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Abstract

In this work, ErNbQ samples were prepared using the sol-gel methaoaljgh the citrate route,
and heat-treated at temperatures between 700 &@°06 The structure was studied by X-ray
diffraction and Raman spectroscopy. The crystallitee was estimated using the Rietveld
refinement and the Sherrer's formula, presentihgegafrom 31.27 to 86.65 nm and from 40.96
to 78.23 nm, respectively. The morphology was stiidiy scanning electron microscopy. The
measurement of the complex permittivity was madeguthe small perturbation technique, with
a cavity operating in Tfs mode, at resonant frequency of 2.7 GHz. The imereaf the
treatment temperature promoted the increase oflitdectric constant and the dielectric losses
were still maintained with low values, allowing theotential application in electric storage
devices. The dielectric constant of ErNpi@ a zero porosity sample case was estimated and

compared with the experimental values.
Keywords Ceramics; sol-gel; rare-earth orthoniobates; menge; dielectric properties.

1 Introduction

In the last two decades, the microwave frequengyorehas been adopted in the civilian
electronic communication system. Consequently, aHatvs the development of new dielectric
materials, with the reduction of size and weigheldctronic components becoming a priority
[1-3].

In this context, the ABQternary oxides have been studied since theirtakii combine
chemical elements in this basic formula leads targe number of structures and phases with
different properties, such as BiNhOr Bi(Sb,Nb,Ta)Q [4-7]. A special interest appears in the
rare-earth orthoniobates, RENhQwhich belongs to the family of *8B°'0, compounds.
Recently, properties such as mixed protonic, natwc and electronic conductive properties,
are being studied [6,8].



The conventional solid state method is the moatl vses for the preparation of oxides, and the
ABO, compounds are no exception [9]. ABGxides can be prepared by the solid state reaction
method, resulting in powders with high crystalynibut not always in pure and homogeneous
phases, since metastable phases can be formedthederconditions [6]. Other disadvantages
documented in the literature are: large grain gnpwsegregation of components and loss of
stoichiometry [9,10,11,12].

Some alternative methods have been investigategrdpare oxides, namely wet-chemical
techniques, such as sol-gel citrate, co-precipiathydrothermal and combustion syntheses.
These methods can be considered advantageous thiegeproduce oxides with nanosized
particles (thus, high surface area), high reagtiaimd very good homogeneity. Among these
routes, the sol-gel citrate method has been comside simple way to obtain stable precursors
and stoichiometric fine powders. This method is sidered suitable to achieve high
homogeneity at relatively low temperature, since formation of citrate complexes allows
mixing the precursors cations on an atomic scald, @nsequently, they can react with each
other immediately [9-14].

The functionality of a dielectric ceramic is maintietermined by its electrical properties,
namely their dielectric constard, and dielectric losses)', values [3,15]. For example, a
ceramic material with low losses and within the range of 4-12, at room temperature antén t
GHz range, can be used for millimeter wave commatitn systems and, also, as substrates for
microwave integrated circuits [16].

The RENbQ are an interesting group of materials due to traptexity of their structure and
properties, making them eligible for a variety q@phcations. The complexity arises mainly
from the range of possible coordination of the ldban, from 8 to 4 [17].

The structure of the monoclinic ErNBO consists of Er@dodecahedrons and
NbQ, tetrahedrons. While the known structures are dataeth by pentavalent Nb atoms in
octahedral coordination, ragarth niobate fergusonites, such as ErlNl#Dd scheelites, are
exceptions. These structures are seen as one @ntgmas of crystal chemistry [17,18] and
might play an important role in the dielectric peojes of this class of materials.

In this work, ErNbQ powders were prepared using the sol-gel methodtheid dielectric
properties were studied at 2.7 GHz using the speaturbation method.

Since it is known that the behaviour of functionaterials is intrinsically related with their
structures [19], structural characterization of thstained powders was performed, using X-ray

diffraction and Raman scattering.



2 Experimental methods

ErNbO, powders were prepared using the sol-gel methodugr the citrate route.

A suspension containing stoichiometric amounts NBs);- 5H,O (99%, Aldrich) and NbGl
(99%, Merck) was initially prepared in a minor ambwf hydrogen peroxide (3% V/V) and
dispersed in a mixture of citric acid and ethylggcol (Sigma-Aldrich), used as chelating
agent and reaction medium, respectively. To prortimesolubility, the suspension was stirred
for 7 days until a clear colloidal suspension wasned. Subsequent to that, the solution was
dried at 500 °C for 6 h to evaporate the solvette Dbtained powders were pressed into
cylinders, of 4 mm in diameter and 10 mm in heigimd were heat-treated at 700, 800, 900,
1100, 1200, 1400 and 1600 °C for 4 h. The heatitg of 5 °C/min was used and the cooling
process was made naturally.

The structural characterization was performed uBhngy diffraction (XRD). The patterns were
obtained on an Empyrean diffractometer (Cukadiation,A=1.54060 A) at 45 kV and 40 mA,
in a Bragg-Brentano parafocusing optics configanatintensity data was collected by the step
counting method (step 0.02 ° in 1 s) in theaBgle range of 10-60 °.

For the sample with the most promising dielectricperties, a TEM specimen was prepared by
dropcasting a suspension of ground powder and eflmero a holey carbon TEM grid. STEM
characterization was performed in a probe-sideratien-corrected FEI Titan Themis S/TEM
with a 200kV 150 pA electron beam. Both bright diehnd high angle annular dark field
(HAADF) detectors were used to identify the paesclas crystalline and characterize their
morphology and size. Energy dispersive X-ray (EDsfectrum imaging was acquired in
parallel. The relative intensities of the erbiunghbium and oxygen characteristic edges were
used to map the distribution of these elementssadiee particles.

The Micro-Raman spectra were recorded at room teatyoe, with a HR-800-UV Jobin Yvon
Horiba spectrometer, in backscattering geometrig wid41.6 nm laser line.

The morphology of the samples was analyzed by segrelectron microscopy (SEM). The
images were obtained on a TESCAN-Vega lll, on tlee fand fractured surfaces. Previous to
the microscopic observation, the samples were edveith carbon.

The measurements of the complex permittivity weadenat 2.7 GHz, in a resonant cavity
operating in the Tks mode, coupled to a HP 8753D Network Analyzer.

Introducing a sample in the centre of the cavitliere the electric field is maximal, the changes
in the resonant frequencyf, and in the inverse of the quality factdfl/Q) of the resonant
cavity can be related with the permittivity valug,19]. The shift in the resonant frequency of
the cavity can be related to the real part of thamlex permittivity,e', and the change in the

inverse of the quality factor of the cavity canrbited with the imaginary patf,.



Using the small perturbation technique and considesnly the first order perturbation in the
electric field caused by the sample [20], the réaland the imaginary parts;, of the complex

permittivity were calculated using Egs. (1) and (2)
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K is a constant related to the depolarization factehjch depends upon the geometric
parametersy andV are the volumes of the cylindrical sample and tnétg, respectively, anf}

is the resonance frequency of the cavity. Usingrapte of known dielectric constant, in this
study polytetrafluorethylene (PTFE), the constiintan be determined, and consequerdly,

andg" calculated.

3 Results and discussion

The XRD patterns of the prepared samples are slmwigure 1(a). For heat treatments below
1100 °C, besides the ErNb(phase, the secondary phase sHbysO, (tetragonal) was
identified. Above 1100 °C, all the detectable peakse indexed only to ErNkhQmonoclinic
structure found in the standard reference data [21]

The Rietveld refinements simulations, made fordamples with single ErNb(phase, allowed
the estimation of the lattice parameters, typicgbtallite sizesD, and the strain induced in
powders due to crystal imperfections and distortignwhich are assembled in Table 1.

Figure 1 (b) shows the measured and the calcusmedra for the sample treated at 1100 °C.
Consistent results were obtained from the Rietvefthements, withk,,, < R, and x>>1
[22], which shows the good quality of the fitting,

Table | also shows the crystallite size determiosithg the Scherrer's formula, which will be

approached later.
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Figure 1—(a) X-ray diffraction patterns of the prepared pow¢éns Measured and calculated
spectra of the sample treated at 1100 °C .



Table | - Rietveld fitting parameters, diffraction patterittifig factors and crystallite size

calculated from Scherrer's formula.

Lattice
Temperature B Drenes & , Dscherrer
¢0) parameters © (nm) (x109) R-factor X (nm)
(nm)
a=0.7031 R,=5.03
1100 b=1.0916 131.52 31.27 2.7 Rp=7.17 3.39 40.96
¢ =0.5062 Rp=3.89
a=0.7024 R,=4.89
1200 b=1.0914 131.48 43.75 1.9 R,=6.57 2.37 55.17
¢ =0.5062 Rp=4.26
a=0.7024 R,=5.15
1400 b=1.0917 131.46 70.43 1.2 R,=6.65 2.02 65.55
c =0.5064 Rp=4.68
a=0.7022 R,=5.40
1600 b=1.0911 131.42 86.65 1.0 R,=7.03 1.83 78.23
c =0.5064 Rp=5.19

The most important properties that can be extraittad peak width analysis are the crystallite
size, a measure of the size of coherently diffrgctiomains, and the lattice strain, a measure of
the distribution of lattice constants arising froonystal imperfections, such as lattice
dislocations, which affect the Bragg peak in difer ways. These effects increase the peak
width and intensity and shift thed peak position accordingly [23,24]. Figure 2 shofes,the
samples with single ErNbhase, the relation between the crystallite sizkthe lattice strain
estimated through the Rietveld analysis. As onesean) the crystallite size of ErNhcreases
with the increase of the treatment temperaturd) thi¢ lattice strain showing the opposite trend.
This tendency can be due to the decrease of théemai boundaries with the increase of the
crystallite size, since one of the sources ofdatstrain is the crystal boundary triple junction
[23,24].
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Figure 2 - Heat treatment dependence of the crystalliteanrkthe lattice strain estimated

through the Rietveld analysis.

The ErNbQ crystallite size for the samples treated abovedPTwas also calculated using the
standard Scherrer's formula (Table 1)
_NA
- Bcodbd

where/ is the wavelength of X-ray radiatiofi,is full width half maximum of the diffracted

®3)

peaksg is the angle of diffraction anl is a numerical factor, often referred as the afiss-
shape factor [25,26]. According to the literatuid, = 0.89 is considered a suitable
approximation [27,28].

Thep parameter was corrected using the equation

— 2 2
B - \/Wexp - Vvinst (4)
where We,, Wins; are the experimental and instrumental width, retspely. The instrumental

width was obtained with the LaBSRM 660 - National Institute of Standard Techgglo
powder standard pattern [29].

By substituting the relevant data from XRD profiteeasurement, the average crystallite size
was found to be between 40.96 and 78.23 nm.

As presented in figure 3, one can see a good agrgdmtween the Rietveld and the Scherrer's
formula, with the bigger crystallite size occurrify the sample treated at 1600 °C. For the
samples heat-treated at 1100 and 1200 °C, thevatiekigher lattice strain, the crystallite sizes

obtained by Scherrer's formula are slightly higtiem those obtained earlier by the Rietveld



analysis. This difference may be due to the faat the effect of the internal strain is not
considered in the Scherrer's model, where the peae is fitted with a Gaussian function only.
However, in the Rietveld method, the peaks shapéleris fitted using a Voight function,

which is a combination of both Gaussian (crystlidize) and a Lorentzian (microstrain)

functions [30].
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Figure 3 - Treatment temperature dependence of the ExNiv€rage crystallite size, calculated

from Rietveld fitting and Scherrer's formula.

STEM analysis was used to further examine the allitst size and shape for the sample heat-
treated at 1600 °C, since this is the sample \kighmhost promising dielectric properties, as it
will be shown later.

Figure 4 displays the STEM bright field micrograpiishe powders treated at 1600 °C, where it
can be seen that the morphology of the EriNb@stals is approximately oval.

The crystallite size distribution and abundancghiswn in figure 5. The average crystallite size
obtained was 81.74 nm, from what we can see a ggoeement with the results previously

obtained from the XRD measurements, in particidattie Scherrer's formula.



Figure 4 — (a)STEM and(b) high resolution STEM micrographs of the sampletemted at
1600 °C.
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Figure 5 —Crystallitesize distribution and abundance in the sample tneated at 1600 °C.

Figure 6 shows the STEM-EDX mapping analysis ofshme sample, where the homogeneous
distribution of Er, Nb and O elements on the swefatthe particles can be seen. Furthermore,
no impurities were detected.



Figure 6 - STEM-EDX mapping analysis of the sample heat-tetat 1600 °C.

The values of theoretical densiphe, bulk densitypey, fractional porosityP, and the unit cell
volume, V., were obtained by the following equations [31-33].

M
ptheo B (5)
NAVceII
Vcell = abCSinB (6)
m
pexp = ﬁ )
Y
P=1- exp 8
pteo ( )

whereZ andV,e are the number of atoms and the volume of a wtlit @spectivelyM is the
molar massN, is Avogadro’s constang, b, ¢ andg are the lattice constants, is the mass of
the cylindrical samples,andh are the radius and the high of the cylinders,aetiygely.

The volumes of the unit cells were calculated uding data obtained from the Rietveld
refinement and the number of atoms in a unit celliNbQ is 4 [21].

The results are summarized in Table 1.



Table Il - Theoretical densityjne, bulk densitypey, and porosityP.

HT (°C) 1100 1200 1400 1600
Preo (g cMid) 7.40 7.41 7.40 7.40
Pexp (g CIT°) 4.13 5.00 5.53 6.55

P (%) 44 32 25 11

The values of the theoretical density remain appmately constant with the increase of the
treatment temperature and the results show thatehetreatment promotes the increase of the
bulk density and, consequently, the decrease gidhesity.

Raman spectroscopy was made and the resultantaeetshown in figure 7(a). The Raman
spectra of the samples with single phase EXN&#® consistent, with very small variations of
intensity and position of the Raman peaks. In Fgl) is shown, in more detail, the Raman
spectrum of the sample treated at 1600 °C. Sipilarlthe other samples with single phase
ErNbQ,, HT1600 possess peaks centred at 128, 184, 187,238, 330, 340, 427, 445, 474,
500, 520, 547, 662, 676, 701, 707 and 81%.cixteen of the eighteen peaks identified in these
six samples were already associated in literatarenonoclinic ErNbQ@ [6,34]. The peaks
occurring at 520 and 547 ¢nimad not been yet assigned to ErNbO

(a) 3 (b)
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Intensity
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Figure 7 —(a) Raman spectra of the prepared powddgrsRaman spectra of the HT 1600

sample.

SEM micrographs, showed in figure 8, reveal thephology changes with the increase of the
treatment temperature, for the samples with siggbO, phase. As it was expected, the size
of the grains increased with the heat-treatmenpé&sature from approximately 0.5 pm (sample
HT1100) to more than 10 pum (sample HT1600). Regardhe grains form, they have a
prismatic habit being in agreement with the literat[35]. Analysing the surface and fracture of

the sample HT1200 it is visible the similar graires confirming that the time of sinterization



was enough to keep the same morphology eitherdaresid on the surface of the sample. This

similarity between the grain size inside and andtirface, was observed for all the samples.

Figure 8 —SEM micrographs of the sampl@y HT1100,(b) HT1200,(d) HT1400,(e)
HT1600 surfaces an@) HT1200 fracture.

In figure 9(a) is presented the measured transonissi the 2.7 GHz cavity, for the cavity with
the sample holder, the sample holder filled withFETand filled with the sample treated at 1600
°C, where the shift in the resonant frequency efdavity, Af, is observed. Figure 9(b) shows

the real part of the complex permittivity, as fuantof the treatment temperatures, where one



can notice that the dielectric constant increasiéis tive increase of the treatment temperature.

Table 1l summarizes the' and ¢" values, obtained for the different samples, atnroo
temperature.

Analyzing the samples with single phase (the orested from 1100 up to 1600 °C), it can be
seen that the dielectric constant increases, asceegh with the decrease of the fractional
porosity. Thes" values are in the range of 0.04 and 0.11, withhilgaest value occurring for
the sample treated at 1200 °C.

Comparing the samples with single ErNo®@ith the samples where secondary phases were
identified, it is detectable an increase in theledigic constant values, however, without
significant increases in the losses.

Considering only the samples where single ErlNb@s obtained, one can see that the samples
with lower ¢" are, as expected, the samples with higher bulkit§glower fractional porosity,
i.e., the samples treated at 1400 and 1600 °C.

In addition to the losses due to porosity, and émemnfully dense ceramic, the grain boundaries
can also be the source of losses, since that igraséent in a single crystal.

It was expected that the increase of the crystadite promoted a decreases'bivalues, since
the number of grain boundaries decrease with thee@se of the crystallite size. Analyzing
these two parameters, one can see that for thelesitngated at 1100 and 1200 £Cremained
approximately constant, regardless of the variatiothe crystallite size. The heat-treatment
preformed at 1400 °C promoted a decrease irz'thalue, which remained constant with the
treatment of 1600 °C, despite the increase in tistallite size. This not unprecedented but
unexpected relation, can be due to the fact thikt density also varied significantly, making a

firm correlation between crystallite size and diglie properties unpredictable [36-38].
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Figure 9 - (a) Measured transmission of the 2.7 GHz ca\ipy;Calculated:” as function of

treatment temperature, at 2.7 GHz and 300 K.

Table Il - Calculated &' and &" for the different samples, at 2.7 GHz and 300 K.

HT
700 800 900 1100 1200 1400 1600

(°C)
4 3.31 3.35 3.53 4.25 4.79 4.92 5.53
g" 0.08 0.07 0.04 0.10 0.11 0.07 0.07

The variation ofs' has been studied using models that consider #ectlics as a composite
system of two dielectrics with different dielectramnstants, being one of the phases the

porosity, withe' = 1 [36].



Heidingeret al[|39] proposes the following general relation for sptadrores in a dielectric

c s 1
1-p=| | = ©)
g ) g+l

where & is, in this case, and considering the heat treasnom 1100 °C, the dielectric

constant of ErNb®

Since equation (9) has no analytical solution it of ¢', Heidingeret al. [39] suggests a
linearized approximation fog, —€'<< g,

(. 3ple, -1)
£=g,1-—1e (10)

2c, +1

The dielectric permittivity plotted with respectftactional porosity, for the samples with single
phase, can be seen in Figure 10. The y-intersebtediitted line, 5.95, represents the dielectric
constante'd , in other words, an estimated value for the dieleconstant of ErNbQin a zero

porosity sample case, which is not much differdrihe¢' value obtained for the sample treated
at 1600 °C.

5.6 = Experimental data
1 Linear fit

5.4-
5.2-
5.0-
4.8
4.6
1 y=-380x+595
4449 R?=008
4.2

0.0 0.1 0.2 0.3 0.4 0.5

Fractional Porosity

Figure 10 -Fractional porosity dependence of ErNlsamples dielectric constant.

4 Conclusions

The ErNbQ ceramic powders were prepared successfully bgahgel method, with the single
phase ErNbQformed at treatment temperatures from 1100 umaD PC.

The crystallite size was estimated through the Veldt refinement method and through the

Scherrer's formula, with the two processes preasgmibnsistent results.



The dielectric study revealed that the real parthef complex permittivity increases with the
increase of the treatment temperature, with theginsay part of the complex permittivity
presenting values in the range of 0.04 and 0.11.

The Heidingeret al. [39] model was applied, showing that the estimated vialughe dielectric
constant of ErNbQin a zero porosity sample case is 5.95, not mugheh than the one

calculated for the sample treated at 1600 °C.
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Highlights

» ErNbQ, ceramic powders were successfully prepared bgdhgel method;

* Arrelation between the crystallite size and thedatstrain estimated through the Rietveld
analysis was established;

* The crystallite size of ErNbQwvas obtained by three different methods, Rietvefthement,
Scherrer's formula and STEM analysis, with the ltesihowing a good consistency;

* The dielectric constant of ErNR@ a zero porosity sample case was estimatedaadan
conclude that this value is not much higher thandielectric constant obtained for the
sample treated at 1600 °C;

* The dielectric constant increases with the increfisiee treatment temperature, without
significant increases of the losses.
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