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Abstract 

Several optoelectronic issues, such as poor optical absorption and recombination limit the 

power conversion efficiency of ultrathin Cu(In,Ga)Se2 (CIGS) solar cells. To mitigate 

recombination losses, two combined strategies were implemented: a Potassium Fluoride (KF) 

Post-Deposition Treatment (PDT) and a rear interface passivation strategy based on an 

Aluminium Oxide (Al2O3) point contact structure. The simultaneous implementation of both 

strategies is reported for the first time on ultrathin CIGS devices. Electrical measurements and 1-

D simulations demonstrate that, in specific conditions, devices with only KF-PDT may 

outperform rear interface passivated based devices. By combining KF-PDT and rear interface 

passivation, an enhancement in open-circuit voltage of 178 mV is reached over devices that have 

a rear passivation only and of 85 mV over devices with only a KF-PDT process. Time-Resolved 

Photoluminescence measurements showed the beneficial effects of combining KF-PDT and the 

rear interface passivation at decreasing recombination losses in the studied devices, enhancing 

charge carrier lifetime. X-ray photoelectron spectroscopy measurements indicate the presence of 

a In and Se rich layer that we linked to be a KInSe2 layer. Our results suggest that when bulk and 

front interface recombination values are very high, they dominate and individual passivation 

strategies work poorly. Hence, this work shows that for ultrathin devices, passivation mitigation 

strategies need to be implemented in tandem.  

Keywords : ultrathin CIGS, KF-PDT passivation, Al2O3 , recombination mechanisms  
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Introduction 

In order for thin-film Cu(In,Ga)Se2 (CIGS) solar cells to settle with the highest light to power 

conversion efficiency values among the thin-film technology, strategies to mitigate 

recombination at the absorber bulk and interfaces had to be developed. In CIGS technology 

infancy, efficiency enhancements came by improving the architecture developed by Boeing and 

by optimizing the fabrication process.1–3 As the technology became more mature, with well-

established fabrication process conditions, bulk recombination losses were the major obstacle for 

further performance improvements. Studies showed the existence of significant bulk and front 

interface recombination losses in high-efficiency CIGS solar cells (~19 %). 4–6  Heavy alkali 

incorporation via post deposition treatment (PDT) allowed for the CIGS  technology to achieve 

several efficiency world records7–11, as it most recently reached 23.35 %.12 In a PDT process, an 

alkali metal is deposited after the absorber deposition. Potassium (K) is one of the first successful 

PDTs in CIGS solar cells.7 The excellent results of KF-PDT paved the way for other 

successful alkalis PDT, such as Cs and Rb9–11,13,14, with a significant amount of studies being 

conducted to understand the effects of PDT on the CIGS thin film properties15–

20 ,which show standardly enhanced electrical performance.7,16,21 Several reports show the 

influence of KF-PDT on the front surface as well as the CIGS bulk properties.7,15–17,22,23 Looking 

to the CIGS/CdS interface, KF-PDT leads to a reduction of the amount of Cu and Ga7,15,16,18 – 

that promotes Cd filling of copper vacancies (Vcu) during chemical bath deposition (CBD) 

resulting in a higher density of shallow Cd-Cu antisite (Cdcu)donors.7,24 Such effects are linked 

with reduced front surface recombination leading to increased open-circuit voltage (VOC) and fill 

factor (FF) values.7,16  Effects of KF-PDT in the CIGS bulk properties were also reported with 
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some effects being:  KF accumulation at the grain boundaries16,18,25, reducing tail states, leading 

to a reduction of localized band-bending, and thus promoting grain boundary passivation.15  

One of the research lines in the CIGS community is to develop high efficiency ultrathin CIGS 

solar cells, without compromising performance, in order to save material costs and increase 

machine throughput.26 However, in ultrathin CIGS solar cells, rear interface recombination is 

a major efficiency loss mechanism.27–29 To reduce rear interface recombination a dielectric 

nanostructured layer is deposited in-between the CIGS and the Molybdenum (Mo) rear 

electrode.30 The dielectric layer: i) neutralizes active recombination centres31,32; and ii)  creates a 

built-in electric field  –  by the presence of fixed charges at the dielectric surface that shields 

minority carriers.33 Alumina oxide (Al2O3) has shown good results at minimizing rear interface 

recombination.34,35 The dielectric layer needs to be patterned, with a point contact structure, 

to establish electrical contact between the CIGS and rear electrode. Patterning approaches by 

lithography36–38 show controlled and reproducible results.  Despite its  reported success, there is 

still some debate as to whether this strategy actually benefits the electrical properties of the 

devices.39–41 Mainly because of its significant electronic losses at the rear interface, little 

attention was given to the implementation of PDT in ultrathin CIGS. However, recent 

reports show the beneficial effects of KF-PDT in ultrathin CIGS solar cells.21,42 With KF-PDT 

implementation, front interface and bulk recombination losses will be potentially covered in 

ultrathin CIGS solar cells. The conjugation of KF-PDT with rear interface passivation is yet to be 

applied in ultrathin CIGS solar cells. Both treatments may enable the mitigation of front, bulk 

and rear interface recombination mechanisms, allowing for an enhancement of ultrathin CIGS 

solar cells electrical performance. 
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In this work, we present the study of the electrical influence of PDT together with a rear-nano-

patterned dielectric layer on ultrathin CIGS solar cell. Three type of devices were produced that 

incorporate different passivation strategies: i) only KF-PDT; ii) only rear interface passivation 

and; iii) both passivation strategies. Electrical measurements, together with electrical 

simulations, modelled the effect of PDT and rear interface passivation on the devices 

optoelectronic properties. X-ray photoelectron spectroscopy was used to study the elemental 

composition at the CIGS/CdS interface. Time-Resolved Photoluminescence (TRPL), 1D 

simulation and AC circuit fitting analysis were used to study the effect of KF-PDT and rear 

interface passivation on the recombination mechanisms. 

 

Experimental section  

An illustrative representation of the fabricated set of ultrathin CIGS based devices is shown in 

Figure 1: i) with KF-PDT, named PassKF (Figure 1 a)), ii) with only an Al2O3 dielectric layer, 

named PassAl2O3 (Figure 1 b)), and iii) with the Al2O3 dielectric layer and KF-PDT, named 

DoublePass (Figure 1 c)). A 20 nm Al2O3 layer was deposited by atomic layer deposition (ALD), 

directly on the rear contact, Mo. To establish the electrical contact between the CIGS and Mo, 

the dielectric layer was nano-patterned with point contacts by electron beam lithography 

followed by Reactive Ion Etching (RIE). The point contacts have 200 nm in diameter with a 2 

µm pitch (centre to centre) in a quadratic array. A detailed process flow for the patterning 

approach can be found elsewhere.36,43 Before the CIGS growth, 7 nm of NaF was evaporated on 

all substrates ensuring Na supply as the out-diffusion from the SLG might be blocked by the 

passivation layer.44,45 The CIGS layer was grown using a 3-stage co-evaporation step. The co-

evaporation processes needed to be adjusted to account for the ultrathin CIGS layer. It must be 
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highlighted that the 3-stage process used in this work has not yet been optimized for ultrathin 

devices. This procedure is highly sensitive to variation in process conditions such as thickness, 

temperature, pressure, just to name a few parameters.45 The 3–stage co-evaporation lead to a 

small in depth Ga grading that was measured by glow-discharge optical emission spectroscopy 

(GDOES), in a standard ultrathin CIGS solar cell.  All devices underwent the same CIGS 

evaporation run with an estimated CIGS thickness of 525 nm and composition values of 

[Cu]/([Ga] + [In]) ~ 0.8  and [Ga]/([Ga] + [In]) ~ 0.3, as measured by X-ray fluorescence (XRF). 

After the CIGS growth, a KF-PDT was applied to PassKF and DoublePass. The process was 

done, employing the optimized conditions by de.Wild et al.42,46, by spin coating 0.2 Molarity of 

KF at room temperature (RT) followed by an anneal in a N2 atmosphere at 613.15 K. The devices 

were finalized with the deposition of a stack of CdS/i-ZnO/ZnO:Al/Ni-Al-Ni, with the same 

process conditions as described elsewhere.47 12 solar cells were made for each type of devices 

with an area of 0.5 cm2 defined by mechanical scribing. 

  
Figure 1 - Illustrative representation of the fabricated devices: a) device with only PDT, PassKF; 

b) device with only rear interface passivation layer, PassAl2O3; c) device with both treatments, 

KF-PDT and rear interface passivation, DoublePass. Layers not at scale. 

The solar cell current density against voltage (J-V) and the temperature dependent J-V (J-V-T) 

measurements were conducted in a home-built system with a four-point probe. The J-VT 
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measurements were conducted in the temperature range between 100-303.15K with liquid 

nitrogen being used as a cooling agent. External quantum efficiency (EQE) measurements were 

performed on a home-built system, with the short-circuit current density value (JSC) being 

corrected to the EQE spectra. Capacitance-voltage-frequency (C-V-f or C-V) and capacitance–

conductance-frequency (C-G-f) measurements were conducted with a precision LCR meter 

(Agilent E4980 A).  The C-V-measurements were taken from -0.6 to 0.8 V with a fixed 10 kHz 

frequency with a VRMS of 30 mV, at RT in the dark. C-G-f measurements were performed at 0 V 

bias from 20 Hz to 1 MHz with a VRMS of 30 mV, at RT in the dark. Time-Resolved 

Photoluminescence (TRPL) was measured at RT with a photospectrometer Picoquant with a 

TimeHarp 260 single photon counter. The excitation intensity was approximately 0.1 Wcm-2, 

repetition rate 3 MHz, and excitation wavelength of 532 nm. EQE and J-V representative curves 

where chosen based on the averaged values of the individual solar cells in each device. The XPS 

measurements was performed on an ESCALAB 250 Xi Thermo Scientific, equipped with a 

monochromatic Al Kα source (1.487 KeV).  The depth profile etch was divided in three parts; a) 

The first etch was to remove the ZnO layer, with a ion gun energy of 4000 eV; b) to reach a clear 

signal of the CdS layer the energy gun was decreased to 500 eV; c) finally to understand the 

elemental composition on the interface between CIGS and CdS we used energy gun with 200 eV. 

Since we want to quantify each element the data was acquired with a hemispherical pass energy 

of 20 eV. A Avantage (Thermo Fisher Scientific) software was used to fit the peaks with a smart 

background using a Laurence-Gaussian function. 

Electrical simulations of the fabricated devices were conducted with SCAPS 1-D software48, 

with Table 1 and 2 showing the most important input values, based on measured and literature 

values.49–51 The shunt conductance (Rshunt) and the series resistance (Rseries) were extracted from 
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J-V measurements, with the net free carrier concentration (Ncv) extracted from C-V 

measurements. The CIGS bandgap energy (Eg) in depth variation was calculated through Eq. 1 

based on the Ga profile measured by GDOES50: 

 

𝐸𝑔 = 1.01 + 0.626 ∗ 𝐺𝐺𝐼 − 0.167 ∗ 𝐺𝐺𝐼 ∗ (1 − 𝐺𝐺𝐼) (1) 

 

From (1), we obtained a small bandgap variation, with an in depth variation of 1.22->1.16-

>1.22 eV at the front and rear interface, respectively. Since all devices were grown in the same 

evaporation run, we consider the Eg in depth profile to be the same for all devices. The optical 

properties of the CIGS layer were measured using an in-house ellipsometry equipment. For the 

CdS, i-ZnO and ZnO:Al, the optical properties were extracted from the literature52,53.  

Table 1 - SCAPS electrical parameters used for the CIGS, CdS, i:ZnO and ZnO:Al layers 

devices simulations. The CIGS Eg values correspond to the obtained Ga grading. χe refers to 

electron affinity. ND refers to shallows donors concentration, Ncv is the net free carrier 

concentration. 

Parameter CIGS CdS i:ZnO ZnO:Al 

 Eg (eV) 

1.22->1.16->1.22 

(experimental in depth 

variation) 

2.4 50 3.3 50 3.3 50 

χe (eV) 

4.31->4.38->4.301 

(experimental in depth 

variation) 

4.11 50 4.31 50 4.31 50 

ND shallow 

donor 

(cm-3) 

10 x 101 
1 x1016 

49,50 

1 x1017 
49,50 

1 x1020 

49,50 
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NCV  (cm-3) 

PassKF:6.05x 1015 

PassAl2O3: 31.0x 1015 

DoublePass: 21.0x 1015 

0 
1 x1017  

 49 
0 

 

Table 2 – Parameters corresponding to the defects introduced in our model. Defect 1 corresponds 

to double donor InCu. Nt corresponds to the correspondent defect concentration, σe/H is the 

electron and hole capture cross section with Et being the defect energy, EVB and ECB correspond 

to the valence band and conduction band energies of the CIGS layer. Defect 2 corresponds to the 

double acceptor CuIn defect, with Defect 3 being half acceptors and half donors to simulate the 

electronic activity at the CIGS grain boundaries. 

 

 

 

Results  

Representative illuminated and dark J-V curves, and EQE spectra are shown in Figure 2 a) and 

b), respectively with the average figures of merit values obtained from the J-V measurements are 

 Type Distribution  Nt (cm-3) σe/H (cm2) Et 

Defect 1 
49,51 

Double Donor  Single 1x1013 1x10-15/1x10-13 ECB-0.24, ECB 

-0.34 

Defect 2 
49,51 

double acceptor single 1x1013 1x10-13/1x10-15 EVB+0.29, EVB 

+ 0.58 

Defect 3 
54  

Acceptor/donor  PDT- 5.0 x1015 1x10-15/1x10-15 EVB+0.27 

No PDT 

15x1015 
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summarized in Figure 2 d), as well as the diode quality factor, A, and saturation current density, 

J0 — calculated through the dark J-V curves following the procedure by Hegedus et al, taking 

into account the devices’ Rseries and Rshunt.
55  From the J-V curves analysis, we immediately note 

that the PassKF device shows signs of shunting problems on the illuminated J-V curve. 

However, the dark J-V curve does not show the same behavior indicating that the device is 

affected by voltage-dependent current collection (VDCC)34,56. Ultrathin devices without rear 

passivation often show VDCC compatible with a high rear interface recombination.34,36 

Furthermore, DoublePass device shows a roll-over behavior in the J-V curve leading to a higher 

series resistance for this device. Roll-over behaviors usually indicates an interface barrier.57,58 

Additionally, we note that the shunt resistance increases with the application of the dielectric 

layer. This increase is likely related to a reduction of shunt paths present in the device prevalent 

in ultrathin CIGS solar cells. 59–61 The EQE analysis shows a small increase in the 400 - 500 nm 

range for the devices that underwent the PDT treatment in comparison with PassAl2O3. This 

enhancement is likely due to a thinner CdS layer for these devices, most likely caused by KF-

PDT.7 The devices with the rear passivation layer show an increase of the EQE in the 

wavelength region values between 550 and 1100 nm in comparison with PassKF. The EQE 

enhancement in the two rear passivated devices leads to an increase in the short-circuit current 

density (JSC) values, compatible with an increase in the rear optical reflection as well as an 

effective passivation effect.30,35,36 55 DoublePass device shows higher VOC and efficiency values 

than PassAl2O3 and PassKF. DoublePass VOC values show an increase of 85 mV (abs) over 

PassKF and 178 mV (abs) over PassAl2O3 ultimately leading to a 2.2 % and 2.3 % increase in 

power conversion efficiency values, over PassKF and PassAl2O3 respectively. Notwithstanding, 

the enhancement in VOC, the DoublePass JSC and FF values does not show a significant increase 
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over PassAl2O3, indicating that the KF-PDT process is not improving carrier collection. The 

PassAl2O3 device, which has lower VOC than Pass KF devices, shows similar efficiency values to 

PassKF. So, the impact of individual passivation strategies leads to similar solar cells 

performance. The VOC increase by DoublePass indicates a decrease on the impact of the 

recombination losses, attained by the joint application of a rear Al2O3 passivation layer together 

with the KF-PDT. In fact, this claim is supported by the J0 values, as DoublePass shows the 

lowest J0 among the fabricated devices. Considering the Shockley-Read-Hall (SRH) 

recombination model 62,63, the A values of PassAl2O3, PassKF and DoublePass (2.3 ± 0.5 vs 1.7 ± 

0.3 vs 1.3 ± 0.4, respectively) indicates different locations of the dominant recombination 

mechanism in the active layer: from the space charge region to the quasi neutral region, 

respectively.64 From the normalized VOC vs T analysis we extracted the activation energy (EA) of 

the saturation current, by performing a linear fit of the VOC in the high temperature range and 

verifying its value at 0 K.55  For the studied devices, the EA value is similar to the bandgap 

energy value for DoublePass (1.25 eV) and lower than the bandgap value for PassKF and 

PassAl2O3 (0.84 and 0.60 eV, respectively).  
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Figure 2 – a) Representative dark (dashed) and Illuminated (solid) J-V curves; b) EQE curves 

for the fabricated devices; c) VOC vs T curves; and d) Averages and standard deviation values 

of the devices figures of merit for 12 solar cells per device.  

 

C-V measurements were conducted on the studied devices to understand the influence of both 

passivation strategies on the net free charge carrier concentration (NCV), the CIGS space charge 

region width (w) and the built-in potential (Vbi) values, calculated using well-known 

procedure65,66 and presented in the Table 3. The PDT treated devices present the lowest NCV and 

largest w values. KF-PDT promotes Cd filling of the VCU acceptors, leading to an increase of 

shallow donors CdCu density, promoting a larger space charge regions and lower values of net 

free carrier concentration, compatible with trend obtained in the studied devices.67 The Vbi value 

of PassKF and DoublePass devices is lower than the measured VOC value, indicating the presence 

of an electron barrier at the buffer or window layer.68 The existence of an electron barrier limits 

the FF value, with little influence on the VOC value.68 So, the Vbi values lower than VOC and the 



 14 

similar FF values for PassKF and DoublePass devices, indicates the active role of KF-PDT in the 

emergence of such electron barrier.  

Table 3 - NCV, w and Vbi average and standard deviation values. 

 

 

 

 

 

The equivalent circuit fitting analysis of the admittance data allows the study of the device AC 

response. The impedance data extracted from admittance measurements were fitted using several 

equivalent circuits through the ZSimpWin 3.50 software.69 A detailed explanation of the 

procedure used to consider the most accurate equivalent circuit for each device can be found 

elsewhere.70 Figure 3 a), b) and c) shows the equivalent circuit for the developed devices, 

PassKF, PassAl2O3 and DoublePass, respectively,  with Figure 3 d) showing the fitted and 

estimated parameter for each equivalent circuit.  

 

Devices NCV ( x 1015cm-3)   w (nm) Vbi (mV) 

PassKF (6 ± 3) 375 ± 80 453 ± 65 

PassAl2O3 (31 ± 6)  167 ± 24 492 ± 61 

DoublePass (21 ± 6) 215 ± 24 548 ± 106 
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Figure 3-Equivalent electrical circuits for: a) PassKF; b) PassAl2O3; and c) DoublePass); d) 

Fitted and estimated parameters average and standard deviation values for the equivalent circuits 

of all devices.  

As shown in Figure 3, each electrical component represents a different type of interface and/or 

property in the solar cell.71–74 Rs represents the solar cell series resistance induced by front and 

rear contacts.70,72 The space charge region is modelled by Cpn and Rpn in parallel that represents 

the p-n junction capacitance and resistance, respectively.70,75 The rear electrical contact is 

represented by a rear contact capacitance (Cb) and a rear contact resistance (Rb) in parallel.72,75 A 

Ci capacitance is in series with a resistance Ri it represents a measure anomaly, in the AC regime, 

that may be associated with a defect trap level.71,76,77 The i=1,2 is the representation of different 

anomalies present in the assigned device.66,71 For each Ci-Ri connection in series there is an 

associated τi  representing a characteristic lifetime. In the case of a trap, it corresponds to the 

charging/discharging time characteristics of the associated trap level.71,76,77 From the fitted 

circuits, for the rear passivated devices, we note two branches with a capacitance in series with a 

resistance: C1-R1 and C2-R2. In the literature, C1-R1 is associated with defects levels in the 

absorber bulk.70,78,79 The C1-R1 connection is present in all circuits, meaning that in our studied 

devices, the passivation strategies implemented were not able to mitigate such defect level. The 

C2-R2 is only absent for the device without the Al2O3 layer. Thus, we attribute the C2-R2 to a 

frequency response of the dielectric layer.70  

The estimated capacitance values were calculated for comparison with the fitted values, in 

order to validate our results, using the well-known capacitance equation:80 
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𝐶 =
𝜀0𝜀𝐴

𝑑
 (2) 

 

where ɛ0 is the vacuum permittivity, ɛ the dielectric constant, A the solar cell area and d the 

space charge region width or the Al2O3 thickness. The vacuum permittivity has the value of 8.8 x 

10-12 F/m; the  considered dielectric constant for CIGS is 13.4581 , and for Al2O3 is 982. The 

fitted Cpn values for PassKF (24.0 ± 7.5 nF/cm2) and DoublePass (55.8 ± 4.5 nF/cm2) are in good 

agreement with the calculated ones (32 nF/cm2 and 55 nF/cm2 respectively), ensuring that the 

chosen equivalent circuit has physical meaning. However, the fitted Cpn for PassAl2O3 (42.6 ± 

5.9 nF/cm2) device is lower than the estimated one (71 nF/cm2). Such difference may be 

explained by a possible change in the CIGS refractive index, something not completely to be 

discarded due to the extensive known effect of the PDT process. The extracted Rpn values for 

PassAl2O3 and DoublePass increase when compared to PassKF device. The increase of Rpn 

reveals that the dielectric layer is effectively mitigating shunts paths, which are common in 

ultrathin CIGS solar cells.38,59–61 Regarding the C1-R1 branch, DoublePass shows a τ1 value (286 

± 171  μs) significantly higher than the PassAl2O3 (17 ± 6 μs), and the PassKF (61 ± 42 μs). The 

time constant, τ1 the time of capture and emission of an electron.76 Thus, a higher τ1 corresponds 

to a lower recombination velocity. The τ1 trend suggests that: i) KF-PDT mitigates 

recombination at the absorber bulk, since devices with KF-PDT show higher τ1 value than the 

device without PDT; and ii) both passivation strategies have a compound effect at addressing 

losses in the absorber bulk. We observe that Cb values decrease by adding the rear interface 

passivation layer to the device architecture, indicating that the dielectric introduction is changing 

the rear contact, which may be related with the MoSe2 layer.57 Moreover, an increase in Rb 

values is also observed for PassAl2O3 and DoublePass. Such increase is due to the fact that these 
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devices only have 1 % of contacting area at the rear surface, which likely increases contact 

resistance suggesting that the point contact pattern needs optimization. The presence of C2-R2 is 

due to a response of the nano-patterned dielectric layer to the measurement frequency. We note, 

that the calculated C2 capacitance is significantly lower than the estimated C2 for PassAl2O3 and 

DoublePass devices. To calculate the Al2O3 capacitance we assumed a conformal non-

interrupted layer, even though the developed Al2O3 layer covers 99 % of the surface area. Hence, 

the difference between the estimated and fitted capacitance values of C2, could be attributed to 

the nano-patterning of the Al2O3 and to different properties of such thin layer from the ones used 

for the extraction of the dielectric constant.  

The measurements of the carrier lifetime by means of TRPL allow for a better understanding 

of the impact of the two different passivation strategies in the recombination losses of the studied 

devices83–85 as shown in Figure 4. The DoublePass decay is significantly longer than both 

PassKF and PassAl2O3 devices, which show similar decay curves. The performed fits considered 

the deconvolution of the instrumental response. The three devices’ TRPL decays follow the same 

trend, being well described by a biexponential function with two characteristic decay lifetimes: a 

fast component, often linked to charge separation; and a slower one linked to recombination 

mechanisms.86–88  The latter component is the one that allows for insight into the passivation 

impact on the optoelectronic properties of the devices.86–88 However, the determination of the 

factor that defines the TRPL quenching – process that sharply reduces luminescence – is not that 

straightforward. Since TRPL measurements were carried in final devices, the decay curves can 

be influenced by different physical factors, including diffusion processes, carrier drift, interface 

and/or bulk recombination, Ga gradient, among others, which makes the precise determination of 

the TRPL quenching origin quite puzzling.85,86 Notwithstanding, the obtained slower lifetime 
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decay values were 0.5 and 0.40 ns for PassKF and PassAl2O3 device, respectively, and 12.6 ns 

for DoublePass device. It has been shown in CIGS based solar cells a correlation between 

recombination mechanisms (lifetime decays) and VOC values.84,89,90 In fact, from the TRPL 

experimental conditions it is expected that interface recombination mechanisms have a high 

impact in the TRPL decay, leading to sharply reduced lifetime decay values, like the ones 

obtained in PassKF and PassAl2O3 devices. At room temperature the SRH recombination 

mechanism may be responsible for the TRPL quenching, with deep defects contributing for the 

TRPL quenching and shallow defects contributing for the material conductivity. For the PassKF 

device the location for the dominant SRH recombination mechanism is ambiguous, as it could be 

located at the space charge region and even at the interface. Nonetheless, TRPL results, in 

addition to EA and A values, for the PassKF and PassAl2O3 devices are compatible with interface 

recombination and again the combined impact of the two treatments provide for a significant 

improvement in the DoublePass device.  
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Figure 4  – Normalized TRPL decays at room temperature for all the CIGS studied devices. The 

decay lifetime was 0.5 ns for PassKF devices, 0.4 ns for PassAl2O3 and 12.6 ns for DoublePass 

device. 

To better understand the electrical effects of KF-PDT and rear interface passivation, electrical 

modelling of the fabricated structures was conducted through SCAPS 1-D simulation. Table  

shows the simulated J-V figures of merit for the studied devices. The SCAPS baseline model 

used in this paper was based on parameters used by T.M. Friedlmeier et al.49, J. Petterson et al.50, 

as well as the measured Rseries, Rshunt and NCV values. The modelled effects of PDT were based on 

the reported effects on the front interface and in the CIGS bulk 7,15,16,54,91. In particular, we added 

the following effects related to KF-PDT: i) grain boundary electrical activity by introducing an 

defect 270 meV above the valence band with a concentration of 5.0 x 1015 cm-3 15,54 and; ii)  

reduction of the acceptor density at the CIGS/CdS interface to simulate the effect of increased 

donor defects.16,17,91 To simulate the effect of rear interface passivation, we varied the surface 

recombination velocity (SRV) value, as follows: since ultrathin CIGS devices have high rear 

interface recombination, we attributed an SRV value of 107 cm.s-1 for PassKF device and  102 

cm.s-1 for the devices with rear interface passivation, according to previous works.30,36,92  The 

rear optical reflection was set at 40 % for PassKF device and 50 % for PassAl2O3 and 

DoublePass in order to have a good correlation between the simulated and measured JSC. The 

initial simulated FF for PassKF and DoublePass device was 15 % and 13.5 % higher than the 

experimental ones, with only PassAl2O3 having a good correlation. The Rshunt and Rseries from J-V 

measurements were taken as an input parameter in order to approach the FF value to the 

experimental one for the model. The higher simulated FF value, for PassKF and DoublePass, is 

compatible with the existence of the above stated barrier at the front interface that lowers the 
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experimental FF. In fact, studies report the formation of a K-In-Se2 (KIS) layer93–95 that was 

linked to a blocking behavior.96 The high bandgap of the KIS layer (2.55 eV) is responsible for 

the blocking behavior as it increases the conduction band-offset between the CIGS and CdS.96 In 

order to discuss the existence of such layer in KF-PDT devices, an extra set of simulations were 

performed in which we introduced the KIS layer in between the CIGS and CdS and varied its 

thickness. Figure 5 shows the PassKF simulated J-V curves with an additional KIS layer, with 

different thickness. The results show that just a 5 nm thick KIS layer is sufficient for a 7 % drop 

in the FF value. Further increasing the thickness will lead to a small decreases in the FF value, 

with a roll-over appearance for a KIS thickness of 50 nm. The inclusion of a KIS layer in our 

model lead to an approximation of the simulated and experimental FF for the KF treated devices. 

With regards to the difference between the simulated and experimental VOC for the PassKF and 

PassAl2O3 devices an higher impact of the recombination losses. For all devices, the simulated 

JSC values show an excellent correlation with the experimental JSC values. The electrical 

simulations show that with the introduced KF-PDT leads to higher electrical performance than 

using only rear interface passivation.  Regardless of the discrepancies between simulations and 

the J-V measurements, the electrical simulations show the same electrical trends observed by J-V 

measurements. This could be an indication that, the KF-PDT and rear interface passivation 

effects were correctly modelled allowing to discuss the losses mechanisms of each devices, 

which was the main objective of the behind the electrical simulations, rather than reaching a 

precise match that is quite complex for cells at this performance stage. 
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Table 4 - Simulated J-V figures of merit for the studied devices. In brackets, it is represented the 

variation with the corresponding average experimental J-V parameters for a better comparison. 

Devices VOC (mV) JSC (mA/cm2) FF (%) Eff (%) 

PassKF 617 (+98) 23.9 (+0.7) 57.8 (+6.5) 8.5 (+2.8) 

PassAl2O3 612 ( +186) 25.1 (-0.3) 54.3 ( +2.9) 8.3 ( +2.7) 

DoublePass 657 ( +53) 25.4 (-0.1) 58.8 (+ 7.5) 9.7 ( +1.8) 
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Figure 5 – Simulated J-V curves of PassKF device with a thickness variation of the KIS 

layer.  

The electrical and simulation results for the samples with PDT suggest a presence of an 

electron barrier between the CIGS and CdS that we associated to a KIS layer. To check the 

presence of a KIS layer we performed a depth profile XPS analysis on the DoublePass 
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device. The XPS analysis allows for a deeper understanding of the elemental distribution 

in-between the CdS and CIGS layers, with the results being shown in Figure 6. Figure 6 a) 

shows an elemental variation, as the etch level increases, for the CdS and CIGS elements, 

as it Figure 6 b) shows only the elements present in the CIGS layer. Figure 6 c) shows the 

peak intensity as well as the curve fitting of the individual CIGS elements with increasing 

etch levels.  From Figure 6 a) we notice that as the etch level increases the atomic % of Cd 

and S decreases while the  atomic % of Cu, In, Ga, and Se increases, suggesting that the 

studied  region describes the CIGS/CdS interface. From Figure 6 b) the individual CIGS 

elements start to appear in different etch levels, which is seen in Figure 6 c) as we are able 

to fit the In 3d peak from etch level 0 and Se 3d from etch level 7, whereas we were only 

able to fit the individual peak for Cu 2p and Ga 2p at etch level 14 and 13, respectively.  In 

the literature, the analysis of the atomic percentage at the interface of CIGS/CdS, without 

PDT, usually founds that the CIGS elements appear at the same etch level 97,98, or even 

detect Cu first, due its diffusion towards the CdS.98–100 The fact that for our device the In 

3d peaks and Se 3d peaks are the first elements to appear suggests that the interface is rich 

in In and Se, and that Cu and Ga are absent, could be an indication of the KIS layer 

presence. The depth profile analysis did not detect a trustful K signal. The detection of a 

KIS layer in finalised CIGS devices is not straightforward as KF-PDT may react with Cd 

during CBD.95,101 With discrepancies being found in the literature, where studies showed 

that the KIS layer could still be detected after a thin CdS layer deposition7, others could not 

detected K after the CBD treatment, while other suggested that the KIS layer may partly 

dissolve itself during the CBD process95 leading to difficulties at identifying it. The etching 

performed in the XPS measurements during the depth profile study, may promote alkali 
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diffusion towards the CIGS bulk, given its high mobility102–104. Thus, this effect may 

occurs in our devices leading to the absence of a trustful K signal. Nonetheless, our XPS 

results showed that In and Se were the first elements to be detected with a clear signal at 

the interface between CIGS and CdS, indicating an interlayer presence between the CdS 

and CIGS layer. Given that the electrical measurements and the 1-D simulation point to a 

formation of a barrier between CIGS and CdS, as XPS results point to an interfacial region 

rich in In and Se, such interlayer may indeed be a KIS layer, which the the presence is 

commonly associate to KF-PDT. 

 

Figure 6 - a) XPS depth profile with increasing etch level of the CIGS and CdS elements 
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at the CIGS/CdS interface; b) XPS depth profile of the CIGS elements ; c) Individual XPS 

Spectra of Se 3d, In 3d, Cu 2p, Ga 2p. The color lines indicate the fit performed to the 

individual peak. 

DISCUSSION  

We show that only with the application of both treatments the maximum potential of a solar 

cell is revealed as, individually, each of the improvements is not enough to counter for all the 

dominant losses. As shown in Figure 2a) DoublePass device shows the presence of a roll-over 

behavior in its representative J-V curve, common in devices with insufficient Sodium (Na) as the 

passivation layer acts as a Na diffusion barrier 44,105. However, since all devices had a pre-

deposition of 7 nm of NaF and only DoublePass shows the roll-over and, SCAPS simulation 

hinted at the presence of a blocking layer at the front interface and the XPS analysis indicated the 

presence of an extra layer at the CIGS/CdS interface, the roll-over anomaly could be due to the 

conjugation of the dielectric blocking Na diffusion and a presence of a KIS layer at the front 

interface. The KIS layer is linked with a blocking behavior as it increases conduction band offset 

between CIGS and CdS.96 In fact, the presence of a blocking layer is also hinted by the Vbi values 

extracted from the C-V measurements, which were lower than the measured VOC values for the 

KF-treated devices. The XPS analysis hinted at the presence of an In and Se rich layer at the 

interface. Together with C-V measurements and the electrical simulation such layer could indeed 

be a KIS layer. Thus, the KIS layer present in our devices could be responsible for the low FF 

values as well as the Vbi values lower than VOC  for the PassKF and DoublePass device.68  Figure 

7 shows the difference between the measured and simulated figures of merit for the developed 

devices. Note that, the simulated FF value for PassKF and DoublePass could only be 

approximated to their experimental values with the incorporation of a KIS layer at the front 
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interface. The VOC value of the DoublePass device is the highest among the studied devices and 

the J0 value is the lowest, suggesting that several recombination mechanisms are mitigated 

compared to the other studied devices, which is supported by the highest charge carrier’s lifetime 

value observed in TRPL. The EA value gives information of what is the type of dominant SRH 

recombination55,62,63: if EA ~ Eg , the dominant recombination mechanism is present in the CIGS 

bulk; and if EA < Eg, we have a dominant interface recombination. For the PassKF and 

PassAl2O3, the EA value is lower than the bandgap value, with together with A values indicate 

that for devices bulk recombination is not the dominant mechanism.55 By linking the decay 

lifetime with recombination in the devices84,86,89, the TRPL measurements suggest that from the 

low carrier lifetime of PassKF and PassAl2O3 devices, that front interface recombination is the 

dominant recombination mechanism. For DoublePass device, the electrical and optoelectronic 

results, EA = 1.25 eV, A = 1.3 and longer TRPL decay time, support a dominant SRH 

recombination in the absorber bulk. So, these results suggest that the implementation of both 

passivation strategies were able to neutralize dominant interface recombination mechanisms 

present in PassKF and PassAl2O3. The A value of PassAl2O3 higher than 2 points that the 

dominant recombination mechanism is not governed by the SRH assumptions92,106 , but other 

model should be consider such as multi-step recombination fluctuating potentials or tunneling 

effect.106,107  

All in all, we show that, in order to have proper rear interface passivation gains, the CIGS/CdS 

interface and the bulk quality of CIGS must be treated, otherwise a rear interface passivation 

strategy does not lead to optoelectronic gains as other losses would still be dominant. Electrical 

and optoelectronic results suggest that rear interface recombination in the devices is ineffective 

when front interface or bulk recombination values are very high and dominant. Both strategies 
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must be coupled together to minimize recombination losses, thus maximizing the electrical 

performance of ultrathin CIGS solar cells. 

 

Conclusion 

 A Rear interface passivation strategy and a post-deposition treatment were for the first time 

applied at the same time in ultrathin CIGS solar cells.  Rear interface passivation was achieved 

with the introduction of a 20 nm nano-patterned Al2O3 layer with the PDT being performed with 

KF. We report, for the first time, the implementation of a KF-PDT treatment together with a rear 

interface passivation scheme in ultrathin CIGS solar cells. Moreover, we show that only the 

application of both treatments the maximum potential of a solar cell is revealed as, individually, 

 

Figure 7 - Comparison between the simulated and measured solar cells figures of merit of 

the fabricated devices.  
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each of the improvements is not enough to counter for all the dominant losses. From the studies 

performed, we conclude that, in order to have significant optoelectronic gains all the 

recombination mechanisms must be dealt with. The implementation of both strategies leads to 

significant enhancements of the optoelectronic properties. Despite of the observed improvement, 

the presence of the roll-over for DoublePass indicates room for further improvements in the KF-

PDT and NaF deposition conditions. These findings are corroborated by electrical 1-D 

simulation together with a XPS analysis that found the presence of a In and Se rich layer that 

could be responsible for the blocking behavior in our devices. The TRPL decay time of the 

studied devices was profoundly affected by front interface recombination, as PassKF and 

PassAl2O3 devices show low lifetime values.  However, DoublePass showed a significant higher 

decay time value over the devices with only one treatment, suggesting the advantages of using 

both passivation strategies. Admittance circuit fitting analysis showed the presence of active 

recombination channels in the absorber bulk and that KF-PDT is able to reduce its impact. 

Altogether, our striking results suggest the need to address losses at the front surface and bulk to 

successfully implement rear interface passivation and that both strategies need to be used in 

tandem as no silver bullet exist to provide ultrathin solar cells with an unique solution to its 

drawbacks. 
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