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ABSTRACT 
This study evaluates In2O3:Ti as a transparent back contact (TBC) material in bifacial (Ag,Cu)(In,Ga)Se2 (ACIGS) solar cells with a 
band gap of 1.1 eV and compares it to commonly used In2O3:Sn. Both TBC layers were processed with a sheet resistance ≤10 Ω/sq, 
as required in a monolithically series-connected ACIGS module. In contrast to several other high-mobility TBCs previously tested 
in ACIGS solar cells, In2O3:Ti retains its exceptionally high mobility (>100 cm2/Vs), low resistivity (2.4·10−4 Ωcm), and minimal 
near-infrared absorption (<5% at ACIGS bandgap) after high-temperature absorber deposition. As a result, an up to 3 mA/cm2 

higher short-circuit current density is measured under rear illumination for cells with an In2O3:Ti back contact as compared with 
devices using highly doped In2O3:Sn. The best cell reaches an efficiency of 10.2% at rear illumination with a bifaciality factor of 
68%. At front illumination, the cell performance is on the same level for both TBCs. 

1 | Introduction 
Solar cells based on the chalcopyrite absorber material (Ag, 
Cu)(In,Ga)Se2 (ACIGS) have reached efficiencies (η) of up to  
23.6% on opaque Mo back electrodes [1] and 19.8% in bifacial 
configuration, using In2O3:Sn (ITO) as a transparent back contact 
(TBC) [2]. In the latter case, a bifaciality factor of 55% was 
achieved (i.e. η = 10.9% at rear illumination). To date, the per-
formance at rear illumination is mainly limited by the lower 
short-circuit current density ( JSC), which can be explained by 
two factors: 

(1) Electrons generated close to the back contact have a relatively 
small chance to reach the n-type buffer layer at the front. The low 
collection efficiency close to and at the TBC arises from the finite 
electron diffusion length in the ACIGS bulk, back contact recom-
bination and the potentially excessive formation of GaOx (leading 
to a reversal of the intended back-surface field [3, 4]), as well as 
the typically higher Ga content at the back (resulting in increased 
nonradiative recombination via defects [5–10]). Possible path-
ways to minimize collection losses at rear illumination include 

narrowing the width of the high-Ga region at the back, for exam-
ple by reducing the ACIGS deposition temperature, which also 
reduces GaOx formation [2, 11], and extending the space-charge 
region width, for instance through sufficient Ag-alloying, which 
has previously been found to lead to lower net doping concen-
tration [12–17]. 

(2) Highly doped TBC materials absorb a large fraction of the 
incoming near-infrared (NIR) light. Different n-type transparent 
conductive oxides (TCOs) were tested as a back contact for (A) 
CIGS solar cells, including SnO2:F (FTO) [18–25], ZnO:Al (AZO) 
[19, 22, 26–28], ZnO:B (BZO, unpublished in-house experi-
ments), In2O3:Sn (ITO) [2, 11, 19, 23, 25, 28–43], In2O3:H 
(IOH) [3, 4, 44], In2O3:W (IWO) [13, 14, 45], In2O3:Zr (IZrO) 
[46], In2O3:Zn (IZnO) [46], and In2O3:Ti (ITiO) [47]. Except 
for FTO and BZO, all of these films were sputter-deposited. 
To minimize optical losses in the solar cell via free charge carrier 
absorption (FCA), those TBC films should exhibit the highest 
possible mobility (μ) and a sufficiently low free carrier concen-
tration (N), such that the plasma wavelength (λp, i.e. peak in 
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FCA) is placed well outside the spectrally active region of the 
ACIGS absorber [48]. For standard ACIGS absorbers with a band 
gap (EG) of 1.0–1.2 eV (i.e., absorption down to λ � 1300 nm), a 
value of λp ≥ 2 μm is deemed appropriate to avoid substantial 
optical losses via FCA in the TBC. Figure 1 summarizes the 
approximate ranges of the reported mobility and carrier concen-
tration values for the abovementioned TCOs [49–54]. Here, only 
values for sputter-deposited films were considered, except for BZO 
and FTO, which are typically grown via chemical vapor deposition 
(CVD). For various film thicknesses (dTBC), lines with a constant 
sheet resistance (Rsheet) of  10  Ω/sq are added, determined by the 
corresponding μ-N couples and using the relationship: 

where e is the elementary charge. This specific Rsheet value is cho-
sen, since Rsheet ≤ 10 Ω/sq is needed for the electrodes in a full-
scale, monolithically connected ACIGS module to avoid substan-
tial fill factor (FF) losses [55, 56] and/or the need for metal grid 
fingers. The red lines highlight carrier concentrations correspond-
ing to plasma wavelengths of 1–4 μm, assuming a high-frequency 

∗permittivity of ε∞ = 4 and an effective electron mass of m = 
0.30 me (me being the free electron mass), as calculated from [48]: 

where ε0 is the vacuum permittivity and c the speed of light. The 
∗ε∞ and m numbers are average values reported in literature. In 

practice, they vary slightly between different TCO materials and 

FIGURE 1 | Approximate ranges of reported mobility and carrier con-
centration values for the most common TCO materials prepared by sput-
tering (except for BZO and FTO, usually deposited via CVD) [49–54]. 
Lines of constant sheet resistance of 10 Ω/sq (standard value in thin-film 
modules) are added for different film thicknesses. The red lines display 
the estimated carrier concentrations leading to plasma wavelengths of 1, 
2, 3 and 4 μm (a value ≥2 μm is desirable for transparent back contacts in 
ACIGS solar cells). The stars represent the measured data of the ITO and 
ITiO samples from this study, before (filled) and after (open) absorber 
deposition. 

further depend on the exact film properties (e.g., crystallinity and 
doping level) [57–60]. 

As shown in Figure 1, the most commonly used TBC materials for 
thin-film solar cells, ITO and FTO, are often too highly doped to 
avoid a considerable amount of parasitic FCA (N > 3.3·1020 cm−3 

gives λp < 2 μm). This makes these two TCOs unsuitable as a back 
contact in bifacial ACIGS modules. Lower parasitic absorption can 
be achieved by using low-doped AZO or BZO instead. However, 
their mobility is typically limited to μ < 40 cm2/Vs (similar range 
as for ITO and FTO), leading to a quite low conductivity. Thus, 
AZO and BZO films would need to be >700 nm and >2 μm thick  
to reach Rsheet ≤ 10 Ω/sq, respectively. Besides leading to higher 
material consumption, this may cause detrimental absorption of 
visible light for films being under-stoichiometric in oxygen and an 
increasing band-to-band absorption (losses in ultraviolet region). 
Furthermore, we found that CVD-BZO processed at temperatures 
T < 200°C severely decomposes during high-temperature 
(T > 500°C) absorber growth (results not shown here). 

Highest mobilities can be reached for hydrogen-doped In2O3 films 
(adding either H2OorH2),  sometimes co-doped bymetals likeCe or  W  
[52]. These films can obtain μ > 150 cm2/Vs if they are first deposited 
in an amorphous state at room temperature (μ � 50 cm2/Vs) 
and then post-annealed at  T ≥ 150°C, activating a solid-phase 
crystallization (spc) [61]. Such TCOs would be perfect candidates 
for TBCs, since they reach a high conductivity at a doping level low 
enough to suppress substantial losses via FCA. Unfortunately, 
these films start to degrade when subjected to temperatures above 
�300°C, due to H2O effusion from the layers [62, 63]. This very 
much limits the allowed thermal budget during ACIGS growth. 
Indeed, when IOH was used as a TBC for (A)CIGS solar cells proc-
essed at T = 550°C, its sheet resistance increased up to fourfold 
[3, 4], making it unsuitable for bifacial ACIGS modules, too. 

Lastly, sputter-deposited In2O3 films without hydrogen doping, 
but exclusively doped by transition metals (Me) like W, Ti, 
Zn, or Zr or by the lanthanide metal Ce can reach decent mobi-
lities in the range of μ � 60–110 cm2/Vs, with carrier concentra-
tions low enough (N � 1.5–3.5·1020 cm−3) to mitigate FCA losses 
in ACIGS solar cells [47, 52, 54]. These TCOs are typically grown 
directly crystalline at T ≥ 200°C, often followed by post-anneal-
ing at higher T to improve the mobility [62]. Most of those films 
showed no conductivity degradation (rather the opposite) for vac-
uum annealing temperatures up to at least 500°C [62, 63]. 
Theoretically, this makes In2O3:Me films very suitable as a 
TBC in ACIGS solar cells and modules. However, most of the 
corresponding, hitherto tested TBCs showed either reduced 
transmission (IZrO) or reduced conductivity (IZnO) after high-
temperature absorber growth [46]. Furthermore, our group eval-
uated IWO as a TBC for wide-gap ACIGS solar cells and also 
found an increase in Rsheet by a factor of 3–4 after ACIGS deposi-
tion [13, 14, 45], presumably resulting from a defective sputter 
target (substantially too low W content). The only report of a 
temperature-stable and highly NIR-transparent TBC for CIGS 
solar cells dates back to 2007, when Nakada et al. used ITiO 
(Rsheet = 8 Ω/sq), reaching an efficiency of 11.3% at front and 
8.9% at rear illumination [47]. The significant potential of Ti dop-
ing in sputtered In2O3 films had been identified and reported 
shortly beforehand [64, 65]. 

In our present work, we directly compare standard ITO to a 
high-mobility ITiO transparent back contact, both with 
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module-compatible Rsheet ≤ 10 Ω/sq. A small amount of Ag ([Ag]/ 
([Ag] + [Cu]) = AAC = 0.1) is added to the absorber to form high-
quality ACIGS films at a deposition temperature as low as 450°C 
[2, 66–68]. The lower-than-standard deposition temperature miti-
gates GaOx formation at the TBC/ACIGS interface and reduces a 
detrimental smear-out of the intended, steep Ga grading toward 
the back contact [2, 11]. 

2 | Results and Discussion 

Two 3-stage co-evaporation runs were conducted to deposit ACIGS 
absorbers with a thickness of dabs � 1 μm and very similar com-
position of AAC � 0.1 and GGI ([Ga]/([Ga] + [In])) � 0.2, leading 
to a band gap of EG � 1.1 eV (deduced from inflection point in 
external quantum efficiency (EQE) spectra). Run number 1 pro-
duced a rather off-stoichiometric absorber, with ([Ag] + [Cu])/ 
([In] + [Ga]) = I/III � 0.8, while the second run targeted a very 
close-stoichiometric ACIGS with I/III � 1.0. The exact in-depth 
average compositions, as determined by X-ray fluorescence 
(XRF) spectroscopy, are summarized in Table 1, together  with  

the corresponding best solar cell parameters, which will be dis-
cussed later. 

The ITO films are 180 nm and the ITiO films 240 nm thick (more 
on TBC properties below). Since the Na diffusion from the soda-
lime glass (SLG) substrates into the ACIGS films is insufficient 
when TBCs are used (in contrast to standard Mo) [4], a thin NaF 
precursor was deposited on top of the back contacts. The final 
devices have a CdS buffer and a ZnO:Al window layer. 

In the following, the results are presented in three parts. First, the 
microstructure and compositional depth-profiles are illustrated. 
Then, the optical and electrical properties of the TBC films, before 
and after ACIGS deposition, are compared. Finally, in part three, 
the corresponding solar cell characteristics are shown and discussed. 

2.1 | Chemical and Microstructural Analysis of 
the Solar Cells 

Figure 2 shows the cross-sectional, scanning-electron microscopy 
(SEM) images of cells with ITO and ITiO back contacts from both 
absorber deposition runs. The images are representative for the 

TABLE 1 | Absorber properties and corresponding JV-parameters of the best solar cells from the two ACIGS deposition runs conducted in this study. 
The JV-parameters are shown for front and rear illumination for samples with either ITO or ITiO back contacts. The JSC,qe values are calculated from the 
corresponding EQE spectra, assuming an AM1.5G illumination spectrum. These values are used to deduce the respective, corrected efficiencies ηqe = 
ηiv ·( JSC,qe/JSC,iv). 

dabs EG FF VOC JSC,iv JSC,qe ηiv ηqe 

Run# AAC GGI I/III (μm) (eV) TBC Illum. (%) (mV) (mA/cm2) (mA/cm2) (%) (%) 

1 0.12 0.20 �0.80 0.94 1.10 ITO Front 76.1 577 30.2 31.9 13.3 14.0 

Rear 71.2 563 18.4 16.7 7.4 6.7 

ITiO Front 75.0 564 31.1 30.9 13.1 13.1 

Rear 70.6 571 21.0 19.4 8.5 7.8 

2 0.08 0.20 �1.00 1.06 1.11 ITO Front 75.9 587 31.4 34.6 14.0 15.4 

Rear 76.0 588 19.6 19.7 8.8 8.8 

ITiO Front 76.1 581 31.6 34.1 14.0 15.1 

Rear 75.4 595 23.4 22.7 10.5 10.2 

FIGURE 2 | Scanning-electron microscopy images of the cross-sections of cells with ITO (left) and ITiO (right) back contacts for samples from run 
number 1 (top, i.e., off-stoichiometric) and from run number 2 (bottom, i.e., close-stoichiometric). The scale bar is valid for all images. 

Solar RRL, 2026 3 of 10  
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entire sample areas, showing very similar ACIGS morphologies 
(i.e., grain size and roughness) for both TBCs. Although Ag was 
added, the absorber grain size is quite small for the off-stoichio-
metric sample from run number 1, showing the smallest grains 
close to the back contact, which often correlates with an 
increased Ga content [1, 69]. It may be assumed that these sam-
ples did not reach a group I-rich composition at all during growth 
(i.e., I/III < 1 at all times). The close-stoichiometric ACIGS films 
show significantly larger grains, due to the formation of I-rich 
phases during the second stage of the absorber deposition, facili-
tating grain growth. However, compared with highest-efficiency 
ACIGS devices [1], the grain size is still rather moderate, with 
grains rarely stretching from the front to the back electrode. 

Figure 3 illustrates the quantified (from cross-calibration to XRF 
average compositions) AAC and GGI depth-profiles of all sam-
ples (without front TCO), as deduced from glow-discharge optical 
emission spectroscopy (GDOES). The normalized Cd signals and 
the onsets of the O signals are added as well, to highlight the 
depth of the CdS/ACIGS and ACIGS/TBC interfaces. A “notch” 
GGI profile is evident for both off-stoichiometric samples from 
run number 1, with the minimum value in the middle of the 
absorber, a slightly higher GGI close to the surface and a steep 
Ga increase toward the TBCs. The rather small extension of the 
high-Ga region at the back is deemed beneficial especially at rear 
illumination, shifting most of the carrier generation away from 
the TBC and minimizing recombination losses in its vicinity [2]. 
However, the increase in GGI toward the front surface may be 
detrimental at rear illumination, since it produces an electric 
field that opposes electron diffusion to the buffer, thereby reduc-
ing the collection efficiency in the bottom half of the absorber. In 
case of the close-stoichiometric samples from run number 2, the 
GGI is continuously increasing from the front to the back, with a 
significantly lower GGI at the interface to the TBC. The differ-
ence in Ga distribution between the first and second run suggests 
that the final GGI profile not only depends on the Ag content and 
deposition temperature, but also on the overall group-I supply 
and the formation of I-rich phases during growth. 
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0.4 O onsets O onsets 

ITO  ITO
 ITiO ITiO 

0.2 GGI 
GGIG

G
I&

A

AAC 

s) 0.0 
Norm. Cd AAC Norm. Cd 

.u
ni

t

0.8 940 nm 1060 nm 

ar
b 0.6 

( ITO  ITO

al 0.4 ITiO ITiO 

si
gn 0.2 

0.0N
a

10 20 30 40 50 60 70 10 20 30 40 50 60 70 80 90 
Sputter time (s) Sputter time (s)

FIGURE 3 | (Top) Compositional (GGI and AAC) depth-profiles of 
the samples (no front TCO) with ITO and ITiO back contacts from both 
runs, as deduced from GDOES. The normalized Cd signals as well as the 
onsets of the O signals are added, too. (Bottom) Corresponding nonquan-
tified Na profiles. For each individual run the same x-axes are used. 

Substantial GaOx formation typically results in a sharp GGI peak 
at the ACIGS/TBC interface in GDOES measurements, some-
times accompanied by a reversal of the GGI profile toward the 
TBC [3, 4, 44]. This is not observed in any of the samples, indi-
cating that only a very moderate (if any) GaOx layer formed at the 
rear interface. In a previous study, the same ACIGS deposition 
protocol was analyzed by energy-dispersive X-ray spectroscopy 
in transmission electron microscopy and we measured an 
approximately 3 nm-thick GaOx layer with an ITO TBC [70]. 
A similar GaOx extension is expected for the samples in this 
work. As a typical feature in ACIGS absorbers, the AAC profiles 
are anti-correlated to the GGI profiles, being a thermodynami-
cally driven feature described in [71]. Due to space limitations, 
the GDOES analysis of the sample with ITiO from the second run 
had to be done at an outer, group-I rich position, explaining the 
higher AAC at the surface, presumably arising from the presence 
of Ag-rich phases. 

The sodium distribution is not significantly affected by the choice 
of the TBC, as shown in the bottom part of Figure 3. In all cases, 
highest Na concentrations are found at the interfaces. The Na 
content in the ACIGS bulk is higher for the off-stoichiometric 
absorbers from run number 1, for which it increases toward 
the back contact. This feature can be explained by the higher den-
sity of grain boundaries (compare Figure 2), which are typically 
decorated by sodium [69, 72, 73]. 

Overall, no clear differences in absorber properties could be 
detected when comparing samples with ITO and ITiO back con-
tacts. This is in line with earlier reports, suggesting that the back 
contact material does not significantly affect the absorber growth, 
as long as an excessive GaOx formation can be avoided [4, 44]. 
The deposition temperature of 450°C applied in this work was 
obviously low enough to sufficiently mitigate GaOx growth. In 
addition, no signs of Ti or Sn diffusion into the absorber were 
detected for ITiO and ITO TBCs, respectively (not shown here). 

2.2 | Electrical and Optical Characterization of 
the Transparent Back Contacts 

The aim of this work is to evaluate ITiO as a potentially 
temperature-stable TBC with a high NIR transparency at Rsheet ≤ 
10 Ω/sq, required for module integration. As discussed in the 
introduction, the mobility and charge carrier density determine 
the optical properties of the TCOs. Thus, Hall-effect measurements 
were conducted on the ITO and ITiO films before and after ACIGS 
deposition. In the latter case, the absorber was mechanically 
removed with a scalpel. Table 2 summarizes the corresponding 
results. First of all, the Rsheet value of the ITO (�8 Ω/sq) is slightly 
lower as compared with the ITiO (�10 Ω/sq) layer. However, both 
films fulfill the requirement of Rsheet ≤ 10 Ω/sq. Also, none of 
the TBCs show any degradation in conductivity after high-
temperature ACIGS processing, maintaining almost the exact same 
electrical parameters as measured in the respective initial states. 

As intended, the ITiO film exhibits a significantly higher mobility 
of μ > 100 cm2/Vs and lower carrier density of N = 2.4·1020 cm−3 

than the ITO layer. The data points are added to Figure 1, being 
within the reported μ-N ranges of the corresponding material 
types. The measured N values should result in FCA maxima 
at λp � 1.0–1.1 μm and λp � 2.3–2.4 μm for ITO and ITiO, 
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Thickness Rsheet μ N   
TBC (nm) State (Ω/sq) (cm2/Vs) (cm−3) (Ωcm) 

ITO 180 As grown 7.8 40.2 1.1·1021 1.4·10−4 

In device 7.4 33.5 1.4·1021 1.3·10−4 

ITiO 240 As grown 10.5 104 2.4·1020 2.5·10−4 

In device 9.9 108 2.4·1020 2.4·10−4 
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TABLE 2 | Electrical properties of the ITO and ITiO back contact films before and after ACIGS deposition, as deduced from Hall-effect 
measurements. 

respectively, using the same parameters for the calculation as 
above [48]. 

Figure 4 presents the absorptance (A) spectra of both TBC films, 
as derived from reflectance (R) and transmission measurements. 
A general observation is that the absorption of the TBC layers is 
not significantly affected by the ACIGS deposition process. The 
overall slightly higher A after absorber growth for ITO is likely 
caused by ACIGS residuals, which could not be completely 
removed via mechanical scratching (removal was smoother 
and more efficient for ITiO). It is suggested that due to the surface 
roughness of the remaining ACIGS layer, some of the light is 
refracted at high enough angles to be laterally out-coupled 
through the edges of the SLG during the optical measurement. 
This causes an “artificial” overestimation of the absorption. The 
presence of these residuals is further evident by the higher A in 
the visible spectral range (see A at λ � 500 nm for both films). 
Thus, it can be assumed that the absorption losses in the final 
solar cells are close to the A spectra of the as grown films. 
Both layers have a band gap of EG > 3.6 eV, meaning that 
inter-band absorption losses can be neglected at rear illumina-
tion. Below the band gap energy, ITO and ITiO show a small 
absorption of A � 2% up to λ � 550 nm. For higher wavelengths, 
A starts to increase significantly for ITO, peaking at a plasma 

wavelength of λp � 1200 nm, which is in good agreement with 
the predicted value (see Figure 1). At the bandgap of the absorber 
used in this study (EG = 1.1 eV), the parasitic absorption is almost 
25%. In the case of ITiO, the plasma wavelength is shifted far into 
the infrared region (λp � 2200 nm), again in good agreement with 
the calculations (see Figure 1), resulting in only �5% absorption 
loss at the absorber band gap. 

To estimate the resulting electrical JSC losses at rear illumination, 
the number of photons absorbed in the TBCs was calculated 
(A spectra for pristine films), assuming illumination by the AM1.5G 
spectrum. For simplicity, and to allow for universal conclusions, 
reflectance losses were ignored and perfect collection as well as 
complete absorption in the ACIGS were assumed (EQE = 1 for 
E > EG, ACIGS). Accordingly, the results illustrated at the top in 
Figure 4 present the maximum possible JSC loss through TBC 
absorption as a function of the absorber band gap. The corre-
sponding values for the ACIGS used in this study are 
JSC,loss = 4.5 mA/cm2 for ITO and JSC,loss = 1.5 mA/cm2 for ITiO. 
Thus, an up to 3 mA/cm2 higher JSC may be expected at rear illu-
mination when ITO is replaced by ITiO as a TBC. The gain in JSC 

increases even more when the ACIGS bandgap would be reduced 
to 1.0 eV, which is optimal for bottom cells in a (bifacial) tandem 
configuration (e.g., with a perovskite-based top cell) [74, 75]. A 
similar JSC advantage is expected, when ITiO is implemented into 
a wide-gap ACIGS top cell in a 4-terminal tandem with Si as a 
bottom cell (EG,Si = 1.1 eV). 

2.3 | Performance of Solar Cells with ITO Versus 
ITiO Back Contacts 

For each sample 16 solar cells were produced. The corresponding 
solar cell parameters at front illumination, as extracted from 
current-density versus voltage (JV ) measurements, are illus-
trated as scatter-box plots in Figure 5. The boxes represent the 
25%–75% percentiles and the whiskers the minimum and maxi-
mum values. One cell per sample was shunted (except for ITO 
from run 1 that contained two shunted cells), being excluded 

 (nm) 

FIGURE 4 | Absorptance spectra of ITO and ITiO before and after 
absorber deposition, as derived from reflectance and transmission meas-

urements (bottom). In the latter case, the absorber was mechanically 
removed. This method leads to some ACIGS residuals at the surface, espe-
cially for the ITO layer. At the top, the corresponding JSC loss by absorp-
tion in the TBC is displayed (same x-axis), assuming rear illumination 
with the AM1.5G spectrum and neglecting any other electrical or optical 
losses. 

from the data analysis. 

The open circuit voltage (VOC) and FF values vary more for 
the samples from run number 2. This is due to the very close-
stoichiometric absorber composition (I/III � 1.00), leading to 
some cells with slightly over-stoichiometric ACIGS. As a result, 
detrimental secondary phases form, such as Cu2Se and/or 
Ag9GaSe6 [76], explaining the rather poor performance of some 
cells from run 2. A KCN etch that could potentially remove those 
I-rich phases was not applied in the work. However, the very best 
cells outperform the best ones from the first, off-stoichiometric 
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as for probe shading and slight lateral variations in illumination 
intensity, the efficiency from JV (ηiv) was corrected to ηqe = 
ηiv ·( JSC,qe/JSC,iv). Here, JSC,qe is the JSC value calculated from 
integration of the EQE spectra, assuming illumination by the 
AM1.5G spectrum, and JSC,iv is the value measured in JV 
analysis. 

At front illumination, the highest efficiencies of ηqe = 15.4% and 
15.1% (without anti-reflection coating) are achieved from the sec-
ond run for ITO and ITiO TBCs, respectively. Due to the rela-
tively low absorber thickness (�1 μm), the main loss in JSC 

arises from incomplete absorption, that is, the optical dominates 
over the electrical JSC loss. When illuminated from the back, 
those cells show very comparable VOC values. The fill factor is 
essentially independent of the illumination side for run number 
2, but a smaller FF is measured at rear illumination for the cells 
from the first run. This may be attributed to the notch-like GGI 
profile, creating an electrical field that opposes electron collec-

FIGURE 5 | The JV parameters VOC (a), JSC.iv (b), FF (c), and efficiency 
(d) for all bifacial ACIGS solar cells from this study, using either ITO or 
ITiO as a transparent back contact. The boxes show the 25%–75% percen-
tiles and the whiskers mark the minimum and maximum values. 

run. This is presumably caused by the presence of the I-poor 
(Ag,Cu)(In,Ga)3Se5 phase and the generally smaller grain size 
for the absorber from the first run. 

Overall, at front illumination, there is no significant difference 
between cells with ITO and those with ITiO back contacts. 
Perhaps most remarkably, both TBCs lead to very high fill factor 
values ≥75% for the best devices, realized by their low sheet resis-
tance in the final device and a sufficiently mitigated GaOx 

formation. 

The JV characteristics and EQE spectra at front and rear illumi-
nation of the best cells from each sample are illustrated in 
Figure 6. The corresponding solar cell performance parameters 
are listed in Table 1. To correct for the spectral mismatch 
between the solar simulator and the AM1.5G spectrum, as well 

tion, or to the smaller grain size, establishing transport barriers 
for electrons being generated close to the TBC. For all samples, 
the biggest loss at rear illumination is the significantly reduced 
JSC. Now, in contrast to front illumination, the main JSC loss can 
be attributed to recombination in the ACIGS bottom part and 
possibly at the back interface, signified by a decreasing EQE with 
decreasing wavelength for λ < 800 nm and a top EQE level not 
exceeding �0.6 for any sample. For the ITO samples, additional 
losses emanate from the higher FCA and reflection, which will be 
further analyzed below. Still, the main bottleneck is the too low 
collection efficiency in the bottom half of the absorber. 
Improvements may be achieved by an adequate back surface pas-
sivation [3, 13, 77, 78], a narrower high-Ga region [2, 11], reduced 
absorber doping [12–17], and a lower bulk defect density. 

Overall, this leads to corresponding top efficiencies of ηqe = 8.8% 
and 10.2% at rear illumination for the cells with ITO and ITiO 
back contacts, respectively. The higher rear efficiency for the 
ITiO TBC arises from a 3 mA/cm2 higher JSC,qe as compared with 
the cell with ITO (22.7 versus 19.7 mA/cm2). Spectrally, the JSC 

gain is reached for λ > 600 nm, which aligns very well with the 
higher FCA in this region for ITO as compared with ITiO. 
However, the higher doping of the ITO does not only lead to 
a higher FCA, but also to a higher reflectance in the NIR region. 
Figure 7a,b compares the reflection and absorption losses under 
rear illumination associated with the respective TBC materials

mated as 1-(1-Rcell)·(1-ATBC), with Rcell being the reflectance of
the cell at rear illumination and ATBC the absorptance of the 
TBCs (see Figure 4). A significantly higher Rcell at λ > 850 nm 
is measured for the device with an ITO back contact. The higher 

for the cells from run number 2 and presents them alongside
the corresponding EQE curves. The total optical loss is approxi-

FIGURE 6 | JV characteristics (a,c) and EQE spectra (b,d) at front 

NIR reflectivity of the ITO also explains the slightly higher EQE 
at front illumination in this spectral region for these samples
(compare Figure 6). 

Overall, the gain in JSC at rear illumination when using ITiO 
instead of ITO arises to almost equal shares from a reduced

and rear illumination of the best cells from each ACIGS run, with either 
ITO or ITiO as a back contact. The deduced solar cell parameters are 
listed in Table 1. 

FCA and a reduced Rcell. To correct for the optical losses from 
the TBC, the corresponding internal quantum efficiencies 
(IQE) were derived by normalizing the EQE to the photon flux 
reaching the absorber at rear illumination (IQE = EQE/ 
((1-Rcell)·(1-ATBC))). The results are illustrated in Figure 7c. 
Remaining losses (IQE   1) are exclusively originating from 
recombination or incomplete absorption in the ACIGS film. 
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(a) (b) 

(c) 

FIGURE 7 | Optical losses at rear illumination through cell reflection 
(Rcell) and FCA in the TBC (ATBC) for the samples with ITO (a) and ITiO 
(b) back contacts from run number 2. For comparison, the respective EQE 
spectra are added, too. (c) Corresponding IQE spectra, derived by normal-

izing the EQE to the photon flux reaching the absorber at rear illumina-

tion (IQE = EQE/((1-Rcell)·(1-ATBC))). 

The IQE spectra are similar for both TBCs, confirming that the 
main difference in the cells’ JSC can be ascribed to their optical 
properties. The somewhat higher IQE at short wavelengths for 
ITO may stem from a slightly wider space charge region as com-
pared to samples with ITiO (282 nm vs. 255 nm in run#2 and 
181 nm vs. 145 nm in run#1), as measured from capacity-voltage 
profiling (not shown here). 

In summary, In2O3:Ti could be confirmed as a temperature-sta-
ble and highly NIR-transparent back contact for ACIGS solar 
cells and modules. Since the pristine ITiO films were subjected 
to T � 530°C for 45 min already before absorber deposition, it can 
be expected that they maintain their exceptional properties also 
after ACIGS deposition at standard temperatures of �550°C. 
Future work should focus on improving the collection at rear 
illumination and thus enhancing the yield of potential bifacial 
ACIGS modules in the field. Ultimately, to minimize the parasitic 
FCA in the front electrode (being at least equally detrimental as 
for the TBC), also the AZO front contact should be replaced by a 
high-mobility TCO. Here, hydrogenated-In2O3 films may be used 
[51, 79–83], since the front TCO does not have to endure any 
temperature stress apart from the heating under operation in 
the field (<90°C). Alternatively, In2O3:Me films like ITiO itself 
can be employed at the front as well, but deposition needs to 
be done at a temperature <200°C if CdS is used as a buffer to 
avoid Cd diffusion into the absorber [84]. 

3 | Conclusions 

Bifacial (Ag,Cu)(In,Ga)Se2 solar cells with module-compatible 
(sheet resistance ≤10 Ω/sq) In2O3:Sn and In2O3:Ti back contacts 
are compared. While both materials exhibit similar and very low 
resistivities, the In2O3:Ti shows significantly reduced free charge 
carrier absorption in the NIR range, due to the lower doping and 
high mobility >100 cm2/Vs. Furthermore, both films retain their 
electrical and optical properties after high-temperature ACIGS 

deposition (T = 450°C). As a result, cells with ITiO reach about 
3 mA/cm2 higher JSC at rear illumination as compared to ITO. 
The best device achieved a bifaciality factor of 68%, with efficien-
cies of 15.1% and 10.2% at front and rear illumination, respec-
tively (without anti-reflection coatings). Using ITiO as a 
transparent back contact in bifacial ACIGS solar cells and mod-
ules, almost completely eliminates parasitic absorption losses at 
rear illumination, leaving recombination at or near the back con-
tact as the remaining loss mechanism. Strategies to further 
improve the bifaciality factor include a reduced absorber doping, 
an optimized compositional grading and the passivation of bulk 
and interface defects. 

4 | Experimental Section 

4.1 | Solar Cell Processing 

The solar cells in this study consist of the following stack: SLG/ 
(ITO or ITiO)/NaF/ACIGS/CdS/ZnO:Al. Both transparent 
back contacts, ITO and ITiO, were sputter-deposited with thick-
nesses of 180 nm (Rsheet � 8 Ω/sq) and 240 nm (Rsheet � 10 Ω/sq), 
respectively. While commercial ITO (Xop Glass, In2O3:SnO2 = 
90:10 wt.% target) was used, the ITiO films were processed 
in-house, using an Orion 8 sputtering system (AJA Inter-
national). Films were grown using RF sputtering (target com-
position of In2O3:TiO2 = 99:1 wt.%), at a power density of 
3.94 W/cm2, at a pressure of 1 mTorr in an Ar atmosphere, 
at 500°C substrate temperature for 30 min. This was then fol-
lowed by a 45-min postdeposition anneal at 530°C under high 
vacuum. The TBC films were coated with a 5 nm-thick NaF pre-
cursor layer, to allow for sufficient Na incorporation into the 
absorber. 

A three-stage (group I-poor → group I-rich → group I-poor) co-
evaporation process was applied to grow the ACIGS films at a 
maximum temperature of 450°C. To implement a bandgap grad-
ing toward the back contact, higher Ga and lower In evaporation 
rates were chosen in the initial growth stages. Further details can 
be found in [70]. A heavy alkali postdeposition treatment was not 
implemented. All solar cells in this study originate from two 
ACIGS deposition runs, leading to an ACIGS thickness of 
1 μm with similar GGI � 0.2 and AAC � 0.1. The first run pro-
duced off-stoichiometric (I/III � 0.8) and the second run close-
stoichiometric (I/III � 1.0) ACIGS films. Both runs contained 
samples with ITO and ITiO back contacts. 

After absorber deposition (<15-min air exposure), a 55 nm thick 
CdS buffer layer was grown via chemical bath deposition at 60°C. 
Finally, a double-layer of ZnO:Al was sputtered on top. A 30 nm-
thick, highly resistive AZO film (Rsheet > 1 kΩ/sq, using high oxy-
gen flow) was followed by a 180 nm-thick conductive AZO layer 
(Rsheet � 40 Ω/sq). The completed samples were sectioned into 16 
individual solar cells (area = 0.1 cm2) via local, selective removal 
of the buffer and window layers (etching in HCl), allowed by a 
photolithography masking process (see, e.g., supporting informa-
tion in [14, 44]). 

4.2 | Material Characterization 

The integral absorber compositions were measured with a 
Panalytical Epsilon 5 XRF spectrometer, using a reference ACIGS 
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sample with known composition. Elemental depth profiles were 
deduced from GDOES in a Spectruma Analytik GDA 750HR sys-
tem (quantification by cross-calibration to XRF compositions). 
Reflectance and transmission measurements of the TBC films 
were conducted in the spectral range of λ = 280–2500 nm in a 
Perkin Elmer Lambda 900 spectrometer with an integrating 
sphere. The absorptance was then calculated via A = 1-T-R. A  
Zeiss Merlin SEM was used to investigate the solar cell cross sec-
tions. The sheet resistance of the front TCO was measured in a 
linear 4-point probe configuration. For the Hall-effect measure-
ments, each sample was cut into a 1 cm × 1 cm piece from its cen-
ter, and metal alloy contacts were applied to the corners using an 
ultrasonic soldering iron. The measurements were conducted in 
the dark using an Ecopia HMS-3000 system in the van-der-
Pauw configuration to determine conductivity, carrier concentra-
tion, and mobility. A drive current was applied to the sample 
under a perpendicular magnetic field of �0.55 T. The resulting 
Hall voltage indicates the dominant carrier type based on its polar-
ity. Carrier concentration was first calculated from the Hall voltage 
together with the applied drive current, the magnetic field 
strength, and the sample thickness. The carrier mobility was then 
determined from the measured conductivity and the calculated 
carrier concentration. 

4.3 | Electro-Optical Characterization of 
Solar Cells 

The JV (all 16 cells per sample) and EQE (only best cell for each 
sample) measurements of completed solar cells were done using 
home-built setups. To avoid any reflection from the stage surfa-
ces, a highly absorbing, black sponge was placed underneath the 
solar cells. The JV characteristics were measured in forward volt-
age sweep at a temperature of �25°C under illumination by a 
class AAA solar simulator from G2V (Pico), using light emitting 
diode arrays. The light intensity was adjusted to match the JSC 

value at 1 sun irradiance of a calibrated Si reference solar cell. 
After measuring JV on all solar cells, the EQE was measured only 
on the best cells for each sample. Subsequently, the JV character-
istics of the best cells were measured at rear illumination (same 
light intensity as for front illumination). Since the sample con-
tacting was done at the non-illuminated side, active cooling 
was not possible at rear illumination. Thus, illumination was 
kept as short as possible and a sample temperature of �22°C 
(i.e. ambient temperature) can be assumed. Capacitance-voltage 
profiling was conducted from V = +0.4 V to −0.6 V at 60 kHz and 
an amplitude of 25 mV, using an Agilent 4284 A precision LCR 
meter and a Keithley 2401 source meter. A dielectric constant of 
εr = 10 was assumed for the ACIGS material in this study. 
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