, 6591.
[93] T. Pan, W. Cao, M. Wang, Opt. Fiber Technol. 2018, 45, 359.
[94] Y. Liu, Q. Liu, S. Chen, F. Cheng, H. Wang, W. Peng, Sci. Rep. 2015,

5, 12864.
[95] S. S. Hinman, K. S. McKeating, Q. Cheng, Anal. Chem. 2018, 90, 19.
[96] A. A. Markvart, L. B. Liokumovich, I. O. Medvedev, N. A. Ushakov,

J. Light. Technol. 2021, 39, 282.
[97] L. Shi, W. Song, C. Lian, W. Chen, J. Mei, J. Su, H. Liu, H. Tian, Adv.

Opt. Mater. 2018, 6, 1800190.
[98] J. Othong, J. Boonmak, F. Kielar, S. Youngme, ACS Appl. Mater.

Interfaces 2020, 12, 41776.
[99] P. Kumbhakar, A. R. Karmakar, G. P. Das, J. Chakraborty,

C. S. Tiwary, P. Kumbhakar, Nanoscale 2021, 13, 2946.
[100] J. Lee, W. K. Kim, J. Ind. Eng. Chem. 2021, 94, 457.
[101] W. Piotrowski, K. Trejgis, K. Maciejewska, K. Ledwa, B. Fond,

L. Marciniak, ACS Appl. Mater. Interfaces 2020, 12, 44039.
[102] J. F. C. B. Ramalho, S. F. H. Correia, L. Fu, L. M. S. Dias, P. Adão,

P. Mateus, R. A. S. Ferreira, P. S. André, npj Flex. Electron. 2020, 4, 11.
[103] J. F. C. B. Ramalho, L. C. F. António, S. F. H. Correia, L. S. Fu,

A. S. Pinho, C. D. S. Brites, L. D. Carlos, P. S. André,
R. A. S. Ferreira, Opt. Laser Technol. 2018, 101, 304.

[104] J. Choi, Y. Xue, W. Xia, T. R. Ray, J. T. Reeder, A. J. Bandodkar,
D. Kang, S. Xu, Y. Huang, J. A. Rogers, Lab Chip 2017, 17, 2572.

[105] J. Choi, D. Kang, S. Han, S. B. Kim, J. A. Rogers, Adv. Healthc. Mater.
2017, 6, 1601355.

[106] J. Choi, A. J. Bandodkar, J. T. Reeder, T. R. Ray, A. Turnquist, S. B. Kim,
N. Nyberg, A. Hourlier-Fargette, J. B. Model, A. J. Aranyosi, S. Xu,
R. Ghaffari, J. A. Rogers, ACS Sens. 2019, 4, 379.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2021, 2000211 2000211 (13 of 14) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

https://doi.org/10.1109/SBFoton-IOPC.2019.8910250
http://www.advancedsciencenews.com
http://www.adpr-journal.com


[107] R. Moreddu, M. Elsherif, H. Butt, D. Vigolo, A. K. Yetisen, RSC Adv.
2019, 9, 11433.

[108] R. Moreddu, M. Elsherif, H. Adams, D. Moschou, M. F. Cordeiro,
J. S. Wolffsohn, D. Vigolo, H. Butt, J. M. Cooper, A. K. Yetisen, Lab
Chip 2020, 20, 3970.

[109] S. A. Wade, S. F. Collins, G. W. Baxter, J. Appl. Phys. 2003, 94, 4743.
[110] A. G. Bispo, S. A. M. Lima, L. D. Carlos, R. A. S. Ferreira, A. M. Pires,

J. Lumin. 2020, 224, 117298.
[111] N. J. van Eck, L. Waltman, J. Informetr. 2014, 8, 802.
[112] N. J. van Eck, L. Waltman, Scientometrics 2017, 111, 1053.

João F. C. B. Ramalho got his M.Sc. in physics engineering at the University of Aveiro in 2016. In 2017,
he started his Ph.D. at the University of Aveiro in the field of smart disposable labeling and real-time
temperature sensing in the context of IoT, using organic–inorganic hybrid materials and QR codes. His
main interests are in the fields of smart labeling, IoT, and luminescence thermometry.

Luís D. Carlos is a full professor in the Department of Physics at the University of Aveiro, Portugal. He is
a member of the Lisbon Academy of Sciences and the Brazilian Academy of Sciences. He is editor of
Physica B—Condensed Matter, Physics Open, special chief editor of Frontiers in Chemistry (Inorganic
Chemistry), associate editor of the Journal of Luminescence, and member of the editorial board of the
Journal of Sol-Gel Science and Technology, Journal of Rare Earths, Sensors, Results in Optics, and
ChemPhotoChem. His research interests include nanothermometry, organic/inorganic hybrids for green
photonics, and optomagnetic nanomaterials.

Paulo S. André got a bachelor’s in physics engineering (1996), a Ph.D. (2002) and an Agregação in
physics from the Universidade de Aveiro, Portugal. He is full professor in the Department of Electrical
and Computer Engineering at Instituto Superior Técnico, University of Lisbon and is senior researcher of
the Instituto de Telecomunicações. He has published 230 papers, 550 communications, 20 books/books
chapters and 10 patents. His current research interests include the study and simulation of photonic and
optoelectronic components and systems, for sensing, communications, and energy applications. He is a
senior member of the Institute of Electrical and Electronics Engineers.

Rute A. S. Ferreira is an associate professor with “Agregação” in the Department of Physics at the
University of Aveiro and she is vice-director of CICECO—Aveiro Institute of materials. She is a member
of the Scientific Council for Exact Sciences and Engineering of the Portuguese Science Foundation (FCT)
and a member of the editorial board of Materials Today, Advanced Photonics Research and ACS Omega.
Her current scientific interests are focused on organic/inorganic hybrids foreseeing applications in the
fields of optoelectronics/green photonics (solid-state lighting, and integrated optics), photovoltaics
(luminescent solar concentrators and down-shifting layers) and single ion or molecule magnet.

www.advancedsciencenews.com www.adpr-journal.com

Adv. Photonics Res. 2021, 2000211 2000211 (14 of 14) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.adpr-journal.com


  

1 
 

mOptical sensing for the Internet of Things: a smartphone-controlled platform for 
temperature monitoring  
 
João F. C. B. Ramalho, L. D. Carlos, P. S. André,** R. A. S. Ferreira* 
 
João F. C. B. Ramalho, Prof. L. D. Carlos, Prof. R. A. S. Ferreira  
Department of Physics and CICECO - Aveiro Institute of Materials, University of Aveiro, 
3810-193 Aveiro, Portugal 
E-mail: rferreira@ua.pt 
 
Prof. P. S. André 
Department of Electrical and Computer Engineering and Instituto de Telecomunicações, 
Instituto Superior Técnico, Universidade de Lisboa, 1049-001 Lisbon, Portugal 
E-mail: paulo.andre@lx.it.pt 
  



  

2 
 

 
S1. Bibliographic survey 

 
Figure S1. Detailed chronological evolution of the a) red and b) green clusters presented in Figure 1 

in the manuscript. 
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Table S1. Selected terminology obtained from the survey of the manuscripts represented in 
figure 1 is detailed, were for each keyword is presented the label used, the cluster (I, II or III if 
the elements are shared by both clusters) it belongs, the number of connections with other 
keywords (links), the number of occurrences in the articles, the average publication year and 
the average number of citations. 

Label Cluster Links Occurrences Avg. pub. 
Year 

Avg. 
Citations 

birefringence 1 49 64 2012 26 
Bragg wavelength 1 40 76 2013 11 
Brillouin 1 21 39 2010 33 
Brillouin frequency shift 1 22 37 2013 21 
Brillouin scattering 1 29 59 2012 19 
cavity 1 71 169 2013 26 
cladding mode 1 46 69 2014 29 
CO2 laser 1 30 22 2012 11 
color 2 43 49 2015 37 
conversion emission 2 53 123 2015 29 
core fiber mode 1 60 117 2014 26 
cross sensitivity 1 55 60 2013 24 
crystal structure 2 39 32 2016 32 
curvature 1 36 31 2015 15 
distributed temperature sense 1 29 84 2014 19 
emission spectra 2 66 503 2016 32 
energy level 2 75 108 2016 37 
Er3+ 2 46 277 2016 32 
Er3+ Yb3+ 2 39 31 2016 39 
Eu3+ 2 36 53 2016 29 
excitation source 2 79 380 2015 30 
Fabry Perot interferometer 1 50 135 2014 25 
femtosecond laser 1 39 39 2014 24 
fiber Bragg grating 1 68 902 2012 19 
fiber core 1 35 35 2014 19 
fiber optic cable 1 11 43 2014 39 
fiber sensor 1 57 95 2014 28 
fiber temperature sensor 1 72 93 2013 17 
finite element method 1 37 28 2015 10 
fluorescence 3 51 90 2012 34 
fluorescence intensity ratio 2 56 493 2015 40 
fluorescence lifetime 2 38 28 2013 24 
fusion splicing 1 39 33 2013 42 
glass 3 66 116 2013 39 
glass ceramic 2 36 37 2016 36 
grating 1 67 206 2011 19 
green emission 2 41 62 2016 26 
Ho3+ 2 33 31 2016 23 
hole 1 56 80 2013 20 
intensity 3 92 288 2014 21 
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Table S1. (Continuation)  
label Cluster Links Occurrences Avg. pub. 

Year 
Avg. 

Citations 
interferometer 1 58 391 2013 26 
lifetime 2 50 75 2014 31 
liquid 1 58 68 2012 16 
long period grating 1 53 250 2011 22 
luminescence 2 47 138 2016 31 
luminescence property 2 40 33 2016 32 
Mach-Zehnder 
interferometer 1 49 178 2015 20 

microfiber 1 46 28 2016 16 
mpa 1 37 30 2011 27 
mu epsilon 1 43 66 2013 21 
multimode fiber 1 46 68 2014 28 
nanocrystal 2 46 73 2016 38 
nanoparticle 2 62 131 2015 36 
nir 2 39 31 2015 31 
optic coefficient 1 44 42 2013 22 
optical fiber sensor 1 60 103 2013 18 
optical temperature 2 0 32 2016 42 
optical temperature sensor 2 71 297 2015 34 
optical thermometry 2 45 156 2016 40 
phase 3 86 147 2014 27 
phosphor 2 47 199 2016 30 
photoluminescence 2 47 87 2015 18 
photonic crystal fiber 1 58 215 2013 33 
pm mu epsilon 1 50 71 2015 24 
polarization 1 60 78 2013 35 
polymer optical fiber 1 30 72 2015 24 
pressure sensitivity 1 38 27 2013 24 
quasi 1 28 24 2013 8 
rare earth 2 49 58 2014 45 
red emission 2 41 42 2016 27 
reflection 1 55 56 2012 16 
reflection spectrum 1 41 31 2016 18 
refractive index 1 71 404 2015 22 
refractive index unit 1 43 74 2015 22 
resonance wavelength 1 51 67 2013 20 
Sagnac interferometer 1 29 29 2012 23 
sensing fiber 1 30 39 2013 18 
sensor head 1 52 70 2012 32 
short section 1 35 27 2014 30 
silica 1 63 69 2013 21 
single mode fiber 1 69 405 2014 23 
sol gel method 2 35 37 2015 31 
solid state reaction method 2 35 46 2017 22 
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Table S1. (Continuation)  

label Cluster Links Occurrences Avg. pub. 
Year 

Avg. 
Citations 

spectra 3 91 217 2014 22 
splicing 1 30 25 2014 30 
strain sensor 1 76 564 2012 27 
temperature dependent 
luminescence 2 38 20 2016 34 

temperature profile 1 31 66 2013 22 
temperature sensing 
performance 2 59 58 2016 30 

temperature sensing property 2 63 56 2016 25 
thermal effect 3 49 37 2014 19 
thermal expansion 1 48 82 2012 19 
thermo optic coefficient 1 31 25 2013 17 
thermometry 2 52 81 2015 23 
Tm3+ 2 42 43 2016 34 
Transition 2 65 216 2014 32 
transmission spectra 1 63 100 2014 18 
up conversion 2 47 265 2015 34 
wavelength shift 1 66 130 2013 18 
Yb3+ 2 43 81 2016 31 
Yb3+ Er3+ 2 35 21 2016 38 
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S2. Luminescent thermometry figure of merit 
 
Table S2. Figures of merit of selected examples of luminescent thermometer representing the 
different thermometric parameters. 

Thermometric 
parameter 

Operating Range [K] Sr [%.K−1] dT [K] Ref. 

Peak shift 
12-300 1.0 – [1] 

293-333 2.2 0.26 [2] 

Single intensity 
188–303 5.3 0.1 [3] 

293–323 2.5 0.5 [4] 

Intensity Ratio 

293-343 7.1 0.09 [5] 

295-315 5.8 0.5 [6] 

293–323 5.0 0.3 [7] 

Lifetime 

298-348 2.2 – [8] 

298-333 2.8 – [9] 

298–363 0.60 0.9 [10] 
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S3. Materials used for optical sensing 

Table S3. Examples of materials used for optical sensing. The mechanism, the optical sensing 
variable, and the chemical or molecular structure are indicated. 

Mechanism Variable Materials Ref 

Luminescent 

Intensity ratio 

(Dibenzo[a,c]phenazine-9,14-diylbis(4,1-
phenylene))bis(methylene)bis(icosanoate) 

[11]

a 4,4-([2,2-bipyridine]-4,4-diyl)bis(N,N-diphenylaniline) – 
PEG8000 

[12]

Sr4Al14O25:Mn4+,Tb3+ [13]

Eu0.25Tb0.75(tfac)3⋅H2O – dU600 
(tfac =1,1,1-trifluoro-2,4-pentanedione) 

[14]

Lifetime Gd2O2S:Eu3+ [15]

Emission 
spectrum shift 

[Cd2(2,5-tpt)(4,5-idc)(H2O)4] 

2,5-tpt = 2,5-dihydroxyterephthalic acid 
4,5-idc = 4,5-imidazoledicarboxylic acid 

[16]

Intensity 
difference Mn2+-doped ZnS QDs [17]

Thermochromic Reflectance 

40 wt % cholesteryl oleyl carbonate(COC) 
40 wt % cholesteryl nonanoate (CN) 

20 wt % cholesteryl 2, 4-dichlorobenzoate (CD) 
[18]

35 wt % cholesteryl oleyl carbonate (COC) 
55 wt % cholesteryl nonanoate (CN) 
10 wt % cholesteryl benzoate (CB) 

[19]
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1 Customized Luminescent Multiplexed Quick-Response
2 Codes as Reliable Temperature Mobile Optical Sensors for
3 ehealth and Internet of Things

4Q2 João F. C. B. Ramalho, Lília M. S. Dias, Lianshe Fu, Alexandre M. P. Botas,
5 Luís D. Carlos, Albano N. Carneiro Neto, Paulo S. André,* and Rute A. S. Ferreira*

11. Introduction

2Internet of things (IoT) and health are two
3fields that have the potential to grow
4together. From their connection arises
5the concept of eHealth which refers essen-
6tially to the use of information and
7communication technologies in healthcare
8services.[1,2] This concept benefits from the
9advances of intelligent and integrated
10technological systems that are expected
11to live in and onto our bodies in different
12forms of flexible wearables.[3,4] Healthcare
13assisted by Q3portable and wireless technolo-
14gies is often termed mobile health
15(mHealth),[5,6] in which smartphones stand
16out as the most used ones. The combina-
17tion of eHealth and mHealth enables mon-
18itoring and health tracking, providing vital
19information for remote medicine analysis (or in point of care)
20and successfully detecting health abnormalities.[7] Moreover,
21eHealth and mHealth can mitigate the lack of infrastructural
22or human resources in underprivileged regions.[1]

23Requisites for eHealth andmHealth medical devices are being
24designed for customized in-home care toward continuous and
25noninvasive monitoring.[8] Among the vital signals, body temper-
26ature stands out as the easiest and typically monitored one by
27common persons to infer the health condition. The pandemic
28scenario exacerbated such need for sense in real time through
29sustainable and multifunctional labels of body temperature
30and the fast tracking of people information (e.g., COVID-19 test
31results, places visited).
32The Q4NIR thermal cameras are one of the main devices used
33due to the fast response times and noninterference to electro-
34magnetic fields in the working environment. Nonetheless, ambi-
35ent conditions (e.g., stray light, reflected radiation, flame, or gas
36steam) may lead to temperature uncertainty of up to 1–8%.[9] In
37addition, the temperature readout requires human resources,
38being time-consuming and error prone, and people tracking is
39not possible to be done simultaneously. The recent reports on
40mobile optical sensing mediated by smartphones appear as an
41intriguing strategy to enable large-scale sensing and tracking
42mediated by the user.[10] Very few works address simultaneously
43sensing and tracking,[10–13] most of the reports focused only on
44temperature sensing, though photographic records from the
45luminescent materials recorded with a smartphone or a digital
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6 The need to sense and track in real time through sustainable and multifunctional
7 labels is exacerbated by the COVID-19 pandemic, where the simultaneous
8 measurement of body temperature and the fast tracking of people is required.
9 One of the big challenges is to develop effective low-cost systems that can
10 promote healthcare provision everywhere and for that, smarter and personalized
11 Internet of things (IoT) devices are a pathway in large exploration, toward cost
12 reduction and sustainability. Using the concept of color-multiplexed quick
13 response (QR) codes, customized smart labels formed by two independent layers
14 and smart location patterns provide simultaneous tracking and multiple syn-
15 chronous temperature reading with maximum sensitivity values of 8.5% K�1 in
16 the physiological temperature range, overwhelming the state-of-the-art optical
17 sensor for healthcare services provided electronically via the internet (eHealth)
18 and mobile sensors (mHealth).
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1 camera.[14–16] The thermometric parameter relies on the color
2 variation arising from intensity variations. This offers consistent
3 measurements and avoids some of the problems identified in
4 other thermometric parameters, such as intensity changes due
5 to inhomogeneities in the concentration of the emitting centers
6 or excitation source power fluctuations.[17–20] However, some
7 recent works raise concerns on the reliability of the technique
8 caused by experimental artifices.[21–28] One solution to overcome
9 these limitations is the use of primary thermometers character-
10 ized by a well-established equation (e.g., Varshni’s law for
11 semiconductor nanoparticles[21,29] or Boltzmann distribution
12 when using intensity ratio between two thermally coupled
13 levels[13,30–35]), where all parameters are known without the need
14 of a prior calibration. Nonetheless, the theoretical knowledge of
15 the mechanism behind the emission dependence on the temper-
16 ature is unattainable inmost cases, disabling the a priori building
17 of a primary thermometer. Moreover, a comprehensive theoreti-
18 cal description of the mechanisms behind luminescence ther-
19 mometry was only established for single-ion Boltzmann-based
20 systems. New approaches combining experiment and theoretical
21 calculations are, therefore, desirable for other ratiometric
22 luminescent thermometers such as energy-driven ones.[36]

23 From the practical temperature-sensing point of view, lumi-
24 nescent quick response (QR) codes stand out as smart labels able
25 to provide sensing and allowing the data to be sent over the IoT
26 network, enabling the tracking functionality.[10] QR codes act as
27 the gateway to IoT due to the growing use of smartphones/
28 mobile devices and their properties such as fast and easy reading,
29 capacity to store more information than that found in conven-
30 tional codes, and versatility associated with the rapid and
31 simplified access to information.[13,37] An intriguing example
32 is the use of colored multiplexed luminescent QR codes based
33 on organic�inorganic hybrids (e.g., diureasils [38]) modified by
34 trivalent lanthanide (Ln3þ) ions. The photograph of the QR code
35 taken with the charged-coupled device (CCD) camera of a smart-
36 phone is used to measure the temperature through the intensity
37 ratio between the red (R), green (G), and blue (B) coordinates
38 with maximum relative sensitivity (Sm) and minimum tempera-
39 ture uncertainty (δTm), at 293 K, of 5.14% K�1 and 0.194 K,
40 respectively.[13] Despite this promising result, when thinking
41 about eHealth and mHealth challenges concerning security, easy
42 color reading and sensing reliability under ambient conditions
43 must be addressed. The former two aspects were recently
44 discussed.[37,39,40] Using the concept of supermodules QR
45 codes[37,41] designed to avoid the overlap of emission colors
46 (and rendering easier decoding), distinct security levels were
47 assured through UV illumination (first level) and encrypted
48 information securely transmitted to a server or database (second
49 level).[37] However, although security and color demultiplexing
50 limitations are overcome using this multiplexing scheme of
51 QR codes, temperature sensing was not explored yet.
52 In this work, we further explore the optical features of two
53 noncontacting aqueous and plastic inks doped with judiciously
54 chosen lanthanides (Ln3þ¼ Eu3þ and Tb3þ) complexes compris-
55 ing suitable ligands. Pure color emission (full width at half max-
56 imum, fwhm< 4 nm) in the red (Eu3þ) and green (Tb3þ) spectral
57 regions and excellent photo- and chemical stabilities were
58 demonstrated upon accelerated aging tests conducted under
59 controlled relative humidity and temperature and prolonged

1continuous solar irradiation (AM1.5G, 1000Wm�2).[37] Two
2QR codes based on a conventional black/white QR code and a
3luminescent QR code with customized smart location patterns
4were stamped on a medical adhesive. These smart labels provide
5trackability and three synchronous and independent temperature
6readouts based on photographs taken with a smartphone. As an
7added benefit, the thermal optical properties of the dual Tb3þ/
8Eu3þ intra-4f emission intensities, thermometric parameters,
9and thermal sensitivity were theoretically modeled using density
10functional theory (DFT), through its time-dependent approach
11(TD-DFT),[42] intramolecular energy transfer (IET),[43] and rate
12equations.[44] This theoretical modeling furnishes directions
13for further improvements in what concerns the design of
14luminescent inks with tailored color emission and thermal
15dependence toward smarter and personalized IoT medical
16devices for eHealth and mHealth.

172. Results and Discussion

182.1. Customized QR Codes’ Design and Optical Properties

19Medical adhesives were used to print customized luminescent
20QR codes designed for trackability, authentication, security,
21and sensing (Figure 1). The black/white QR code is accessed
22under ambient illumination and can be easily scanned with
23the user’s mobile device, providing a link to an internet server
24containing static information (e.g., medical or directions for
25use typically printed on the adhesive box). Under LED excitation,
26a luminescent QR code formed by red-emitting (Eu3þ) smart
27location patterns and green-emitting modules (Tb3þ) becomes
28visible. The red color (location patterns) and the green one (mod-
29ules) arise from the optical features of Eu3þ-/Tb3þ-doped organ-
30ic�inorganic inks. The hybrid host (termed diureasil[38]) is
31formed by polyether chains covalently bonded to a siliceous skel-
32eton (Figure S1a, Supporting Information). The ink incorporat-
33ing Eu3þ and Tb3þ will be hereafter termed dU6Eu and dU6Tb,
34respectively.
35The luminescent smart QR codes are able to store unique
36authentication tags,[37] that can be securely transmitted to a
37remote server, which enables the trackability and the triggering
38of security alerts or other additional security features (dU6Tb and
39dU6Eu, Figure 1). In simultaneous, the combination of the green
40and red emissions will permit the temperature measurement
41through three independent readouts (thermometric parameters
42Δ1–3, Figure 1). Moreover, and as an added benefit, Δ3 is
43theoretically predicted based on energy transfer processes.
44Following this strategy, Figure 2 shows photographic records
45of the customized QR codes under natural daylight (Figure 2a,b)
46and UV radiation (Figure 2c,d) printed on a commercial medical
47adhesive. We note the remarkable mechanical properties of aque-
48ous-based inks (Figure S2–S8, Supporting Information),
49endorsed by the flexibility of the printed optical sensors
50(Figure S8, Supporting Information). As an added benefit, the
51multiplexed QR codes display a two-fold storage capacity (com-
52pared with that of the conventional ones).[45] Individual lumines-
53cent QR codes printed on a plastic substrate (acetate) were also
54fabricated.[13]
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1 These intriguing properties of the selected inks benefit from
2 the judicious choice of Ln3þ complexes and of its interaction with
3 diureasil host, as detailed in Supporting Information. The red
4 and green emission colors arise from the intra-4f 6 (dU6Eu)
5 and intra-4f 8 (dU6Tb) transitions, as shown in Figure 2e,f.
6 For the latter, low-relative intensity broadband in the blue spec-
7 tral region ascribed to diureasil intrinsic emission[46] is also dis-
8 cerned (Figure 2g). This emission is ascribed to electron�hole
9 recombination occurring in the siliceous backbone (Si) and on
10 the urea (NH) crosslinkages.[47,48] The temperature dependence
11 of the emission of the dU6Tb QR code is perceptible to the naked
12 eye (Figure S9, Supporting Information) due to the changes in
13 the relative intensity between the intra-4f 8 transitions and
14 the ureasil broadband (emission color variation within the

1yellowish�green spectral region, Figure 2h). In the case of the
2dU6Eu QR code, only the intra-4f 6 transitions are discerned,
3whose energy is independent of the temperature, yielding a
4constant color in the temperature range (298–314 K) lying in
5the red pure color region of the chromaticity diagram.
6As the emission intensity and color are strongly influenced by
7the contribution (dU6Tb) or absence (dU6Eu) of the diureasil
8blue component, we modeled the red (Eu3þ) and green (Tb3þ)
9components using DFT and IET theory[43] and the rate equa-
10tions[44] (Section 4 in Supporting Information for details). The
11diureasil emission intensity was not modeled because although
12the diureasil emitting level populations were included in the rate
13equations, the nonradiative energy transfer from the diureasil
14emitting levels to the ligand triplet states induces very low

Temperature sensing
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General information
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(b)
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Figure 1. Schematic of the proposed QR codes based on luminescent modules (dU6Tb) and smart location patterns (dU6Eu). The QR code contains
three independent temperature readouts due to the use of two distinct inks (color multiplexing). The combined use of dU6Eu and dU6Tb enables the
addition of a theoretical-derived thermometric parameter. The use of dedicated applications/devices permits monitoring and security through an
encrypted connection to a server.
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1 populations. Therefore, emphasis was given to the Ln3þ-based
2 emission modeling.
3 The DFT and TD-DFT provide us the necessary data (such as
4 molecular structure and the centroid of the low-energy lying
5 donor singlet (S1) and triplet (T1) states in each complex,
6 Figure S13 and S14, Supporting Information) to proceed with
7 the IET calculations. The intersystem crossing rate S1 ! T1
8 (WISC) is sensitive to the energy gap between the S1 and T1
9 state,[49] being 8063 cm�1 (dU6Eu) and 6507 cm�1 (dU6Tb)
10 and leading to non-negligible values of WISC� 105 s�1 and
11 106 s�1, respectively.[50–52] The observation of the ureasil-related

1band in dU6Tb is ascribed to higher backward energy
2transfer rates from Tb3þ levels to the hybrid moieties
3(WNH

b ¼ 1.15� 109 s�1 and WSi
b ≅ 3.62� 105 s�1 and backward

4pathways 47–88 in Table S5, Supporting Information, than the
5forward ones (WNH ≅ 8.56� 105 and WSi ≅ 9.28� 103 s�1, for-
6ward pathways 47–88 in Table S5, Supporting Information).
7Also, the decrease in the ureasil band intensity when tempera-
8ture increases is corroborated by the population fraction reduc-
9tion of the Si and NH moieties (Figure S16, Supporting
10Information). In contrast, in the case of dU6Eu, the diureasil
11band is absent due to the lower backward energy transfer
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1 rates from the Eu3þ levels to the hybrid moieties
2 (WNH

b ¼ 2.80� 107 s�1 and WSi
b ≅ 1.24� 104 s�1, backward

3 pathways 35–64 in Table S6, Supporting Information),
4 together with an enhancement of the forward ones
5 (WNH ≅ 5.13� 108 s�1 and WSi ≅ 6.84� 104 s�1, forward path-
6 ways 35–64 in Table S6, Supporting Information). The lower
7 backward energy transfer rates and the higher forward ones
8 observed for dU6Eu, compared with dU6Tb, are rational for
9 the experimental evidence concerning the presence of radiative
10 emission from the diureasil excited states only in the presence of
11 the Tb3þ-based complex.
12 These optical features enable the correlation of the emission
13 spectra thermal dependence with the color coordinates in the
14 1931 Commission Internationale d’Eclairage (CIE) XYZ and
15 red, blue, and green (RGB) color spaces, using the QR codes’
16 photographs taken with a smartphone. The dU6Eu and
17 dU6Tb emission spectra overlap the CIE color-matching func-
18 tions termed x, and y, z, respectively (Figure S10, Supporting
19 Information), which are mathematical transformations from
20 1931 CIE RGB color-matching functions (Figure S11,
21 Supporting Information). Attending to the larger overlap of
22 the intra-4f 6 (dU6Eu) and intra-4f 8 (dU6Tb) transitions with
23 the R and G components (92% and 76%, respectively), those were
24 used to quantify the emission dependence on the temperature.
25 The B channel corresponds to the contribution of the diureasil
26 emission in the case of dU6Tb. For this label, the intensity of G
27 increases, whereas the B channel intensity decreases as the tem-
28 perature increases (Figure 2i). For the dU6Eu QR code, the R

1channel intensity increases as observed for the R component,
2in the 294–314 K range. (Figure 2i). An analogous trend was
3observed for the integrated intensity of the intra-4f 6 (dU6Eu)
4and intra-4f 8 (dU6Tb) transitions (Figure S12, Supporting
5Information), reinforcing that the R and G components are good
6choices to quantify the thermal emission intensity dependence.
7The measured color change is an opportunity to build a sensor
8for mHealth including IoT based on the RGB color coordinates
9from images acquired with a smartphone, avoiding the use of
10expensive and less accessible equipment. This allows the defini-
11tion of different thermometers within the same label to work
12together to improve the reliability through the temperature sens-
13ing using independent readouts based on single QR codes and
14combining the emission features of distinct labels (modules and
15location patterns). To achieve such a goal, three (i¼ 1–3) thermo-
16metric parameters (Δi) are defined (Equation (1), Figure 3 and 5).2

666664

8>>>>><
>>>>>:

Δ1 ¼
G
B

Δ2 ¼
R
B

Δ3 ¼
G
R

3
777775 (1) Q6

17Using only the dU6Tb layer, Δ1 is based on the ratio between
18G and B. Combining the dU6Tb with the dU6Eu, two extra
19parameters are defined (Δ2 and Δ3). Q7Setting as reference the
20R component (dU6Eu) in combination with B from dU6Tb
21(Δ2) and using as the R component (dU6Eu) and G from
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1 dU6Tb (Δ3). These are independent ratiometric thermometers
2 whose performance is typically evaluated using the relative sen-
3 sitivity and the temperature uncertainty (Section S3, Supporting
4 Information, for more details).[53] Calculation of relative sensitiv-
5 ity requires the differentiation of Δ for temperature; here, a sim-
6 ple two-point numerical differentiation was used, yielding both a
7 maximum relative thermal sensitivity (Sm) of 8.5% K�1 at 294 K
8 and a minimum temperature uncertainty (δT ) of 0.18 at 294 K
9 (Figure 3b,c). The comparison of Sm with data reported in the
10 literature is shown in Figure 3d. Such comparison includes
11 the figures of merit from conventional spectroscopic[23,54–78]

12 and mOptical sensing for IoT.[13,14,79–81] Noticeably, the figures
13 of merit reported here are among the best ones in the literature,
14 demonstrating the potential of color demultiplexing[45] to push
15 luminescence thermometry toward IoT in a simple way.
16 We note that such figures of merit although useful to distin-
17 guish some medical situations, such as the monitoring of injured
18 or wound body locations, where the temperature variation that
19 may indicate the presence of an infection is usually about
20 1 �C,[82] are less suitable to establish a fever status. As fever is
21 determined in a shorter temperature range (37.8–40.0 �C),[83,84]

22 the typical Sm and δT values reported so far in such a narrow range
23 may lead to false positives, false negatives, or inconclusive results,
24 being unsatisfactory for some medical applications. In fact, the
25 improvement of Sr and δT values for physiological temperatures
26 was recognized as one of the main challenges of the emerging
27 field of luminescent micro- and nanothermometry[19][53][85] and
28 a recent breakthrough in this direction reporting a tenfold
29 improvement in Sr and δT in that temperature range, reaching
30 a world record of 50%K�1 and 0.05 K, respectively.[78]

31 In the next section, we will provide theoretical modeling for Δ3,
32 allowing the temperature readout based on the R andG components
33 to be independently verified through theoretical modeling. This per-
34 mits to infer degradation of the medical adhesive as a smart label
35 because the R and G coordinates arise from dU6Eu and dU6Tb
36 inks, respectively. Therefore, any deviation between the predicted
37 temperature through Δ3 using the ratiometric and the theoreti-
38 cal-derived thermometer approaches is evidence that the medical
39 adhesive is damaged and should be replaced. We also notice that
40 the temperature readout is conducted in a short time interval (1/
41 10 s), disabling, therefore, any potential effect of illumination on
42 sample heating, even if prolonged exposure time in real applications
43 is expected as one of the QR code features is the fast-reading time.

44 2.2. Theoretical Modeling of the R/G Luminescent
45 Thermometer

46 Typically, when characterizing a luminescent thermometer, the Δ
47 values would be used to adjust a fitting curve that describes the
48 variation in the full temperature range (termed calibration curve).
49 When lacking a well-defined and well-known theoretical model, an
50 empirical (and most of the cases generic) equation is used. It can
51 be argued that in some scenarios this does not bring much value
52 other than describing the temperature dependence of the Δ
53 parameter. Furthermore, this procedure could even lead to the
54 introduction of artifacts in the evaluation of the thermometer fig-
55 ures of merit due to the miss-fitting procedure. From the theoret-
56 ical point of view, we can rationalize the thermometric parameter

1Δ3¼G/R, establishing how the IET rates involving Ln3þ ions may
2define the populations of 5D4 (Tb

3þ) and 5D0 (Eu
3þ) emitting lev-

3els when the temperature changes (see Section S4 and S5,
4Supporting Information, for more details).
5To conduct the theoretical modulation, two experimental sets
6of data are required, namely, the molecular structure of dU6Ln
7(Ln¼ Tb, Eu) and the experimental lifetime of the excited emitting
8states. Therefore, the photophysical properties of the flexible QR

(a)

(b)

(c)

Figure 4. a) Temperature dependence of 5D4 and
5D0 lifetimes, excited at

365 nm and monitored at 543 and 612 nm, respectively. Jablonski-type
energy level diagrams for b) dU6Tb and c) dU6Eu systems showing
the levels, the decay rates, and the main IET rates involved (forward
and backward). τT, τS, τSi, τNH, and τLn are the lifetimes of T1, S1, Si,
NH, and 4D4,

5D0 emitting levels. WT, WS, WNH, and WSi are the forward
IET rates from the T1, S1, NH, and Si states to the Ln3þ ion, respectively,
whereasW5!6 is the multiphonon decay rate from the Ln3þ upper levels to
the emitting ones. The superscript HL indicates the hybrid-to-ligand rates
from dU(600) moieties (NH and Si) to the ligands’ (SA� and tta�) T1 and
S1 states. All the backward rates are indicated by a subscript b.
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1codes were further characterized as a function of the temperature
2by the measurement of the 5D4 (dU6Tb) and 5D0 (dU6Eu) life-
3times (τLn) monitored in a large broad temperature interval
4(14–350 K, Figure 4a). All the decay curves are well modeled by
5a single exponential function, providing evidence that the 5D0 life-
6time remains stable up to 250 K (0.624� 0.002�10�3 s), decreas-
7ing to 0.466�0.005�10�3 s at 350 K (Figure 4a and Figure S6,
8Supporting Information). The 5D4 lifetime remains stable up to
9200 K (1.10�0.03�10�3 s), increasing to 1.353� 0.005�10�3 s
10at 350 K (Figure 4a and Figure S7, Supporting Information).
11However, the thermal dependence of the 5D0 lifetime is typically
12observed in several complexes arising from compelling thermally
13activated nonradiative mechanisms.[86,87] The 5D4 lifetime
14increases uncommonly, demonstrating the active role of diureasil
15on the optical features of the inks. In particular, the dependence of
16the Q8refractive index of the hybrid host on the temperature, char-
17acterized by a high thermal optical coefficient
18(��7�10�4 �C�1),[88] which directly contributes to a slight
19decrease in the radiative rate Arad (also known as spontaneous
20emission coefficients, Equation S(21), Supporting Information),
21once it is very dependent on the refractive index n.
22Furthermore, the 5D4 nonradiative decay (Anrad) is also decreased
23due to the higher nonradiative backward rate
24Tb3þ ! T1 (WT

b ¼ 1.30� 108 s�1) than the forward T1 ! Tb3þ

25(WT ¼ 1.04� 106 s�1), meaning that a parcel of nonradiative
26decay from 5D4 is transferred to the salicylic acid T1 state. The
27latter effect is not observed in the dU6Eu compound due to its
28WT > WT

b opposite condition for any temperature (Table S6
29and Figure S15, Supporting Information).

Table 1. Steady-state regime population of the ground and Ln3þ emitting
levels for the dU6Tb and dU6Eu complexes in the 294–313 K range.

T [K] dU6Tb dU6Eu

N0 N6 (�10�1) N0 N6 (�10�1)
294 0.9179 0.8200 0.9566 0.3729

295 0.9157 0.8420 0.9565 0.3735

296 0.9122 0.8776 0.9564 0.3742

297 0.9127 0.8720 0.9563 0.3749

298 0.9169 0.8300 0.9562 0.3756

299 0.9109 0.8904 0.9561 0.3763

300 0.9017 0.9826 0.9560 0.3769

301 0.9017 0.9820 0.9559 0.3776

302 0.8976 1.0230 0.9558 0.3783

303 0.8947 1.0522 0.9557 0.3790

304 0.8898 1.1015 0.9556 0.3796

305 0.8912 1.0874 0.9555 0.3803

306 0.8873 1.1265 0.9554 0.3809

307 0.9179 0.8200 0.9553 0.3816

308 0.9157 0.8420 0.9552 0.3823

309 0.9122 0.8776 0.9551 0.3830

310 0.9127 0.8720 0.9550 0.3836

311 0.9169 0.8300 0.9549 0.3843

312 0.9109 0.8904 0.9548 0.3849

313 0.9017 0.9826 0.9547 0.3856

(a) (b)

(c)

3

(d)

Figure 5. Normalized experimental G (dU6Tb) and R (dU6Eu) color coordinates retrieved from the images and theoretical intensities for a) dU6Tb and
b) dU6Eu in the 294–313 K range. c) Thermometric parameterΔ3 and d) relative sensitivity. The experimental and theoretical data are represented by filled
squares and empty circles, respectively.
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1 From the calculated IET rates, and Jablonski-type diagrams
2 (Figure 4b,c), we may describe the global kinetics involved in
3 each dU6Ln, simulating their intra-4f emissions (i.e., 5D4!7F5
4 and 5D0!7F2). The emitting level population in the steady-state
5 regime and the comparison between experimental and theoreti-
6 cal values for the emission intensities (5D4!7F5 and

5D0!7F2)
7 and the thermometric parameterΔ3 are shown in Table 1 and S7,
8 Supporting Information, respectively.
9 Figure 5 shows the good agreement between experimental and
10 theoretical thermometric properties involving the G and R color
11 coordinates, demonstrating that IET rates can be used to predict
12 the performance of energy-driven luminescent thermometers.
13 Moreover, this approach provides an extra tool for materials
14 design and, in the present case, to establish a simple tool to deter-
15 mine the lifetime of the medical adhesive as a reliable sensor.
16 The need for replacement is set when distinct temperature values
17 of Δ3 are indicated via the ratiometric approach (Equation (1))
18 and theoretical predictions, establishing a self-performance
19 evaluation of the medical adhesive.

20 3. Conclusion

21 Luminescent QR codes based on the combination in a singlemate-
22 rial of a diureasil organic�inorganic host and Eu3þ and Tb3þ com-
23 plexes were designed to develop a smart labelmedical adhesive.Q9 The
24 QR codes were printed on commercial medical adhesive and the
25 two independent layers and smart location patterns provide simul-
26 taneous tracking and multiple synching of the temperature. The
27 thermometers display three independent radiometric readouts,
28 and the combined use of Eu3þ and Tb3þ enables the addition of
29 a theoretical-derived thermometric parameter, using TD-DFT
30 and IET as theoretical background. The modeling used here
31 showed to be useful for prediction and allowed us to know which
32 parameters can bemodulated to improve the thermal response of R
33 and G emission of the inks. This new theoretical methodology is a
34 step toward a smart design of responsive QR codes for the IoT.
35 Noticeably, this theoretical approach can be easily extended to other
36 Ln-based materials featuring emission optimization in different
37 areas behind sensing (lighting, photovoltaics, among others).

38 4. Experimental Section
39 The inks were based on organic�inorganic hybrids (diureasils),[38]

40 whose preparation occurred under ambient conditions and exclusively
41 relied on “green” water-based methods.[37] Such simple, fast, clean,
42 and cheap processes will be sought, ideal in a scale-up scenario for indus-
43 trial applications and its processing as QR codes ensure IoT for sensing
44 applications for widespread sustainable use. Moreover, they combined the
45 advantages of Ln3þ, such as long emission lifetimes (millisecond scale)
46 and pure color emission. Also, Ln3þ stood out because of the well-known
47 poor stability of organic dyes (natural or synthetic)[89] and quantum dots
48 (QDs), whose autofluorescence, scattering, and phototoxicity were
49 unwanted for large societal widespread.[90] The temperature was mea-
50 sured based on the thermal dependence of the emission color of codoped
51 lanthanide (Ln3þ¼Eu3þ, Tb3þ)-based organic�inorganic hybrids.
52 Materials and Synthesis: α,ω-diaminepoly(oxyethylene-co-oxypropylene)
53 (ED-600, Huntsman), 3-isocyanateproplytriethoxysilane (ICPTES, 95%,
54 Aldrich), 2-thenoyltrifluoroacetone (Htta, Sigma-Aldrich), salicylic acid
55 (SA, Acofarma, Spain), and EuCl3·6H2O (Aldrich) were commercially avail-
56 able. Terbium chloride (TbCl3) aqueous solution (0.2mol L�1) was

1obtained by dissolving terbium oxide (Tb4O7, Yuelong New Material
2Co., Ltd., Shanghai, China) in hydrochloride acid (HCl, 37%, Aldrich).
3Tetrahydrofuran (THF) and absolute ethanol (EtOH) were used as sol-
4vents. HCl (0.05mol L�1) and sodium hydroxide (NaOH, 1.0 mol L�1)
5aqueous solutions were used for the sol–gel reaction and Tb complex for-
6mation. All chemicals were used as received without purification. Distilled
7water was used throughout the experiments.
8Synthesis of the Complexes Eu(tta)3(H2O)2 and TbSA: Eu(tta)3(H2O)2
9(Figure S1b, Supporting Information) was synthesized by reaction of
10EuCl3·6H2O and tta in the presence of NaOH ethanol solution with the
11molar ratio of EuCl3·6H2O:tta:NaOH¼ 1:3:3 according to the method
12described in the study by Melby et al.[91] Elemental analysis results were
13in good agreement with the proposed formula of Eu(tta)3·2H2O. Calcd.
14(%) for C24H16EuF9O8S3: C 33.85, H 1.89, and S 11.30; found: C
1533.73, H 1.81, and S 11.88. The TbSA complex was synthesized by reaction
16of TbCl3 with SA in the mixed solution of EtOH and water.
17Synthesis of the dU6Eu Ink: The organic�inorganic hybrid precursor
18d-UPTES(600) (Figure S1a, Supporting Information) was prepared by
19reaction of ED-600 and ICPTES using THF as the solvent according to
20the procedure published previously.[38] The dU6Eu ink was prepared by
21mixing 50mg of Eu(tta)3(H2O)2 dissolved in 10mL of EtOH and 5.0 g
22of d-UPTES(600) under stirring. The dU6Eu ink (sol) was also dried to
23obtain dU6Eu gel.
24Synthesis of the dU6Tb Ink: dU6Tb ink was prepared according to our
25previous protocol with some modifications.[37,92] Typically, 1.371mL
26(0.274mmol) of TbCl3 aqueous solution was added to a beaker and dried
27to evaporate the water. Then, 1.0 g (0.913mmol) of d-UPTES(600) was
28added, followed by the addition of 5 mL of absolute ethanol. The mixture
29was stirred at room temperature to get a clear solution. Then, 0.098mL of
300.05mol L�1 HCl was added and stirred at room temperature for 30 min.
31113.6mg (0.821mmol) of SA was added, stirred for some time, and finally,
320.823mL of 1.0 mol L�1 NaOH aqueous solution was added under
33stirring. The molar ratio of d-UPTES(600):TbCl3:SA:NaOH was
341:0.3:0.9:0.9. The above mixture was stirred at room temperature for a
35while and dU6Tb ink was obtained. The dU6Tb ink (sol) was also dried
36to afford dU6Tb gel. The viscosities of dU6Eu and dU6Tb were measured
37on Brookfield DV-IIþ Pro Viscometer at room temperature, and the values
38were 4.89 and 4.51mPa s for dU6Eu and dU6Tb, respectively.
39QR Code Processing: The dU6Tb and dU6Eu QR codes were generated
40with the message “TEMP¼”, resulting in a version 1 QR code with an error
41correction level of 7%. The luminescent QR codes were produced on a
425.0� 10�4 m-thick acetate substrate layer, laser cut into the QR code shape
43(the region of the inactive modules was removed), and afterward coated
44with dU6Tb and dU6Eu inks. After deposition, the substrates with the lumi-
45nescent QR codes were transferred to an oven at 45 �C for 48 h. As proof of
46concept for biomedical applications, a black/white QR code was transferred
47to a medical adhesive using a stamping process. The QR code was printed
48on transfer paper (Transfer Paper Inkjet Light A4) and transferred to the
49medical adhesive using a heat press. The luminescent material was depos-
50ited on top of the black/white QR code using an airbrush technique. The
51luminescent QR codes’ design in the medical adhesive was achieved using
52an acetate mask with a dot-shaped QR code. To ensure reproducibility,
53around 50 QR codes were printed with different dimensions, modules,
54and location pattern types using distinct deposition techniques. There is
55no evidence that the QR codes processing induces any change in the ther-
56mal sensitivity, as the luminescence ratio intensity is not affected.
57Emission Spectra and Photographic Records: The QR code response to
58temperature was calibrated using the emission spectra and the smart-
59phone photographic records of the QR codes under UV excitation
60(Spectroline ENF-280C/FE, 365 nm). Temperature control was made with
61a homemade Peltier plate-based temperature controller and a K-type ther-
62mocouple. After setting a temperature in the controller, the QR code was
63let to thermalize for �5min. As reported previously this acquisition setup
64configuration ensured temperature uniformity within the QR code.[13] The
65temperature-dependent emission spectra of the QR codes were measured
66using a portable spectrometer (OceanOptics Maya 2000 Pro with an inte-
67gration time of 250ms) coupled with an optical fiber placed at a central
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1 location of the code. After the acquisition of a spectrum, photographic
2 records of the QR codes were taken with a smartphone camera.
3 Image Processing: The photographic records of the QR codes were cap-
4 tured with a Sony ILCE-7M3 with a sensor CMOS Exmor R (35mm full
5 frame) and also with an unchanged available smartphone with a resolution
6 4160� 3120 pixel2, an aperture of f/1.9, and sensor dimension of 1/2.6",
7 using a commercially available camera app that allows locking all the
8 settings and ensuring the same conditions during the experiment. The
9 images were acquired with an exposure time of 1/10 s. The color coordi-
10 nates from the photographs were determined using the RGB model.[13,93]

11 RGB Color Model: The RGB color model is an additive model that gen-
12 erates each color by mixing unique quantities of the three primaries red,
13 green, and blue. Know that each color is composed of a unique set of RGB
14 coordinates and it is possible to reverse the process and obtain the original
15 primary values. Based on this, every image in this color model can be
16 decomposed into three separated images (one corresponding to a chan-
17 nel). Each image was analyzed by an intensity histogram (considering the
18 intensity of all pixels in the image) fitted by a Gaussian probability density
19 function (pdf ). From the fit, it was possible to separate the luminescent
20 contribution from the nonluminescent. Also, it was possible to extract the
21 R, G, and B values for luminescent material, which were the values
22 obtained from the associated pdf.[13,93]

23 Theoretical Simulations: The molecular geometry optimizations of
24 dU6Ln (Ln: Tb and Eu) were calculated using the Gaussian 09 program[94]

25 with B3LYP functional.[95,96] The basis set 6-31 G(d) was used and the Ln3þ

26 ions were treated with MWB52 (Eu3þ) andMWB54 (Tb3þ).[97] The TD-DFT
27 was conducted using the optimized structure and the same functional and
28 basis set as mentioned before. The intensity parameters were obtained
29 using the simple overlap model[98] (SOM) for the ligand field and the bond
30 overlap model[99,100] (BOM) for the ligand�polarizability dependent term
31 in the JOYSpectra program.[101] The IET rates were calculated according to
32 the approach described in the literature.[43,102–104] The kinetics of an IET
33 process included an equilibrium involving the absorption, IET (both for-
34 ward and backward energy transfer), radiative and nonradiative decay rates
35 involving the donor moieties (NH/Si of the hybrid; S1/T1 of the main
36 ligands SA- and tta-), and Ln3þ-ion states. This kinetics was described
37 by an appropriate system of rate equations for a hybrid ligand–Ln3þ unit;
38 the ensemble of these factors enabled the description of macroscopic
39 photophysical properties such as Ln3þ emission.
40 Figure 4 shows the simplified energy-level diagrams for the dU6Tb
41 and dU6Eu compounds. All effective energy transfer channels are
42 illustrated, showing the complexity of a seven-level energy-level
43 diagram.Q10 According to the diagrams, the population of a state jni
44 was addressed as Nn, and taking into consideration, in the independent
45 systems model, the populations of each system were normalized
46 (ΣNn¼ 1). Under these conditions, a seven-level system composed of
47 ordinary differential equations (ODEs) with their respective initial
48 conditions (when the time is t¼ 0) is given by
49 ODE t¼ 0

dN0

dt
¼ 1

τT
N1 þ

1
τS

N2 þ
1
τSi

N3 þ
1

τNH
N4 þ

1
τLn

N6 � ϕN0 N0 ¼ 1 (2)

dN1

dt
¼ W ISCN2 þWSi�TN3 þWNH�TN4 þWT

bN6

� 1
τT
þWT þWNH�T

b

� �
N1 N1 ¼ 0

(3)

dN2

dt
¼ ϕN0 þWS

bN5 �
1
τS
þW ISC þWSi�S

b þWNH�S
b

� �
N2 N2 ¼ 0 (4)

dN3

dt
¼ WSi�S

b N2 þWSi
b N5 �

1
τSi
þWSi�T þWSi

� �
N3 N3 ¼ 0 (5)

dN4

dt
¼ WNH�T

b N1 þWNH
b N5 þWNH�S

b N2

� 1
τNH
þWNH�T þWNH

� �
N4 N4 ¼ 0

(6)

d5
dt
¼ WSN2 � ðW5!6 þWS

b þWNH
b þWSi

b þWT
bÞN5 N5 ¼ 0 (7)

dN6

dt
¼ WTN1 þWSiN3 þWNHN4 þW5!6N5 �

1
τLn
þWT

b

� �
N6 N6 ¼ 0

(8)

50WT
B highlighted in green (Equation (7)) and in red (Equation (8)) are

51considered only in the case of Tb3þ (green) and Eu3þ (red) once the back-
52ward ratesWT

b (T1!Ln3þ) are owed to the level N6 for Eu
3þ (5D0 and

5D1)
53and toN5 for Tb

3þ (upper levels). For example, the backward energy trans-
54fer from the Tb3þ emitting level (5D4) to T1 is in the order of � 10�2s�1

55(see pathway 26, Table S5, Supporting Information); thus, the Tb3þ upper
56levels (N5) are responsible for the rateWT

b � 108 s�1 (see pathways 28 and
5741 in Table S5, Supporting Information); then, WT

b should be considered
58only in Equation 7 for dU6Tb, whereas, for the dU6Eu case, WT

b is
59considered only in Equation (8).
60τT, τS, τSi, τNH, and τLn are the lifetimes of T1, S1, Si, NH, and Ln3þ emit-
61ting levels, respectively. In our simulations, τT ¼ 1� 10�3 s,
62τS ¼ 1� 10�9 s, τSi ¼ 1.19� 10�5 s, and τNH ¼ 4.87� 10�6s lifetimes
63were assumed as constants with the temperature once these decay rates
64affected the thermal behavior of Tb3þ and Eu3þ emitting level populations
65less,[36] Tb3þ and Eu3þ being more dependent on the IET (forward and back-
66ward rates) and the τLn lifetime. τT and τS are typical values found in the
67literature,[105–107] whereas τSi and τNH were measured for the dU6Tb at
68300 K (not shown).[108] W ISC is the intersystem crossing rate S1! T1, which
69is sensitive to the energy gap between the S1 and T1 state.

[49] The energy gap
70of 8063 (for the Eu3þ compound) and 6507 cm�1 (for the Tb3þ compound)
71lead to a reasonable value ofW ISC �105 and 106 s�1.[50–52] W5!6 �106 s�1 is
72the decay rate from Ln3þ upper levels to the emitting ones for Ln3þ-based
73chelates.[43] WS and WT are the forward ligand-to-Ln energy transfer rates
74from the S1 and T1 states, respectively. The superscripts NH-T, Si-T, NH-
75S, and Si-S indicate the hybrid-to-ligand rates from dU(600) moieties (NH
76and Si) to the ligands’ (SA- and tta-) T1 and S1 states. In all cases, the back-
77ward rates are indicated by a subscript b. W5!6 multiphonon decay rates
78(from Ln3þ upper levels to the emitting ones) are of the order of
79106 s�1.[43] Based on the energy gap law and with the formalism of
80Miyakawa�Dexter’s approach,[109] we present estimations that these rates
81are reasonable for Ln3þ-based chelates, as considered in the study by
82Carneiro Neto et al.[43] (see Section S5.4, Supporting Information, for further
83details).
84The set of rate equations (Equation (2)–(8)) was numerically solved using
85the Radau method.[110] Each simulation from 0 to 20ms was done in a step
86size of 2 μs, resulting in 104 calculated points. Table 1 shows, in the operating
87temperature range 294–313 K, the normalized populations in the steady-state
88regime for the ground (N0) and the Ln3þ emitting levels (N6).

89Supporting Information
90Supporting Information is available from the Wiley Online Library or from
91the author.
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S1. Materials and inks 

S1.1 Precursors and chemicals 

 

 

Figure S1. Molecular structures. a) Non-hydrolyzed organic−inorganic hybrid precursor, 
d - UPTES(600) b) tta– ligand and [Eu(tta)3(H2O)2] complex and c) SA ligand and the pure complex 
with Tb3+ions. 

S1.2 Morphology, structural and optical characterization of the inks 

The morphology and structure of the inks (dU6Eu sol (ink) and dU6Tb sol (ink)) and their 

corresponding gels as well as the pure complexes (Eu(tta)3(H2O)2) and TbSA) were measured and 

compared. In the case of the organic-inorganic hybrids the detailed structural characterization was 

previously performed using scanning electron microscopy (SEM), energy-dispersive X-ray 

spectroscopy (EDX), X-ray diffraction (XRD) and Fourier transformed infrared (FT-IR).[1] This study 

demonstrated that the surface of the hybrids is smooth, crack- and pinhole-free dense microstructures 

with a minimal number of defects with the lanthanide ions homogeneously distributed in the hybrids. In 

this work, we discuss in detail the interaction of the complexes within the hybrid host. 

 

Fourier transformed infrared (FT-IR) spectroscopy 

 

The FT-IR spectra of tta– and [Eu(tta)3(H2O)2] are shown in Figure S2a. The absorption peak at 

about 1654 cm-1 which is due to the carbonyl group in tta has a red shift to 1606 cm-1 after the 
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coordination of Eu3+ ions. Meanwhile, the absorption peak due to the stretching vibration of Eu–O 

appeared at about 462 cm-1 further confirms the formation of Eu3+ complex with tta.[2] 

 
Figure S2. FT-IR spectra of a) tta ligand and Eu(tta)3(H2O)2 and b) dU6Eu sol and gel. 

 

The FT-IR spectra of dU6Eu sol (ink) and gel are presented in Figure S2b. The strong vibration 

bands appeared in the “amide I” (1800-1600 cm−1) and “amide II” (1600-1500 cm−1) regions indicating 

that Jeffamine® amines and ICPTES are combined through urea linkages either in dU6Eu sol and dU6Eu 

gel. The most intensive peaks located at around 1110 cm−1 are attributed to C=O vibrations.[3] Upon 

drying of the inks, the bands at 1110 cm−1 become broader and a shoulder appears, suggesting that the 

hydrolysis and polycondensation reaction of the d-UPTES(600) organic−inorganic hybrid precursor 

happen and Si−O−Si bonds are formed. In addition, the vibrations from the complex Eu(tta)3(H2O)2 are 

not discerned probably due to the matrix confined effect and/or weak vibrations for the complex in sol 

or gel matrix. 

SA can chelate with Tb3+ ions to form coordination polymers with different modes, namely 

monodentate, bidentate bridging and bidentate chelating, as depicted in Figure S1c. The peaks at 1624, 

1568 and 1479 cm−1 can be attributed to the vibrations from the asymmetric carboxylate stretches 

νas(COO−), whereas the peak at 1390 cm−1 is from the symmetric νs (COO−). The wavenumber 

separations between the asymmetric and symmetric carboxylate stretch, Δ = νas(COO−) − νs(COO−), are  

234, 178 and 89 cm−1, indicating that the monodentate, bidentate bridging and bidentate chelating modes 

exist in TbSA complex,[4] as shown in Figure S1c. The band that appeared at 1675 cm-1 comes from the 

vibration of C=O group. 
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Figure S3. FT-IR spectra of a) SA ligand and TbSA, and b). dU6Tb sol and gel  

 

The FT-IR spectra of dU6Tb sol (ink) and gel are displayed in Figure S3b. Similar to the spectra 

of dU6Eu sol (ink) and gel, the spectrum from dU6Tb gel confirms that the hydrolysis and 

polycondensation reactions of the d-UPTES(600) organic−inorganic hybrid precursor happen and 

Si−O−Si bonds are formed, and compared to the vibrations from the pure complex TbSA, the vibrations 

from the complex in sol or gel are not evident. 

 

Photoluminescence and absorption spectroscopies 

 

The excitation and emission spectra of dU6Eu sol (ink), dU6Tb sol and their relative materials 

are exhibited in Figure S4. Upon UV excitation through the ligands’ absorption, the inks reveal the 

characteristic emission attributed to the 5D0→7F0-4 and 5D4→7F6-3 transitions, which demonstrating an 

efficient energy transfer from the ligands tta and SA to Eu3+ and Tb3+ ions, respectively. Compared to 

the emission spectra of pure complexes, Eu(tta)3(H2O)2 for Eu material and TbSA for Tb materials, the 

hybrid materials with complexes either in sol or gel show a broader profile with a lower number of 

clearly express Stark components, indicating an effective interaction with the host. Compared to their 

corresponding excitation spectrum, dU6Eu gel shows larger blue shift than dU6Tb gel, which may be 

attributed to the replacement of the labile water molecules in the Eu(tta)3(H2O)2 by the oxygen atoms of 

the carbonyl groups in di-ureasil and consequently result in the stronger interaction between the complex 

and matrix, and longer luminescence lifetimes and higher quantum yields in dU6Eu sol (ink) and gel. 
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Figure S4. a) Excitation and emission spectra of a) dU6Eu gel (ex/em = 369/612 nm), dU6Eu sol 

(ex/em = 395/615 nm), Eu(tta)3(H2O)2 (ex/em = 397/612 nm), and b). dU6Tb gel (ex/em = 352/542 

nm), dU6Tb sol (ex/em = 372/543 nm), TbSA (ex/em = 338/542 nm),  

 

The decay curves of 5D0 for Eu3+ ions and 5D4 for Tb3+ ions measured at room temperature are 

presented in Figure S5. They are single-exponential curves, and the lifetimes are calculated and listed 

in Table S1. The increase of the lifetime after incorporation in the hybrid reinforces the interaction 

between the lanthanides and the di-ureasil, which leads to an increase in the quantum yield, Table S1. 

 
Figure S5. Decay curves of 5D0 for Eu3+ ions: a) Eu(tta)3(H2O)2, b) dU6Eu sol (ink) and c) dU6Eu gel, 

and 5D4 for Tb3+ ions: d) TbSA, e) dU6Tb sol (ink) and f) dU6Tb gel. 
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Table S1. Luminescence lifetimes and absolute quantum yield (QY) at room temperature. 

Materials ex/em (nm)/Lifetime (ms) ex (nm)/QY 

 

Eu materials 

 

Eu(tta)3(H2O)2 397/612 0.22±0.02 397 0.14±0.01 

dU6Eu sol 395/615 0.59±0.02 395 0.32±0.03 

dU6Eu gel 396/615 0.58±0.02 369 0.28±0.03 

 

Tb materials 

TbSA 338/542 1.19±0.02 350 0.47±0.05 

dU6Tb sol 372/543 1.24±0.02 372 0.55±0.06 

dU6Tb gel 352/542 1.12±0.02 365 0.57±0.06 

 
To furnish additional experimental relevant data, the emission decay curves of dU6Tb and dU6Eu 

were monitored, at the most intense emission components that arise from transition from the excited 

stated 5D4 and 5D0, respectively, for temperature between 15 and 350 K. The curves are well described 

by a single exponential allowing to determine the emission decay lifetimes for dU6Tb and dU6Eu, 

respectively. 
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Figure S6. Emission decay curves of dU6Eu monitored at 612 nm and excited at 365 nm as a function 
of the temperature. The solid lines represent the data best (r2>0.99) fit using a single exponential 
function. The inset shows the fit residual plots. 
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Figure S7. Emission decay curves of dU6Tb monitored at 543 nm and excited at 365 nm as a function 
of the temperature. The solid lines represent the data best (r2>0.99) fit using a single exponential 
function. The inset shows the fit residual plots. 
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S2. Customized QR codes  

S2.1 Customized QR codes processing 

 

 

Figure S8. (top) Photographic records of the commercial medical adhesive (as an example we used 

Mefix® - Mölnlycke) with the printed customized QR codes and (bottom) the ready to use medical 

adhesive with the customized QR codes, under daylight and UV illumination at 300 K. 

 

S2.2 Customized QR codes for temperature sensing 

 

 

Figure S9. Photographic records of the dU6Eu and dU6Tb-based QR codes at a different temperature, 
showing a naked-eye color variation in the dU6Tb QR code. 
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S2.3 Color models 

 
Figure S10. Overlap of the normalized emission spectrum at room temperature with the 1931 CIE XYZ 
color matching functions for a) dU6Eu and b) dU6Tb with magnification and normalization of the 
emission spectrum and color matching functions (386−465 nm). 

 
Figure S11. Overlap of the normalized emission spectrum at room temperature with the CIE rgb color 
matching functions for a) dU6Eu and b) dU6Tb with magnification and normalization of the emission 
spectrum and color matching functions (386−465 nm). 

Figure S12. Normalized variation of the a) integrated area and the G color coordinate for dU6Tb and b) 
integrated area and the R color coordinate for dU6Eu. 
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The determination of the spectral overlap between the emission components and the CIE RGB 

color matching functions as a function of the temperature is fundamental to accurately define the 

thermometric parameter. Whereas for the dU6Eu, the emission spectra are formed only by the 5D0→7F0-4 

which overlaps ~92% of the r component. In the case of the dU6Tb, the emission from the di-ureasil 

broad band (380-475 nm) contributes to the G and B components. Due to the negative values of CIE 

RGB color matching functions the same approach cannot be made as it would generate wrong overlap 

percentages. To circumvent this the rgb values were determined from the spectra with and without the 

broad band from the hybrid, using CIE RGB color matching functions. Comparing both sets of rgb 

values it is observed that with the hybrid broad band contribution the g value is around 8.5% lower 

compared without the hybrid contribution (at 294 K). with the increase of temperature, the value 

decreases to around 3.6% (314 K). This relative contribution of the emission arising from the di-uresail 

for the calculus of the G component was taken into consideration to allow a direct comparison with the 

theoretical predictions. 

S3. Figure of merit  

The performance of a thermometer can be quantified using its relative thermal sensitivity (Sr) and 

its temperature uncertainty (T).[5] 

The Sr is defined as:  

𝑆𝑟 =
1

Δ
|
𝜕Δ

𝜕𝑇
|  S1 

where Δ is the thermometric parameter and 𝜕Δ/𝜕𝑇 is the differentiation of Δ in order to temperature, 

here calculated point by point with a simple two-point numerical differentiation: 

𝜕Δ

𝜕𝑇
=

∆(𝑇 + Δ𝑇) − ∆(𝑇)

Δ𝑇
 

where Δ𝑇 is the temperature interval. The temperature uncertainty (T):  

𝛿𝑇 =
1

𝑆𝑟

𝛿Δ

Δ
    S2 

where / is the relative uncertainty of the thermometric parameter. As an example, for =G/B that 

can be estimated as: 

𝛿Δ

Δ
= √(

𝛿𝐺

𝐺
)
2

+ (
𝛿𝐵

𝐵
)
2

    S3 

where 𝛿𝐺 and 𝛿𝐵 is the standard deviation of the probability density function used to obtain the G and 

B values. 
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S4. Theoretical 

S4.1 In silico experiments  

A DFT level of theory was employed to obtain structural and electronic properties of the 

[Tb(SA)3(H2O)2]@dU600 (dU6Tb) and [Eu(tta)3(H2O)2]@dU600 (dU6Eu). The molecular geometry 

optimization was performed using the Gaussian 09 program[6] with B3LYP functional.[7,8] Due to a large 

number of atoms (each system contains more than 220 atoms), The basis set 6-31G(d) (for hydrogen, 

carbon, nitrogen, oxygen, fluorine, silicon and sulfur atoms) was employed and the Ln3+ ion was treated 

with MWB52 or MWB54 (Ln3+ = Eu3+ or Tb3+, respectively) basis set,[9] which includes 52 (Eu3+) or 54 

(Tb3+) electrons in the core with its associated valence basis set for the lanthanide ion. The optimized 

geometries for the dU6Tb and dU6Eu are depicted in Figure S13. 

In order to obtain the donors–acceptors distances (𝑅𝐿), the same level of calculation was applied 

for the time-dependent approach (TD-DFT). The 𝑅𝐿 (values listed in Figure S13) are crucial quantities 

for the energy transfer analysis and it is extracted from the molecular orbitals (MOs) compositions of 

the ligands (tta- and SA-) donor states (S1 and T1), as depicted in Figure S14. 

 

Figure S13. DFT optimized structures for a) dU6Tb and b) dU6Eu. The donor-acceptor distances 
involved are displayed in c) and d), respectively. The hydrogen atoms were omitted for clarity in c) and 
d). The isosurfaces of the MOs were generated with a contour value of 0.04 𝒆 𝒂𝟎

𝟑⁄ . 
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Figure S14. MOs compositions for S1 and T1 states and their energies obtained from the TD-DFT 
calculations for a) dU6Tb and b) dU6Eu. In both cases, the electronic densities of the S1 and T1 are 
localized at the ligands SA- and tta-. The hydrogen atoms were omitted and the isosurfaces of the MOs 
were obtained using a contour value of 0.04 𝒆 𝒂𝟎

𝟑⁄ . 

S4.2 Theoretical intensity parameters 

The forced electric dipole (FED – Judd-Ofelt theory) and dynamic coupling (DC) mechanisms 

are the most responsible for the 4f-4f intensities when the lanthanide occupies a non-centrosymmetric 

site.[10–12] The theoretical expressions here used for the intensity parameters, 𝛺𝜆
𝑡ℎ𝑒𝑜, have been described 

in detail in several references.[13–17] However, it might be worthy to briefly recall them: 

𝛺𝜆
𝑡ℎ𝑒𝑜 = (2𝜆 + 1)∑

|𝐵𝜆𝑡𝑝|
2

2𝑡 + 1
 

𝑡,𝑝

     ,         𝐵𝜆𝑡𝑝 = 𝐵𝜆𝑡𝑝
𝐹𝐸𝐷 + 𝐵𝜆𝑡𝑝

𝐷𝐶  S4 

where, 
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𝐵𝜆𝑡𝑝
𝐹𝐸𝐷 =

2

∆𝐸
〈𝑟𝑡+1〉𝛩(𝑡, 𝜆) (

4𝜋

2𝑡 + 1
)

1
2
∑

𝑒2𝜌𝑗𝑔𝑗(2𝛽𝑗)
𝑡+1

𝑅𝑗
𝑡+1 (𝑌𝑝

𝑡∗)
𝑗

𝑗
 S5 

𝐵𝜆𝑡𝑝
𝐷𝐶 = −[

(𝜆 + 1)(2𝜆 + 3)

(2𝜆 + 1)
]

1
2

〈𝑟𝜆〉⟨𝑓‖𝐶(𝜆)‖𝑓⟩ (
4𝜋

2𝑡 + 1
)

1
2
×

× ∑
[(2𝛽𝑗)

𝑡+1
𝛼𝑂𝑃,𝑗 + 𝛼𝑗

′]

𝑅𝑗
𝑡+1 (𝑌𝑝

𝑡∗)
𝑗
𝛿𝑡,𝜆+1

𝑗

 

S6 

with t and p being the ranks and components of the complex conjugate of spherical harmonics (𝑌𝑝
𝑡∗), 

⟨𝑓‖𝐶(2)‖𝑓⟩ = −1.366, ⟨𝑓‖𝐶(4)‖𝑓⟩ = 1.128, ⟨𝑓‖𝐶(6)‖𝑓⟩ = −1.27, 𝜌 is the overlap integral between 

the valence subshells of the ligating atom and the 4f subshell of the lanthanide ion,[18] 𝛽 = 1 (1 ± 𝜌)⁄  is 

a parameter that defines the centroid of the electronic density of the chemical bond Ln–X (X= ligating 

atom), 𝛼′ is the effective polarizability from each ligand around the Ln3+, and 𝑔 is the charge factor 

(assumed 𝑔 = 1 in the present work). In Equation S5, the average energy denominator method [19,20] is 

used and also the Simple Overlap Model (SOM) for the ligand field.[16,17] In Equation S6, the Bond 

Overlap Model (BOM) for the Dynamic Coupling mechanism is used.[15] 

The overlap polarizabilities 𝛼𝑂𝑃 are quantities related to the covalent fraction of a chemical 

bond,[15,21–23] and it is given by: 

𝛼𝑂𝑃 =
𝑒2𝜌2𝑅2

2∆휀
 S7 

where 𝑒 is the electron charge, 𝑅 is the length of the bond, and 𝛥휀 is the excitation energy associated 

with the chemical bond.[18] 

The Ωλ values, as well as the quantities used to obtain them (𝛼′, 𝛼𝑂𝑃, 𝜌, and 𝑅), are presented in 

Table S1 and Table S2. 
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Table S2. [Tb(SA)3(H2O)2]@dU600: values of 𝜶′ (in Å3), 𝜶𝑶𝑷 (in 10-3 Å3), 𝝆 (dimensionless), and 𝑹 
(in Å) used for the calculation of the intensity parameters 𝜴𝝀 (in 10-20 cm2). The values in parentheses 
are the contributions of the FED mechanism. Coordination number = 7. 

Ligating 
atom Ligand type 𝜶′ 𝜶𝑶𝑷 𝝆 𝑹 

O2 dU(600) 0.50 4.72 0.076 2.34 

O3 H2O 0.50 4.60 0.074 2.35 

O4 SA– 0.70 5.19 0.082 2.28 

O5 SA– 0.70 4.81 0.077 2.32 

O6 H2O 0.50 4.08 0.066 2.42 

O7 SA– 0.70 4.06 0.066 2.43 

O8 SA– 0.70 3.31 0.055 2.54 

𝛀𝟐 (𝛀𝟐
𝑭𝑬𝑫) 8.64 (0.08) 

𝛀𝟒 (𝛀𝟒
𝑭𝑬𝑫) 2.77 (0.13) 

𝛀𝟔 (𝛀𝟔
𝑭𝑬𝑫) 2.20 (0.35) 

 

Table S3. [Eu(tta)3(H2O)2]@dU600: values of 𝜶′ (in Å3), 𝜶𝑶𝑷 (in 10-3 Å3), 𝝆 (dimensionless), and 𝑹 (in 
Å) used for the calculation of the intensity parameters 𝜴𝝀 (in 10-20 cm2). The values in parentheses are 
the contributions of the FED mechanism. Coordination number = 9. 

Ligating 
atom Ligand type 𝜶′ 𝜶𝑶𝑷 𝝆 𝑹 

O2 H2O 0.50 3.29 0.058 2.46 

O3 tta– 0.70 3.30 0.058 2.46 

O4 dU(600) 0.50 3.36 0.059 2.45 

O5 tta– 0.70 3.30 0.058 2.46 

O6 tta– 0.70 3.31 0.058 2.46 

O7 tta– 0.70 3.30 0.058 2.46 

O8 tta– 0.70 3.33 0.059 2.45 

O9 tta– 0.70 3.29 0.058 2.46 

O10 H2O 0.50 3.49 0.061 2.43 

𝛀𝟐 (𝛀𝟐
𝑭𝑬𝑫) 3.44 (0.06) 

𝛀𝟒 (𝛀𝟒
𝑭𝑬𝑫) 5.39 (0.29) 

𝛀𝟔 (𝛀𝟔
𝑭𝑬𝑫) 1.19 (0.50) 

 

It is important to comment that the Ωλ’s do not depend on the linear refractive index (𝑛) of the 

medium. However, the spontaneous emission rates depend on 𝑛 through the Lorentz local field 
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corrections 𝜒(𝑛) in the electric dipole strength 𝑆𝐸𝐷 and by 𝑛3 in the magnetic dipole strength 𝑆𝑀𝐷, as 

will be discussed. 

S4.3 Hybrid-to-Ligand energy transfer rates 

The energy transfer rates between donors (TSi and TNH from hybrid) and the acceptors (triplet T1 

and singlet S1 ligand levels) were estimated using the theoretical development described by Nobre et al. 
[24], where was considering two-electron determinantal states, |𝑖⟩ and |𝑓⟩, involving the molecular 

orbitals assigned to the electronic energy levels of each hybrid emitting center (TSi and TNH) and the 

ligand excited states (T1 and S1). The exchange mechanism 𝑊𝑒𝑥
𝐻𝐿 is taken into account using the isotropic 

term interaction Hamiltonian between the electronic density of each emitting center from hybrid  (TSi 

and TNH) and the acceptors T1 and S1 of the ligand:[24–26] 

⟨𝑓|𝐻|𝑖⟩ = ±
𝑒2

𝑅𝐿

⟨𝜙∗|𝜋∗⟩⟨𝜙|𝜋⟩ S8 

where 𝑒 is the electron charge, 𝜋∗(𝜙∗) and 𝜋 (𝜙) are, respectively, the excited and ground molecular 

orbitals for the hybrid (ligand), and 𝑅𝐿 is the donor-acceptor distance. According to Fermi’s golden rule, 

the energy transfer rates Hybrid-to-Ligand by the exchange mechanism 𝑊𝑒𝑥
𝐻𝐿 (HL stands for Hybrid-to-

Ligand while the subscript ex means exchange) can be calculated by:[25] 

𝑊𝑒𝑥
𝐻𝐿 =

2𝜋

ℏ
|⟨𝑓|𝐻|𝑖⟩|2𝐹 S9 

where 𝐹 is the spectral overlap factor that expresses the energy mismatch conditions. Applying Equation 

S8 into Equation S9 leads to: 

𝑊𝑒𝑥
𝐻𝐿 =

2𝜋

ℏ

𝑒4

(𝑅𝐿)
2
⟨𝜙∗|𝜋∗⟩2⟨𝜙|𝜋⟩2𝐹 S10 

where, as mentioned before, 𝑅𝐿 is the donor-acceptor distance and the overlap integrals ⟨𝜙∗|𝜋∗⟩ and 

⟨𝜙|𝜋⟩ assume values between 0.01 and 0.1.[25] 

Since the energy transfer between two molecules (or moieties) are allowed by parity, the energy 

transfer rates due to the dipole-dipole mechanism 𝑊𝑑−𝑑
𝐻𝐿  can be given by a Förster–Dexter type 

expression: [24,26] 

𝑊𝑑−𝑑
𝐻𝐿 =

2𝜋

ℏ

𝑆𝐿𝑆𝐻

𝐺𝐿𝐺𝐻𝑅6
𝐹 S11 

where 𝑆𝐿 and 𝑆𝐻 are the dipole strengths of the 𝜋 → 𝜋∗ and 𝜙 → 𝜙∗ transitions, respectively, in units of 

(e.s.u.)2, which can be given in terms of the radiative lifetimes (𝜏𝑟) and transition energies (𝜎) in 

wavenumbers by: 
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𝑆 =
3

4

ℏ𝑐3

(2𝜋𝑐𝜎)3𝜏𝑟
 S12 

𝐺𝐿 and 𝐺𝐻 in Equation S11 are the degeneracies of the ligand and hybrid involved states, respectively. 

In our case, the 𝐺𝐿 assume values of 1 for S1 and 3 for T1 while 𝐺𝐻 is equal to 3 for TSi and TNH. 

In the case of Hybrid-to-Ligand, the following analytical expression for 𝐹 is used:[24,26,27] 

𝐹 =
ln(2)

√𝜋

1

ℏ2𝛾𝐻𝛾𝐿
{[(

1

ℏ𝛾𝐻
)
2

+ (
1

ℏ𝛾𝐿
)
2

] ln(2)}

−
1
2

× exp

[
 
 
 
 
1

4

(
2Δ

(ℏ𝛾𝐻)2 ln2)
2

[(
1

ℏ𝛾𝐿
)
2

+ (
1

ℏ𝛾𝐻
)
2

] ln2

− (
Δ

ℏ𝛾𝐻
)
2

ln(2)

]
 
 
 
 

 

S13 

where ℏ𝛾𝐻 and ℏ𝛾𝐿 correspond to the bandwidths at half-height (in erg) of the donor and acceptor, 

respectively. Δ is the energy difference between donor and acceptor states, Δ = 𝐸𝐻 − 𝐸𝐿. The spectral 

overlap factor 𝐹 is given in 𝑒𝑟𝑔−1. 

The Hybrid-to-Ligand forward energy transfer rates (𝑊𝐻𝐿) can be calculated by the sum over 

Equation S10 and Equation S11 in the same pathway: 

𝑊𝐻𝐿 = 𝑊𝑑−𝑑
𝐻𝐿 + 𝑊𝑒𝑥

𝐻𝐿 S14 

 

S4.4 IET rates involving the Ln3+ 

The intramolecular energy transfer rates (IET) from the hybrids moieties (Si and NH) and by the 

ligands to Ln3+ ion (Eu3+ and Tb3+) were calculated taking into account the dipole-dipole (𝑊𝑑−𝑑), dipole-

multipole (𝑊𝑑−𝑚), and exchange (𝑊𝑒𝑥) mechanisms:[27–31] 

𝑊𝑑−𝑑 =
𝑆𝐿(1 − 𝜎1)

2

(2𝐽 + 1)𝐺

4𝜋

ℏ

𝑒2

𝑅𝐿
6 ∑Ω𝐾

𝐹𝐸𝐷⟨𝜓′𝐽′‖𝑈(𝐾)‖𝜓𝐽⟩2𝐹

𝜆

 S15 

𝑊𝑑−𝑚 =
𝑆𝐿

(2𝐽 + 1)𝐺

2𝜋𝑒2

ℏ
∑(𝐾 + 1)

〈𝑟𝐾〉2

(𝑅𝐿
𝐾+2)2

⟨𝑓‖𝐶(𝐾)‖𝑓⟩2(1 − 𝜎𝐾)2

𝐾

× ⟨𝜓′𝐽′‖𝑈(𝐾)‖𝜓𝐽⟩2𝐹 

S16 

𝑊𝑒𝑥 =
(1 − 𝜎0)

2

(2𝐽 + 1)𝐺

8𝜋

ℏ

𝑒2

𝑅𝐿
4
⟨𝜓′𝐽′‖𝑆‖𝜓𝐽⟩2 ∑|⟨𝜙|∑ 𝜇𝑧(𝑗)𝑠𝑚(𝑗)𝑗 |𝜙∗⟩|

2
𝐹

𝑚

 S17 

where 𝑅𝐿 is the donor-acceptor states distance, Ω𝐾
𝐹𝐸𝐷 (in Equation S15) are the forced electric dipole 

(FED, see Table S1 and Table S2) mechanism contribution for the intensity parameters (original 
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Judd - Ofelt theory [10,11]) and, in the present work, they were calculated using SOM.[16,17] 

⟨𝜓′𝐽′‖𝑈(𝐾)‖𝜓𝐽⟩2 are the squared reduced matrix elements and their values are tabulated in Ref. [32]. 

In Equation S15 and Equation S16, 𝑆𝐿 (or 𝑆𝐻) is the dipole strength of the ligand (or hybrid 

moieties) transition involved in IET, 〈𝑟𝐾〉 are the 4f radial integrals, 𝐺 (ligand state degeneracy) is the 

same one (𝐺𝐻 or 𝐺𝐿) that appears in Equation S11, ⟨ ‖𝐶(𝐾)‖ ⟩ is the reduced matrix element of Racah’s 

tensor operators, and (1 − 𝜎𝐾) are the shielding factors.[18,27,33] 

In Equation S17, 𝑠𝑚 is the spin operator in the ligand, 𝜇𝑧 is the dipole operator (its 𝑧-component) 

and it assumes values of ~10-36 (e.s.u.)2 [29]. ⟨𝜓′𝐽′‖𝑆‖𝜓𝐽⟩ is the reduced matrix elements of the spin 

operator from the Ln3+ ion and were calculated using free-ion wavefunctions in the intermediate 

coupling scheme.[34] Table S3 shows the values of ⟨𝜓′𝐽′‖𝑆‖𝜓𝐽⟩2 as well as those ⟨𝜓′𝐽′‖𝑈(𝐾)‖𝜓𝐽⟩2 

matrix elements from Ref.[32] for Eu3+ and Tb3+ transitions. 

 

Table S4.Reduced matrix elements (in units of ћ) for the Tb3+ and Eu3+ transitions. 

Tb3+ 
|𝝍′𝑱′⟩ → |𝝍𝑱⟩ 

⟨𝝍′𝑱′‖𝑼(𝟐)‖𝝍𝑱⟩𝟐 ⟨𝝍′𝑱′‖𝑼(𝟒)‖𝝍𝑱⟩𝟐 ⟨𝝍′𝑱′‖𝑼(𝟔)‖𝝍𝑱⟩𝟐 ⟨𝝍′𝑱′‖𝑺‖𝝍𝑱⟩𝟐 

7F6→5D4 0.0009 0.0008 0.0013 0 
7F6→5D3 0 0.0002 0.0014 0 
7F6→5G6 0.0016 0.0044 0.116 0.3080 
7F6→5L10 0 0.0003 0.058 0 
7F6→5G5

 0.0012 0.0018 0.0131 0.0015 
7F6→5G4

 0.0001 0.0003 0.0087 0 
7F6→5L6

 0 0 0 0.0001 
7F6→5H7

 0 0 0 0.0001 
7F6→5H6 0 0 0 0.0065 
7F6→5H5 0 0 0 0.0000 
7F6→5F5 0 0 0 0.0272 
7F5→5D4 0.0142 0.0013 0.0022 0.0026 
7F5→5D3 0.0005 0.0028 0.0016 0 
7F5→5G6 0.004 0.0028 0.0093 0.0053 
7F5→5L10 0 0 0.0015 0 
7F5→5G5 0.0001 0.0002 0.0065 0.0590 
7F5→5G4 0.0005 0 0.0021 0.0009 
7F5→5L6 0 0 0 0.0000 
7F5→5H6 0 0 0 0.0001 
7F5→5H5 0 0 0 0.0169 
7F5→5F5 0 0 0 0.0296 

Eu3+ 
|𝝍′𝑱′⟩ → |𝝍𝑱⟩ 

⟨𝜓′𝐽′‖𝑈(2)‖𝜓𝐽⟩2 ⟨𝜓′𝐽′‖𝑈(4)‖𝜓𝐽⟩2 ⟨𝜓′𝐽′‖𝑈(6)‖𝜓𝐽⟩2 ⟨𝜓′𝐽′‖𝑆‖𝜓𝐽⟩2 
7F0→5D0 0.0025 0 0 0 
7F0→5D1 0 0 0 0.0273 
7F0→5L6 0 0 0.0153 0 
7F0→5G6 0 0 0.0037 0 
7F0→5D4 0 0.0011 0 0 
7F1→5D0 0 0 0 0.1158 
7F1→5D1 0.0025 0 0 2.8×10-5 
7F1→5D2 0 0 0 0.0109 
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7F1→5D3 0.0004 0.0012 0 0 
7F1→5L6 0 0 0.0091 0 
7F1→5L7 0 0 0.0181 0 
7F1→5G2 0 0 0 0.0121 
7F1→5G3 0.0002 0.0012 0 0 
7F1→5G6 0 0 0.0049 0 
7F1→5G5 0 0.0004 0.0097 0 

 

𝐹 in Equation S15–S17 has the same meaning as that one appearing in Equation S13, as the energy 

mismatch condition. The formulation in Equation S18 is a consequence of Equation S13 when the 

corresponding bandwidth at half-height for the donor (𝛾𝐿) is much larger than the acceptor (𝛾𝐿𝑛), 𝛾𝐿 ≫

𝛾𝐿𝑛.[31,35] 

𝐹 =
1

ℏ𝛾𝐿

√
ln (2)

𝜋
𝑒

−(
Δ

ℏ𝛾𝐿
)
2

ln(2)
 S18 

The Δ is the band maximum energy difference between donor state (𝐷) and lanthanide ion 

acceptor state, Δ = 𝐸𝐷 − 𝐸𝐿𝑛. 

The forward energy transfer rates (𝑊) involving the Ln3+ as acceptor are calculated by the sum 

over Equation S15, S16 and S17 in the same pathway: 

𝑊 = 𝑊𝑑−𝑑 + 𝑊𝑑−𝑚 + 𝑊𝑒𝑥 S19 

The backward energy transfer rates (𝑊𝑏), the energy returned from the acceptor to the donor state, 

are obtained with the same above equations, except for multiplying by the barrier factor 

exp(− |∆| 𝑘𝐵𝑇⁄ ) if Δ < 0, where 𝑇 is the temperature and 𝑘𝑏 is the Boltzmann’s constant. 

 

S5. Theoretical results and remarks 

S5.1 Energy transfer rates 

All energy transfer pathways take into account the selection rules (|𝐽 − 𝐽′| ≤ 𝜆 ≤ 𝐽 + 𝐽′ for the 

dipole-dipole and the dipole–multipole mechanisms, Δ𝐽 = 0, ±1 for the exchange mechanism) for Ln3+ 

as acceptor and with the fact that some transitions, even allowed, have their matrix elements 

⟨𝜓′𝐽′‖𝑈(𝑘)‖𝜓𝐽⟩2 equal zero (e.g. Eu3+ 7F0 → 5G4 transition). The remaining pathways are shown in 

Table S5 and Table S6. 

Comparing the rates from the hybrid moieties (Si and NH) to the Ligand (Table S5, entries 1 to 

4) and Tb3+ ion (Table S5, entries 47 to 88), we can observe that the hybrid prefers to transfer energy 

directly to the ligand (entries 2 and 4 in Table S5) instead of transfer to the Tb3+ ion, even with the 

shortest donor-acceptor distance 𝑅𝐿 = 3.81 Å (entry 24 in Table S5). This behavior is ascribed to the 
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good resonance conditions between the triplet states of the hybrid moieties (NH and Si) and T1 

(pathways 2 and 4 in Table S5), leading to the forward energy transfer of hybrid → T1 be almost 104 

times higher than the hybrid → Tb3+. On the contrary, the NH moiety has an important role in the energy 

transfer process for the case of the dU6Eu (Table S6), even with a higher donor-acceptor distance 𝑅𝐿 =

4.13 Å, the energy transfer rates from the NH moiety to the Eu3+ are in the same magnitude as the T1 → 

Eu3+. 

Lima et al. [26] reported the same organic-inorganic hybrid dU(600) incorporating [Eu(btfa)3(4,4’-

bpy)] complex. In this case, the hybrid-to-ligand energy transfer is dominated by the pathway from the 

T(NH) → T1 due to its better donor-acceptor conditions of 𝑅𝐿 = 4.32 Å in contrast to a higher 𝑅𝐿 =

4.86 Å for the case of dU6Tb. However, the latter case is in a better resonance condition than the former 

(Δ = 476 and 1336 cm-1, respectively), leading to rates in the order of 108 s-1 for both cases. For the case 

of the dU6Eu, the 𝑅𝐿 (5.12 Å) is higher but, even though, the T(NH) → T1 presented rates in the order of 

108 s-1 (see pathway 4 in Table S6). All these rates are dominated by the exchange mechanism. Figure 

S15 summarizes all forward and backward rates calculated when the temperature changes. 
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Table S5. [Tb(SA)3(H2O)2]@dU600: IET rates (s-1) from dU(600) to SA– ligand (pathways 1–4), from 
SA– ligand to Tb3+ ion (pathways 5–46), and from dU(600) moieties to Tb3+ ion (pathways 47–88). 𝛿 
(in cm-1) is the energy difference between donor and acceptor states for the forward IET, 𝛿𝑏 = −𝛿 for 
the backward IET. 𝑊𝑑−𝑑, 𝑊𝑑−𝑚, and 𝑊𝑒𝑥 are the dipole-dipole, dipole-multipole, and exchange 
mechanisms (in s-1), respectively. 𝑊 and 𝑊𝑏 are the forward and backward IET, respectively. All rates 
were calculated at 300 K. 

path. donor acceptor 𝜹 𝑾𝒅−𝒅 𝑾𝒅−𝒎 𝑾𝒆𝒙 𝑾 𝑾𝒃 
1 T(Si) S1 -4735 5.85⨯107 – 9.77⨯107 2.2⨯10-2 1.56⨯108 
2 T(Si) T1 2176 7.61⨯103 – 3.81⨯108 3.81⨯108 1.12⨯104 
3 T(NH) S1 -6435 3.49⨯107 – 3.10⨯107 2.6⨯10-6 6.59⨯107 
4 T(NH) T1 476 2.77⨯104 – 7.40⨯108 7.40⨯108 7.54⨯107 

      ∑𝑾𝑯𝑳 1.12⨯109  

      ∑𝑾𝒃
𝑯𝑳  2.98⨯108 

5 S1 7F6→5D4 8791 4.14⨯101 2.38⨯104 0.00 2.38⨯104 1.17⨯10-14 
6 S1 7F6→5D3 2999 6.51⨯103 1.28⨯103 0.00 7.79⨯103 4.42⨯10-3 
7 S1 7F6→5G6 2812 5.67⨯105 8.87⨯106 5.53⨯108 5.63⨯108 7.83⨯102 
8 S1 7F6→5L10 2264 3.46⨯105 5.59⨯103 0.00 3.51⨯105 6.77 
9 S1 7F6→5G5 1468 1.05⨯105 1.03⨯107 4.06⨯106 1.45⨯107 1.27⨯104 
10 S1 7F6→5G4 948 7.28⨯104 9.51⨯105 0.00 1.02⨯106 1.09⨯104 
11 S1 7F6→5L6 -375 0.00 0.00 2.62⨯105 4.33⨯104 2.62⨯105 
12 S1 7F6→5H7 -2144 0.00 0.00 2.31⨯105 7.90 2.31⨯105 
13 S1 7F6→5H6 -3656 0.00 0.00 7.65⨯106 1.85⨯10-1 7.65⨯106 
14 S1 7F6→5H5 -4532 0.00 0.00 5.35⨯10-10 1.95⨯10-19 5.35⨯10-10 
15 S1 7F6→5F5 -5699 0.00 0.00 7.37⨯106 9.93⨯10-6 7.37⨯106 
16 S1 7F5→5D4 10839 7.28 2.00⨯104 1.20⨯103 2.12⨯104 5.64⨯10-19 
17 S1 7F5→5D3 5047 4.04⨯103 8.49⨯105 0.00 8.53⨯105 2.63⨯10-5 
18 S1 7F5→5G6 4860 1.90⨯104 7.79⨯106 3.36⨯106 1.12⨯107 8.43⨯10-4 
19 S1 7F5→5L10 4312 3.74⨯103 3.38⨯101 0.00 3.77⨯103 3.94⨯10-6 
20 S1 7F5→5G5 3516 2.66⨯104 4.64⨯105 8.90⨯107 8.95⨯107 4.25 
21 S1 7F5→5G4 2996 1.16⨯104 3.00⨯106 1.86⨯106 4.87⨯106 2.80 
22 S1 7F5→5L6 1673 0.00 0.00 4.68⨯103 4.68⨯103 1.54 
23 S1 7F5→5H6 -1608 0.00 0.00 3.46⨯105 1.55⨯102 3.46⨯105 
24 S1 7F5→5H5 -2484 0.00 0.00 4.10⨯107 2.75⨯102 4.10⨯107 
25 S1 7F5→5F5 -3651 0.00 0.00 4.14⨯107 1.03 4.14⨯107 

      ∑𝑾𝑺 6.79⨯108  

      ∑𝑾𝒃
𝑺  9.83⨯107 

26 T1 7F6→5D4 1880 4.04⨯10-1 2.32⨯102 0.00 2.33⨯102 2.82⨯10-2 
27 T1 7F6→5D3 -3912 1.33⨯10+ 2.63⨯10-2 0.00 1.14⨯10-9 1.60⨯10-1 
28 T1 7F6→5G6 -4099 9.52 1.49⨯102 9.30⨯107 2.70⨯10-1 9.30⨯107 
29 T1 7F6→5L10 -4647 3.24 5.25⨯10-2 0.00 6.89⨯10-10 3.29 
30 T1 7F6→5G5 -5443 4.22⨯10-1 4.15⨯101 1.63⨯105 7.51⨯10-7 1.63⨯105 
31 T1 7F6→5G4 -5963 1.68⨯10-1 2.20 0.00 8.99⨯10-13 2.36 
32 T1 7F6→5L6 -7286 0.00 0.00 1.48⨯103 9.86⨯10-13 1.48⨯103 
33 T1 7F6→5H7 -9055 0.00 0.00 1.98⨯102 2.74⨯10-17 1.98⨯102 

34 T1 7F6→5H6 
-

10567 0.00 0.00 1.31⨯103 1.29⨯10-19 1.31⨯103 

35 T1 7F6→5H5 
-

11443 0.00 0.00 3.62⨯10-14 5.31⨯10-38 3.62⨯10-14 

36 T1 7F6→5F5 
-

12610 0.00 0.00 1.44⨯102 7.82⨯10-25 1.44⨯102 

37 T1 7F5→5D4 3928 6.28⨯10-1 1.73⨯103 1.04⨯106 1.04⨯106 6.83⨯10-3 
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38 T1 7F5→5D3 -1864 7.33⨯10-1 1.54⨯102 0.00 2.03⨯10-2 1.55⨯102 
39 T1 7F5→5G6 -2051 2.83 1.16⨯103 5.00⨯106 2.67⨯102 5.00⨯106 
40 T1 7F5→5L10 -2599 3.10⨯10-1 2.80⨯10-3 0.00 1.21⨯10-6 3.13⨯10-1 
41 T1 7F5→5G5 -3395 9.44⨯10-1 1.65⨯101 3.16⨯107 2.68 3.16⨯107 
42 T1 7F5→5G4 -3915 2.36⨯10-1 6.14⨯101 3.79⨯105 2.66⨯10-3 3.79⨯105 
43 T1 7F5→5L6 -5238 0.00 0.00 2.34⨯102 2.88⨯10-9 2.34⨯102 
44 T1 7F5→5H6 -8519 0.00 0.00 5.26⨯102 9.49⨯10-16 5.26⨯102 
45 T1 7F5→5H5 -9395 0.00 0.00 2.45⨯104 6.63⨯10-16 2.45⨯104 

46 T1 7F5→5F5 
-

10562 0.00 0.00 7.15⨯103 7.16⨯10-19 7.15⨯103 

      ∑𝑾𝑻 1.04⨯106  

      ∑𝑾𝒃
𝑻  1.30⨯108 

47 T(Si) 7F6→5D4 4056 3.63⨯10-1 4.84⨯101 0.00 4.88⨯101 1.74⨯10-7 
48 T(Si) 7F6→5D3 -1736 8.35⨯10-1 2.56⨯10-3 0.00 2.03⨯10-4 8.38⨯10-1 
49 T(Si) 7F6→5G6 -1923 6.34⨯101 2.30⨯102 2.79⨯105 2.76⨯101 2.80⨯105 
50 T(Si) 7F6→5L10 -2471 2.59⨯101 3.29⨯10-3 0.00 1.85⨯10-4 2.59⨯101 
51 T(Si) 7F6→5G5 -3267 4.41 1.01⨯102 7.69⨯102 1.37⨯10-4 8.75⨯102 
52 T(Si) 7F6→5G4 -3787 2.09 6.33 0.00 1.09⨯10-7 8.42 
53 T(Si) 7F6→5L6 -5110 0.00 0.00 1.29⨯101 2.94⨯10-10 1.29⨯101 
54 T(Si) 7F6→5H7 -6879 0.00 0.00 3.14 1.48⨯10-14 3.14 
55 T(Si) 7F6→5H6 -8391 0.00 0.00 3.45⨯101 1.15⨯10-16 3.45⨯101 
56 T(Si) 7F6→5H5 -9267 0.00 0.00 1.28⨯10-15 6.37⨯10-35 1.28⨯10-15 

57 T(Si) 7F6→5F5 
-

10434 0.00 0.00 7.50 1.39⨯10-21 7.50 

58 T(Si) 7F5→5D4 6104 2.84⨯10-1 1.82⨯102 2.11⨯102 3.93⨯102 7.60⨯10-11 
59 T(Si) 7F5→5D3 312 2.31 1.12⨯102 0.00 1.14⨯102 2.56⨯101 
60 T(Si) 7F5→5G6 125 9.49 9.02⨯102 7.57⨯103 8.48⨯103 4.65⨯103 
61 T(Si) 7F5→5L10 -423 1.25 1.32⨯10-5 0.00 1.64⨯10-1 1.25 
62 T(Si) 7F5→5G5 -1219 4.97 2.01⨯101 7.51⨯104 2.17⨯102 7.51⨯104 
63 T(Si) 7F5→5G4 -1739 1.48 8.94⨯101 1.07⨯103 2.77⨯10-1 1.16⨯103 
64 T(Si) 7F5→5L6 -3062 0.00 0.00 1.03 4.32⨯10-7 1.03 
65 T(Si) 7F5→5H6 -6343 0.00 0.00 6.95 4.27⨯10-13 6.95 
66 T(Si) 7F5→5H5 -7219 0.00 0.00 4.35⨯102 4.01⨯10-13 4.35⨯102 
67 T(Si) 7F5→5F5 -8386 0.00 0.00 1.87⨯102 6.40⨯10-16 1.87⨯102 

      ∑𝑾𝑺𝒊 9.28⨯103  

      ∑𝑾𝒃
𝑺𝒊  3.62⨯105 

68 T(NH) 7F6→5D4 2356 1.16⨯102 8.00⨯104 0.00 8.02⨯104 9.93⨯10-1 
69 T(NH) 7F6→5D3 -3436 5.85⨯101 2.68⨯101 0.00 5.95⨯10-6 8.53⨯101 
70 T(NH) 7F6→5G6 -3623 4.23⨯103 7.99⨯104 3.61⨯106 1.05⨯10-1 3.69⨯106 
71 T(NH) 7F6→5L10 -4171 1.50⨯103 8.22⨯101 0.00 3.25⨯10-6 1.58⨯103 
72 T(NH) 7F6→5G5 -4967 2.07⨯102 2.45⨯104 6.99⨯103 1.43⨯10-6 3.17⨯104 
73 T(NH) 7F6→5G4 -5487 8.56⨯101 1.35⨯103 0.00 5.36⨯10-9 1.44⨯103 

74 T(NH) 7F6→5L6 -6810 0.00 0.00 7.25⨯101 4.74⨯10-
13 7.25⨯101 

75 T(NH) 7F6→5H7 -8579 0.00 0.00 1.11⨯101 1.50⨯10-17 1.11⨯101 

76 T(NH) 7F6→5H6 
-

10091 0.00 0.00 8.19⨯101 7.86⨯10-20 8.19⨯101 

77 T(NH) 7F6→5H5 
-

10967 0.00 0.00 2.41⨯10-15 3.46⨯10-38 2.41⨯10-15 
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78 T(NH) 7F6→5F5 
-

12134 0.00 0.00 1.04⨯101 5.56⨯10-25 1.04⨯101 

79 T(NH) 7F5→5D4 4404 1.12 5.13⨯105 8.36⨯102 5.14⨯105 3.45⨯10-4 
80 T(NH) 7F5→5D3 -1388 2.00 7.02⨯104 0.00 9.02⨯101 7.02⨯104 
81 T(NH) 7F5→5G6 -1575 7.85 5.32⨯105 6.26⨯103 2.82⨯102 5.39⨯105 
82 T(NH) 7F5→5L10 -2123 8.95⨯10-1 4.80 0.00 2.16⨯10-4 5.70 
83 T(NH) 7F5→5G5 -2919 2.89 8.40⨯103 4.37⨯104 4.33⨯10-2 5.21⨯104 
84 T(NH) 7F5→5G4 -3439 7.52⨯10-1 3.23⨯104 5.44⨯102 2.26⨯10-3 3.29⨯104 
85 T(NH) 7F5→5L6 -4762 0.00 0.00 3.70⨯10-1 4.46⨯10-11 3.70⨯10-1 
86 T(NH) 7F5→5H6 -8043 0.00 0.00 1.06 1.87⨯10-17 1.06 
87 T(NH) 7F5→5H5 -8919 0.00 0.00 5.26⨯101 1.39⨯10-17 5.26⨯101 

88 T(NH) 7F5→5F5 
-

10086 0.00 0.00 1.67⨯101 1.64⨯10-20 1.67⨯101 

      ∑𝑾𝑵𝑯 8.56⨯105  

      ∑𝑾𝒃
𝑵𝑯  1.15⨯109 

 
Table S6. [Eu(tta)3(H2O)2]@dU600: IET rates (s-1) from dU(600) to tta– ligand (pathways 1–4), from 
tta– ligand to Eu3+ ion (pathways 5–34), and from dU(600) moieties to Eu3+ ion (pathways 35–64). 𝛿 (in 
cm-1) is the energy difference between donor and acceptor states for the forward IET, 𝛿𝑏 = −𝛿 for the 
backward IET. 𝑊𝑑−𝑑, 𝑊𝑑−𝑚, and 𝑊𝑒𝑥 are the dipole-dipole, dipole-multipole, and exchange 
mechanisms (in s-1), respectively. 𝑊 and 𝑊𝑏 are the forward and backward IET, respectively. All rates 
were calculated at 300 K. 

path. donor acceptor 𝜹 𝑾𝒅−𝒅 𝑾𝒅−𝒎 𝑾𝒆𝒙 𝑾 𝑾𝒃 
1 T(Si) S1 -2933 6.90⨯107 – 2.10⨯108 2.17⨯102 2.79⨯108 
2 T(Si) T1 5130 5.88⨯102 – 5.36⨯107 5.36⨯107 1.11⨯10-3 
3 T(NH) S1 -4633 1.19⨯108 – 1.30⨯108 5.58⨯10-2 2.49⨯108 
4 T(NH) T1 3430 8.35⨯103 – 2.74⨯108 2.74⨯108 1.96⨯101 

      ∑𝑾𝑯𝑳 3.28⨯108  

      ∑𝑾𝒃
𝑯𝑳  5.27⨯108 

5 S1 7F0→5D0 10140 1.48⨯101 1.12⨯105 0.00 1.88⨯102 1.43⨯10-19 
6 S1 7F0→5D1 8406 0.00 0.00 1.09⨯107 7.28⨯106 2.26⨯10-11 
7 S1 7F0→5L6 2108 1.48⨯106 4.23⨯104 0.00 1.02⨯106 4.14⨯101 
8 S1 7F0→5G6 681 4.85⨯105 1.39⨯104 0.00 3.34⨯105 1.28⨯104 
9 S1 7F0→5D4 -153 8.65⨯104 4.72⨯105 0.00 1.79⨯105 3.74⨯105 
10 S1 7F1→5D0 10371 0.00 0.00 8.96⨯105 2.96⨯105 7.42⨯10-17 
11 S1 7F1→5D1 8637 4.35⨯101 3.29⨯105 2.75⨯103 1.09⨯105 1.12⨯10-13 
12 S1 7F1→5D2 6181 0.00 0.00 1.76⨯107 5.82⨯106 7.79⨯10-7 
13 S1 7F1→5D3 3309 1.45⨯104 7.15⨯106 0.00 2.36⨯106 3.04⨯10-1 
14 S1 7F1→5L6 2339 2.70⨯105 7.75⨯103 0.00 9.19⨯104 1.24 
15 S1 7F1→5L7 1307 7.19⨯105 2.06⨯104 0.00 2.44⨯105 4.64⨯102 
16 S1 7F1→5G2 1272 0.00 0.00 3.27⨯108 1.08⨯108 2.43⨯105 
17 S1 7F1→5G3 1042 3.00⨯104 7.71⨯106 0.00 2.56⨯106 1.73⨯104 
18 S1 7F1→5G6 912 2.08⨯105 5.97⨯103 0.00 7.07⨯104 8.93⨯102 
19 S1 7F1→5G5 901 4.22⨯105 6.57⨯104 0.00 1.61⨯105 2.15⨯103 

      ∑𝑾𝑺 1.29⨯108  

      ∑𝑾𝒃
𝑺  6.51⨯105 

20 T1 7F0→5D0 2077 9.74⨯10-1 7.37⨯103 0.00 1.23⨯101 5.83⨯10-4 
21 T1 7F0→5D1 343 0.00 0.00 8.29⨯108 5.55⨯108 1.07⨯108 
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22 T1 7F0→5L6 -5955 4.51 1.29⨯10-1 0.00 1.23⨯10-12 3.11 
23 T1 7F0→5G6 -7382 2.52⨯10-1 7.23⨯10-3 0.00 7.31⨯10-17 1.74⨯10-1 
24 T1 7F0→5D4 -8216 1.60⨯10-2 8.70⨯10-2 0.00 5.32⨯10-19 6.90⨯10-2 
25 T1 7F1→5D0 2308 0.00 0.00 7.84⨯108 2.59⨯108 4.04⨯103 
26 T1 7F1→5D1 574 4.41⨯10-1 3.34⨯103 2.79⨯105 9.33⨯104 5.95⨯103 
27 T1 7F1→5D2 -1882 0.00 0.00 8.47⨯107 3.36⨯103 2.80⨯107 
28 T1 7F1→5D3 -4754 1.97⨯10-1 9.71⨯101 0.00 4.02⨯10-9 3.21⨯101 
29 T1 7F1→5L6 -5724 1.10 3.16⨯10-2 0.00 4.47⨯10-13 3.74⨯10-1 
30 T1 7F1→5L7 -6756 8.12⨯10-1 2.33⨯10-2 0.00 2.34⨯10-15 2.76⨯10-1 
31 T1 7F1→5G2 -6791 0.00 0.00 3.54⨯106 8.39⨯10-9 1.17⨯106 
32 T1 7F1→5G3 -7021 2.44⨯10-2 6.28 0.00 4.95⨯10-15 2.08 
33 T1 7F1→5G6 -7151 1.44⨯10-1 4.13⨯10-3 0.00 6.24⨯10-17 4.89⨯10-2 
34 T1 7F1→5G5 -7162 2.88⨯10-1 4.48⨯10-2 0.00 1.33⨯10-16 1.10⨯10-1 

      ∑𝑾𝑻 8.14⨯108  

      ∑𝑾𝒃
𝑻  1.36⨯108 

35 T(Si) 7F0→5D0 7207 1.48⨯10-1 2.75⨯102 0.00 4.61⨯10-1 4.49⨯10-16 
36 T(Si) 7F0→5D1 5473 0.00 0.00 7.39⨯104 4.95⨯104 1.97⨯10-7 
37 T(Si) 7F0→5L6 -825 7.66⨯101 1.98⨯10-3 0.00 9.81⨯10-1 5.13⨯101 
38 T(Si) 7F0→5G6 -2252 1.52⨯101 3.92⨯10-4 0.00 2.07⨯10-4 1.02⨯101 
39 T(Si) 7F0→5D4 -3086 2.14 1.74⨯10-1 0.00 5.79⨯10-7 1.55 
40 T(Si) 7F1→5D0 7438 0.00 0.00 3.31⨯104 1.09⨯104 3.52⨯10-12 
41 T(Si) 7F1→5D1 5704 1.19⨯10-1 2.20⨯102 2.25⨯101 8.03⨯101 1.06⨯10-10 
42 T(Si) 7F1→5D2 3248 0.00 0.00 2.36⨯104 7.81⨯103 1.34⨯10-3 
43 T(Si) 7F1→5D3 376 1.27 1.53⨯102 0.00 5.09⨯101 8.38 
44 T(Si) 7F1→5L6 -594 1.54⨯101 3.98⨯10-4 0.00 2.95⨯10-1 5.09 
45 T(Si) 7F1→5L7 -1626 2.76⨯101 7.14⨯10-4 0.00 3.75⨯10-3 9.13 
46 T(Si) 7F1→5G2 -1661 0.00 0.00 3.73⨯104 4.28 1.23⨯104 
47 T(Si) 7F1→5G3 -1891 1.05 6.54⨯101 0.00 2.53⨯10-3 2.20⨯101 
48 T(Si) 7F1→5G6 -2021 7.01 1.81⨯10-4 0.00 1.43⨯10-4 2.32 
49 T(Si) 7F1→5G5 -2032 1.42⨯101 2.73⨯10-2 0.00 2.75⨯10-4 4.69 

      ∑𝑾𝑺𝒊 6.84⨯104  

      ∑𝑾𝒃
𝑺𝒊  1.24⨯104 

50 T(NH) 7F0→5D0 5507 4.09⨯101 3.34⨯105 0.00 5.59⨯102 1.89⨯10-9 
51 T(NH) 7F0→5D1 3773 0.00 0.00 5.20⨯108 3.48⨯108 4.83 
52 T(NH) 7F0→5L6 -2525 4.62⨯103 1.94⨯102 0.00 1.78⨯10-2 3.23⨯103 
53 T(NH) 7F0→5G6 -3952 8.23⨯102 3.45⨯101 0.00 3.37⨯10-6 5.74⨯102 
54 T(NH) 7F0→5D4 -4786 1.11⨯102 7.64⨯102 0.00 6.30⨯10-8 5.86⨯102 
55 T(NH) 7F1→5D0 5738 0.00 0.00 3.95⨯108 1.30⨯108 1.46⨯10-4 
56 T(NH) 7F1→5D1 4004 7.79⨯10-1 1.79⨯105 1.68⨯105 1.14⨯105 5.24⨯10-4 
57 T(NH) 7F1→5D2 1548 0.00 0.00 1.02⨯108 3.39⨯107 2.02⨯104 
58 T(NH) 7F1→5D3 -1324 3.10 4.65⨯104 0.00 2.68⨯101 1.54⨯104 
59 T(NH) 7F1→5L6 -2294 3.38⨯101 3.99⨯101 0.00 4.06⨯10-4 2.43⨯101 
60 T(NH) 7F1→5L7 -3326 5.55⨯101 6.54⨯101 0.00 4.72⨯10-6 3.99⨯101 
61 T(NH) 7F1→5G2 -3361 0.00 0.00 8.47⨯107 2.80 2.80⨯107 
62 T(NH) 7F1→5G3 -3591 2.08 1.63⨯104 0.00 1.78⨯10-4 5.37⨯103 
63 T(NH) 7F1→5G6 -3721 1.37⨯101 1.62⨯101 0.00 1.75⨯10-7 9.86 
64 T(NH) 7F1→5G5 -3732 2.77⨯101 1.57⨯102 0.00 1.03⨯10-6 6.08⨯101 

      ∑𝑾𝑵𝑯 5.13⨯108  

      ∑𝑾𝒃
𝑵𝑯  2.80⨯107 
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Figure S15. IET rates as a function of the temperature for a) [Tb(SA)3(H2O)2]@dU600 and b) 
[Eu(tta)3(H2O)2]@dU600 compounds. The IET rates which are constant with temperature are not 
displayed. For a) [Tb(SA)3(H2O)2]@dU600, these IET rates (in units of s-1) are: 𝑾𝑻 = 𝟏. 𝟎𝟒 × 𝟏𝟎𝟔; 
𝑾𝒃

𝑻 = 𝟏. 𝟑𝟎 × 𝟏𝟎𝟖; 𝑾𝑺 = 𝟖. 𝟎𝟒 × 𝟏𝟎𝟖; 𝑾𝒃
𝑵𝑯 = 𝟏. 𝟏𝟓 × 𝟏𝟎𝟗; 𝑾𝑵𝑯−𝑻 = 𝟕. 𝟒𝟎 × 𝟏𝟎𝟖; 𝑾𝑺𝒊−𝑻 =

𝟑. 𝟖𝟏 × 𝟏𝟎𝟖; 𝑾𝒃
𝑵𝑯−𝑺 = 𝟗. 𝟕𝟐 × 𝟏𝟎𝟕; and 𝑾𝒃

𝑺𝒊−𝑺 = 𝟐. 𝟎𝟕 × 𝟏𝟎𝟖. For b) [Eu(tta)3(H2O)2]@dU600, the 
constant IET rates (in units of s-1) are: 𝑾𝑵𝑯−𝑻 = 𝟐. 𝟕𝟒 × 𝟏𝟎𝟖; 𝑾𝑺𝒊−𝑻 = 𝟓. 𝟑𝟔 × 𝟏𝟎𝟕; 𝑾𝒃

𝑵𝑯−𝑺 =

𝟐. 𝟒𝟗 × 𝟏𝟎𝟖; and 𝑾𝒃
𝑺𝒊−𝑺 = 𝟐. 𝟕𝟗 × 𝟏𝟎𝟖. 

S5.2 Populations rate equations 

The pumping rate 𝜙~184 s-1 was estimated using, 

𝜙 =
𝜎𝜌𝜆𝑒𝑥𝑐

ℎ𝑐
 S20 

where 𝜎 (~10-16 cm2) is the absorption cross-section of the organic ligands, 𝜌 (~ 1 W/cm-2) is the power 

density of the excitation source at 𝜆𝑒𝑥𝑐 = 365 nm. The ℎ and 𝑐 are the constants of Planck and the speed 

of light. If the power density is increased (e.g. 𝜌 = 10 W/cm-2, leading to 𝜙~1840 s-1), it will reflect in 

a higher depopulation of the ground-level (𝑁0) and increase proportionally the Ln3+ emitting levels 
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populations (𝑁6). However, once we are dealing with the ratio between the Tb3+/Eu3+ populations, this 

increasing (or decreasing) of the 𝑁6 with the power density cancels in the thermometric parameter Δ. 

 
Figure S16. Population fraction as a function of the temperature for the Si (N3) and NH (N4) hybrid 
moieties. 

 

S5.3 Radiative rates and 4f-4f intensities 

Once the theoretical intensity parameters 𝛺𝜆
𝑡ℎ𝑒𝑜 were determined (see section S4.2 Theoretical 

intensity parameters), it is possible to calculate the individual radiative rate 𝐴𝐽→𝐽′: 

𝐴𝐽→𝐽′ =
4𝑒2(𝜔𝐽→𝐽′)

3

3ℏ𝑐3(2𝐽 + 1)
[
𝑛(𝑛2 + 2)2

9
𝑆𝑒𝑑 + 𝑛3𝑆𝑚𝑑] S21 

where, 

𝑆𝑒𝑑 = ∑ Ω𝜆⟨𝜓𝐽‖𝑈(𝜆)‖𝜓′𝐽′⟩2

𝜆=2,4,6

 S22 

𝑆𝑚𝑑 =
ℏ

4𝑚𝑒
2𝑐2

⟨𝜓𝐽‖𝐿 + 2𝑆‖𝜓′𝐽′⟩2 S23 

are the electric and magnetic dipole strength, respectively. The squared matrix elements 

⟨𝜓𝐽‖𝑈(𝜆)‖𝜓′𝐽′⟩2 can be found in Ref. [32] and the ⟨𝜓𝐽‖𝐿 + 2𝑆‖𝜓′𝐽′⟩2 = 0.1618 for the Tb3+ 5D4→7F5 

can be calculated from the data in Ref. [34]. Due to the selection rules on J quantum number, this matrix 

element for the Eu3+ 5D0→7F2 is zero. The 𝜔 is the angular frequency of the transition |𝜓𝐽⟩ → |𝜓′𝐽′⟩ 

(5D0→7F2 or 5D4→7F5), and 𝑚𝑒 is the electron mass. 
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It is known that the refractive index of the medium 𝑛  decreasing with the temperature increasing 

for the dU600 incorporating Ln-based complexes with a linear behavior of –7.0×10-4 C−1.[36] Thus, 

considering a starting 𝑛 = 1.5000, we obtain for the Tb3+ 5D4→7F5 and Eu3+ 5D0→7F2 the intervals of 

𝐴0→2 = [103.52 – 100.70] s-1 and 𝐴4→5 = [208.29 – 202.61] s-1, respectively. 

The emission of interest 5D0→7F2 and 5D4→7F5 can be calculated by: 

𝐼𝐽→𝐽′ = 𝐴𝐽→𝐽′𝑁6 S24 

using the values of the emitting levels populations 𝑁6 (in the steady-state regime) in Table 1, we can 

estimate the intensities 𝐼𝐸𝑢 and 𝐼𝑇𝑏 and, subsequently, the theoretical thermometric parameter ∆3=
𝐼𝑇𝑏

𝐼𝐸𝑢
. 

Thus, 

∆3=
𝐼𝑇𝑏

𝐼𝐸𝑢

=
𝐴4→5𝑁6(𝑇𝑏)

𝐴0→2𝑁6(𝐸𝑢)
 S25 

 

Table S7. Values of normalized intensities (𝐼𝑇𝑏 and 𝐼𝐸𝑢) and the thermometric parameter Δ3. The values 
indicated by exp are the experimental values of the intensities (5D4→7F5 and 5D0→7F2 integrated areas). 

 Tb3+ Eu3+ Tb3+/Eu3+ 

T (K) 𝑰𝑇𝑏 
(exp) 

𝑰𝑇𝑏 
(theo) 

𝑰𝐸𝑢 
(exp) 

𝑰𝐸𝑢 
(theo) 

Δ3 
(exp) 

Δ3 
(theo) 

294 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
295 0.0577 0.0550 0.0936 0.0262 0.0641 0.0568 
296 0.1225 0.1106 0.1820 0.0979 0.1367 0.1119 
297 0.1994 0.1653 0.2652 0.1690 0.2247 0.1659 
298 0.2826 0.2214 0.3432 0.2395 0.3192 0.2215 
299 0.3661 0.2774 0.4164 0.3094 0.4120 0.2769 
300 0.4443 0.3246 0.4846 0.3329 0.4956 0.3255 
301 0.5112 0.3803 0.5480 0.4017 0.5630 0.3805 
302 0.5611 0.4357 0.6067 0.4698 0.6076 0.4353 
303 0.6023 0.4910 0.6607 0.5373 0.6412 0.4899 
304 0.6632 0.5375 0.7103 0.5588 0.7011 0.5378 
305 0.7334 0.5924 0.7554 0.6251 0.7729 0.5920 
306 0.7916 0.6472 0.7962 0.6456 0.8299 0.6486 
307 0.8298 0.6932 0.8328 0.7108 0.8627 0.6935 
308 0.8531 0.7476 0.8664 0.7754 0.8777 0.7471 
309 0.8670 0.8018 0.8985 0.8395 0.8815 0.8006 
310 0.8779 0.8474 0.9309 0.8579 0.8815 0.8475 
311 0.8959 0.9012 0.9639 0.9208 0.8899 0.9006 
312 0.9327 0.9549 0.9901 0.9382 0.9235 0.9561 
313 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 
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1. Motivation and state of the art

1.1. Introduction

The Internet of Things (IoT) was introduced in 1999 and since then it has been extended

and grown with new trends, elements, and definitions surveyed and discussed over the last decade 

[1–4]. Today it is no longer an idea of the future but a concept of the present, being part of daily 

life from the individual to enterprise-level from diverse sectors extending to all sorts of branches 

in society, including security systems [5], environmental monitoring [6], multimedia [7], logistics 

and management [8], retail [9], public sector [10], transportation [11], smart cities [12], industry 

4.0 [13], and healthcare 4.0 [14]. Enlarged by the COVID-19 pandemic scenario healthcare 

services standout and the concepts of eHealth and mHealth (mobile-assisted eHealth) arose [14,15] 

being more and more explored towards the development of effective low-cost and sustainable 

systems that promote healthcare provision [16]. In a simplified way, information, communication, 

and physical technologies are combined to create a network of things able to connect people, 

devices, and services across the world. In such a concept, new labels are fundamental to identify 

each node in the network. Smart labels for real-time sensing and to establish communication are 

a growing market, where traceability, authentication, reliability, and controlled access to 

information are required ([17], work published in Manuscript 9). In this context, smart labels to 

be accessed using a smartphone stand out as the most promising strategy for widespread use 

(Figure 1). 

The imperative need for monitoring different parameters within the network or on its 

surrounding, either in continuous mode or occasionally after the interaction, place sensors as one 

of the main data sources. Sensors can be used to monitor biometric parameters (e.g., facial 

recognition, physiological parameters, detection health abnormalities), human interaction (e.g., 

touch screen, position), device status (e.g., battery, network connections), emergency events (e.g., 

stress/fatigue, flame), and environment (e.g., gases, humidity, temperature), among others [18–

22]. This multitude of measurands makes the IoT a large and complex network with branches 

reaching almost every topic in science, as evidenced in a large number of recent reviews and 

surveys exploring this ubiquitous network [19,20,23–32]. 

Sensing technologies typically rely on the electric and optical domains, with the optical 

one standing out due to its intrinsic characteristics like contactless, large-scale measures, faster 

response times, and immunity to electromagnetic fields [33], which in some scenarios are more 

advantageous [34]. Among the distinct targets, the temperature is one of the most demanded, in 

science and in the global economy, where sensors account for around 80% of the world sensor 

market, expecting that the sector reaches an economic record by 2023 [35]. Other relevant sensing 
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targets include analytes (e.g., metals, gas, antibiotics, chemical compounds), physical parameters 

(e.g., humidity, strain), diagnostics (e.g., diseases, cells). 

 

 
Figure 1. Schematics of IoT societal impact: communication and technologies promoting IoT 

through Ln3+ based optical features. [36] 

This thesis focuses on optical sensors inserted into the IoT network, in which lanthanide 

ions (Ln3+) play a central role in the monitoring process. It begins with an overview of the field 

based on more than 103 publications in the past 20 years revealing that optical sensors may be 

split into 5 main clusters, namely temperature sensors (Cluster I), chemical elements (Cluster II), 

chemical compounds (Cluster III), gas sensors (Cluster IV), and bioimaging sensors (Cluster V). 

The search was refined to focus on smartphone-based optical sensors, reviewing the current 

advances and trends for mobile optical (mOptical) sensing. Emphasis is given to examples related 

to non-waveguided optical signals due to the recent explosion of the field. 

1.2. Lanthanide-based sensors overview 

To evaluate the fields where Ln3+ are being used as sensors and the technologies where 

they impact on, a search for scientific articles using Ln3+ as sensors has been made. The searching 

period is set from January 2000 until September 2021, restricted to research or review articles and 

books from the Web of Science Core Collection (WOS). The search indexing terms include 

“lanthanide*” and “Ln3+” (e.g., “Europium” OR “Eu3+” OR “Eu2+”,) combined with “sense”, 
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“sensing”, “sensor “, or “sensoring” plus variants of these indexing terms (e.g., “nanosense”, 

“nano-sense”, “micro-sensoring”, “microsensor”). VOSviewer [37,38] was used to group the 

indexing terms with the highest number of repetitions and 98 out of 144 089 were considered 

after refinement. This refinement was based on an exclusion list restricted to the indexing terms 

that occur more than 50 times using a binary count, meaning that only the presence or absence of 

a term in a document matter (the number of appearances in the document is not relevant). The 

terminology in each document is clustered close to each other, meaning that the distance between 

indexing terms indicates how related they are. The result from this search methodology is 

illustrated in  

Figure 2a reveals the presence of 5 main clusters. The diameter of the circular marker 

associated with each indexing term is proportional to the number of appearances in the literature 

(the larger the circle, the greater the number of citations). Also, the thickness of the line 

connecting the indexing terms the stronger is the correlation between indexing terms (only the 

strongest 500 lines are presented to maintain the clarity of the figure). Five clusters are identified, 

comprising temperature sensors (Cluster I), analyte sensors (Cluster II-IV, which include 

chemical elements, compounds, and gases), and bioimaging sensors (Cluster V). The optical 

features of Ln3+ are the link between all the clusters as the indexing terms such as spectrum, 

intensity, color, or phase are shared (marked in blue). All the indexing terms used to build Figure 

2 are shown in Table 1. 

Table 1 Selected terminology obtained from the survey of the manuscripts represented 

in Figure 2 is detailed, were for each keyword is presented the label used, the cluster it belongs, 

the number of connections with other keywords (links), the number of occurrences in the articles, 

the average publication year and the average number of citations. [36] 

Name Cluster Occurrences Pub. year Avg. citations 

1 atmosphere IV 121 2015 31 
2 Ba II 72 2014 26 
3 bandwidth I-1 145 2015 21 
4 binding III 227 2014 39 
5 bio compatibility V 87 2018 24 
6 bioimaging V 106 2017 42 
7 biomarker III 135 2018 27 
8 biosensor III 192 2016 27 
9 Ca II 201 2012 36 
10 catalytic activity III 88 2017 30 
11 cavity I-1 304 2015 19 
12 Cd II 120 2014 29 
13 cell V 527 2014 35 
14 Ce III 888 2015 22 
15 chemical sensor II 235 2016 35 
16 CIE I-2 70 2018 17 
17 CO2 II 203 2015 38 
18 color VI 430 2017 26 
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19 Cu II 301 2016 23 
20 Cr II 104 2017 19 
21 crystal structure I-2 474 2015 21 
22 diagnosis V 151 2018 25 
23 dicarboxylic acid III 97 2018 29 
24 disease V 141 2017 29 
25 dna V 145 2016 29 
26 dopamine III 58 2018 11 
27 dpa III 115 2017 23 
28 drug III 83 2015 22 
29 Dye V 156 2016 28 
30 Dy II 244 2016 21 
31 enzyme III 123 2016 39 
32 Er I-2 965 2017 21 
33 Er doped fiber I-1 245 2014 13 
34 Eu III 1352 2016 23 
35 Fbg I-1 162 2014 11 
36 Fe II 291 2017 28 
37 Fir I-2 466 2017 24 
38 Gd II 267 2013 30 
39 gas sensor IV 289 2014 22 
40 glucose III 84 2016 33 
41 green emission I-2 361 2017 20 
42 Hg II 115 2015 28 
43 human V 201 2018 29 
44 humidity IV 72 2017 37 
45 H2O2 III 171 2016 33 
46 image V 238 2015 23 
47 intensity VI 1372 2016 21 
48 interference VI 248 2016 21 
49 La II 95 2014 18 
50 laser cavity I-1 84 2015 12 
51 Luminescence thermometry I-2 2445 2018 29 
52 Lu II 97 2014 20 
53 relative sensitivity I-2 92 2019 12 
54 Mg II 125 2014 23 
55 Mn II 110 2016 19 
56 mof III 412 2018 40 
57 moiety III 209 2014 33 
58 nanothermometer I-2 102 2018 43 
59 Nd I-2 285 2016 23 
60 NH3 IV 50 2017 34 
61 Ni II 125 2014 22 
62 NO2 IV 66 2015 28 
63 np V 797 2017 24 
64 optical communication I-1 72 2016 40 
65 optical fiber I-1 136 2014 22 
66 oxygen vacancy IV 107 2017 19 
67 Pb II 85 2015 20 
68 phase VI 580 2016 23 
69 pore III 99 2015 56 
70 Pr II 134 2016 19 
71 red emission I-2 360 2017 20 
72 refractive index I-1 108 2016 26 
73 repetition rate I-1 106 2016 16 
74 relative sensitivity I-2 92 2019 12 
75 Sm II 275 2015 24 
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76 serum III 79 2017 21 
77 shift VI 395 2016 22 
78 SNO2 IV 69 2015 18 
79 spectrum VI 973 2016 20 
80 Sr II 50 2013 15 
81 Strain I-1 163 2014 17 
82 temperature sensor I-2 396 2016 23 
83 Tb III 810 2016 25 
84 therapy V 103 2017 39 
85 thermal sensitivity I-2 147 2018 24 
86 thermometer I-2 298 2018 30 
87 threshold I-1 170 2013 26 
88 Tm I-2 370 2015 37 
89 tissue V 125 2016 34 
90 ucnp V 231 2018 30 
91 Upconversion I-2 320 2017 25 
92 Urine III 88 2017 18 
93 Yt I-2 625 2017 22 
94 Zn II 162 2015 24 

 

Cluster I was recently discussed in greater detail due to the relevance of optical sensors 

for temperature monitoring (Figure 2b,c). Two sub-groups emanate, namely sub-Group I.1 (red) 

that aggregates waveguide optical sensors and sub-Group I.2 (green) that aggregates non-

waveguide optical sensors [17]. The sub-Groups designation accounts for the respective indexing 

terms. For sub-Group I.1, index terms include fiber Bragg grating [39], interferometer (Fabry–

Perot, Sagnac, or Mach–Zehnder) [40], which are associated with waveguide propagation of the 

optical signal in fiber. The indexing terms refer to either the measured property of the optical 

signal (e.g., polarization, reflectance spectrum, wavelength shift, intensity), the principle of 

operation (e.g., interferometer), or the measurand (e.g., refractive index, strain, temperature). In 

the case of sub-group I.2, the indexing terms are associated with nonguided optical signal 

properties (e.g., emission, intensity ratio), the principle of operation (e.g., upconversion, 

downshifting), or the measurand (temperature) [17]. The origin of these two sub-groups can be 

retrieved from the analysis of Cluster I from a historical temporal point of view (Figure 2d). The 

field of temperature optical sensors was initially supported by the well-established optical fiber 

technology [41] that is behind the examples in sub-Group I.1. Although this is still an active field 

of research with huge commercial impact arising from the maturity of the fiber-optic 

communication industries [41], the longevity of the field with publications dating back to the 

1980s, and the advances in optoelectronics that allowed an easier transition from optics to 

electronics [41], it is chronologically clear the explosion of the field of optical temperature sensors 

based on nonguided optical signal propagation sensors (sub-GroupI.2). This is a hot topic, with a 

higher number of publications and average citations since 2015 [17]. The working principle of 

such nonguided optical signal sensors is based on the dependence of optical properties such as 

reflection, absorption, Raman scattering, or luminescence with temperature.  
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Figure 2. a) Map generated using data (title and abstract keywords) in 10 118 publications from 

WOS in the period 2000–2021 [36]. The red and green clusters, expanded in (b) and (c), aggregate 

the indexing terms in (b) waveguided optical signal temperature sensors (Cluster I) and c) 

nonguided optical signal temperature sensors (Cluster II). d) Chronological evolution of the map 

in (a). Reproduced with permission from ref. [17], © 2021 The Authors. Advanced Photonics 

Research published by Wiley-VCH GmbH.  

Returning to the focus of this thesis, to discern the maturity of the field of Ln3+-based 

sensors regarding the use of mOptical technology and the IoT, the search in Figure 2 has been 

expanded to include new indexing terms (e.g., internet-of-thing, smartphone), Figure 3a. The two 

main groups comprising temperature sensors (Cluster I), and analyte sensors (Cluster II-IV) were 

identified with the appearance of new indexing (e.g., color, image, Quick Response (QR)-codes). 

Nonetheless, a clear link between mOptical sensors and the IoT is only seen in a limited number 

of works [42–44] dedicated to temperature sensing mediated by luminescent QR codes ([42,43], 
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works published in Manuscript 4 and Manuscript 9). Such a limited number of works point out 

that the new generation of optical sensing to the IoT is still in its infancy. These intriguing 

examples push forward conventional luminescence thermometry [35,45–50], transporting its 

classic application to a new field associated with mOptical technology and the IoT. Although the 

spectroscopic fundamentals are the same (Figure 3b), traditional spectrophotometer resources are 

replaced by charged coupled devices (CCD) present in smartphones (Figure 3c). 

The rationale for the technological evolution and widespread use is found in the principles 

of luminescence thermometry (Manuscript 3, Manuscript 6 and Manuscript 8) which is a non-

invasive spectroscopic method for temperature measurement based on the thermal dependence of 

the phosphor emission (also known as the thermometric parameter) combining high relative 

thermal sensitivity (Sr>1 %K−1) and spatial resolution (10−6 m) with short acquisition times (<10−3 

s) [35,51–58]. The thermometric parameter () is based on the temperature dependence of the 

materials’ emission that manifests itself mostly through the i) variation in the lifetime of a certain 

excited energy level, ii) emission peak shift or, the most used iii) variation in the emission 

intensity (I) of one or two electronic (I1 and I2) transitions, Figure 3b [35,45,51,52]. The most 

popular approach to determining the absolute temperature is to measure the intensity ratio of 

distinct spectral regions in the emission spectrum (so-called self-reference ratiometric 

thermometer) [35]. These thermometers offer consistent temperature measurements, as they are 

not affected by local intensity fluctuations (e.g., emitting centers concentration or excitation 

source power). However, recent works have drawn attention to reliability issues caused by 

experimental artifacts and even intrinsic effects [35,57,59–64]. The solution lies in primary 

thermometers, characterized by a well-established state-equation that directly relates a particular 

measured value to the absolute temperature without the need for calibration. So far, only a few 

primary luminescent thermometers have been reported [42,53,59,65–70], most of which are based 

on the intensity ratio between two thermally coupled electronic levels, for instance, the Er3+ 2H11/2 

and 4S3/2 levels. Nonetheless, the theoretical knowledge of the mechanism behind the emission 

dependence on the temperature is unattainable in most cases, disabling the a priori building of a 

primary thermometer. Therefore, new approaches combining experiment and theoretical 

calculations for energy-driven luminescent molecular thermometers are desirable [43,71]. 

Interestingly, examples of primary [42] and energy-driven thermometers have already been 

explored in mOptical sensing and IoT [17]. The contribution of theory and modeling of the optical 

features dependence is of utmost relevance for the new generation of optical sensing and IoT, 

where commercial applications for common use are expected. Therefore, the possibility to 

provide theoretical support for experimentally determined sensing calibration curves is an added 

value. Any deviation between the predicted temperature through such theoretical-derived 
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thermometer approaches and the experimental curve is evidence that the sensor should be 

replaced. 

 

Figure 3. a) Map generated using data (title and abstract) in 107 publications from WOS in the 

period 2000–2021 with index terms Internet of Things and lanthanides, accessed on 08/09/2021. 

The search index terms include the terms “lanthanide*” and “Ln3+” plus each lanthanide name 

and possible ion (e.g., “Europium” OR “Eu3+” OR “Eu2+”, “Praseodymium” OR “pr2+” OR 

“pr3+” OR “pr4+”) combined with terms “internet of thing*", "internet-of-thing*", "smart 

phone*" plus several variations of these (e.g., iot, iiot, smartphone*, "smart-phone* and "smart 
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phone*"). VOS Viewer was used to clustering the most found terminology that was refined using 

an exclusion term list and restricted to terminology that occurs more than 3 times using a binary 

count meaning that only the presence or absence of a term in a document matter (the number of 

appearances in the document is not relevant) [36]. b) Schematic of the thermometric parameters 

(lifetime variation of a certain excited energy level, emission peak shift, and variation in the 

emission intensity of one or two electronic transitions) used in luminescence thermometry and c) 

those (photographs) used for mOptical sensing toward IoT. Reproduced with permission from ref. 

[17], © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH. 

The evolution of the mOptical sensors to IoT through the use of luminescent QR codes 

([72], work published in Manuscript 1) yields a smart label for authentication and tracking of 

people and goods in a multitude of areas, in which this thesis highlights counterfeit with 

simultaneous tracking of goods ([73], work published in Manuscript 7) and medical devices for 

mHealth and eHealth. The application of such smart sensors in the medical domain was favored 

by the COVID-19 pandemics create the need for fast temperature screening, people traceability, 

and remote medical care. In the field of mHealth and eHealth where new technologies rely on the 

identification of individuals based on personal information safety measures must be additionally 

addressed. This is particularly important in eHealth systems, that besides using personal information 

also generate new data (healthcare-related) that must be kept private and safe [4,74].  

In the context of the new generation of mOptical sensing with connection to IoT, the 

inclusion of unique features in the sensing labels has become a hot topic that can be addressed 

using the optical features of Ln3+ ions. [75,76]. 

1.3. Optical mobile sensing without connection to IoT 

This chapter is devoted to examples in which sensing is based on the use of smartphones 

(common CCD-based cameras) as quantification devices avoiding the traditional use of 

spectrometers and related instruments. However, the link to IoT is not addressed, despite its 

potential. Current examples in the literature are related to the properties of a single Ln3+ ion 

(single-center optical sensors) or a pair of ions (dual-center optical sensors), involving either two 

Ln3+ ions or an Ln3+ ion and a transition metal one (e.g., Mn4+). The ligands-induced large Stokes 

shift and the ligand-to-Ln3+ and ion-ion energy transfer processes. The sensing parameter is 

typically ratiometric and defined as the intensity ratio of the color coordinates extracted from an 

image or a set of frames. This process is very versatile and straightforward as the material color 

can be represented by, at least, one color model (e.g., R, G, B or C, M, Y, Annex B). 
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In some examples, sensing combines a smartphone with paper strips tests creating an 

alternative to a more expensive and time-consuming traditional analysis. These tests are a 

practical detection platform that is low cost, on-site, in real-time, and with a simple methodology 

to detect an agent using an easily operated smartphone to quantify color and do sense. Although 

an increase in sensitivity still needs to be achieved in certain cases, others already perform inside 

benchmark values [77–87], Table 3. It. It is also interesting to note that some works tend to follow 

a sustainable approach, promoting the use of renewable resources and eco-friendly materials, that 

is “from nature, for nature, and into the nature” [80]. To enable a comparison between the distinct 

sensors, the limit of detection (LOD, defined as the lowest quantity of the analyte that can be 

reliably detected with a given analytical method) is indicated in Table 3. 

1.3.1. Single-center optical sensors 

Single-center sensing explores IET. The sensing results are mainly due to competitive 

processes where the affinity binding between molecules/complexes is exploited to quench or 

enhance the emission of the Ln3+ ions. Distinct single Ln3+-based materials have been used to 

sense different chemicals, such phenyl glyoxylic acid (PGA) [83], chromium (Cr3+) [77], 

tetracyclines [80,81,84,88,89], cyanide [90], stringent ppGpp [91], and hydrogen peroxide (H2O2) 

[92–95] and Bacillus anthracis (also known as anthrax) [79,82,85–87]. 

The presence of PGA was monitored in serum and urine [83]. This biomarker is used to 

detect toxic compounds resulting from plastic waste pollution, which is nowadays a serious threat 

to humans’ and animals’ health. To perform the detection of PGA with high selectivity and 

sensitivity, Eu3+ functionalized Sc-based metal-organic frameworks (MOFs) have been exploited 

(Figure 4). Theoretical calculations and experimental measures evidence that the PGA molecule 

sensitizes the Eu-MOF, enhancing its emission. Thus, in the presence of PGA, there is a color 

shift from navy blue to red depending on the PGA concentration. The visible red color shift arises 

from the 5D0 → 7F2 transition (Eu3+) as its intensity increases with the increase of the PGA 

concentration. The navy-blue color exhibited in the absence of PGA is ascribed to a broadband 

(300-500 nm) from the Sc-based MOF. The sensing parameter is the ratio between the intensity 

of the color coordinates (R/B). In the present case, a linear variation with the PGA concentration 

was calculated with a LOD of 0.197 mg/mL [83]. 
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Figure 4. a) The schematic diagram of the turn-on fluorescence switch for on-site detecting 

urinary PGA. b) the R/B values were obtained from a color scanning APP. Reproduced with 

permission from ref. [83], © 2017 Elsevier B.V. 

 

Chromium (Cr3+) present in industrial wastewater has also been detected using a single 

Ln3+ center [77,96]. It was observed that Tb3+ can act as a marker to sense Cr3+, when encapsulated 

in a layer-like MOF {[Cd4(NDIC)4·5DMF·H2O]DMF}n (NDIC = 5-(5-norbonene-2,3-

dicarboximide). In the presence of Cr3+, the intra-4f8 green emission (Tb3+) was quenched due to 

the collapse of the MOF crystal structure at high Cr3+ concentrations (50µM). In this case, the 

sensing parameter is non-ratiometric as it lies only on the variation of the intensity of emission 

spectra with concentration described by the Stern–Volmer equation [97].  

The detection of tetracyclines (TCs), a class of antibiotics widely used in veterinary 

medicine, was also explored using Ln3+ ions [98]. The detection and control are important because 

if the dosage is over a certain limit it may result in its appearance in animal products, such as milk 

[99], meat [100], or honey [101]. This drug residue can be harmful in the long term to human 

health [102–104]. Tetracyclines contain a β-diketonate configuration (Table 2) that is known to 

combine with Eu3+, transferring energy from their excited states (IET process) and making Eu3+ 

based materials suitable for tetracyclines detection [80]. An example of a sensing probe is the 

palygorskite (Table 2, Pal)-based ratiometric fluorescent nanoprobe. The ratiometric sensing 

parameter uses the blue emission from the dye-doped Pal material as a reference. The rich silicon 

hydroxyl surface of the Pal can covalently interact with the Eu(NO)3·6H2O complex, whose 5D0 

→ 7F0-4 emissions intensity will be increased and used for sensing as the red intensity will depend 

on the concentration of the tetracycline [80]. The anchorage of Eu3+ ions to functional groups has 

also been followed in other examples such as carbon dots (CD) prepared with cyclen and citric 

acid (Table 2, Figure 5) [84], silicon quantum dots [105], graphitic carbon nitride nanosheets 

[89,106], and a MOF incorporating a dye (UiO-66) [81]. In all these examples [80,81,84,89], 

increasing the TCs concentration produces more Eu-TCs complexes, and these complexes are 

more efficient than their precursors in terms of the IET process, enhancing the Eu3+ emission. All 

materials present two distinct emission bands, one in the blue region of the spectra (independent 
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and used as a reference) and another in the red ascribed to the intra-4f6 transitions, sensitive to the 

environment and used as sensing probe. Thus, the ratiometric sensing parameter is set as R/B and 

increases as the tetracyclines concentration increases (Figure 5c). The color variation is visible to 

the naked eye and can be quantified by smartphone outputting the RGB color coordinates of the 

material. 

 

Figure 5. a) Schematic drawing for the detection of TCs using a smartphone. b) Fluorescence 

photos of the probe solution in the presence of various amounts of TC under UV illumination. c) 

The plot of color change (red channel/blue channel) vs. concentration of TC. Reproduced with 

permission from ref. [84], © 2018, The Royal Society of Chemistry. 

 

Taking a step further in the detection of tetracyclines, a Ln3+-based material was used to 

promote the tetracyclines degradation and monitor this process through the B/G sensing 

parameter. The aminoclay– based AC@Au nano platform modified with citric acid (Table 2) 

display a characteristic blue emission while the Eu3+ provides the red component, Figure 6. This 

material combines the AC@Au capacity to serve as a visible-light-driven photocatalyst with a 

remarkable TCs photodegradation efficiency, in which the Eu3+ ions provide the ability to sense 

the TCs amount [88]. 
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Table 2 Examples of Ln3+-based materials used for mOptical sensing reported in Chapter 1.3. and Chapter 1.4. The processing, main optical features and 
sensing parameter are indicated. 

Molecular Structure, Processing, Optical and Sensing Details 

(1) Tb/DPA@SiO2-Eu-GMP[79] (2) AR -Tb3+ [85] (3) Eu@Sc-MOFs [83] (4) EuD4TEA [90] (5) Eu -CDs [84]

paper strips 
absorption 250-300 nm; intra-4f6 
lines, intra-4f8 lines, 
analyte DPA 

solution 
absorption 400-675 nm; intra-4f8 
lines, and yellow broad band (AR), 
analyte DPA 

paper strips (embedded), solution 
excitation broad band 250-400 nm 
(centred at 299 nm); intra-4f6 lines, 
analyte PGA 

paper strips 
excitation 365 nm, intra-4f6 lines, 
analyte CN- 

solution 
absorption ~300-400 nm; intra-4f6 
lines and blue broad band (CDs), 
analyte tetracycline 

(6) Cyanine dye modified UCNPs
[78]

(7) Eu-MoS2 QDs [91] (8) UCNPs/TPPS [107] (9) dU6/Tbacac [72]

Di-ureasil (dU6) (structure 12) 

(10) dU6/TbSA [73] [43]

(11)

paper strips 
absorption 340-600 nm (Cyanine); 
intra-4f12 lines, 
analyte SO2 

paper strips (embedded), solution 
absorption ~225-300 nm; intra-4f6 
lines and blue broad band (QDs), 
analyte ppGpp 

solution. 
absorption peak at 412, 434 nm and 
a band ~475-550 nm, 
analyte Cu2+ 

monoliths, films and QR codes 
absorption 250-300 nm; intra-4f8 
lines,  
traceability 

monoliths, films and printed QR 
codes 
absorption 240-390 nm; intra-4f8 
lines and blue broad band (dU6), 
traceability and temperature 
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(11) dU6/Eu/Tb [42] and tU5/Eu/Tb [72]

di-ureasil (dU6) (structure in 12)

(12) dU6/Eu [73] [43] [75] (13) Dye@UiO-66-@SiO2-NH2-Cit-Eu [81] (14) Pal-FL@SiO2-Cit-Eu [80]

SiO2-Cit Eu (structure in 13) 

monoliths, films and QR codes 
absorption 250-300 nm; intra-4f6 lines, 
intra-4f8 lines and blue broad band (dU6), 
temperature 

monoliths, films and printed QR codes. 
absorption 240-390 nm; intra-4f6 lines, 
traceability and temperature 

paper strips (embedded), solution 
intra-4f6 lines and blue broad band 
(Dye@UiO-66), 
analyte tetracycline 

paper strips, solution 
absorption ~400-525 nm; intra-4f6 lines 
and green broad band (Pal), 
analyte tetracycline 

(15) Tb3+@Cd-MOF [77] (16) Fe3O4@CePO4:Tb-EDTA-Eu [86] (17) DPA-Ce-GMP-Eu [108]

DPA (structure in 1) 

GMP (structure in 1) 

paper strips 
intra-4f8 lines, 
analyte Cr3+ 

Paper strips, solution 
absorption bands at 271 and 279 nm, intra-
4f6 lines, intra-4f8 lines, 
analyte DPA and Cysteine  

Solution 
intra-4f8 lines and broad band in blue region 
(DPA-Ce-GMP), 
analyte tetracycline 
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Figure 6. Fluorescence color images of the test paper-based visual nanoprobe with different 

concentrations of TCs solutions (0, 0.1, 1, 2, 4, 7 and 9 μM) under a 365 nm UV excitation, and 

the application of a smartphone in TC detection (the R/B values were obtained from a color 

scanning APP). Reproduced with permission from ref. [88], © 2019 Elsevier B.V. 

 

Other examples can be found in the food safety field and water analyses. For example, 

using an organometallic dye EuD4TEA (Table 2) and Au NPs the detection of cyanide in water 

was performed. The intensity of the red color arising from Eu3+ emission is directly related to the 

concentration. An image or a set of frames are captured and the RGB value of a region of interest 

is determined using an equation to relate this variation with the cyanide concentration. Afterward 

is as simple as setting a threshold to inform if water is drinkable or not, all made directly on a 

custom mobile application (app) in a smartphone. It is interesting to note that here is used a color 

palette with two well-defined color reference markers (one for the lowest detection level and the 

other for the highest level) to match with the obtained color. The procedure is similar to that used 

in colorimetric assays (e.g., pH paper strips or thermochromic sensors) to avoid detecting color 

fluctuations caused by external factors. This simple process increases the reliability of the test and 

could be easily applied to other paper strips tests [90]. 

The Guanosine 3′-diphosphate-5′-diphosphate (Table 2, ppGpp) is also an analyte of 

interest as a stringent alarmone, fundamental to the survival, growth, metabolism processes of 

bacteria and plants. Fluorescent molybdenum sulfide quantum dots (QDs) functionalized with 

Eu3+ (Eu-MoS2-QDs, Table 2) are being employed. In the absence of ppGpp, the QDs present a 

bright blue color, while in its presence the Eu3+ ions bind to the surface and the intra-4f6 red 

emission is observed. The red emission from Eu3+ increases with the increase of ppGpp 

concentration. While the blue emission band is unaffected being used as a reference signal 

enabling the definition of a ratiometric sensor using an R/G ratio for sensing [91]. 
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Another analyte is the hydrogen peroxide (H2O2) whose levels are critical to maintaining 

a healthy physiological balance in organisms [109]. Moreover, sensing H2O2 is interesting and 

useful as it is typically a by-product generated in the oxidation reaction catalyzed by many 

oxidases meaning that it can be used to detect oxidation reaction-related biomolecules [93]. This 

was exploited to sense galactose and cholesterol by sensing H2O2 using a composite of cerium 

oxide NPs (nanoceria) in addition to the corresponding galactose oxide or cholesterol oxide, 

respectively. From the reported tests to sense H2O2 levels, fluorescent-based ones have sparked 

increase interest [92–95]. A novel label-free ratiometric fluorescent assay for H2O2 by using 

GelRed/[G3T]5/Tb3+ hybrid (where [G3T]5 is a guanine/thymine rich DNA oligos) was proposed, 

in which the sensing parameter was set as the ratio between the stable red emission of the 

GelRed/[G3T]5 (taken as reference) and the sensitive emission in the green of [G3T]5/Tb3+ used as 

sensing parameter [93]. Previous studies found that [G3T]5 acts as a good sensitizer for the Tb3+ 

[110] due to its favorable triplet state energetic conditions [111,112]. Contrary to other works, the 

sensing probe is not directly sensitive to the presence of H2O2, it relies on a complex set of 

interactions between Hg2+ and cysteine (Cys), incorporated into the material, and the H2O2. 

Introducing Hg2+, quenches the Tb3+ emission, as the interaction between thymine and Hg2+ forms 

a strong stable complex, weakening the sensitizing ability to Tb3+. Introducing Cys into the mix, 

captures the Hg2+ due to the reaction between the thiol group of Cys and Hg2+, restoring the 

sensitization ability of [G3T]5 to Tb3+ recovering the green emission. Solely based on this 

phenomenon was possible to define an Hg2+ sensor. The sensing of H2O2 is due to the oxidation 

of Cys to cystine by the H2O2 reversing all previous processes leading to the quenching of Tb3+ 

emission, resulting in a sensing probe that shifts color from green to red with an increase of the 

H2O2 content, that can be quantified with the RGB color coordinates [93]. 

Using a distinct mechanism, the presence of H2O2 can be inferred using nanoceria whose 

intrinsic white-light changes to an intense yellow/orange in the presence of H2O2, induced by an 

alteration of the oxidation state of cerium. The variation of the oxidation stage from Ce3+ to Ce4+ 

produces peroxide complexes at the nanoceria surface that is responsible for the color change. 

The color was quantified using CMYK intensity that changes linearly with H2O2 concentration, 

quantified on-site with the smartphone, Figure 7 [94,95]. 

Among the distinct analytes, sensing of anthrax spores stands out and relies on the 

detection of a major component named dipicolinic acid (DPA,2,6-pyridine dicarboxylic acid, 

Table 2) that can be found in other common bacteria, and works as a biomarker [79,87]. Its rapid 

detection is of great importance as the inhalation of more than 104 of its spores could result in 

death within 36 hours [87]. The use of Ln3+ ions is also favorable due to high-affinity binding to 

DPA2– and the donor states (S1 and T1) of the complex are localized also in this ligand, meaning 

that the electronic density involved in the IET will be regarding mainly by the DPA2– ligand. 
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Thus, under UV excitation, the Eu3+-based material was sensitized by the DPA, resulting in an 

increase in the fluorescence intensity several orders of magnitude higher through an absorption-

IET-emission effect [113–115]. Exploring the interaction between Eu3+ and the DPA, several 

examples of ratiometric sensing were reported using carbon dots doped with Eu3+ [87,116], 

copper nanocluster doped with Eu3+ [117], and boron carbon oxynitride QDs doped with EDTA 

and Eu3+ [82]. In these cases, it was observed that in the presence of DPA, the Eu3+ emission was 

enhanced. Whereas the blue emission from the carbon dots and quantum dots is stable, the intra-

4f6 red component increases, yielding a shift of the color from blue to red.  

 

Figure 7. Schematic illustration of the agarose composite consisting of nanoceria and Gal Ox for 

the smartphone-mediated, reagent-free colorimetric determination of galactose. Reproduced with 

permission from ref. [94], © 2020, licensed under a Creative Commons Attribution 4.0 

International License.  

 

Apart from Eu3+, DPA was also used in combination with Tb3+, taking advantage of the 

competitive coordination of Tb3+ between DPA and the Alizarin Red (Table 2, AR). Experiments 

show that Tb3+ and AR form a coordination pair that in the presence of DPA is destroyed resulting 

in the formation of a complex between DPA and Tb3+. Like Eu3+, the Tb3+ emission is also 

sensitized due to the efficient energy transferring from DPA ligands resulting in a color shift from 

mauve to yellow under daylight illumination and from orange to green under UV excitation [85]. 

Ratiometric sensing probes were designed by adjusting the RGB color coordinates [79,82,85–87]. 

Noticeably, in general the LOD are larger for the Tb3+ related sensors (Table 3). 

1.3.2. Point of care 

One major field where single Ln3+ materials is being used is for point of care diagnostics 

and in lateral flow assays combined with smartphones to perform in-site and in real-time 

(bio)sensing. This application covers a vast spectrum such as the detection of human thyroid-

stimulating hormone (hTSH), Figure 8 [118], the prostate-specific antigen used to evaluated 

prostate cancer [119,120], human chorionic gonadotropin used in pregnancy tests [119], 
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phenylamine in the human urine [121], monitoring of Alzheimer’s dementia by using the 

biosynthetic enzyme cerebral acetylcholinesterase (AChE) [122], alkaline phosphatase 

considered as biomarker for bone diseases, uremia, liver dysfunction, lymphoma, or breast and 

prostate cancer [123], dopamine levels [124], and carcinoembryonic antigen for cancer detection 

[125]. Typically, Au NPs are the most used as a detector of antibodies due to their ease of 

functionalization, tunable optical properties, and excellent chemical stability even though 

suffering from low analytical sensitivity. Alternative phosphors with persistent luminescent 

(minutes to hours) and excellent photostability are gaining increasing attention in biomedical 

applications [119]. 

 
Figure 8. a) Schematic illustration of the AuNPs@SiO2–Eu3+-based LFIA for hTSH detection: 

before and after applying a sample solution in the presence or absence of hTSH. Photographs of 

LFIA devices after application of different concentrations of hTSH between 0 and 50 μIU mL−1 

in b) colorimetric (under ambient light) and c) fluorometric (under 365 nm UV excitation) 

readouts. d) quantitative calibration curve for hTSH in the fluorometric readout based on the red 

intensity (RGB scale), error bars indicate the standard deviations for measurements performed in 

triplicate e) schematic illustration of the naked eye identification of hypothyroid and 

normal/hyperthyroid samples. Reproduced with permission from ref. [118], © 2018, The Royal 

Society of Chemistry. 
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1.3.3. Dual-center optical sensors 

1.3.3.1. Analyte sensing 

One strategy involving two Ln3+ ions for sensing lies on particles (nano or micro) doped 

with a single Ln3+ ion, afterward encapsulated by an external layer that will coordinate another 

Ln3+ ion. This shielding layer ensures that no interaction between these two types of Ln3+ ions 

and that the Ln3+ at the core is used as a built-in reference. Examples of this strategy have been 

applied to anthrax sensing combining Eu3+ and Tb3+ ions, namely the Tb/DPA@SiO2-Eu/GMP 

[79] and Fe3O4@CePO4:Tb-EDTA-Eu (EDTA, ethylenediaminetetraacetic acid) materials [86]

(Table 2). When in the presence of DPA, the Eu3+ emission is enhanced due to the sensitization 

effect of DPA, while the Tb3+ (shielded by layers) acts as a reference stable emission, resulting in 

a shift of the color from green to red as the DPA concentration increases [79,86]. 

Going a step further using two Ln3+, the energy transfer between ions was explored to 

create other sensing probes. An example is tetracyclines monitoring using a DPA-Ce-GMP 

phosphor doped with Eu3+ (Table 2). The pristine Ce3+-based material presents a bright blue 

emission under UV excitation, that is quenched in the presence of the Eu3+. In this case, only the 
5D0 → 7F0-4 transitions appear, indicating that the energy transfer from Ce3+ to Eu3+ is operative. 

In the presence of tetracyclines, a stable complex with Eu3+ is formed, inhibiting the Ce3+-to-Eu3+ 

energy transfer and resulting in a quenching of the Eu3+ emission with the reappearance of the 

Ce3+ blue emission. Therefore, the emission shifts towards the blue as the concentration of the 

tetracycline increases [108]. Comparing with the process for tetracycline sensing previously 

described using a single Ln3+ center (Figure 5 and Figure 6, Table 2), the Ln-to-Ln energy transfer 

provided by dual centers yields a higher limit of detection, suggesting a less efficient tetracycline 

sensing [80,81,84].  

The pair Eu3+/Tb3+ was also used to sense fluoride anions (F–). A series of mixed Ln3+ 

MOF were synthesized using a triazine-based planar ligand (4,4′,4′′-s-triazine-2,4,6-

triyltribenzoate, TATB) and doped with Eu3+ and Tb3+, whose ratio is fine tunned to adjust the 

desired emission color [126]. The ratio between the Tb3+ emission intensity in the green spectral 

region (5D4 → 7F5 transition) and the Eu3+ red one (5D0 → 7F2 transition) was used to sense the F– 

concentration. The emission spectra deviation to the green as the F– amount increases, was 

transposed from spectroscopy-based analyses to smartphone-based detection, using the 

ratiometric sensing parameter based on the color coordinates ratio (G/R) taken from photographs. 

The results were consistent with the ones obtained by chromatography [126]. 

Another relevant analyte is Cu2+ that for large expositions can be harmful to kidneys, liver 

[127] and in some cases induces cell death and neurodegenerative diseases [128,129]. The

maintenance of acceptable levels in drinking water is important so techniques to monitor Cu2+ are 

relevant, especially those that can perform quickly, on-site, and with simple equipment [107]. 
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Colorimetric tests have been proposed based on water-dispersible ligand-free UCNPs with Yb3+ 

and Tm3+ and a commercially available porphyrin hydrate (tetraphenyl porphyrin tetrasulfonic 

acid hydrate, TPPS, Table 2). The complex formed between the UCNPs and the TPPS presents a 

green emission from the TPPS and a low-relative intensity upconversion emission. In the presence 

of Cu2+, a bonding between Cu2+ and TPPS occurs and the emission color changes from green to 

pink as the emission from the UCNPs is enhanced. In this case, the color dependence with the 

Cu2+ concentration was quantified with a ratio between the red and green color coordinates 

(Figure 9) [107]. 

 
Figure 9. a) Photo of UCNPs/TPPS nanokit incubated with varied concentration of Cu2+ (0, 0.5, 

2.5, 5, 7.5, 12.5, 15 and 20 µM). b) The application of a smartphone in Cu2+detection using the 

UCNPs/TPPS-based colorimetric assay, and plot of R/G values vs the concentration of Cu2+ 

indicated. Reproduced with permission from ref. [107], © 2018 Elsevier B.V. 

 

UCNPs were also used for the on-site detection of sulfur dioxide (SO2). Sensing this 

chemical is in great demand in the fields of food safety and environmental protection. NaYF4 

UCNPs doped on the surface with Yb3+/Tm3+ were designed to create a multilayer system also 

containing a cyanine dye [78]. When excited with 980 nm, the Yb3+ transfer energy to the Tm3+ 

excited levels yielding a blue (450-470 nm) and green (540 nm) emission that overlaps the dye 

absorption spectrum (340-600 nm). As consequence, a red color arising from the Tm3+ transition 

around 640 nm is favored. In the presence of SO2 recovers, the absorption of the cyanine dye is 

affected and the ratio between the blue and red emission from the Tm3+ was used as a sensor. 

In general, the strategy of using dual-center optical sensors does not yield an 

improvement of the LOD (Table 3). The presence of efficient IET involving a single Ln3+ ion and 

the judicious choice of the ligands appeared as a more efficient route. 
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1.3.3.2. Temperature sensing 

The temperature sensing using dual-center optical sensors involving a pair of Ln3+ ions 

(Eu3+/Gd3+) and a d metal ion (Mn4+) was reported (Table 4). In the steady-state regime, the 

temperature was sensed using a luminescent nanomaterial co-doped with Mn4+/Tb3+ [130]. It was 

observed a shift from red to green as the temperature changes from 298 to 425 K, visible to the 

naked eye. The Tb3+ green emission is used as an independent reference to create a ratiometric 

parameter, where the sensing probe is the Mn4+
. As the temperature increases, the Mn4+ red color 

contribution decreases, and the green color dominates. The assessment of the material color 

variation was also quantified using photographic records from a digital camera in the RGB color 

system, complementing the analysis of spectral data to in XYZ CIE 1931 color coordinate [130]. 

Luminescence thermometry in time-resolved mode was also explored. A delayed luminescence 

from LMCT states in Eu3+ doped gadolinium oxysulfide (Gd2O2S: Eu3+) was used to sense 

temperature through the 5D0 lifetime dependence with temperature (Table 4). The lifetime value 

is long enough to be recorded by a 30 fps CCD camera (approximately 1 frame every 30 ms) of 

a smartphone and the subsequent analysis was performed on a computer that assesses the variation 

in the intensity of the red channel [131]. 
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Table 3. Examples of single and dual-center optical sensors for mOptical sensing. The Ln3+ ions, the analyte, the sensitization mechanism, the input parameter, and the limit of 
detection (LOD) are indicated. 

Ln3+ ion analyte Sensitization mechanism Input IoT link LOD (μM)* Ref. 

Si
ng

le
-c

en
te

r 

Tb3+ 

H2O2 

IET 

Photograph (RGB) 

No 

3.6 [93] 
Cr3+ Emission spectrum 7.5 × 10−2 [77] 

DPA Absorbance and emission 
spectrum 

5.4× 10−2 
7.2× 10−2 [85] 

Eu3+ 

DPA 

Photograph (RGB) 1.0 [79] 
Photograph (RGB) 1.0× 10−1 [86] 
Photograph (RGB) 1.0 [87] 
Photograph (RGB) 6.7× 10−2 [116] 
Photograph (RGB) 7.2 [117] 

PGA LMCT Photograph (RGB) 0.197 * [83] 

TC IET 

Photograph (RGB) 1.0× 10−1 [80] 
Emission spectrum 1.2× 10-2 [84] 
Photograph (RGB) 1.0× 10−1 [81] 
Photograph (RGB) 1.1× 10−2 [88] 
Photograph (RGB) 2.5× 10−1 [89] 
Photograph (RGB) 2.5× 10−1 [105] 
Photograph (RGB) 5.4× 10−1 [106] 

CN- Plasmonic*** Photograph (RGB) 10-6 [90] 
ppGpp IET Photograph (RGB) 2.4× 101 [91] 

D
ua

l-c
en

te
r 

Ce3+/Eu4+ TC Ln-to-Ln Photograph (RGB) 1.1× 10-2 [108] 
Tb3+/Eu3+ F- IET Emission spectrum 96 ** [126] 

Yb3+/Tm3+ 
Cu2+ IET Photograph (RGB) 2.1× 10−1 

3.2× 10−1 [107] 

SO2 Ln-to-Ln and IET Emission spectrum 2.3 × 10−4 [78] 

Ce3+/Ce4+ H2O2 oxidation/reduction 
Photograph (RGB) 5.0× 101 [94] 
Photograph (RGB) 1.7× 101 [95] 

Yb3+/Er3+ Graphene oxide Plasmonic*** Photograph (RGB) yes -- [44] 
Values reported in * mg/mL and ** ppb. *** Plasmonic is the effect of the local field enhancement due to the surface plasmon−photon coupling [144,145]. 
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Table 4. Examples of single and dual-center optical sensors for mOptical sensing. The Ln3+ ions, the sensitization, the sensing parameter, the input, the sensitivity, and 

uncertainty are indicated. 

 Ln3+ ion Ln sensitization  Sensing parameter Input IoT 
link 

Sensitivity 

(%K-1) 
Uncertainty 

(K) 
Ref. 

Si
ng

le
-c

en
te

r Tb3+ Intra 4f excitation Intensity Ratio Photograph (CIE) No 0.6 -- [130] 

Tb3+ IET Intensity Ratio Photograph (RGB) Yes 8.5 0.183 [43] 

Eu3+ IET Intensity Ratio Photograph (RGB) Yes 0.41 0.576 [75] 

D
ua

l-c
en

te
r 

Eu3+/Gd3+ LMCT Lifetime Photograph (RGB) No 4.5 >1 [131] 

Eu3+/Tb3+ IET Intensity Ratio Photograph (RGB) Yes 5.14 0.194 [42] 

Eu3+ and Tb3+ IET Intensity Ratio Photograph (RGB) Yes 8.5 0.183 [43] 

Eu3+ and Tb3+ IET Intensity Ratio Photograph (RGB) Yes 1.6 - [43] 

Yb3+/Er3+ Ln-to-Ln Intensity Ratio Photograph (RGB) Yes 1.87 0.3 [132] 
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1.4. Optical mobile sensing with connection to IoT: authentication, trackability 

When the emission variation is perceivable at the naked eye or with a smartphone camera, 

a new field of opportunities arises, as now the sensing probe can be connected to IoT via a 

smartphone. In this chapter, we explore sensing applications of Ln3+ ions explicitly inserted in 

IoT, including also the original manuscripts presented in this thesis. To include these sensors in 

IoT it is necessary to bridge the gap between the sensor, the detector (smartphone), and the 

network. At the core, the smartphone is the key component that acts as a data collector and 

analyzer and establishes the connection to IoT, storing the retrieved information into cloud/servers 

with encrypted communications (if necessary) [44]. The Quick Response (QR) codes appear as 

one of the mechanisms able to promote the bridge. The QR codes consist of a 2D matrix formed 

by white (inactive) and black (active) square modules capable of encoding information and were 

first presented in 1994 by the Japanese company Denso Wave Incorporated. Since then, QR codes 

have been sparking interest and visibility among markets and users due to their properties such as 

the ability to correct errors in damaged zones, the variety of supported coding languages (e.g., 

numeric, alphanumeric, kanji, kana), the low cost and easy production and the high storage 

capacity compared with other labels (linear barcodes, RFID, NFC tags) [42]. The concept of 

colored multiplex QR codes appeared as a strategy to increase storage capacity and to provide 

additional features [133]. 

In what concerns sensing, multiplexed colored QR codes were printed using Ln3+-based 

inks to meet the challenges of QR codes and covers the demanding features of smart labels. One 

of the first use of luminescent QR codes is related to security (Figure 10) [134] and since then has 

been largely explored [73,134–137]. The main principle of operation shared is that the materials 

are invisible until excited with the proper wavelength, and when provided the luminescent QR 

codes become visible (first security layer provided by the material). An intriguing example 

applied is a responsive-banknotes case study (work published in Manuscript 7) [73,138], which 

reports spectrally selective color multiplexed luminescent QR codes able to store information at 

different layers of accessibility allowing the control of the information for (i) public access and 

(ii) restricted access (Figure 10). The public access, available under ambient illumination can be 

scanned with an unmodified smartphone and provides a link to an internet server containing static 

informational details (e.g., thematic topics, historical content) or dynamic information (e.g., 

currency exchange rate). The restricted access is granted with illumination from UV/blue LED 

and scanned recurring to the dedicated app that allows to discern the information encoded in the 

various color layers. The encrypted messages stored in the restricted access layer, containing 

unique authentication tags, can be securely transmitted to a remote server, which enables the 

trackability and the triggering of security alerts or other additional security features. The color 

multiplexing is attained using luminescent materials in the visible spectral region, activated by 



224 

UV radiation and displaying red (R), green (G), and blue (B) emission [133], being each color 

assigned to a selective QR code and related with a layer of accessibility [73] this concept was 

materialized by manufacturing luminescent QR codes using flexible and transparent organic-

inorganic hybrids (di ureasils) modified by Ln3+ (Eu3+, Tb3+, Table 2)-based complexes. Ureasils 

are processed using environment-friendly green solvents with tunable viscosity, which makes 

them ideal low-cost inks to be easily printed in virtually any substrate (paper, plastic, and textile) 

similar to what occurred in printable electronic circuits, which will further promote the spread of 

IoT applications. The active QR codes concept will be assisted by the combination of color 

multiplexing and spatial multiplexing through distinct colors coordinates and different module 

shapes (circle, square and hollow square, Figure 10), respectively, with optimized dimensions 

yielding an s-module with the triple storage capacity of an individual one. The layers assigned to 

each module shape combine perfectly without overlapping avoiding extra misinterpretation (in 

the demultiplexing step) which is present when colors are mixed due to the modules (of distinct 

color) superposition. In this case, the color multiplexing is used apart from the spatial 

multiplexing here proposed, which is a clear advantage gained through the s-modules since the 

result is a single multiplexed QR code with the ability to store the triple capacity compared to 

conventional black/white ones. The s-modules innovative spatial multiplexing ensures itself color 

separation that is not affected by the background emission, even when the red and green QR codes 

are simultaneously active. The red and green colors separation is ensured regardless of the 

emission intensity since these colors are the base functions (used to describe all the visible colors) 

for the RGB orthogonal color space, thus linearly independent between them, never mixing, and 

being discerned one from another. We also note that other color spaces establish red and green 

colors as complementary ones, thus, also in this case, the easiest color to be discerned [73]. 

In other examples using QR codes combined with Ln3+-based inks, their applications are 

mainly in security or anti-counterfeiting process, either encoding unique messages or making use 

of the spectral selective of Ln3+-based materials used as inks. Examples of unique messages 

encoded are the use of the chemical signature of the material used as ink or a specific string such 

as a banknote serial number (Figure 10e-f). The encoded information in the QR codes can 

afterwards be encrypted with a secure block-cipher having a key stored in a server/cloud 

enhancing even more the safety measures or in a more fashionable approach encoded in a 

blockchain key. The latter as it is attached to blockchain technology benefits from all its security 

and unique features, as well as being on board of one of the most influential technologies of the 

present/future [73,135]. 
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Figure 10. Schematic of the super-modules QR code and reading process. It contains different 

levels of information due to the use of independent inks allowing a) public access, read with 

ambient light, and b) restricted access with illumination UV/blue LED, read via dedicated 

applications/devices, that enable the monitoring and security. c-d) Multiplexed luminescent QR 

code printed on banknote specimens under c) daylight illumination and d), e) under 254 nm and 

365 nm excitation, respectively, displaying the Tb3+ based QR code (green) and Eu3+ based QR 

code (red) (Reproduced with permission from ref. [73], © 2020, the Author(s), licensed under a 

Creative Commons Attribution 4.0 International License). f) Upconverting image of QR code of 

‘SDSM&T’ which has the literal text ‘USD’; ‘U’, ‘S’, and ‘D’; and ‘SD’ inserted in the code 

image with blue upconverting ink as indicated above (Reproduced with permission from ref. 

[134], © 2012 IOP Publishing Ltd). g) (89: 11)-PLA/Eu3+-(D)-Asp on a PLA part illuminated at 

365 nm and h) 3D-printed (89: 11)-PLA/Tb3+-(D)-Asp on a PLA part illuminated at 254 nm 

(Reproduced with permission from ref. [135], © 2017, The Royal Society of Chemistry). 

 

Another example illustrating the potential of luminescent QR codes towards the design 

of smart-tags for mOptical sensing and anti-counterfeiting involves the use of Yb3+/Er3+-doped 
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NaGdF4 upconverting nanoparticles dispersed into recycled polystyrene (Figure 11)[132]. 

Compared to ultraviolet (UV) excitation [73,131,139], the use of smart tags containing 

upconverting nanoparticles provides a step further in anti-counterfeiting applications because NIR 

excitation is more difficult to replicate. Furthermore, NIR irradiation does not give rise to 

downshifting light emission from conventional luminescent materials, avoiding interference from 

background luminescence during the readout of the QR code [134]. Also, and more exciting, the 

concomitant controlled heating of the material is an opportunity to explore thermal-dependent 

features that are not accessible under UV illumination, while transparency is kept. 

 

 

Figure 11. a) Schematics of the simultaneous QR code readout and image acquisition. b) 

Power-dependent photographs of the QR codes upon 980 nm irradiation and the corresponding 

color channels. c) Integrated intensities of the red, green, and blue color channels. d) Evolution 

of the red-to-green ratio upon power density increasing. Reproduced with permission from ref. 

[132], © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH, 

licensed under a Creative Commons Attribution 4.0 International License. 

Moreover, the combination of Yb3+/Er3+-doped NaGdF4 upconverting nanoparticles with 

recycled polystyrene is an ingenious strategy to produce luminescent QR codes, where the 

photothermal response of the obtained QR codes induces color-tuning and temperature sensing 

properties under 980 nm irradiation at distinct power densities (15−115 W·cm−2). The power-

dependent light emission gives rise to a double-key molecular keylock that can be accessed by 
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using a smartphone camera through the RGB additive color model and upconversion 

thermometry. In the latter case, the integrated areas of the 2H11/2→4I15/2 and 4S3/2→4I15/2 transitions 

of Er3+ are used to compute the temperature using a calibration curve securely stored in a remote 

server, exploiting the interconnectivity and integration into the IoT network of the mobile phone 

to perform the readout of the QR code, color, and temperature at the same time. 

It is interesting to notice the versatility of the Ln3+ optical properties allowing the creation 

of safety measures and to act as a sensor using the same material. The sensing is performed 

similarly to the previous chapter with optical sensing mediated by a photo taken with a 

smartphone, but it will be added the information exchange with a distributed network like IoT. 

The connection to IoT opens the possibility to add trackability and authentication features to the 

sensor. New fields of application standout such as mHealth and eHealth that combine the new 

challenges associated with security and the need for authentication. This latter aspect has been 

addressed [75] taken advantage of the Ln3+ optical features. 

1.4.1. Bio and medical applications: eHealth and mHealth 

In what concerns bio-applications, one analyte sensor based on Ln3+-based UCNPs 

(NaYF4:Yb3+@Er3+&SiO2) was reported to sense graphene oxide, whose bright red emission 

decreases in the presence of the analyte. The UCNPs were embedded in chitin nanofibrils or chitin 

nanofibers (ChNFs) paper to form an efficient optical sensing bio-platform using a smartphone 

[44]. 

Medical applications, essentially related to the potential for remote temperature sensing 

have been exploiting using the above-mentioned concept of colored multiple QR codes (Figure 

10a). Luminescent QR codes based on luminescent inks of organic-inorganic hybrid co-doped 

Eu3+/Tb3+ (dU6Eu/Tb, Table 2) were used to sense temperature in real-time with photographic 

records (Figure 12). The emission color varies from orange to red as the temperature is raised and 

opens the possibility to define a ratio between the R/G color coordinates. The ratiometric behavior 

of the thermometer was described by a well-defined equation of state, enabling the design of the 

first example of an intramolecular primary thermometer (work published in Manuscript 4) [42]. 

The Mott-Seitz model was used to describe the lifetime dependence with temperature (can also 

describe an intensity thermal dependence, according to the relation between the luminescence 

intensity of a given transition and the lifetime of the upper transition level [140,141]) based on 

materials intrinsic properties [42]. The Mott-Seitz equation was rearranged to circumvent the 

phenomenological character of the α parameter, rewriting using known pre-calculated variables. 

The thermometric parameters used presented the same dependence described by two thermally 

coupled emitting levels ruled by the Boltzmann law [66]. It was observed that the theoretical 

model described the experimental measures using the R/G color coordinates, pushing 
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luminescence thermometry to mOptical sensing and IoT. A custom-made app was also designed 

to provide connection in real-time the temperature sensing probe to IoT [42]. Noticeably, the 

methodology based on the intensity of the red and green pixels of the photo yields a maximum 

relative sensitivity and minimum temperature uncertainty of the QR code sensor (293 K) of 

5.14% K−1 and 0.194 K (Table 4), respectively, among the best values in the literature [42,43, 

132,139,142–170], even if compared with figures of merit from conventional luminescence 

thermometry (Figure 13).  

Figure 12. a) Schematic representation of the temperature sensing and message decoding using a 

smartphone to read the luminescent QR codes. b) Photograph of a multiplexed black/white and 

luminescent QR code under daylight. c) Photograph of the luminescent QR codes under UV 

illumination at 254 nm for different temperatures (283–317 K). d) Emission spectra under 270 

nm excitation recorded between 12 and 318 K. e) Corresponding 1931 CIE emission color 

coordinates. Reproduced with permission from ref. [42], © 2019 The Authors. Published by 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, licensed under a Creative Commons 

Attribution 4.0 International License. 



229 

Figure 13. Maximum relative sensitivity values reported in the literature presenting 

a comparison between luminescent thermometers based on conventional spectroscopy 

(empty markers) and inserted into IoT (full markers). Adapted with permission from ref. [43], 

© 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH, licensed 

under a Creative Commons Attribution 4.0 International License. 

The use of luminescent QR codes for temperature sensing was further explored in 

combination with color-multiplexed schemes (Figure 14). Customized smart labels formed by 

two independent layers and smart location patterns were printed on medical adhesives (Figure 

15), using two non-contacting luminescent inks doped with Eu3+ and Tb3+ (work published in 

Manuscript 10) [43]. The combination of the green and red emissions provides three 

synchronous and independent temperature readouts based on photographs taken with a 

smartphone. The measured color change is an opportunity to build a sensor for mHealth 

including IoT based on the RGB color coordinates from images acquired with a smartphone, 

through three thermometric parameters. Using only the dU6/Tb layer is possible to define a 

ratio between G and B. Combining the dU6/Tb with the dU6/Eu two extra parameters are 

defined using the G and B coordinates from dU6/Tb, combined with R coordinate from dU6/

Eu. These are independent ratiometric thermometers yielding a maximum relative thermal 

sensitivity (Sm) of 8.5 %K–1 at 294 K and a minimum temperature uncertainty (δT) of 0.18 K at 

294 K (Table 4), among the best ones in the literature (Figure 13). We note that the figures of 

merit here reported although useful to distinguish some medical situations, such as the 

monitoring of injured or wound body locations, where the temperature variation that may 

indicate the presence of an infection is usually about 1 ºC [171] is less suitable to establish a 

fever status. As fever is determined in a shorter temperature range (37.8–40.0 ºC) [172,173], the 

typical Sm and δT values reported so far in such a narrow 
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range may lead to false positives, false negatives, or inconclusive results, being unsatisfactory for 

some medical applications. The improvement of Sr and δT values for physiological temperatures 

was recognized as one of the main challenges of the emerging field of luminescent micro- and 

nanothermometry.  

As an added benefit, theoretical modeling for temperature readout based on the R and G 

components was independently verified through theoretical modeling [43]. From the theoretical 

modeling procedures the thermometric parameter Δ = G/R (the ratio between two 4f intensities) 

was rationalized through the IET as a function of the temperature [43]. To proceed with the IET 

calculations, it was necessary to know the molecular and electronic structures of the dU6Ln 

(Ln=Tb, Eu). In this sense, the geometry and energy of the excited states S1 and T1 (energy donors) 

for each dU6Ln were estimated from DFT and TD-DFT calculations. From the calculated IET 

rates as a function of the temperature and the Jablonski-type diagrams, we describe the kinetics 

involved in each dU6Ln and simulating their intra-4f emissions (i.e., 5D4→7F5 and 5D0→7F2). The 

theoretical emission intensities are in good agreement with the experimental integrated areas of 

the 5D4→7F5 (ITb or G) and 5D0→7F2 (IEu or R) emissions (normalized intensities). Therefore, the 

thermometric parameter Δ3 = ITb/IEu and the relative sensitivity Sr are also in good accord with the 

experimental ones. The results obtained from the theoretical procedures open a promising 

perspective on a more rational development of energy-driven luminescence thermometers at the 

micro and nanoscale [43, 71]. The possibility to model and independently predicts the sensor

performance permits to infer degradation of the medical adhesive as a smart label because the R 

and G coordinates arise from dU6Eu and dU6Tb inks, respectively. Therefore, any deviation 

between the predicted temperature through Δ3 using the ratiometric and the theoretical-derived 

thermometer approaches is evidence that the medical adhesive is damaged and should be replaced. 
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Figure 14. Schematic of the proposed QR codes based on luminescent modules (dU6Tb) 

and smart location patterns (dU6Eu). The QR code contains 3 independents temperature readouts 

due to the use of 2 distinct inks (color multiplexing). The combined use of dU6Eu and dU6Tb 

enables the addition of a theoretical-derived thermometric parameter. The use of dedicated 

applications/devices permits monitoring and security through an encrypted connection to a server. 

Reproduced with permission from ref. [43], © 2021 The Authors. Advanced Photonics Research 

published by Wiley-VCH GmbH, licensed under a Creative Commons Attribution 4.0 

International License. 
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In the scenario where concurrent authentication and thermal sensing are required, 

challenges for eHealth and mHealth encompass the development of authenticatable smart labels 

that can sense physical parameters (e.g., body temperature) to infer a health condition in a non-

invasive way and through user-friendly equipment such as a smartphone. An intriguing example 

is a combination of luminescence thermometry and physically unclonable functions (PUF), which 

are the modern realizations of the ancient concept of a physical key [74,174–185] that permits 

remote temperature detection, and authentication of the labels and identification through a 

smartphone. The concept exploring unclonability and authentication of luminescent QR Codes 

using the same sensing layer was recently explored [75], reporting the first example in which the 

same QR code is an unclonable label able to sense temperature and be authenticated using a photo 

taken with a smartphone [75]. 

The unclonability and authentication are also made via smartphone authenticatable PUF 

generated from the random emission of the inks. The PUF printed on the substrate is accessible 

under UV illumination using low-power sources as LEDs remaining hidden under daylight (Figure 

15) [75]. The Eu3+ luminescent di-ureasil ink was used to fabricate a smart label (luminescent QR

code) able to sense temperature with remarkable figures of merit, including maximum thermal 

sensitivity of Sm=1.46 %K–1 and temperature uncertainty of δT=0.161 K at 293 K (at normal 

human body temperature, 310 K, Sr=0.41 %K–1 and δT=0.576 K) and authentication accuracy, 

precision and recall of 96.2, 98.9 and 85.7%, respectively (Table 4). These figures of merit and 

the methodology proposed are feasibly applied for the univocal identification and temperature 

monitoring of individuals, allowing the control of the access to restricted areas and the 

information transfer to medical entities for post medical evaluation towards a new generation of 

eHealth and mobile-assisted eHealth (mHealth). 
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Figure 15. Schematic representation of the PUF smart label printed on a medical mask 

and adhesive. a-g) Photographic records of the customized QR codes printed in a medical 

adhesive under daylight and UV illumination (Reproduced with permission from ref. [43], © 2021 

The Authors. Advanced Photonics Research published by Wiley-VCH GmbH, licensed under a 

Creative Commons Attribution 4.0 International License.). h) Black/white QR code is visible 

being processed in a mask(Reproduced with permission from ref. [75] licensed under a Creative 

Commons Attribution 4.0 International License). i) Image of a generated physical unclonable 

function based on the dispersion pattern created by the material deposition. 



 

234 

2. Objectives and organization of the thesis 

2.1. Objectives 

The main objective for this thesis was to develop a smart label operated with a smartphone 

that can sense temperature with enhanced security features, perform tracking and authentication 

to the object/person or document it is attached to, being able to be used in different applications. 

To achieve temperature sensing organic-inorganic hybrids doped with carefully chosen 

lanthanides were used, creating a luminescent thermometer evaluated with a smartphone. Making 

use of other optical properties of the materials security process was created, establishing different 

access types to the smart label. The combination of the material with QR codes, generating 

luminescent QR codes allowed for easy interaction with the smartphone and tracking, 

successfully including the label into the internet of things network. 

To attain the main objective, different secondary objectives were defined: 

i. Fabricate luminescent QR codes with multiplexed RGB emitting layers with increase storage 

capacity based on efficient Ln3+(Eu3+, Tb3+)- doped down-shifting organic hybrid materials. 

The luminescent QR codes based on these materials will be activated by UV/vis radiation. 

ii. Fabricate luminescent QR codes whose multiplexed RGB emitting layers reveal emission 

spectra dependent on the temperature. The emission thermal dependence will be used to 

sense temperature in a wide range of temperatures, depending on the optically active layer 

characteristics. 

iii. Development of two algorithms featuring: i) multiplexing/demultiplexing based on the novel 

methodology for color separation threshold where a decision level is calculated through 

maximum-likelihood criteria to minimize the error probability of the demultiplexed modules, 

maximizing the foreseen total storage capacity and ii) information codification and real-time 

monitoring of the QR-encoded information, prospecting the use in IoT (internet of things) 

applications with enhanced safety. 

iv. Development of spatial and spectral multiplexing schemes to overcome the difficulties 

observed when performing color multiplexing (namely color mixing and color identification 

difficulties). 

v. Fabrication of a prototype made of RGB luminescent QR code with thermal sensing 

demonstrating both storage capacity increase and real-time sensing.  

vi. Development of an application for commercially available smartphones able to decode 

colored luminescent QR codes, quantify their temperature based on the material exhibited 

color and do the tracking of the object they are attached to. 
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2.2. Organization 

The thesis is composed of 8 research manuscripts and their supporting information 

(provided as published), peer-reviewed and published in journals with recognized international 

merit and 2 manuscripts published in International Conferences. The 10 documents presented 

create a coherent research line and are presented chronologically.  

The supplementary report was prepared under the terms of articles 63 and 64-A of the 

University of Aveiro Studies Regulation. This report is organized into 5 chapters. In chapter 1 is 

presented the motivation and an overview for lanthanide sensors with emphasis given to the ones 

used to sense temperature with smartphones in the context of IoT, framing the work here 

presented. This chapter is also dedicated to a review of the examples in the literature regarding 

the use of lanthanides for optical sensors without and with a direct connection into IoT. In those 

chapters, the original research manuscripts that support this thesis are also included to identify 

their contribution to the field and where they stand with other published works. Chapter 2 presents 

the goals of the thesis and its organization. Chapter 3 is dedicated to summarizing, identifying the 

novelty and the original contributions for each manuscript. In the end, in chapter 4 a global 

assessment of the field is made, and the main conclusions are drawn. In addition, three annexes 

are included, explaining the basics of luminescence quantification, some relevant experimental 

setups being developed for mOptical sensing, and a complete list of publications including the 

submitted, accepted, and published during the thesis period. 
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3. Relevance and original contributions 

In this chapter, the work developed in each manuscript is summarized, identifying the 

novelty and the original contributions in each of the documents.  

3.1. Manuscript 1 

Title: Luminescent QR codes for smart labelling and sensing 

Summary: QR (Quick Response) codes are two-dimensional barcodes composed of 

special geometric patterns of black modules in a white square background that can encode 

different types of information with high density and robustness, correct errors, and physical 

damages, thus keeping the stored information protected. Recently, these codes have gained 

increased attention as they offer a simple physical tool for quick access to Web sites for 

advertising and social interaction. Challenges encompass the increase of the storage capacity 

limit, even though they can store approximately 350 times more information than common 

barcodes, and encode different types of characters (e.g., numeric, alphanumeric, kanji and kana). 

In this work, we fabricate luminescent QR codes based on a poly(methyl methacrylate) substrate 

coated with organic-inorganic hybrid materials doped with trivalent terbium (Tb3+) and europium 

(Eu3+) ions, demonstrating the increase of storage capacity per unit area by a factor of two by 

using the colour multiplexing, when compared to conventional QR codes. A novel methodology 

to decode the multiplexed QR codes is developed based on a colour separation threshold where a 

decision level is calculated through a maximum-likelihood criteria to minimize the error 

probability of the demultiplexed modules, maximizing the foreseen total storage capacity. 

Moreover, the thermal dependence of the emission colour coordinates of the Eu3+/Tb3+-based 

hybrids enables the simultaneously QR code colour-multiplexing and may be used to sense 

temperature (reproducibility higher than 93%), opening new fields of applications for QR codes 

as smart labels for sensing. 

Novelty: 

• Use organic-inorganic hybrids doped with lanthanide ions (Tb3+ and Eu3+) to 

create luminescent QR codes, coating a PMMA substrate in a shape of a QR code. 

• Use luminescent QR codes to perform the a novel concept of color multiplexing, 

overlapping a luminescent QR code to a black/white one, increasing the storage 

capacity by a factor of two. 

• Use the emission thermal dependence of the luminescent material to sense 

temperature. 
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• Decode of the multiplexed luminescent QR code based on color separation 

threshold using probability density functions to calculate an optimum decision 

level. 

Contributions: This work had the objective to produce luminescent QR codes based on 

organic-inorganic hybrids doped with lanthanide ions to perform color multiplexing in 

combination with black/white QR codes to enhance the storage capacity up to two times, and at 

the same time sense temperature, to create a smart label. The luminescent QR codes are generated 

using 3D printed QR codes in transparent PMMA afterward coated with the luminescent material. 

The multiplexing idea lies on the material emission transparency under daylight 

illumination revealing only the black/white QR code while under UV exposure the emission of 

the luminescent material is activated revealing the luminescent QR code on top. Using 

photographic records of the label in both states (with and without excitation) analyzed using 

probability density functions was possible to separate the QR codes and retrieve the original 

information with minimum errors rates. 

The possibility for temperature sensing was be observed in the emission spectra 

dependence with temperature, where a relative variation between the Tb3+ and Eu3+ transitions is 

responsible for shifting the color exhibited from yellow to red. 

My contribution for this manuscript was in the QR codes processing, where I design the 

QR codes to be printed, assisted in the coating process. In the multiplexing process capturing the 

photographic records and analyzing them, separating the original contributions of each QR code. 

Assisting in the conceptualization and implementation of the color separation method using the 

probability density functions (pdf). In the emission dependence with temperature, assisting in the 

emission spectra measurement at different temperatures. I prepared the first draft of the 

manuscript and assisted in the continued improvement of the document. 

3.2. Manuscript 2 

Title: Promoting IoT Education for Pre-university Students with Coloured QR 

Codes: Colour multiplexed QR codes 

Summary: Internet of Things (IoT) is certainly a relevant concept in the education of the 

future engineering students, providing important instruments to adapt the teaching and learning 

methodologies. Among those instruments, QR codes are unique tools due to its intrinsic properties 

such as fast and easy readability and larger information storage capacity, in parallel with its 

increasing popularity in the last years associated to daily routines as they offer a simple physical 

means for quick access to web sites. We propose a project-oriented approach tailored for pre-

university students to develop their skills in the field of IoT, namely, programming and 
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prototyping development in straight connection with school activities. The students' experimental 

assessment of the project-based learning was complemented by the expertise of the team from the 

University shortening the classical loop between the student problem solution and teacher 

feedback. It was observed a fruitful improving of the students self-awareness and of their overall 

performance in multidisciplinary issues in the field of IoT contents, with impact in the school day 

life and promoting the engagement in Engineering University level degrees. 

Novelty:  

• Use of QR codes multiplexed with color schemes, having three times capacity 

than normal QR codes to monitor books activities in a school library. 

• Use IoT through innovative colored QR codes in engineering education, in a 

project-based learning activity involving pre-university students and engaging 

them in engineering practices and technology education. 

Contributions: The work aimed at developing pre-university students’ capabilities, 

giving them a glimpse of the University level of work through a project-based learning system. 

This PBL was piloted during the 2016/2017 scholar year ~8 months) bringing together students, 

teachers, and researchers at the University of Aveiro and University of Lisbon (IST), Portugal, 

and teachers and pre-university students from high school in Escola Secundária de Oliveira do 

Bairro (ESOB), Portugal.  

For the pre-university students, the project helps develop know-how on recent and high-

topical issues from the technological point of view and as a motivation to work in the field of 

engineering. Furthermore, the university engineering students benefit from the development of 

innovative tools to push recent advances in IoT together with the ability to interact with younger 

students (non-specialist), developing communications skills related to scientific and technical 

aspects. 

My contribution to this manuscript was to follow up the pre-university student's work, 

guiding them through the difficulties and doubts. I developed the MatLab programs to generate 

the QR codes and to multiplex them in color, as well as the decoder for colored QR codes. The 

programs were developed to allow the pre-university students to explore the different possibilities 

for the project creating their codes and decoding them. I prepared the first draft of the manuscript 

and continued improving it with the assistance of the other co-authors. I was responsible to design 

all the figures and formatting of the document. 

3.3. Manuscript 3 

Title: Widening the Temperature Range of Luminescent Thermometers through the Intra- and 

Interconfigurational Transitions of Pr3+ 
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Summary: In this study, it is shown how the temperature range of luminescent 

thermometers can be widened in an unprecedented way by combining the intra- and 

interconfigurational transitions of the Pr3+ ion in a single material. Using Sr2GeO4:Pr3+ crystalline 

powders as an illustrative example, the implementation of luminescence thermometry is reported 

in the broadest temperature range up to now (17–600 K) with a remarkable performance: 

maximum relative sensitivity values of 9.0%K−1 (at 22 K, cryogenic range), 0.6%K−1 (at 300 K, 

physiological range), and 0.5%K−1 (at 600 K, high-temperature range) and minimum temperature 

uncertainty of 0.1 K. 

Novelty: 

• Broadest temperature range up to the date of publication for a luminescence 

thermometer, using the intra- and interconfigurational transitions of the Pr3+ ion 

in a single material 

Contributions: 

This work explored the luminescence properties of the Pr3+ ion in the Sr2GeO4 host, 

combining the fast decaying allowed 5d → 4f luminescence with the intra-f 2 transitions, permits 

to develop a luminescence thermometry covering a wide temperature range (10–1000 K) with 

impressive relative thermal sensitivity and temperature uncertainty values. 

My contribution for this manuscript was to perform the full characterization of the 

luminescent thermometer. I evaluate the emission spectra integrated intensities dependence with 

temperature, defined the thermometric parameters as well as the fitting function to describe its 

temperature dependence. I also characterize the thermometer performance (relative sensitive and 

temperature uncertainty). Regarding the manuscript writing I assisted in the part related to the 

luminescent thermometer, especially with the description of experimental approach used and the 

literature comparison with other Pr3+ luminescent thermometers. 

3.4. Manuscript 4 

Title: Luminescence thermometry on the route of the mobile-based Internet of Things 

(IoT): How smart QR codes make it real 

Summary: Quick Response (QR) codes are a gateway to the Internet of Things (IoT) due 

to the growing use of smartphones/mobile devices and its properties like fast and ease reading, 

capacity to store more information than that found in conventional codes and versatility associated 

to the rapid and simplified access to information. Challenges encompass the enhancement of 

storage capacity limits and the evolution to a smart label for mobile devices decryption 

applications. Organic-inorganic hybrids with europium (Eu3+) and terbium (Tb3+) ions were 
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processed as luminescent QR codes able to simultaneously double the storage capacity and sense 

temperature in real time using a photo taken with the CCD of a smartphone. The methodology 

based on the intensity of the red and green pixels of the photo yielded a maximum relative 

sensitivity and minimum temperature uncertainty of the QR code sensor (293 K) of 5.14 %·K−1 

and 0.194 K. As an added benefit, the intriguing performance results from energy transfer 

involving the thermal coupling between the Tb3+- excited level (5D4) and the low-lying triplet 

states of organic ligands, being the first example of an intramolecular primary thermometer. A 

mobile App was developed to materialize the concept of temperature reading through luminescent 

QR codes. 

Novelty: 

• Use of photographs of luminescent QR codes recorded by a smartphone to 

measure the absolute temperature in real-time. 

• Perform temperature sensing requiring only a CCD camera the mobile phone 

used in its original configuration. 

• Exploring the thermal dependence of the emission color using the RGB color 

coordinates quantified by the ratio between two of them. 

• The first example of a primary intramolecular thermometer predicting the 

temperature through a well-defined equation of state. 

Contributions:  

The work is a follow-up of Manuscript 1, using the organic-inorganic hybrid co-doped 

with lanthanides ions Tb3+ and Eu3+ the emission color dependence with temperature was further 

explored through photographic records captured with an unchanged smartphone. The luminescent 

QR codes were produced with an acetate substrate increasing the transparency and flexibility and 

reducing the thickness when in comparison with the previous work. The color variation was 

evaluated using spectral measures as well as color coordinates (in the RGB color model) 

calculated from photographic records. Based on both paths two thermometric parameters were 

defined, one based on the ratio between the integrated intensity of the Eu3+ and Tb3+ transitions 

and another based on the ratio between R and G color coordinates, allowing to quantify 

temperature. The thermal-dependence behavior of both parameters was found to have a similar 

trend. This meant that it was possible to correlate the variation obtained from the photographic 

records with the one obtained from spectral analyses allowing to use of an equation of state based 

on known parameters and so define a primary thermometer based on the RGB color coordinates 

captured from an image.  

The novelty of the work and in combination with Manuscript 7 is also evidenced by the 

patent application for this technology. 
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My contribution to this manuscript was in the QR codes processing, design of the acetate 

QR code substrates, and coating. In cooperation with a co-author, I performed the emission 

spectra and temperature calibration, as well as in the image capturing and analyses, quantifying 

the RGB color coordinates. I participate in the development and implementation of the color 

demultiplexing methodology (methodology from Manuscript 1). With the assistance of the co-

author and supervisor Prof. Doutor P.S. André, I developed a trial version of free access and a 

user-friendly mobile application for iOS that allowed to quantify the temperature. Regarding the 

manuscript writing, I prepared the first draft of the manuscript as well as some of the images. 

3.5. Manuscript 5 

Title: Coloured QR codes for the Internet of Things 

Summary: The access and exchange of information increased dramatically in the last 

years and Quick Response (QR) codes are a facilitating technology. Assembled with black/white 

modules and able to store different types of information (numeric, alphanumeric, kanji, kana) 

with high density and robustness to reading errors, QR codes have spark interest and visibility 

among users being applied in several fields of society. Challenges encompass the increase of 

storage capacity to keep promoting their use in a broader range of applications. We propose the 

use of multiplexing methods based on color to generate high density QR codes with 3 times 

storage capacity increased when compared to traditional QR codes. A methodology to decode the 

multiplex colored QR code, based on color separation threshold aided by maximum likelihood 

criteria to minimize the error associated with decoding and maximizing the foreseen storage 

capacity, is also presented. 

Novelty: Use of a maximum-likelihood criteria to improve the detection and color 

separation of colored QR codes. 

Contributions:  

The objective of this article was to study the application of a `maximum-likelihood 

criteria to define a threshold value that allows obtaining the original QR codes used to generate a 

colored QR code enhancing the storage capacity up to 3 times. This manuscript was made only 

in collaboration with my supervisors. 

My contribution to this article was to generate all the data used and write the first draft of 

the manuscript and continued improving it with the assistance of my supervisors. I was 

responsible to design all the figures and formatting of the document. 
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3.6. Manuscript 6 

Title: Bandgap Engineering and Excitation Energy Alteration to Manage Luminescence 

Thermometer Performance. The Case of Sr2(Ge,Si)O4:Pr3 

Summary: Having proven that the temperature range of luminescent thermometers can 

be greatly widened by combining the intra- and interconfigurational transitions of the Pr3+, the 

possibility to manage important thermometric parameters by bandgap engineering and variation 

of energy of excitation photons are examined. Partial replacement of Ge with Si to form 

Sr2(Ge,Si)O4:Pr is very useful to manage these luminescence thermometer properties. This allows 

control of the range of temperatures within which the 5d1→4f Pr3+ luminescence can be detected. 

Also, excitation energy appears to affect the thermometer's performance. These allow adjustment 

of the range of temperatures that can be measured with the highest accuracy, reaching the 

spectacular value of Sr = 9.2% K−1 at 65 K for a Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ thermometer upon 

244 nm excitation. For the first time, it has been proven that excitation energy may significantly 

affect the performance of luminescence thermometers. In Sr2(Ge0.75,Si0.25)O4:0.05%Pr3+ the 

highest relative sensitivity shifts from 65 K upon 244 nm excitation (Sr = 9.2% K−1) to 191 K 

upon 253 nm excitation (Sr = 3.97% K−1). This occurs despite both excitation wavelengths fitting 

within the 4f→5d1 excitation band. This paper shows that bandgap management is useful to 

effectively design new luminescent thermometers. 

Novelty: 

• Bandgap management to effectively design new luminescent thermometers 

Contributions: 

Similar to Manuscript 3, my contribution for this manuscript was to perform the full 

characterization of the luminescent thermometer. Calculating and evaluation the emission spectra 

transitions integrated intensities dependence with temperature, in defining the thermometric 

parameters as well as the fitting functions to describe its temperature dependence. I also made the 

characterization of thermometer performance (relative sensitive and temperature uncertainty). 

Regarding the manuscript writing I assisted in the part related to the luminescent thermometer, in 

the description of experimental approach used. 

3.7. Manuscript 7 

Title: Super modules-based active QR codes for smart trackability and IoT: a responsive-

banknotes case study 

Summary: The general use of smartphones assigns additional relevance to QR codes as 

a privileged tool to the Internet of Things (IoT). Crucial for QR codes is the evolution to IoT-
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connected smart tags with enhanced storage capacity and secure accesses. Using the new concept 

of super-modules (s-modules) built from adjacent spatial multiplexed modules with regular 

geometrical shapes, assisted by color multiplexing, we modeled and design a single QR code 

with, at least, the triple storage capacity of an analogous size black/white QR code, acting as a 

smart-tag ensuring restrict access and trackability. The s-modules are printed using luminescent 

low-cost and eco-friendly inks based on organic-inorganic hybrids modified by lanthanides with 

multiplexed color emission in the orthogonal RGB space. The access to the restrict information 

is attained only under UV irradiation and encrypted for secure transmission. The concept of active 

QR codes for smart trackability and IoT was materialized through the development of a free 

friendly-user mobile app. 

Novelty:  

• Proposal of a complete extension of the color multiplexing principle, exploring the 

orthogonality of the RGB color space  

• The new concept of super-modules (s-modules) built from adjacent spatial and color 

multiplexed modules with regular geometrical shapes rendering easier the decoding. 

• A new concept to enhance QR codes capacity and functionalities allowing also to 

generate different access levels and to create different security processes. 

Contributions:  

The goal of the work was to develop luminescent QR codes based on spatial and color 

multiplexing to increase their storage capacity and facilitate color identification. Different from 

the previous works (Manuscript 1 and Manuscript 4) where the QR codes processing was not 

made using a coated transparent substrate, instead it aimed at processing the QR codes using a 

printing process made with a conventional inkjet printer.  

The spatial multiplexed is made using different modules shape (circle, square and hollow 

square) with optimized dimensions yielding an s-module with the triple storage capacity of an 

individual one. The layers assigned to each module shape combine perfectly without overlapping. 

The color multiplexing is assisted organic-inorganic hybrid materials doped with lanthanide ions 

(Eu3+ and Tb3+), with emission in the visible spectral region, activated by UV radiation, displaying 

a red and green color. The multiplexed luminescent QR codes were applied to a case study 

banknote, using encryption methods to increase the security of the message. 

The novelty of the work is also evidenced by the patent application for this technology in 

combination with Manuscript 4. 

For this manuscript I contributed with the processing and printing of the QR codes, testing 

different paper types and different shapes while resolving the intricacies of this adapted printing 
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process. I captured the QR codes images and made all the processing, analyzes, and separation of 

the image color. I made the study to the optimized distance between the QR code and the camera. 

I participated in the development of the optimized ratio between the QR codes modules size. I 

assisted in the implementation of the encryption technics onto the QR codes that was a 

collaboration with researchers from Instituto de Telecomunicações, Instituto Superior Técnico, 

Universidade de Lisboa. As in Manuscript 4 with the assistance of the co-author and supervisor 

Prof. Doutor P.S. André, I developed a second version of the free access and user-friendly mobile 

application for iOS (available online for trial testing). Regarding the writing of the manuscript, I 

prepared the first draft, and participate in the continued improvement of the document after 

discussion with the rest of the co-authors. I also designed all the figures in the main document. I 

participate in the peer-reviewing process, assisting in the clarification of the reviewers' doubts 

and questions. 

3.8. Manuscript 8 

Title: La0.4Gd1.6Zr2O7:0.1%Pr transparent sintered ceramic – a wide-range luminescence 

thermometer 

Summary: Sintered transparent ceramics, presenting extraordinary resistance to thermal 

shocks, incomparably larger than glasses, glass ceramics, and single crystals, maybe valuable 

luminescence thermometers especially for high-temperature applications. The literature on that 

subject is, however, very much limited at present. In this paper, the performance of 

La0.4Gd1.6Zr2O7:0.1%Pr3+ sintered transparent ceramics as a luminescence thermometer was 

investigated. Temperature dependence of the intensity ratio of emissions from 3P0 and 1D2 levels 

of the Pr3+ activator was found useful to measure temperature with reasonable relative sensitivity 

and accuracy over the 15–650 K range – one of the broadest achievable up to date. Time-resolved 

spectroscopy enabled distinct emissions from 1D2 and 3P0 in the red part of the spectrum. This 

allowed achieving an impressive relative sensitivity of the La0.4Gd1.6Zr2O7:0.1%Pr3+ 

luminescence thermometer which exceeded 0.81% K−1 at 650 K. 

Novelty: 

• Transparent ceramics with resistance to thermal shocks, incomparably larger than 

glasses, glass ceramics, and single crystals able to be used as a luminescent 

thermometer, with a broad temperature range. 

Contributions: 

As in Manuscript 3 and Manuscript 6, my contribution for this manuscript was to perform 

the full characterization of the luminescent thermometer, calculating and evaluation the emission 

spectra transitions integrated intensities dependence with temperature. I defined the thermometric 
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parameters and the fitting functions to describe it, and the thermometer performance evaluation 

relative sensitive and temperature uncertainty). Regarding the manuscript writing I assisted in the 

description of experimental approach used to characterize the luminescent thermometer. 

3.9. Manuscript 9 

Title: mOptical sensing for the Internet of Things: a smartphone-controlled platform for 

temperature monitoring 

Summary: Sensors play a key role on the Internet of Things (IoT) providing monitoring 

inside and outside the networks in a multitude of parameters. A fundamental parameter to sense 

is temperature, being essential to acquire knowledge on the best way to include thermal sensing 

into the communications networks. Despite that the temperature measurement in the optical 

domain is well known for its advantages compared to the electric one, its incorporation in the IoT 

is a challenge due to the lack of affordable strategies able to convert optical into an electronic 

signal in a cost-effective way. The coupling of such optical sensors to smartphones appears as an 

exciting strategy for mobile optical (mOptical) sensing. Here, we review advances in optical 

temperature sensors for mOptical sensing and outline the chronological mechanistic context of 

waveguided and non-guided optical signal sensors. A new path for advances in photonics research 

is traced established by the incorporation of smartphones as a tool in science and engineering that 

foresees new designs for mOptical temperature sensors towards IoT. 

Novelty:  

• A literature survey to outline the recent developments of optical temperature sensors 

over the last 20 years based on more than 11 600 published articles, letters, reviews, 

and books from Web of knowledge Collection. 

• Review of the published works reporting optical temperature sensors inserted into the 

Internet of Things, specifically those based on smartphones. 

Contributions:  

The objective of this article was to review optical temperature sensors inserted into the 

Internet of Things It started with a literature survey, carried out to outline the recent developments 

of optical temperature sensors, from which emanates two main clusters of sensors, namely 

waveguided optical sensors and nonguided optical sensors. In the review, emphasis was given to 

examples related to non-waveguided optical signals due to the recent explosion of the field. The 

document tried to trace a new path for advances in photonics research, established by the 

incorporation of smartphones as a tool in science and engineering that foresees new designs for 

mOptical temperature sensors toward IoT. This manuscript was made only in collaboration with 

my supervisors. 
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My contribution to this article was the preparation of the first draft of the manuscript as 

well as the continued improvement of the document after discussion with the rest of the co-

authors. I performed the bibliographic search for the works that presented optical temperature 

sensors inserted into IoT and review them. I made the optical temperature sensors overview search 

and analyses to outline the recent developments of the field. I prepared all the original figures and 

rearrange the reproduced ones. I participated in the writing of the discussion and conclusions. The 

article formatting was also carried out by me. I participate in the peer-reviewing process, assisting 

in the clarification of the reviewers' doubts and questions. 

3.10. Manuscript 10 

Title: Customized luminescent multiplexed Quick-Response (QR) codes as reliable 

temperature mobile optical sensors for ehealth and Internet of Things 

Summary: The need to sense and track in real-time through sustainable and 

multifunctional labels was exacerbated by the COVID-19 pandemic, where the simultaneous 

measurement of body temperature and the fast-tracking of people is required. One of the big 

challenges is to develop effective low-cost systems that can promote healthcare provision 

everywhere and for that, smarter and personalized IoT devices are a pathway in large exploration, 

towards cost reduction and sustainability. Using the concept of colored multiplexed QR codes, 

customized smart labels formed by two independent layers and smart location patterns provide 

simultaneous tracking and multiple synchronous temperature reading with maximum sensitivity 

values of 8.5 %K-1 in the physiological temperature range overwhelming the state of the art of 

optical sensor for healthcare services provided electronically via the internet (eHealth) and mobile 

sensors (mHealth). 

Novelty: 

• Use of s-modules QR codes for temperature sensing, combining both ideas 

presented in Manuscript 4 and Manuscript 7. 

• Combine two non-contact luminescent materials to generate a luminescent 

thermometer modulated theoretically. 

Contributions: The work aimed to combine the knowledge generated from Manuscript 4 

and Manuscript 7 to create a new smart label that possesses the features presented in both works, 

namely temperature sensing, and authentication combined with tracking. To do so, the materials 

used in Manuscript 7 were used to produce a label with spatial and color multiplexing, studied as 

temperature sensors. 

For this work a new design was tested based on two QR codes, one is a conventional 

black/white QR code and another a luminescent QR code (made with Tb3+-based material) with 
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customized smart location patterns (made with Eu3+-based material). From Manuscript 7 is 

possible to infer that both materials can be used for authentication and tracking, and here the 

temperature-sensing feature is explored. 

From Manuscript 4 is known that the using the color coordinates calculated from a 

photographic record can be used to calculate temperature, with the same principle being here 

explored.  

Unlike that work, where the organic-inorganic hybrid is co-doped with the two 

lanthanides forming one material with two emitting centers, here the doping was made separately, 

generating two independent and non-contacting materials. From the studies of the materials 

emission dependence with temperature, it was observed a color change, used to define three 

synchronous and independent temperature readouts based on photographs taken with a 

smartphone. The temperature sensing used the materials separately and in combination, acting 

both as a sensing probe and as a reference. Furthermore, a theoretical study was made, 

characterizing the emission behavior with temperature. 

In this manuscript it was explored another processing technic, spray painting, using an 

airbrush to create the luminescent QR codes and the customized smart location patterns assisted 

by an acetate mask. As proof of concept, the smart label was stamped on medical adhesive aiming 

at being used for eHealth and mHealth applications. 

My contributions to the work were in the QR code processing and design with the 

cooperation of another co-author. I perform the measures regarding the color thermal dependency, 

retrieving the photographs, spectra and doing the full analyses of these data. I performed the full 

characterization of the experimental thermometers. I followed the photoluminescence 

characterization process. Regarding the manuscript, I wrote the first draft and developed 

continued improvement of the document after discussion with the rest of the co-authors. I also 

designed most of the figures in the main document. I participate in the peer-reviewing process, 

assisting in the clarification of the reviewers' doubts and questions. 
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4. Conclusions and future perspectives

As identified in the literature survey conducted as part of this thesis, recent 

developments in optical temperature sensors, especially those using Ln3+, have evolved in a 

perspective of integration with communication networks, giving it an excellent perspective 

of use in IoT applications. Curiously enough is that the intra-4f electronic configuration is the 

key to combining pure color emission required for optical image processing and sensitivity to 

the neighborhood providing the ability to sense chemical (e.g., compounds) and physical 

parameters (e.g., temperature). The efforts dedicated over the years to cope with their 

intrinsic low absorption cross-section through the judicious choice of the ligands and the 

innumerous synthetic approaches become of extraordinary relevance to enable the design of 

materials prone to keep up with the technological evolution of the sensors. This evolution 

extends also to the replacement of traditional excitation sources and conventional 

spectrometers and detectors by LEDs and smartphones.  

In this overview enclosing different optical technologies with potential applications in 

future smart infrastructures, namely IoT, we observed that keywords representing indexing terms 

typically associated with waveguided and nonguided optical sensors tend to cluster in distinct 

groups. These groups are representative of the applications of Ln3+-based sensors. The results 

presented so far prevent us to infer whether any of them will be predominant in IoT and mOptical, 

as the fields are not explored enough but give already a good idea of what the path is. From the 

selected examples and the literature reviewed is clear that the use of new technologies, such as 

the smartphone, over traditional ones, is more developed in analyte sensing and monitoring. 

Nevertheless, the applications and development for IoT applications are more advanced in sensing 

physical parameters such as temperature. This might be explained by the design of the sensors 

and the longevity in their use. In analyte sensing, we observe that the sensors tend to have a paper 

strip-based approach, with tests made preferably for single (or very few) use applications. While 

on the other hand, temperature sensing tends to be a long-term process with continuous 

monitoring involved, which leads to approaches thought for the future that deal with continuous 

data generation. This renders it clear that sensing with Ln3+ ions is evolving to deal with the 

specific necessities in their fields of applications and it is not necessarily in different directions. 

The integration of the sensors into IoT was evaluated and it is predicted challenges such 

as data storage, data management, exchange of data between devices, security and privacy, and 

unified and ubiquitous access. Possible solutions encompass the use of cloud computing 

technology (especially fog-assisted computing), machine learning, and different encryption and 

safety methods. This structure for mOptical sensing into IoT seems transversal to all IoT 

applications, but in this case at the core in a local (not global) scale, before all the information 

exchange into the network, is the common person and their smartphone, capturing the optical 
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stimulus and evaluating the sensing parameter, having the capability to work as an active agent 

in the process. So far, we have observed this, with a continuous search for simplifications in 

optical processes with a considerable number of works sharing a common idea: use the most 

available equipment (smartphone), with some of the most advanced technology embedded (both 

hardware and software), perfected by some of the main industries in the worlds and most 

importantly, the most affordable. These works and the idea they share are on the path to a more 

science that is more universal, inclusive, and righteous, as it breaks down the limitation sometimes 

created by access to equipment or technology, either by adapting technology or the methods. 

Moreover, it opens the possibility for any given person without any specific knowledge, or 

without laboratory equipment the possibility to be a part of the process. 

The use of smartphones as an introduction tool for mOptical sensing into IoT is partly 

explained by the wide availability and (more important) their ability to perform the transition 

from optics to electronics which is, until now, one key base topic. This will allow optical signals 

to be part of a large complex sensors network, leaving specific equipment for specific niche 

applications. The concepts of eHealth and mHealth stand out due to the huge impact that mOptical 

sensing can provide in society. The post-COVID-19 pandemic scenario will certainly incorporate 

habits compulsory taken before it, in which remote medical care will certainly be used to improve 

and provide medical care assistance. The smartphone is just the tool, and the material is the key. 

The future of mOptical sensing into IoT passes by the materials design perfected to the 

application. From this thesis we observe that it needs to have a broad color variation to reduce 

readout errors, in a broad sensing range to maximize the number of applications, being able to 

carry out without any prior calibration, and the ability to perform without any external 

illumination source in addition to the smartphone LED. Being able to design and develop a 

sensing probe with those features working in a combination with a good design and user-friendly 

App able to take care of all the data collection (image or live video) and, most important, all the 

data processing would create a robust sensor. The setup for mobile sensing should be capable to 

be operated by both individuals and industries in a multitude of different areas of expertise from 

industry 4.0, healthcare 4.0 to smart cities. 

Challenges for the future must encompass distinct fields of science, either centered in 

materials science with the development of new materials increasingly suitable for mOptical 

sensing and in computer science and engineering developing new and specific software (mobile 

applications) to work with today’s widely available hardware (smartphone), toward the collection 

and analyses of information that the materials provided, either to sense temperature or any other 

physical or chemical parameter. Only with the merge of the two areas toward the same objective 

will be possible to keep on moving forward, creating new alternatives to traditional methods, and 

seizing the opportunities offered by today’s technology. In conclusion, such advances in 
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photonics research, foresee that currently available and emerging optical technologies for sensing 

will contribute to many globally connected IoT devices and systems with relevant societal impact. 
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Annex A. Luminescence quantification 

A.1. Color models  

The color exhibited by luminescent materials results from the color multiplexing of the 

emission components and depends on their spectral regions and relative intensity. An additional 

factor must be taken into consideration when addressing color in the framework of mOptical as it 

will be also dependent on the technological evolution and technical characteristics of 

commercially available devices. This happens because different detectors have distinct responses 

to the same color stimuli due to the characteristic sensitivity curves in the visible spectrum (Figure 

16a), even under the same conditions [186]. 

 

 

Figure 16. a) XYZ color matching functions and spectral sensitivity functions of the iPhone 8 

camera sensor (Reproduced with permission from ref. [187], © 2021, licensed under a Creative 

Commons Attribution 4.0 International License). b) Emission color coordinates of the TbSA 

(green dot), and Eu(tta)3(H2O)2 (red dot) in the Chromaticity diagram (Reproduced with 

permission from ref. [73], © 2020, the Author(s), licensed under a Creative Commons Attribution 

4.0 International License). RGB 3D space c) assigning to each orthogonal axis one of the RGB 

coordinates forming d) a cube with all the color possible to generate from the RGB model. [36] 
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Starting with the human detector, the eye is composed of three receptors defined as 

Short/Middle/Long (S/M/L), sensitive in the selective ranges (S, 420-440 nm, M, 530-540 nm, 

L, 560-580 nm [188]). In 1924, the Commission Internationale de l’Éclairage (CIE, the primary 

entity responsible to established standard definitions for color metrics and terminology), defined 

the spectral luminous efficiency function V(λ) (updated in 1988 [189]) that is the sum of the three 

receptors sensitivity functions. This is called the photonic response and displays a maximum 

sensibility cantered at 555 nm, in the green spectral region [190]. The human eye trichromatic 

vision with stimulus centered at the red, green, and blue wavelengths lead to the development in 

1931, of the first sets of color matching functions similar to the sensitivity functions of the human 

eye (�̅�, �̅� and �̅�) and the Red (R), Green (G) and Blue (B) primaries originate the RGB color 

model [191]. The rationale lies in that every color is created by adding a physical quantity of each 

primary. 

where 𝑆(𝜆) is the optical signal spectrum. If color results from a non-luminescence process, 𝑆(𝜆) 

should be replaced by the product of the absorption spectrum and the standard illuminant. 

Contrary to emission color coordinates, the comparison between the color of non-emitting 

materials requires that the same illuminant is used in Eq. (1). Soon it was realized that some colors 

require the addition of negative amounts of the primaries, leading to the creation of a new set of 

non-negative color matching functions (�̅�, �̅� and 𝑧̅) and the XYZ space appeared as a 

mathematical transformation of the RGB model [192] given by: 

 

The complementary model of the RGB is the CMYK/CMY (C - cyan, M - magenta, 

Y - yellow, and K – black) being mostly used in color printers or digital graphic arts. This model 

can be mathematically expressed as [193]: 

(
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Typically, the RGB model is used to quantify inputs stimuli, such as cameras (e.g., CCD), 

scanners, and others, and CMY is mainly used for color reproduction (e.g., color printers or 

graphic arts). Because of the complementarity of these models, adding all channels in the RGB 

model would result in “white color” while the “black color” is the absence of any primary while 

adding all channels in the CMY would result in “black color” and the absence results in “white 

color”. It is evident that electronic output devices (e.g., screen, displays) would have a problem if 

using the CMY color model, especially to generate the “white color”, hence the use of the RGB 

model for such applications was widespread [193]. The complementary RGB and CMY models 

and the simple mathematical transformation that relate them can be useful in the mOptical 

sensing. For example, the Ln3+ emission displays narrow emission bands whose peak position is 

located at the different color spectral regions (R, G, B, C, M, Y). The sensing process is made by 

color identification using the RGB model (typical output from digital cameras), analyzing a color 

shift color (or intensity variation) in the presence or influence of the measurand (chapter 4 and 

chapter 5).  

After 1931, other color-matching functions were standardized by CIE to include the 

complexity inherent to visual fields of color representation (e.g., CIELAB or CIELUV) [192]. 

The CIELAB is mostly used in color imaging, and it can generate four unique colors (red, green, 

blue, and yellow) using three parameters: L*, a*, and b*. Theoretically, this model expresses 

color in an identical way from device to device [191,193]. With the evolution of technology, other 

models also gained visibility and were developed (e.g., HIS – Hue Intensity Saturation, HSL – 

Hue Saturation Lightness) [193]. 

 

A.2. Emission color from Ln3+ ions in the RGB model  

The chromaticity diagram in Figure 16b shows the (x,y) color coordinates of two 

illustrative Ln3+-based complexes that have been already employed in mOptical sensing, namely 

Eu(TTA)3·(H2O)2 and TbSA, Table 2 [73]. As expected, the intrinsic pure color emission of the 

Ln3+ place the coordinates near the diagram boundaries where the pure red (Eu3+) and pure green 

(Tb3+) are defined [194]. It is known that the red emission is mainly attributed to the more intense 

electric-dipole induced 5D0→7F2 transition observed in compounds where the local symmetry 

group around the Ln3+ lacks an inversion center. In the case of the intra-4f8 transitions in the 

visible they are generally dominated by the more intense 5D4→7F5 transition in the green spectral 

region (Figure 17a), as it represents 63% of the total integrated emission intensity. The remaining 

transitions account for 18% (5D4→7F6), 12% (5D4→7F64), and 8% (5D4→7F3).  Nonetheless, 

despite the domination of a certain intra-4f transition, the emission spectra of the Eu3+ (Figure 

17b) and Tb3+-related compounds span a larger region, being more evident for the Tb3+ that also 
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displays transitions in the blue and red spectral regions. Despite the negligible effect on the XYZ 

color coordinates, when considering the RGB model a contribution for the R and B channel is 

expected, beyond that for the G channel. This is of utmost importance in mOptical technology 

(chapter 4 and chapter 5), as the sensing relies on the color coordinates usually defined in the 

RGB color space. We propose illustrate it, by quantifying the relative contribution of the intra-4f8 

transitions in RGB channel and discuss the accuracy of considering only the G channel with the 

premise that the contribution of the Tb3+ emission for the R and B channels is negligible (or 

constant).  

 

Figure 17. a) Normalized emission spectrum shadowed with the wavelength 

corresponding visible color for a) TbSA and b) Eu(TTA)3·(H2O)2. c) Normalized CIE XYZ color 

matching functions. The dashed lines exemplify that if red and green have an equal contribution 

is obtained a color with a pure wavelength of 575 nm that lies in the yellow region. d) Tb3+ 

emission convoluted with the normalized CIE XYZ color matching functions presented in c). [36] 

 

As mentioned, the emission of the Tb3+ ions include the 5D4 → 7F6-3 intra-4f8 transitions 

that occur in the visible spectral range (475-700 nm, Figure 17a). The relative contribution for the 

R, G, and B color coordinates (Figure 17c) may be derived using Eq. (1). Despite the expected 
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dominant contribution for the G channel (55%), non-neglectable values are found for the 

remaining color coordinates, being 30% and 15% for the R and B, respectively, Table 5. 

Therefore, if the overall emission (5D4→7F6-3 transitions) color is considered, this relative 

contribution should be taken into consideration, Figure 17d. To detail the origin of the emission 

color, the individual contribution of each transition for the R, G, B channels was also calculated, 

Table 5. For instance, the more intense 5D4 → 7F5 transition accounts for 57% of the R coordinate. 

Attending that the R channel represents 30% of the overall intra-4f8 color, it contributes with 17% 

(calculated as 30 × 57 100⁄ %) for the R coordinate. Following the same rational, the 5D4→7FJ 

transitions contribute with 1% (J=6), 6% (J=4), and 6% (J=3). The same analysis can be 

performed for the G channels, in which the 5D4 → 7F5 transition represents 76%. Therefore, it 

contributes with 42% (calculated as 55 × 76 100⁄ %) for the G coordinate. Also for G, the 
5D4→7FJ transitions contribute with 6% (J=6), 5% (J=4), and 2% (J=3). In the case of the B 

channel only the 5D4→7F6 transition contributes (15%). A similar analysis should be performed 

to correct color quantification independently of the color models.  

 

Table 5. Relative integrated intensity (%) of the intra-4f8 transitions in the TbSA complex 

for the R,G,B channels. [36] 

channel 5D4 → 7F6-3 
* 5D4 → 7F6 5D4 → 7F5 5D4 → 7F4 5D4 → 7F3 

R 30 3 57 21 19 

G 55 12 76 9 4 

B 15 100 0 0 0 
*values calculated using Eq. (1); to avoid the negative values the �̅�, �̅� and �̅� matching finctions were replaced by by �̅�, �̅� and 𝑧̅, 

respectively. 

 

A.3. Color multiplexing 

When capturing a digital image, the output signals (RGB) from the detector correspond 

to the convolution integral of the spectral sensitivity functions of the detector (similar to the color 

matching functions and to the sensitivity functions of the human eye) with the incoming light 

stimuli [193]. The electronic signal is then converted, typically, into a digital 8-bit value, 

corresponding to 256 levels and described in the range 0 to 255 (sometimes range appears as 1-

256 or even normalized between 0-1). This means that each color channel is divided into 256 

units, where 0 tends to represent the darker tones (absence of color) and 255 the brighter tones. A 

higher color depth is possible to achieve using more bits (as an example a 32-bit color would 

correspond to 4 294 967 296 levels) but it would increase processing and storage demands so, in 
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a generalized way, only 8 bits are used. Each pixel (the smallest elementary detector) is described 

by three sets of 8 bits (one for each channel), and the final image is composed by arrays of 𝑦 × 𝑛 

concatenated into one 3D 𝑦 × 𝑛 × 𝑘 matrix, with k associated to the color channels (ranging from 

1-3 where 1 is the red channel 2D matrix, channel 2 is the green one and 3 is the blue one). The 

concept of how an image is built can be applied for color multiplexing, generating colored images 

with unique information encoded into the individual color channels  

The simplest way to perform color multiplexing is to start with three orthogonal 

(independent) color stimuli and concatenate each into one of the color channels (either in RGB or 

CMY model). The mix of the three generates an image with 8 colors. The color representation of 

the pixels in any image can be made in a 3D space, assigning to each axis one of the RGB 

coordinates (Figure 16). This generates a constellation diagram with similar color pixels 

clustering around a centroid with the clusters distancing from each other. The number of stimuli 

per channel (not considering the detection process) is only limited by the color depth, although a 

high multiplexing level results in a higher diversity of colors and a small distance between clusters 

of colors or even overlapping, increasing the complexity in detection. In a real application, 

detection is the limiting factor as the correct color identification is difficult under a poor 

illumination environment. However, this is mitigated by assuring a correct illumination 

(nowadays available in commercial smartphones) [133]. 

The orthogonality of the color space and separation between stimuli in this space allows 

reversing the multiplexing process. The color is quantified from the channels, using threshold 

methods from histograms representing the intensity of each channel or by another more simplistic 

statistical method, such as the sum of all the pixels intensity, their mean or value of mode 

[72,131,193]. It is possible to use clustering algorithms in the 3D space to separate and identify a 

group of pixels sharing the same color and afterward evaluate them (Figure 18). 

 

Figure 18. Scheme of the process to generate a colored multiplexed QR code and the 

reverse process to obtain the originals images. It starts with three original images to be encoded 

into each channel, concatenated to form a colored image. The reverse process starts by splitting 
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the color multiplexed image into the individual contributions of the three channels and performing 

a histogram to each. The histogram is fitted with a Gaussian pdf to retrieve an optimum decision, 

used as a threshold, to obtain the original images. [36] 

Focusing on the threshold methodology, the objective is to find an optimum decision 

value, that can be applied to each channel, allowing the separation of each stimulus with the 

minimum error rate. One method to implement this methodology is using a Gaussian probability 

density function (pdf) to modulate the contributions in each channel. For the simplest case of a 

monochromatic image, the intensity of the pixel, in a one-dimensional space (one color channel), 

is represented by a random variable described by a with an expected mean value (µ) and color 

noise variance (σ2), having an occurrence probability (p) [133]. For the complete 3D space (all 

color channels), it can exist several random variables modulated with Gaussian pdf that can be 

mixed and must be deconvoluted to retrieve the individual contribution of stimuli and identify the 

colors. For a bimodal Gaussian pdf (A and B) is possible to define an error rate function as the 

intersection of both pdf [72]: 

𝑝𝑒𝑟𝑟𝑜𝑟(𝜆) =
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where λ is the decision value, which when optimized minimizing the error rate: 
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 (5) 

This allows to identify color and to quantify the error in the process which is fundamental for the 

result accuracy. In cases where from one channel is possible to retrieve more than one optimum 

decision level (e.g., more than 2 pdf are found) the process can be repeated choosing different 

pdfs.  
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Annex B. Experimental Setups for mobile optical detection 

B.1 Steady-state detection 

A key step in mOptical sensing towards IoT is the development of smartphone-based 

platforms able to record as an image the optical sensing feature. Therefore, this chapter section 

illustrates examples of such mobile platforms that demonstrate already the ability to quantify 

luminescence parameters in steady-state (intensity, color) and time-resolved modes (lifetimes) 

demonstrating the ability to use smartphone-based apparatus as detection and processing devices 

in optical sensing. Additionally, the LEDs incorporated (e.g., flashlight) can be used to illuminate 

the materials and activate the optical features (absorption and luminescence) [164,195–199]. 

The procedure relies on the image acquisition by the inbuilt camera of the smartphone 

and its posterior analysis using a selected color model (annex A) through the development of a 

dedicated mobile application (app) [42,73,90] or using commercially available applications that 

quantifies color (e.g., “ColorMeter RGB picker” by White Marten [84], “Colour Assist” [83], 

“World of Color” by Maarten Zonneveld [79]). Although the image processing can be performed 

outside the smartphone platform, the use of a custom-made app brings the advantage of 

performing the full analyses with the smartphone not relying on any other device, being closer to 

a full application into IoT. As detailed in chapter 5, very few examples address an explicit IoT 

connection. The initial step related to image capture is typically done with an unchanged 

smartphone when the parameter of interest is the intensity. The need to couple extra devices to 

the smartphone appear when the image analysis is time or positional dependent [200–202]. This 

is a more complex experimental approach as the color detection and quantification must be 

synchronized to a temporal (e.g., lifetime) or spatial variable. Nonetheless, it appears as a strategy 

to cope with the scattering and short duration of autofluorescence background signals typical of 

steady-state image acquisition. The next chapter section will focus on such smartphone-modified 

apparatus, excluding the additional components that act only as an excitation source [203]. 

 

B2. Time-resolved detection 

The spectroscopic time-gated method based on the detection of the intensity after a certain 

delay time once the pulse excitation is ended [204] was adapted to a modified smartphone. It uses 

a chopper wheel by which the excitation and detection optical paths pass through, acting 

simultaneously as a pulse generator and detecting shutter. Controlling the chopper rotation speed 

it is possible to construct the luminescence lifetime image from which the lifetime value is 

obtained [200,202]. This concept was materialized using a UV LED (365 nm) synchronized with 

the chopper and a field-programmable gate array-based digital control circuit (Figure 19). The 
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5D0 lifetime value of two complexes (Eu(TTA)3 and TPEEu) was measured and used to perform 

imaging of the mouse kidney. The images were captured with the smartphone and analyzed in 

MatLab software. Since the intra-4f6 (Eu3+) lies in the red spectral region only the red channel of 

the images was analyzed yielding a lifetime value of 208 µs at room temperature [202]. The same 

concept with the as additional NIR laser (980 nm) was used in UCNP (NaYF4 doped with Er3+ 

2%, Yb3+ 18.8% and Tm3+ 2%, Yb3+ 18% [200]. 

Figure 19. a) Schematic of the miniaturized time-gated luminescence imaging system 

(Reproduced with permission from ref. [202], © 2021 Published by Elsevier B.V). b) 

Luminescence lifetime measurement system with a smartphone. c) The luminescence arc of Er/Yb 

UCNP at 210Hz frequency. ISO: 3200. Reproduced with permission from ref. [201], © 2018 

Elsevier B.V. 

Another example of smartphone-based measures was developed using the emission of 

NaYF4:Yb3+(18.8%), Er3+(2%) upconverting nanoparticles (UCNPs). In this case, the smartphone 

was modified with the inclusion of a 980 nm continuous wave laser diode and a motor to rotate 

the sample at a tuned linear velocity (Figure 19). If the rotation speed is high enough or the 

lifetime is long enough (or a mix between both) a luminescent arc is produced as the luminescence 

of the sample would remain after passing the laser spot. The arc is detectable by the smartphone 

camera and depends on the rotation rate. The built-in microphones of the smartphone measure the 

motor rotational air friction noises, whose frequencies are proportional to the rotating rate, 

enabling the lifetime quantification [205]. The created lifetime decay curve is obtained by 

combining the image analyses (provides intensity) with the audio analyses (provides time) 

allowing afterward for conventional spectroscopic analysis yielding similar values even with 

different smartphones [201]. 
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