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A B S T R A C T   

Cu(In,Ga)Se2 (CIGS) solar cells are amongst the best performing thin-film technologies, with the latest perfor-
mance gains being mainly due to recent years improvements obtained with post-deposition treatments (PDT). 
Moreover, thinning of the absorber layer down to sub-micrometre values (ultrathin absorbers) is of extreme 
importance for CIGS to be even more cost-effective and sustainable. However, electrical and optical limitations, 
such as rear interface recombination and insufficient light absorption, prevent the widespread implementation of 
ultrathin CIGS devices. The recent electrical CIGS simulation baseline models have failed to keep up with the 
experimental developments. Here an updated and experimentally based baseline model for electrical simulations 
in the Solar Cell Capacitor Simulator (SCAPS) software is presented and discussed with the incorporation of the 
PDT effects and increased optical accuracy with the support from Finite-Difference Time-Domain (FDTD) 
simulation results. Furthermore, a champion solar cell with an equivalent architecture validates the developed 
thin-film model. The baseline model is also applied to ultrathin CIGS solar cell devices, validated with the ul-
trathin champion cell. Ultimately, these ultrathin models pave the way for an ultrathin baseline model. Simu-
lations results reveal that addressing these absorbers’ inherent limitations makes it possible to achieve an 
ultrathin solar cell with at least 21.0% power conversion efficiency, with open-circuit voltage values even higher 
than the recent thin-film champion cells.   

1. Introduction 

Cu(In,Ga)Se2 (CIGS) thin-film solar cells belong to one of the most 
efficient photovoltaic (PV) technologies [1], with a record of light to 
power conversion efficiency value of 23.35% [2], being comparable 
with poly-crystalline silicon (Si) solar cells, 24.4% [1]. To further 
improve the CIGS devices’ performance, a deeper knowledge of the 
material and solar cell fundamental properties should be developed. 
Electrical simulations have constantly supported the discussion of crit-
ical improvement pathways and possible solar cell limitations. Litera-
ture numerical simulations studies [3–5], and others with additional 

experimental results [6–10], are main directives in the research com-
munity. The Solar Cell Capacitor Simulator (SCAPS) one dimensional 
simulation software [11] is commonly and freely used for thin-film PV 
technology and at its core is specifically designed for CIGS and CdTe 
technologies. Therefore, this study uses SCAPS due to its simplicity 
compared to other multi-dimensional software and suitability for CIGS 
solar cells. A good way to understand a specific phenomenon with the 
support from simulation results is in line with the change of a small 
number of parameters based on predefined ones from the electrical 
model [12]. Consequently, baseline models are useful to discuss the 
properties and performance of champion CIGS solar cells. However, a 
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baseline model for CIGS solar cells is a complex task due to the material 
complexity in terms of defects. CIGS is a semiconductor compound with 
a p-type behavior governed by its native defect nature, mostly arising 
from the acceptor Cu vacancy (VCu) due to the combination of a shallow 
energetic transition level of ∼ 0.03 eV above the valence band maximum 
(VBM) and a respective low formation energy [13–16]. Thus, CIGS is 
designated as a self-doped material. Other native point-type defect 
present in the solar cell are the antisite defects, such as In on Cu (InCu) 
and Cu on In (CuIn) defects [17]. Moreover, the literature points to the 
existence of a Cu-poor phase at the CIGS front surface with a bandgap 
value higher than in the bulk region [18–20], where, dependent from 
the authors, such phase may have different designations, i.e. ordered 
vacancy or defect compound (OVC or ODC, respectively) [21]. There-
fore, due to its complexity, the CIGS SCAPS baseline model was only 
updated twice in the past twenty years: by Gloeckler et al. [22] in 2003 
and by Pettersson et al. [12] in 2011. Since 2011, several development 
events in CIGS technology helped to enhance the performance of CIGS 
solar cells, from 20.3% [23] to 23.35% [2]. The development of the 
post-deposition treatment (PDT) with heavy alkali fluoride compounds, 
such as KF [24], RbF [25], and CsF [26] led to the main referred CIGS 
performance improvement. Pettersson’s CIGS baseline model did not 
include PDT effects, meaning that an updated baseline model with PDT 
is lacking in the CIGS community. 

To further lower the fabrication costs and the material consumption 
in CIGS devices, as well as to increase the manufacturing throughput, 
researchers worldwide are undertaking efforts to develop ultrathin 
(~500 nm) CIGS solar cells [27,28]. However, some performance limi-
tations hinder the full potential of ultrathin devices, such as insufficient 
light absorption [29–32] and rear interface recombination [33,34]. The 
first may be tackled with light management [29,31,35–38] schemes, 
whereas the latter may be addressed with passivation strategies [33,34, 
36,39,40]. Thus, given the ultrathin CIGS solar cells challenges a base-
line model will help understand the technology current limitations and 
pave the way for future improvement strategies. 

This study develops an updated electrical baseline model that ad-
dresses the recent developments in CIGS technology. The literature data 
and in-house experimental results feed the thin-film model, being vali-
dated with a 22.6% efficient champion solar cell [25] which is the 
highest performing pure selenide CIGS solar cell. Moreover, the updated 
baseline model describes the beneficial effects of PDT, and it includes 
other CIGS features, as its native defects nature. Additionally, the 3D 
Finite-Difference Time-Domain (FDTD) optical simulations within the 
Lumerical package [41] support the SCAPS baseline results, by providing 
the rear and front contact reflection optical data. The thin-film baseline 
model for high-efficiency solar cells is extended for champion ultrathin 
devices, where a comparison with experimental data proves its reli-
ability. Finally, some limitations of ultrathin solar cells are addressed, 
considering optical and electrical properties, namely rear and front 
reflection, and rear interface and bulk recombination, respectively. 
Therefore, this work also provides a pathway of a baseline model for 
ultrathin CIGS solar cells as well as it demonstrates the potential of ul-
trathin devices to outperform the traditional ones. 

2. Baseline model for high-efficiency thin-film devices 

The PDT advances in CIGS solar cells have not yet been considered in 
former baseline SCAPS models. This study considers the Pettersson’s 
model [12] as a starting point to achieve an updated and experimentally 
based baseline model for thin-film high-efficiency devices. Moreover, 
the validation of SCAPS model for high-efficiency devices is achieved 
through the comparison of the champion solar cell figures of merit with 
the same architecture described in the model [25]. 

2.1. Starting point 

The proposed model takes into account 5 main layers together with 

the respective contacts at the rear and front sides. Fig. 1 shows the 
considered architecture for the proposed model: CIGS absorber, surface 
defect layer (SDL), CdS, Zn1–xMgxO (ZMO), and Al:ZnO (AZO). The ZMO 
layer matches the champion cell architecture considered for experi-
mental validation [8,25]. The implementation of the SDL layer and two 
layers to describe the i-ZnO/AZO bilayer is not consensual in the liter-
ature, since some simulation studies may or may not include them [6,7, 
22,42–44]. However, the implementation of an SDL and a i-ZnO/AZO 
bilayer represent more accurately experimental results [19,45,46] and 
real devices [25]. The existence of a SDL may be explained by a Cu-poor 
phase present at the CIGS surface near the p-n junction with an increased 
bandgap value than the one at the bulk [3,18,19,44,45,47]. Moreover, 
the role of SDL as a hole barrier leads to a decrease in the CIGS 
(/SDL)/CdS interface recombination probability [18,46,48,49]. Hence, 
the SDL layer was simulated as a 15 nm CIGS with a higher bandgap 
energy (1.42 eV for the SDL vs. 1.23 eV at the CIGS surface) and a lower 
carrier mobility value (10 times lower for the SDL than in CIGS) 
compared to the CIGS absorber layer. The transparent conductive oxide 
(TCO) layers have different light absorption properties beyond the ex-
pected difference in doping levels, hence, two distinguished layers 
should be considered. 

The thickness of all the layers present in the solar cell stack was 
defined according to the experimental champion cells [25] with the 
same architecture. Note that the very thin CdS thickness value (21 nm), 
present in Fig. 1, results from the use of PDT, where the CdS growth at 
initial stages by chemical bath deposition is more homogeneous [2,7,26, 
50]. Chirila et al. reported the feasibility of a 10 nm thinner CdS layer 
without electrical losses compared with their standard process owing to 
the use of PDT [50]. In Table 1, the parameters extracted from Pet-
tersson’s model and the updated ones are presented. Any other param-
eter not mentioned in this study follows the work from Pettersson et al. 
[12]. This study updates the absorption coefficient values for all layers. 
Hence, the CIGS optical constants are taken from the work performed by 
Fujiwara et al. [51,52], where they provide a complete database of the 
optical properties of CIGS absorber layers with different [Ga]/([Ga] +
[In]) (GGI) values, allowing to simulate the gradient Ga-profile existent 
in high-efficiency solar cells. The CdS and AZO optical properties are 
based on the work from Carron et al. [53], where the absorption data for 
the AZO layer accounts for the free carriers’ light absorption at the 
infrared (IR) wavelength range. Finally, the ZMO optical constant is 
based on Kumar et al. [54] considering a Mg content of 25% [8]. 

Thin-film high-efficiency devices with power conversion efficiency 
>20% are fabricated with a double bandgap grading scheme in the 
absorber layer. In common double Ga grading schemes, the rear surface 
has a high concentration of Ga, which decreases towards the front sur-
face, until a minimum value -the so called notch- is reached, followed by 
an increase at the front surface [55]. Moreover, the intermixing of In by 
Ga increases the bandgap value and it mostly influences the CIGS con-
duction band minimum (CBM) [56]. Hence, a Ga-grading scheme pro-
motes a preferential direction movement of the charge carriers. By 

Fig. 1. SCAPS model schematic of the different layers. Thicknesses are not 
at scale. 
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having a high concentration of Ga at the rear of the CIGS such prefer-
ential movement of the electrons follow the direction away from the 
recombinative rear interface [57]. Additionally, the advantages of the 
said bandgap tuning into the absorber layer depth over a linear 
Ga-profile alternative, include: i) improved current density due to the 
increased optical absorption in the notch since this region as a low 
bandgap value,; ii) and high open-circuit voltage (Voc) due to the higher 
bandgap value in the space charge region (SCR) [57]. It is important to 
include such feature into the electrical model, which is implemented 
according to the GGI profile from the ZSW experimental high-efficiency 
solar cell devices [7,8,25] and other literature studies [18,47,57]. The 
respective bandgap energy values are present in Table 1, with the notch 
position placed at 0.25 μm from the p-n heterojunction. While it is 
known that other gradients, in particular more abrupt ones, would allow 
for devices with better performance [57], there are experimental limi-
tations that prevent the use of these theoretical gradients. The defined 
minimum bandgap value allowed the model to describe the external 
quantum efficiency (EQE) from the ZSW 22.6% efficient cell at the 
wavelength cut-off region [58]. 

The CdS doping and compensating defect density follow simulation 
studies that implement a high density of compensating defects [7,22,59, 
60], which allow for a smoother band bending at the CdS layer, and the 

dielectric permittivity was defined according to other literature [53,61]. 
Several studies report the existence of a spike in the CBM level at the 

p-n heterojunction, i.e. the conduction band offset (CBO) at the CIGS 
(/SDL)/CdS interface [4,5,62,63], related to experimental solar cells 
with high power conversion efficiency values. With SCAPS, the spike is 
implemented by the difference between the respective electron affinities 
(χa), χa CIGS(/SDL) − χa CdS. Additionally, an exhaustive simulation study 
[4] predicts a CBO at the buffer/window interface higher or equal than 
− 0.1 eV also in high-efficiency devices. Therefore, the CBO values at the 
CIGS(/SDL)/CdS and CdS/ZMO interfaces were set to χa CIGS(/SDL) −

χa CdS = 0.2 and χa CdS − χa ZMO = – 0.1 eV, as respectively shown in 
Fig. 2. The two different referred properties, i.e. the spike at the CIGS 
(/SDL)/CdS interface and the CdS/ZMO CBO value, may result in the 
same outcome, namely the reduction of the p-n junction interface 
recombination [4,12]. 

The figures of merit values of the starting point model with referred 
implementations are shown in Table 2, with a power conversion effi-
ciency (η) value of 18.8%, which is already a higher value than the one 
obtained by Pettersson’s (17%). Note that all the simulations were 
performed under normal operating conditions, i.e. at room temperature 
and with AM1.5G solar spectrum. 

Table 1 
SCAPS parameters for the final baseline model of this study. The interface defects are used according to Pettersson’s study [12]. The bulk defects are divided into 
double donor (1), double acceptor (2), and grain boundary GB (3) defects. Note that in the GB defects, the defect density is distributed in two halves for acceptor and 
donor single defects, i.e. single (A/D). “A" stands for acceptor, and “D" for donor. Whereas, Eg refers to the bandgap energy, εr to the relative dielectric function, NC and 
NV to the density of states at the CBM and at the VBM, respectively, ve

th and vh
th to the thermal velocity of electrons and holes, respectively, μe and μh to the mobility of 

electrons and holes, respectively, ND and NA to the shallow defect density for donors and acceptors, respectively, Et and Nt to the defect energy level and density, 
respectively, and SRV to the surface recombination velocity. The SCAPS files may be provided upon request.  

Layer properties CIGS SDL CdS ZMO AZO 

Thickness (μm) 3.0 0.015 [12] 0.021 0.05 0.15 
Eg (eV) 1.31–1.105 – 1.23 (Mo→notch→SDL) 1.42 2.4 [12] 3.8 3.3 [12] 
χa (eV) 4.22–4.43–4.31 (Mo→notch→SDL) 4.31 4.11 4.21 4.21 
εr 13.6 [12] 13.6 [12] 6.8 9 [12] 9 [12] 
NC (cm− 3) 6.8 × 1017 [12] 6.8 × 1017 [12] 1.3 × 1018 [12] 3.0 × 1018 [12] 3.0 × 1018 [12] 
NV (cm− 3) 1.5 × 1019 [12] 1.5 × 1019 [12] 9.1 × 1018 [12] 1.7 × 1019 [12] 1.7 × 1019 [12] 
ve

th (cm⋅s− 1) 3.9 × 107 [12] 3.9 × 107 [12] 3.1 × 107 [12] 2.4 × 107 [12] 2.4 × 107 [12] 
vh

th (cm⋅s− 1) 1.4 × 107 [12] 1.4 × 107 [12] 1.6 × 107 [12] 1.3 × 107 [12] 1.3 × 107 [12] 
μe (cm2⋅V− 1s− 1) 100 [12] 10 [12] 72 [12] 100 100 [12] 
μh (cm2 ⋅V− 1s− 1) 12.5 [12] 1.25 [12] 20 [12] 31 [12] 31 [12] 
ND (cm− 3) 1.0 × 1016 1.0 × 1016 5.0 × 1017 [12] 1.0 × 1017 [12] 1.0 × 1020 [12] 
NA (cm− 3) 6.0 × 1016–1.1 × 1016 wo type-inv. (Mo → SDL) 

6.0 × 1016–1.0 × 1014 type-inv. (Mo → SDL) 
1.1 × 1016 wo type-inv. 
1.0 × 1014 type-inv. 

– – – 

α (cm− 1) [51,52] [51,52] [53] [54] [53] 
Bulk defects 

(1) Type Double (D) 
InCu 

Double (D) 
InCu 

Single (A) Single (A) Single (A) 

σe (cm2) 1.0 × 10− 13 1.0 × 10− 13 1.0 × 10− 15 [12] 1.0 × 10− 15 [12] 1.0 × 10− 15 [12] 
σh (cm2) 1.0 × 10− 15 1.0 × 10− 15 5.0 × 10− 13 [12] 5.0 × 10− 13 [12] 5.0 × 10− 13 [12] 
Et (eV) Ec− 0.25/Ec − 0.34 Ec − 0.25/Ec − 0.34 mid-gap [12] mid-gap [12] mid-gap [12] 
Nt (cm− 3) 1.0 × 1013 1.0 × 1013 3.0 × 1017 1.0 × 1016 [12] 1.0 × 1016 [12] 

(2) Type Double (A) 
CuIn 

Double (A) 
CuIn    

σe (cm2) 1.0 × 10− 15 1.0 × 10− 15    

σh (cm2) 1.0 × 10− 13 1.0 × 10− 13    

Et (eV) Ev +0.29/Ev +0.58 Ev +0.29/Ev +0.58    
Nt (cm− 3) 1.0 × 1013 1.0 × 1013    

(3) Type Single (A/D) 
GB 

Single(A/D) 
GB    

σe (cm2) 1.0 × 10− 15 1.0 × 10− 15    

σh (cm2) 1.0 × 10− 15 1.0 × 10− 15    

Et (eV) Ev + 0.27 Ev + 0.27    
Nt (cm− 3) 1.0 × 1014–1.0 × 1013 (Mo → SDL) 1.0 × 1013     

Contacts  

Rear Front 

e-SRV (cm⋅s− 1) 1.0 × 107 1.0 × 107 

h-SRV (cm⋅s− 1) 1.0 × 107 1.0 × 107 

Reflection (%) FDTD FDTD  

A.F. Violas et al.                                                                                                                                                                                                                                



Solar Energy Materials and Solar Cells 243 (2022) 111792

4

2.2. Deep bulk defects 

From the model attained in the Starting Point sub-section, primary 
model parameters to describe thin-film high-efficiency devices will be 
optimized and successively added and/or changed (updates), and the 
respective impact on the model performance will be addressed. 

Previous baseline models only consider one CIGS bulk defect to ac-
count for carriers recombination [12,22]. However, this study follows a 
different approach to CIGS deep bulk defects as they are addressed by 
reported defects [13,17,64–67] both with theoretical and experimental 
evidence. The CIGS-based CuInSe2 chalcopyrite semiconductor has 
several native point defects and the energy level values of many of such 
defects were calculated by Zhang et al. [13] and compared with 
experimental findings. Furthermore, the low formation energy of the 
VCu, InCu, and CuIn defects makes them very likely to occur in CIGS [13]. 
The double donor InCu and double acceptor CuIn antisite defects have 
two transition energy levels, below the conduction band minimum (Ec) 
and above the valence band maximum (Ev) energy levels, respectively 
[13,66,68]. The density of such double defects are experimentally re-
ported elsewhere [13,64,65]. The experimental values for electron/hole 
cross-section (σe/h) for the same CIGS defects are scarce. Therefore, the 
σe/h kept the previous values in Ref. [12], presented in Table 1, and takes 

into account the attractive capture cross-sections equation in Ref. [22] 
which relates charge carriers with defects. The very shallow acceptor 
VCu defect (placed at Ev + 0.03 eV) is addressed in SCAPS with a dedi-
cated feature to shallow defects and has effect on the net free carrier 
concentration. To prevent the model from becoming too complex, only 
single or double defects are considered. 

At this point, the model describes the influence of bulk defects: 
shallow VCu and double donors and acceptors, InCu and CuIn, respec-
tively. Notwithstanding, the reported defects model by Zhang et al. [13] 
considers a single crystal framework. Thus, in order to describe the 
polycrystalline CIGS nature typically used in functional solar cells, the 
grain boundary (GB) effect must be considered in the final model [69, 
70]. The GB effect degrading the cell performance is the band bending 
with barrier heights around 100 meV at the interface of two grain re-
gions [71–73]. Hence, the SCAPS model implements the GB defect as 
reported elsewhere [3,69] to account for the GB band bending and by 
distributing the density equally between acceptors and donors [69]. The 
electrical model includes the GB defects as a CIGS bulk defect, consid-
ering columnar grains with 2 μm width value [69]. Such conversion 
from interface into bulk defects may be achieved by calculating the ratio 
of the respective defect density at the GB interface (2 × 1012 cm− 2) to the 
columnar grain width [69], which allows to obtain a GB defect density at 
the CIGS bulk. Note that this path provides the effect of GB defects in 
such 1D simulation. Hence, the proposed model distinguishes the CIGS 
defects that are, and are not, directly related with the polycrystalline 
nature of this absorber, GB and native defects, respectively. 

Table 2 shows that, by comparing the simulated figures of merit 
values with the model as described in the Starting Point sub-section, and 
the update 1 where the impact of double donor/acceptor and GB defects 
is added, the Voc value is significantly lower in the latter case comparing 
to the starting point. The lower Voc obtained with the experimental- 
based double native and GB defects suggests that in these devices the 
Voc value is limited by bulk recombination, and previous models un-
derestimate the impact of CIGS native point defects and GB’s in the 
active recombination mechanisms. Note that in Table 2 at update 1, the 
efficiency numbers are typical of non-anti reflection and non-PDT de-
vices [23,74,75] considering that the common anti-reflective (AR) layer 
normally increases the absolute cell efficiency by 1.0–1.2% [76]. 

2.3. PDT effects 

PDT effects on CIGS solar cells within the SCAPS model are addressed 
next, namely: i) a possible n-type inversion at the surface of the CIGS 
(/SDL) layer; ii) the increased net free carrier concentration in PDT 
treated devices; iii) and, the passivating effects both at the CIGS bulk and 
near the p-n junction interface. The PDT is linked to the recent 
improvement in the η value in CIGS technology. However, an adequate 
study of the PDT effect implies an update in the shallow acceptor defects 
considerations, defined in the model by the VCu. 

VCu shallow acceptor defects have a great effect on the net free 
carrier concentration and define the p-type behavior of CIGS solar cells 
[13]. Furthermore, previous baseline models typically define a constant 
density value for the shallow acceptors through the CIGS layer [12,22]. 
This study addresses the latter parameter with a different approach. 
According to reported capacitance-voltage (C–V) measurements in 
complete solar cells, the CIGS net free carrier concentration varies in the 
CIGS depth considering the distance from the pn-junction [9,77]. So, the 
updated shallow acceptors density profile in CIGS depth is shown in 
Fig. 3 a), to describe the free carrier concentration experimentally ob-
tained. Moreover, donor defects with shallow transition energy levels, 
which compensate the shallow acceptors already present in the model, 
were incorporated into the updated model. The respective defects den-
sity is present in Fig. 3 a) and has the same order of magnitude than the 
shallow acceptors one [7]. The compensating defects may be originated 
from Se vacancies (VSe) shallow donor defects [13,17]. 

The PDT process was shown to increase the hole net free carrier 

Fig. 2. Band diagram implemented in the model present in this study. EFn and 
EFp are quasi-Fermi levels for electrons and holes, respectively, EC is the energy 
level at the conduction band minimum, and EV is the energy level at the valence 
band maximum. The color for each layer is the same as in Fig. 1: red for CIGS; 
yellow for SDL; green for CdS; blue for ZMO; and purple for AZO. The value of 
0 μm of the x axis outside the figure is placed at the Mo/CIGS interface. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Table 2 
Model simulations results with the various consecutive updates to achieve the 
final baseline model. In the starting point, the CIGS defects used are the same as 
in Ref. [12].  

Update Model Voc 

(mV) 
Jsc 

(mA⋅cm− 2) 
FF 
(%) 

η 
(%) 

Starting 
point 

Single bulk defect 646 36.8 78.9 18.8 

1 Double defects + GB 
defects 

622 36.8 79.2 18.1 

2(i) Shallow defects grading 
with n-type inversion 

641 36.6 80.9 19.0 

2(ii) Shallow defects grading 
without n-type inversion 

645 36.6 80.5 19.0 

3(i) GB passivation 733 38.1 81.7 22.8 
3(ii) GB passivation grading 740 38.1 81.3 22.9 
4 Ef pinning removal 739 38.1 81.3 22.9  
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concentration [7,9,78] in the CIGS bulk. Moreover, the PDT further 
induces the Cu-depletion at the CIGS surface which allows the diffusion 
of Cd during the CdS deposition, occupying the VCu and forming CdCu 
antisite shallow donor defects [9,20,21,50]. But the question if the 
quantity of Cd atoms diffusing into the CIGS is sufficient to cause a 
n-type inversion at the CIGS surface is highly debatable [79], therefore 
the two situations: (i) with and (ii) without n-type inversion at the CIGS 
(/SDL) surface are compared, see Fig. 3 a), and the results presented in 
Table 2 as update 2 (i) and (ii), respectively. Note that a high net free 
carrier concentration compared to the former baseline model [12] is 
already incorporated in the results with the n-type inversion analysis in 
Table 2. 

The shallow defects model update, specifically the net free carrier 
concentration increase, led to increased Voc and fill factor (FF) values, 
update 1 versus update 2(i) and 2(ii) in Table 2. The high net free carrier 
concentration pushes the holes’ quasi-Fermi energy closer to Ev, which 
in turn, increases the splitting of the quasi-Fermi energies for holes and 
electrons, and thus, leads to higher Voc values in the solar cell. Hence, 
the CIGS net free carrier concentration could be limiting the solar cell 
performance. Although the increased net free carrier concentration 
would reduce the SCR, it is not observed any impact in the Jsc value. The 
minority charge carriers’ collection length is combination of the SCR 
length with carriers diffusion length, therefore the unaffected Jsc value 
may be explained with the higher impact of the carriers diffusion (length 
>1 μm) than the impact of the SCR (with <0.3 μm) in the final collection 
length, which may keep the cell mostly insensitive to changes in the SCR 
dimensions. Another outcome is the similar results between the situa-
tions (i) and (ii), with and without the n-type inversion. Note that, the 
thickness of n-type inverted CIGS(/SDL) surface in update 2(i) is much 
higher than the CdS thickness, to demonstrate that even with such thick 
n-type CIGS(/SDL) surface, the impact of the n-type inversion is rather 
low. So, for the next steps, the shallow acceptors without the n-type 
inversion profile will be considered in the final model. 

PDT, with heavy alkali compounds may induce the formation of 
secondary phases with heavy alkalies, which passivate and protect the 
solar cell from the already referred harmful GB defects as experimentally 
reported [80,81]. Such PDT effect may decrease the charge defects 
density at the GB and the respective band bending. In sub-section 2.2, 
the GB effect on the SCAPS model was already implemented, therefore, 
the referred GB passivation is obtained by decreasing the respective GB 
defect density, in update 3. Moreover, Taretto et al. analysed GB defect 
density values inside the variation range of this study [69]. The update 2 
(ii) and 3(i) results in Table 2, i.e., the model results without and with 
the GB passivation, respectively, show that despite the improved Jsc and 
FF values, the Voc gain stands out. The great Voc increase due to PDT is 
also reported in other literature contributions [9,78,80,81], where such 
strong effect of GB passivation stems from the reduced recombination at 
the CIGS bulk, which were limiting the cell performance. Moreover, the 

GB passivation improves the η value by 3.8%, in agreement with the 
relation between the champion cells without and with PDT, ~20% [23] 
versus ~23% [2], respectively. The enhancement in the Jsc value is 
related to the increase of the minority carriers’ diffusion length due to a 
lower recombination rate in the bulk region, and thus, an increased 
collection probability. Such assumption is supported by the overall in-
crease of the external quantum efficiency (EQE) for wavelength values 
higher than 600 nm with GB passivation implemented. 

Perceiving the PDT impact mainly on the CIGS surface, Tai et al. from 
Solar Frontier reported a reduced interface and SCR recombination with 
this treatment [59], where the simulated density of the deep CIGS de-
fects decreases from the Mo contact to CdS. To update the model with an 
equivalent effect, we considered that PDT has a major impact in 
passivating the GBs [80,81] therefore, as the grading profile in Fig. 3 b) 
shows, the defect density is linearly reduced toward the p-n junction. 
The defect density values are also present in Table 1. The update 3(ii) in 
Table 2 corresponds to the model results with the incorporation of the 
GB defect density grading, where opposite effects are observed by 
comparing with the Voc and FF values in update 3(i). Moreover, the 
unaltered Jsc value, together with the impact on both Voc and FF, 
resulted in 0.1% increase of power conversion efficiency, which may 
stem from the reduction of recombination around the SCR. Nevertheless, 
the update 3(ii) result has closer Voc and FF values with the thin-film 
champion cell from ZSW (22.6%) [25]. The conversion efficiency 
improvement obtained with the PDT bulk effects is much higher, than 
the one obtained with PDT interface effects. Note that the impact of 
n-type inversion at the CIGS surface was regarded as PDT interface ef-
fect, whereas the increased net free carrier concentration was consid-
ered as a PDT bulk effect. Hence, the model predicts higher impact on 
cell performance from PDT bulk effects compared to the interface ef-
fects, which agrees well with a recent study [80]. 

It is important to mention that until now the model of this study, as in 
Pettersson’s model, contains an interface donor-like defect at the p-n 
heterojunction to implement the effect of the Fermi energy (EF) pinning. 
The EF pinning at the CIGS(/SDL)/CdS interface consists of a specific 
position or a discrete number of possible positions at this interface 
where the EF is fixed, due to the respective interface defects level, 
exemplified in the literature [82]. The referred interface defect is placed 
near Ec and has low σe and σh values to pin EF. However, the EF pinning is 
a much-debated property [12,60]. Furthermore, through Table 2 the 
effect of EF pinning is negligible on the devices’ figures of merit and 
shows no influence on the solar cell band diagram. Therefore, in this 
study, the donor-like interface defect was not considered. The model 
performance after the update of the CIGS defects and the PDT effects 
already shows similar results compared with the champion cell [25], 
which indicates a good CIGS solar cell modelling. However, the optical 
rear and front reflection data lacks optimization as both parameters are 
set to 0%. 

Fig. 3. a) Shallow acceptors and donors defect density profile throughout the CIGS layer from update 2. The cases with and without n-type inversion are compared. 
b) GB defect passivation density from update 3(i) compared with the implemented GB passivation grading at update 3(ii). Note that the GB defect density is divided 
in two halves, acceptor and donor defects. 
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2.4. FDTD 3D optical simulations support 

The rear and front optical reflection values used for the baseline 
model are obtained through FDTD simulation results. We note that in 
SCAPS, a bandgap grading profile in CIGS was defined according to the 
experimental high-efficiency solar cells referred in section 2.1. However, 
in the FDTD simulations, it was only considered the bandgap value at the 
CIGS surface in contact with the CdS layer, as the CIGS optical constants 
at this surface influence the front reflection. The replication of a grading 
bandgap profile in the Lumerical FDTD software produced additional 
unrealistic interference fringes in the optical reflection data at the IR 
wavelength range values and more complexity to simulation process. 

A background medium with a suitable refractive index (n) consid-
ering the CIGS GGI composition was used to simulate the Mo/MoSe2 
reflection through the Lumerical FDTD software. The value of n corre-
sponds to the average value of the CIGS material near the rear contact 
for the studied GGI ratio. The fixed n is an approximation as this index 
varies with wavelength (n variation of 2.8–3.2). A MoSe2 layer of 2 nm 
was added to the optical simulations due to the experimental seleniza-
tion of the Mo rear contact that occurs during the CIGS growth [83]. The 
rear optical reflection is presented in Fig. 4 a), together with the impact 
in the EQE curve, which may be seen by comparing both EQE curves 
inside the figure, one for the model with the implemented rear optical 
reflection and the other with the same reflection set at 0%. The higher 
EQE value with the FDTD simulated reflection for wavelength values 
higher than 950 nm, is compatible with an improvement in the IR light 
absorption. The simulated rear reflection describes with more accuracy 
a real device behavior, i.e. the IR light radiation has higher probability 
of reaching the Mo rear contact, enabling a second pass for the fraction 
of reflected light into the CIGS absorber, increasing its probability to be 
absorbed. 

Regarding the front reflection, to obtain an experimentally based 
model that can be compared with high-efficiency CIGS solar cells, an AR 
layer of MgF2 was implemented at the front contact. Furthermore, the 

thickness of the assumed layer was optimized to achieve the highest Jsc 
value. The optimization of the AR layer is demonstrated in Fig. 4 b), 
where the EQE curves for different AR layer thicknesses are presented 
together with the respective Jsc values. Fig. 4 b) shows the effect of the 
interference fringes on EQE caused by the upper layers of the solar cell. 
Higher AR layer thickness values provide a better fit at long wavelength 
values with the champion cell EQE curve (not shown here), whereas at 
shorter wavelength values a good fit is possible for lower thickness 
values. Nonetheless, the optimized layer that provides the highest Jsc 
value is represented in the same Fig. 4 b), with 115 nm of thickness. A 
step further, the CIGS roughness from a complete solar cell is provided 
by atomic force microscopy from in-house experimental measurements, 
which was then implemented in the FDTD optical simulations. The front 
optical reflection with the aforementioned optimizations is presented in 
Fig. 4 c). The impact of the front reflection update on the EQE is 
observed by comparing the curve with the fully optimized rear and front 
reflections with the one where just the rear reflection is optimized. A 
good fit is achieved between the final EQE response curve obtained from 
the SCAPS model and from the ZSW 22.6% efficient cell presented in 
Ref. [58]. However, the interference fringes are still not similar between 
both curves, which is explained by different CIGS roughness that is 
rather variable and process dependent. The results in Table 3 show that 
by incorporating FDTD simulation results in the SCAPS model, it is 
possible to obtain an electrical model that describes the behavior of 
experimental high-efficiency solar cell devices. Hence, the Voc and FF 

Fig. 4. EQE response curves for different optimization stages of the rear (RRear) and front (RFront) optical reflection and respective values implemented into the SCAPS 
model: a) rear reflection updated from FDTD simulation results, note that, so far, the front reflection is set to 0%; b) optimization of the AR layer to achieve the best 
Jsc value, where the respective thickness is varied with 80 nm (Jsc value of 36.06 mA cm− 2), 100 nm (36.51 mA cm− 2), the optimized 115 nm (36.61 mA cm− 2), 130 
nm (36.55 mA cm− 2), and 150 nm (36.31 mA cm− 2); and c) final front reflection optimization with the introduction of CIGS roughness in the FDTD simulation and 
comparison with the previous step a). The introduction of the CIGS roughness improved the Jsc value by 0.4 mA cm− 2. 

Table 3 
Comparison of the final SCAPS baseline model performance with the champion 
solar cell with the same architecture [25]. The values in brackets are the Jsc and η 
value with 1.7% grid coverage characteristic of real devices [84].  

Model Voc (mV) Jsc (mA⋅cm− 2) FF (%) η (%) 

SCAPS baseline model 738 37.0 (36.4) 81.4 22.3 (21.9) 
Champion solar cell 741 37.8 80.6 22.6  
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values are well modelled, mainly due to the updated parameters, namely 
from CIGS deep bulk defects, PDT bulk and surface effects, and also from 
FDTD 3D optical simulations support. The Jsc value was corrected to 
account for the grid shadow and is shown in parenthesis in Table 3. 
SCAPS does not consider any shadow generated by the front grid con-
tacts in real devices, therefore 1.7% of the current density value is 
reduced due to the same value grid coverage [84]. The Jsc value is 
slightly lower than the experimental one. A possible explanation may 
stem from the optical constants considered for the CIGS layer [51], 
which yields lower values compared to another study [53], however, the 
optical data from Fujiwara et al. for CIGS is rather complete with many 
optical values throughout the wavelength range of interest and for 
different compositional ratios of GGI and [Cu]/([Ga]+[In]) (CGI). 
Moreover, different CIGS roughness may also increase the current den-
sity value. Nonetheless, this study provides a pathway to a solid baseline 
model, which may be widely used by the community. All in all, bringing 

together the electrical and optical simulation tools, SCAPS and FDTD, 
respectively, allows for the development of a robust model that can 
describe an experimental champion solar cell with the same architec-
ture. The overall integrated updates in the baseline are summarized in 
Fig. 5. 

3. Baseline model for ultrathin devices 

The modelling process and validation with experimental results are 
presented here for the ultrathin best performing CIGS solar cell with 
0.49 μm, which was developed at NREL with η = 15.2% [85]. 

Table 4 shows the steps from A to E taken to achieve the ultrathin 
SCAPS baseline model. From the previous model validated for high- 
efficiency thin-film solar cells, the CIGS thickness was reduced from 
3.0 to 0.49 μm, as experimentally reported [85], where the modelled 
performance are presented in step A. Furthermore, the bandgap value 
was adapted and follows the reported GGI profile for the NREL devices, 
in step B. Additionally, the minimum bandgap value, i.e. the bandgap 
value at the notch position, was adjusted by matching the simulated EQE 
curve at the wavelength cut-off region with the reported EQE curve in 
Ref. [85], through an offset of the GGI values, and thus, the bandgap 
values. At step C in Table 4, the remaining layers thickness, namely CdS, 
i-ZnO, and AZO, were defined according with the champion ultrathin 
cells [75,85,86]. Note that the ZMO window layer in the thin-film model 
was replaced by i-ZnO, where the optical properties were obtained from 
Carron et al. [53]. The CdS thickness value was also optimized through 
its parasitic light absorption at the wavelength values between 
approximately 400 to 500 nm, characteristic in CIGS devices EQE 
curves. Considering the absence of a PDT treatment in the champion 
ultrathin cells, those features were removed in step D in Table 4. The 
exclusion of the PDT effect implied: i) a decrease on the net free carrier 
concentration by half to the ones defined in the thin-film model present 
in Table 1 [9,78]; and ii) an increase of the GB defects density to a 
constant value considered in section 2 for devices without PDT. Finally, 
at step E, taking into account the near stoichiometric CIGS composition 
in such NREL solar cells [85], the GB defects density was slightly 
reduced compared with the respective density present in the thin-film 
model before the PDT incorporation. Such stoichiometric CIGS compo-
sitions have CGI values near 1, which lead to Cu-richer solar cells 
compared with CGI values of 0.9 for the champion thin-film cell [25], 
and thus, larger CIGS grain sizes due to a CuxSe liquid-phase-assisted 

Fig. 5. Updating steps necessary to perform in the SCAPS model from the 
previous Pettersson’s model to the validation with the champion thin-film 
solar cell. 

Table 4 
SCAPS model simulation results with the various consecutive steps to achieve the final model for ultrathin high-efficiency solar cells, validated against the NREL 
ultrathin champion cell [85], and the NREL ultrathin champion cell Figures of Merit.  

Steps Model Voc (mV) Jsc (mA⋅cm− 2) FF (%) η (%) 

A Ultrathin CIGS (0.49 μm) 771 28.5 81.7 18.0 
B Bandgap 798 26.5 83.2 17.6 
C Window/buffer layers thickness 802 25.3 83.6 17.0 
D PDT removal 722 25.3 80.9 14.9 
E GB defect density decrease 734 25.3 80.9 15.1 
– NREL champion cell [85] 733 ± 1 26.4 ± 0.2 78.2 ± 0.3 15.2 ± 0.1  

Table 5 
Adapted parameters in the SCAPS model for the ultrathin champion cell in Ref. [85] from the thin-film model (TF) in Table 1.  

Layer properties CIGS SDL CdS i-ZnO AZO 

Thickness (μm) 0.49 0.015 0.05 0.05 0.35 
Eg (eV) Graded [85] TF TF TF TF 
χa (eV) Graded 4.31 4.11 4.21 4.21 
ND (cm− 3) 5.00 × 1015 5.00 × 1015 TF TF TF 
NA (cm− 3) 3.00 × 1016–5.50 × 1015 (Mo → SDL) 5.50 × 1015 – – – 
Bulk defects 
(3) Type Single (A/D) 

GB 
Single(A/D) 
GB    

Nt (cm− 3) 7.00 × 1015 7.00 × 1015     
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CIGS film growth [87,88]. Ultimately, the larger CIGS grain sizes will 
lead to a lower density of GB throughout the CIGS absorber material. 
Table 5 summarizes all the model parameters that were adapted in order 
to describe the champion ultrathin CIGS solar cells. Once again, the 
MgF2 AR layer thickness value was optimized for the architecture of the 
champion ultrathin solar cell. 

The step A in Table 4 reveals that with the absorber thickness 
reduction alone, the figures of merit values do not describe real ultrathin 
devices with about 0.5 μm of thickness in the absorber layer until the 
moment of writing of this study. Therefore, it is important to take a deep 
look into the ultrathin model, and in this case, a deep look into the 
champion ultrathin solar cell. The result of the bandgap value optimi-
zation according to the experimental solar cell in step B led to the in-
crease of Voc and the decrease of Jsc values. The referred figures of merit 
variation stems from the overall higher bandgap value that was obtained 
in the optimization of the fabrication process introduced in the cham-
pion ultrathin cell and named as the CoEvap deposition method in [85], 
compared to the thin-film model. Mansfield et al. [85] developed a CIGS 
absorber device with a linear GGI profile with overall higher Ga 
composition values, which was implemented in the SCAPS model. At 
step C, the Jsc value also decreased due to the increased CdS and AZO 
layers thickness values compared with the champion thin-film cell. 
Finally, with the PDT impact excluded at step D, we achieve closer 
values in Voc and FF. Moreover, when the SCAPS model considered the 
near stoichiometric CIGS composition of the champion NREL solar cell, 
the figures of merit values were further optimized, except the Jsc value. 
The losses in Jsc mainly occur in the wavelength region between 600 and 
1000 nm according to the experimental and simulated EQE curves, 
which are related to the poor CIGS light absorption. Therefore, the 
explanation for the lower Jsc value in the electrical model may stem from 
i) a possible deviation in the CIGS thickness measurement toward 
increased values than 0.49 μm, ii) an increased rear reflection in the 
experimental soda-lime glass/Mo substrate, and iii) related with the 
optical constants considered for the CIGS layer [51]. It is important to 

note that if this ultrathin model incorporated Rs and Rsh values char-
acteristic of high-performing solar cells [89], the FF value would move 
toward the experimental one. 

Despite the difference in the Jsc value, the core parameters of the 
electrical SCAPS model are validated also for ultrathin high-efficiency 
CIGS solar cells. Such an electrical model built through several slices 
allows to describe and adapt to the experimental optimizations, which in 
turn makes it able to keep up with the technology development. The 
champion ultrathin cell does not have a PDT treatment nor the incor-
poration of passivation or light management strategies, which indicate 
further potential for improvement and even achieve similar perfor-
mance compared with the thicker counterparts [2,25]. Finally, this ul-
trathin model may pave the way for a baseline model with ultrathin 
CIGS absorbers. 

4. Limitations of ultrathin solar cells 

Limiting performance factors in ultrathin CIGS solar cells will be 
highlighted and discussed through the point of view of SCAPS simula-
tions. Therefore, the effect on cell performance of optical and electrical 
properties will be assessed, aiming to achieve a high-efficiency ultrathin 
device and a better understanding on the impact of the respective 
strategies. 

4.1. Optical limitations 

Several factors contribute to the optical losses in ultrathin solar cells. 
The ultrathin CIGS is unable to fully absorb the incoming photons for 
wavelength values higher than 600 nm, which, by coupling with the 
poor optical reflection of Mo, increases the parasitic absorption by the 
rear contact. Moreover, unlike thicker solar cells, a higher fraction of 
minority carriers is generated near the rear contact, which increases the 
carriers’ recombination at this rear interface [29]. Fortunately, the said 
optical losses can be mitigated with the application of light management 

Fig. 6. EQE curves for the study of the AR layer at the front contact (a), optical optimization at the rear contact (b)) through the implementation of silver/dielectric 
structure and without the AR layer, and (c)) the full optical optimization at both contacts. The optical reflections obtained with FDTD and incorporated into SCAPS 
are also presented together with the respective EQE curves. Jsc values are present inset. Finally, in c) to obtain the green curve EQE result, the model implemented 
thinner CdS and ZnO layers, with the same thickness as in Table 1. The simulation results presented in this figure use solar cell models with 0.49 μm of CIGS 
thickness, as in the ultrathin SCAPS baseline model above. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 
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techniques at rear and front contacts [29,30,32,36]. 
Fig. 6 shows the EQE curves, contacts’ reflection, and respective Jsc 

values, which address the impact of the AR layer in Fig. 6 a), the impact 
of the rear reflector incorporation in Fig. 6 b), and the combined effect of 
both strategies in Fig. 6 c). The SCAPS ultrathin model is tested both 
with and without the AR layer to address the impact of such layer. Note 
that the ultrathin model in the previous section implemented this AR 
layer, and thus, already benefits from the lower front reflection. The 
simulated EQE curves in Fig. 6 a) show that the presence of an AR layer 
increases the Jsc value by 1.9 mA/cm2, from 23.4 mA cm− 2 to 25.3 mA 
cm− 2, respectively. Finally, additional steps to improve the cell anti- 
reflection properties may include a nanostructured TCO window layer 
with 2D triangular gratings and an optimized period [31], with the 
advantage of reducing front reflection losses for a wide range of incident 
light angles. 

On the other hand, to enhance the Jsc value in ultrathin devices, one 
may introduce a highly reflective layer at the rear contact, i.e. a rear 
reflector. In such ultrathin cells, the rear reflector magnifies the Jsc value 
benefit effect more than in thicker cells, as in the former the already 
referred longer wavelength photons have lower probability of being 
absorbed in the first passage through the ultrathin absorber [36,90]. To 
model such a rear reflector, FDTD optical simulations were used. The 
rear reflection for a rear double structure was made of a silver metal with 
a thickness of 50 nm, deposited between the Mo rear contact and 20 nm 
of a dielectric passivating layer. Fig. 6 a) shows that the presence of the 
rear contact reflector increases the Jsc value by 3.6 mA/cm2, from 23.4 
mA cm− 2 to 27.0 mA cm− 2, without considering an AR layer. Note that 
due to the CIGS harsh growth conditions, the silver deposited at the rear 
contact must have a diffusion blocking layer to prevent reaction with 
CIGS, which may be obtained with an encapsulating dielectric layer [30, 
36]. Moreover, the referred dielectric layer may passivate the rear 
interface defects, which in turn improves the Jsc value by the increase in 
the minority carriers’ collection [33]. The contact nanopattern follows 
the passivation structure dimensions fabricated by Lopes et al. [27]. In 
SCAPS, the passivation effect is implemented by varying the surface 
recombination velocity (SRV) at the rear contact for the minority car-
riers. Therefore, the simulation with the double metal/dielectric struc-
ture has a SRV value of 102 cm s− 1 in opposition to the non-passivated 
devices with a value of 107 cm s− 1. 

The incorporation of the optical optimizations referred in this sub- 
section, at the rear and front contacts, in ultrathin devices may tackle 
the inherent light absorption losses. Therefore, high rear reflection 
values together with low front reflection values may increase the Jsc 
value from 23.4 to 29.2 mA cm− 2, corresponding to 13.9% and 17.6% 
efficiency, respectively, as demonstrated above. Finally, further opti-
mization may be attained by reducing the parasitic absorption of the CdS 
and ZnO layer through the reduction of their thickness to the values 
shown in Table 1, resulting in the Jsc value of 30.8 mA cm− 2 (18.6% 
efficiency). Itshould be noted that a simplistic simulated approach to 
increase optical properties due to the 1D simulation nature was used, 
thus additional more complex strategies such as the incorporation of 
nanoparticles [31] would also improve the Jsc value. 

The ultrathin cell Jsc value is about 30% lower than the champion 
thin-film cell. This loss is partially recovered after the implementation of 
the rear reflector and thinner buffer and window layers (15% loss). 
Although the Jsc performance may be further improved with additional 
light management strategies, it comes at the expense of additional 
fabrication complexity and costs. As such, it is relevant to evaluate if 
these light management strategies could be mitigated by using a thicker 
absorber. Thus, we study the Jsc and Voc for intermediate absorber 
thickness values to speculate on the fabrication costs and industrial 
application. Without effective light management in the ultrathin cells, 
there will be a compromise between the high Voc values of the ultrathin 
devices and the high Jsc values of the thin-film ones. Fig. 7 shows the 
solar cell performance for different CIGS thickness values from ultrathin 
to thicker absorbers with an optimized architecture (rear reflector, 

passivation, and thin buffer and window layers). It is clearly demon-
strated the inverse correlation of Voc with Jsc as the CIGS thickness 
varies, which stems from both effects of increased bulk recombination 
[91] and light absorption for thicker absorbers. Regarding the industrial 
and scientific perspectives, a CIGS thickness of about 1.0 μm may hold 
the best compromise on fabrication costs and cell performance, as the 
cell benefits from high Voc and Jsc values, with a Jsc loss lower than 10% 
compared to thicker solar cells. We also note that the efficiency appears 
to plateau around 19.6%, a value far away from the record 23.35%, 
which further demonstrates that there are significant optoelectronic 
gains to be made in the ultrathin as its model do not reflect the best cells 
for thick devices. 

4.2. Recombination losses limitations 

The reduced distance between the heterojunction and the rear con-
tact in ultrathin solar cells leads to an increased sensibility of these 
devices to the minority carriers’ recombination at the rear contact, due 
to the higher number of photons being absorbed near the rear contact/ 
CIGS interface. Fig. 8 a) plots the Voc and η results for varied rear SRV 
values to assess its impact on the ultrathin cell performance. The SRV 
variation includes only electrical effects of rear passivation and discards 
the optical ones, such as an increase in optical reflection. Fig. 8 a) shows 
that the performance reaches a plateau for SRV lower than 104 cm s− 1, in 
such regime the optical properties gain a more prominent role at 
enhancing the performance. It is common in rear passivated devices to 
have recombination velocity values lower than 104 cm s− 1, down to 102 

cm s− 1 [92,93]. Therefore, there is the possibility for the fabrication of 
passivated ultrathin solar cells, that may fully exploit the impact of a 
lower rear recombination probability. Nonetheless, the impact of the 
rear recombination on such high-efficiency ultrathin cells performance 
is not as high as the impact of the bulk recombination. Such result in-
dicates that the recombination at the bulk may be limiting the perfor-
mance of champion ultrathin solar cells, which would benefit of an 
improved CIGS absorber quality. 

Fig. 8b) and c) present the J-V curves and the figures of merit values 
by varying the GB bulk defect density for the situations without and with 
rear passivation, i.e. with SRV of 107 and 102 cm s− 1, respectively, which 
means that Fig. 8b) and c) are two particular cases in terms of SRV values 
of Fig. 8 a). The performance of the modelled ultrathin solar cells in-
creases by reducing the GB defect density values for both situations. 
However, the J-V curves in Fig. 8 c) demonstrates that the rear passiv-
ation potentiates the impact of the reduced bulk defect density, i.e. bulk 
recombination probability, on the cell performance. Otherwise, Fig. 8b) 
and c) show that a less defective CIGS layer also potentiates the rear 

Fig. 7. Voc and Jsc performance for different CIGS absorber thickness values 
according to the SCAPS model with all the optimizations referred in sub-section 
4.1 for ultrathin devices. Note that the rear contact is providing for a high 
optical reflection. The percentage values inset correspond to respective cell 
conversion efficiency. 
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passivation effect, as seen by the 31 mV difference on the respective 
highest Voc values at the inset tables (791 vs 822 mV). The PDT already 
implemented in the thin-film SCAPS model may be suggested to improve 
the CIGS bulk properties if optimized for ultrathin cells, as it would 
passivate GB defects. Hence, this study shows the importance of the rear 
passivation and optimized PDT joint strategies in ultrathin CIGS solar 
cells, also reported elsewhere [27]. 

By merging all mentioned optical and electrical optimizations, ul-
trathin solar cells may achieve an efficiency of 21.0% which is +5.9% 
abs. higher when compared with the ultrathin baseline model whose 
result is presented in step E of Table 4 (15.1% eff.). Note that these 
simulations were performed without Rs and Rsh, which means Rs of 0 and 
a sufficiently high Rsh, to assess the impact of the studied optical and 
electrical features and due to the variability of these resistance values on 
a specific fabrication process. The simulated Voc value is above the one 
of the champion thin-film cell, 822 in Fig. 8 c) versus 741 mV respec-
tively. This happens due to the advantage of using an ultrathin absorber, 
since the bulk recombination is inherently reduced [91], and even if the 
defect level continues high, the resulting outcome of the reduced bulk 
recombination may outweigh the increased defect density, resulting in a 
performance uplift. Therefore, if the CIGS growth quality level is kept 
the same between thin and ultrathin devices, the latter may even surpass 
the standard devices’ performance, with additional benefits on lower 
fabrication costs, and environmental sustainability. 

5. Conclusion 

This study provided an update of the previous baseline electrical 
models with SCAPS, which was validated with the champion solar cells 
for both thin and ultrathin film CIGS devices. The starting point was the 
baseline from Pettersson et al., and from there the model was updated at 
the CIGS bulk defects, with the incorporation of PDT features, and with 

the support from FDTD solutions software, for a robust SCAPS model, 
providing rear and front reflection data. 

The CIGS deep bulk defects were decoupled between native point 
defects and GB defects, present in polycrystalline CIGS absorbers of 
champion cells. Therefore, we successfully incorporated the GB passiv-
ation effect of PDT which greatly improves the cell performance, 
together with other PDT surface effects. The PDT bulk effects had much 
higher impact on cell performance than PDT effects near the p-n het-
erojunction, with such result also supported by recent studies. With this 
study contribution, the community has an instrument that can be used to 
identify the problems and the research priority focus to overcoming 
them. As an example, the low impact on cell performance of PDT at the 
front interface identified with the SCAPS model has high relevance, as it 
indicates substantial potential to improve here with, e.g., a passivation 
layer at the p-n heterojunction [94]. 

The baseline for high-efficiency devices was applied and validated 
also to the NREL champion ultrathin solar cells. The adaptation of some 
parameters from the thin to the ultrathin film model was shown to be 
important to provide for an accurate SCAPS baseline of CIGS ultrathin 
devices. Therefore, such an electrical model built through several slices 
allows to describe and adapt to the experimental optimizations, which in 
turn makes it able to keep up with the technology development. More-
over, the ultrathin model paves the way for a baseline of ultrathin CIGS 
devices. The study of the ultrathin solar cells’ limitations provided 
useful insight into the impact of the rear and front reflection, and the 
into the rear interface and bulk recombination. The SCAPS simulations 
suggested that the optimization on the optical reflection of both con-
tacts, as the incorporation of a rear reflector and an optimized AR layer, 
may significantly improve the Jsc value of the ultrathin solar cell. 
Although is important to study two opposite CIGS thickness values of 3 
and 0.49 μm, the Jsc value of the ultrathin cell is about 30% lower than 
the thicker counterpart, and thus, the best approach that do not 

Fig. 8. a) Figures of merit values for varying rear recombination velocity values. JV curves for different GB defect density values with the figures of merit inset (b) 
and c)) for the ultrathin model without (b)) and with (c)) rear passivation, i.e., with SRV values of 107 and 102 cm s− 1, respectively. Note that the for the lowest defect 
density, the Voc value is higher than the champion cell from the thicker counterpart devices. 
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compromise the Voc and Jsc performance and fabrication costs may lie in 
the CIGS thickness between those two extreme values. The model pre-
dicts the 1.0 μm cell to be a good choice in terms Voc and Jsc perfor-
mance, with a Jsc loss lower than 10% compared to the standard thicker 
counterparts. Simulation results on the rear SRV and on the CIGS bulk 
defects density, which may be replicated in experimental CIGS devices 
through rear passivation and PDT, respectively, indicate that the 
incorporation of both strategies is more effective in improving the de-
vice’s performance compared to only one of the referred techniques. 
Finally, the aforementioned CIGS solar cells improvements may lead the 
ultrathin devices to a performance of 21.0% in conversion efficiency, 
which may compete with traditional devices as demonstrated by the 
high simulated Voc value. 
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B. Vermang, P.M.P. Salomé, On the importance of joint mitigation strategies for 
front, bulk, and rear recombination in ultrathin Cu(In,Ga)Se2 solar cells, ACS Appl. 
Mater. Interfaces 13 (2021) 27713–27725, https://doi.org/10.1021/ 
acsami.1c07943. 

[28] J.M.V. Cunha, K. Oliveira, J. Lontchi, T.S. Lopes, M.A. Curado, J.R.S. Barbosa, 
C. Vinhais, W. Chen, J. Borme, H. Fonseca, J. Gaspar, D. Flandre, M. Edoff, A. 
G. Silva, J.P. Teixeira, P.A. Fernandes, P.M.P. Salomé, High-performance and 
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J. Mendes, S. Haque, J. Borme, H. Águas, E. Fortunato, R. Martins, J.C. González, J. 
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