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1. Introduction

Solar cells based on the chalcopyrite absorber material (Ag,Cu)
(In,Ga)Se2 (ACIGS) have reached efficiencies of up to 23.6%.[1]

The highest efficiencies are typically achieved for bandgap (EG)
values close to 1.1 eV,[1,2] matching the EG of Si. To make an
ACIGS solar cell suitable for a top cell in a tandem device with

a Si (or even another ACIGS) bottom cell,
its bandgap needs to be at least 1.4 eV.[3,4]

This requires ACIGS compositions with
substantially higher [Ga]/([Ga]þ[In])
(GGI) ratios than implemented in the best
low-gap cells with GGI≤ 0.3.[1] For
GGI> 0.3, the absorber bulk quality deteri-
orates with increasing Ga content and
decreasing electron lifetimes result in
lower diffusion lengths and thus, worsen-
ing carrier collection and higher open cir-
cuit voltage (VOC) deficits.

[5–16] When the
GGI is increased above 0.5, recombination
at the interface with a standard CdS buffer
layer is suggested to act as an additional
VOC limitation, because a detrimental
negative conduction band offset (CBO) is
created.[17–19] However, by alloying
sufficiently high concentrations of Ag to
the absorber, a negative CBO can be

avoided[20–22] and VOC losses mitigated.[5,22–28] Previous calcula-
tions predict that for [Ag]/([Ag]þ[Cu]) (AAC) ratios ≥ 0.8, the
CBO to CdS is positive for all ACIGS compositions, i.e., even
for GGI= 1.[22] Besides reducing the energetic positions of
the ACIGS band edges, Ag-alloying also leads to a continuous
increase in EG for AAC≥ 0.5 for all Ga contents.[22,29,30]

In this work, we add a high silver concentration of AAC �0.8
to the absorber, which allows to reach EG values of about 1.5 eV,
while staying below a GGI value of 0.6. The intention is to mini-
mize fill factor (FF) and VOC losses as much as possible, which,
according to our earlier works, are increasingly dominant for
GGI> 0.7.[28] In addition, only very close-stoichiometric absorb-
ers with ([Ag]þ[Cu])/([In]þ[Ga]) = [I]/[III] �0.9–1.0 were pro-
duced in this work. Previous studies on wide-gap ACIGS solar
cells have shown that the net free carrier density drastically
reduces when approaching stoichiometric composition for
absorbers with AAC≥ 0.4.[5,31,32] Thus, by fabricating close-
stoichiometric ACIGS films, the space charge region (SCR)
width (WSCR) is extended, improving the otherwise low short-
circuit current density (JSC) of the wide-gap solar cells.
Facilitating the collection efficiency for carriers generated close
to the (nominal) back electrode becomes of paramount importance
when the device is illuminated from the rear side, which of course
requires the utilization of a transparent back contact (TBC).

Different n-type transparent conductive oxide (TCO) materi-
als, such as SnO2:F (FTO),[33–40] ZnO:Al (AZO),[34,37,41–43]

In2O3:Sn (ITO),[34,38,40,43–57] and In2O3:H (IOH)[58–60] were
tested as back contact layers for (A)CIGS solar cells. However,
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This study evaluates In2O3:W as a transparent back contact material in wide-gap
(bandgap range= 1.44–1.52 eV) (Ag,Cu)(In,Ga)Se2 (ACIGS) solar cells for
potential application as a top cell in a tandem device. High silver concentrations
and close-stoichiometric absorber compositions result in a complete depletion of
free charge carriers, allowing for decent electron collection, despite the low
diffusion length. Remarkable efficiencies of 13.6% and 7.5% are reached using
1 μm- and 400 nm-thick absorbers, respectively. At rear illumination (i.e.,
superstrate backwall), the best cell shows an efficiency of 8.7%. For each of the
four analyzed samples, the short-circuit current at rear illumination reaches at
least 60% of the value at front illumination. Losses arise from recombination at
the back contact and a too low drift/diffusion length. The parasitic absorption by
the transparent electrodes for photon energies close to the bandgap of a potential
Si bottom cell (1.1 eV) is close to 15%. Strategies to reduce this value and to
further increase the efficiency are discussed.
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to use the device as a top cell in a tandem structure, it should
allow for a very high optical transmission for photon energies
between the bandgap values of the top and bottom cells. In
the case of a Si bottom cell, this would require a high near-
infrared (NIR) transmission up to a wavelength (λ) of about
1150 nm. Since only the front and back electrodes of our
ACIGS solar cell structure absorb in this spectral range via free
charge carrier absorption, it is of uttermost importance to
reduce the concentration of electrons n in those layers (n< 2�
1020 1 cm�3). At the same time, a sufficiently high lateral conduc-
tivity needs to be assured (i.e., low sheet resistance (Rsheet)),
which is only given for high mobility (μ) TCOs, without substan-
tially increasing the layer thickness. Thus, of all the abovemen-
tioned TCO candidates, only In2O3:H (μ> 130 cm2 Vs�1 and
n< 2� 1020 1 cm�3 after solid-phase crystallization[61]) seems
suitable as a back (and also front) contact material in an
ACIGS top cell. Indeed, very low NIR absorption in the
In2O3:H back contact was observed in one of our recent works
on wide-gap ACIGS solar cells.[60] A drawback of using IOH is
that the conductivity is decreasing for annealing temperatures
>300 °C, due to a strong reduction in n.[62] As a consequence,
the sheet resistance (Rsheet) increased by a factor of 2–4
after absorber deposition at a temperature >500 °C.[58–60]

Furthermore, the sputter process to fabricate high-quality IOH
films is rather complex (e.g., requires accurate H2/H2O partial
pressure control[61]) and time-consuming. Thus, the present
work, for the first time, evaluates In2O3:W (IOW) as a TBC in
a wide-gap ACIGS cell. Koida et al. have shown before that poly-
crystalline IOW films grown at 200 °C are very stable (even
improve) up to annealing temperatures of 500 °C, exhibiting a
mobility of μ� 120 cm2 Vs�1 and n< 2� 1020 1 cm�3 after
annealing.[62] In this study, the IOW TBCs are sputtered at room
temperature, which was reported to also result in decent electro-
optical properties,[63–66] to allow for faster processing and higher
throughput. Gan et al. found that amorphous IOW layers sput-
tered at room temperature crystallized upon annealing temper-
atures >150 °C and they reported very high μ� 120 cm2 Vs�1

and low n� 1.7� 1020 1 cm�3 values after annealing for
15min at 200 °C. However, the stability of amorphous IOW films

subjected to temperatures >500 °C (as reached during ACIGS
deposition) was, to the best of our knowledge, not tested before.

2. Results and Discussion

Four 3-stage coevaporation process runs were conducted to
deposit ACIGS absorbers with different thicknesses dACIGS,
but similar compositions. The corresponding compositional
ratios AAC, GGI, and [I]/[III], as determined by X-ray fluores-
cence (XRF), and the resulting EG values (from external quantum
efficiency (EQE) inflection point) are shown in Table 1. The
bandgap varies between 1.44 and 1.52 eV for the samples in this
study.

Two very thin absorbers, with dACIGS� 400 nm and �450 nm,
and two thicker absorbers, both with dACIGS� 1 μm, were proc-
essed on top of NaF-coated IOW TBCs and simultaneously on
reference samples with a standard opaque Mo back contact (soda
lime glass (SLG) used as substrates). One of the IOW samples
with the thicker absorber (labeled run 4 in Table 1) has a slightly
higher [I]/[III] value than the other one (labeled run 3 in Table 1),
[I]/[III]= 0.94 versus 0.90, potentially explaining performance
differences.

2.1. Chemical and Microstructural Analysis of the Solar Cells

The cross-section images, obtained from scanning electron
microscopy (SEM), of the complete solar cell stacks with IOW
as a back contact are illustrated in Figure 1 for the samples with
the 400 nm- and 1 μm-thick (run 1 and run 4, respectively)
absorbers. A CdS layer is used as a buffer and AZO
(Rsheet= 40Ω sq�1) acts as the front electrode. The as-grown
IOW films have a sheet resistance of �11Ω sq�1 at a thickness
of 300 nm (i.e., resistivity �3.3� 10�4Ω cm). After absorber
deposition, Rsheet increases to 45Ω sq�1 in the final device.
The origin of this degradation will be discussed in more detail
below. Due to the shorter processing time, the grain size of
the thinner absorber is smaller, leading to reduced surface
roughness.

Table 1. Absorber properties and corresponding JV parameters (best cells) for all four samples processed in this study. The JV parameters are shown for
front and rear illumination for samples with an IOW back contact. The value in brackets is the percentage of JSC,EQE reached at the rear in relation to front
illumination.

dACIGS [nm] Back contact GGI AAC [I]/[III] EG [eV] FF [%] VOC [mV] JSC,IV [mA cm�2] JSC,EQE [mA cm�2] ηIV [%] ηEQE [%]

400
(run 1)

Mo 0.55 0.79 0.90 1.51 70.7 799 17.4 15.5 9.8 8.8

IOW front/rear 0.55 0.79 0.96 1.52 61.4/49.8 817/771 16.6/10.5 14.9/9.0 (60%) 8.3/4.0 7.5/3.5

450
(run 2)

Mo 0.56 0.80 0.92 1.51 67.4 794 17.5 15.0 9.4 8.0

IOW
front/rear

0.56 0.80 0.90 1.52 57.9/41.0 795/604 17.3/11.8 16.1/10.7 (66%) 8.0/2.9 7.4/2.6

1000
(run 3)

Mo 0.58 0.81 0.94 1.46 77.1 858 22.3 21.2 14.8 14.0

IOW
front/rear

0.58 0.81 0.91 1.46 71.5/73.1 843/815 22.9/10.5 21.7/13.1 (60%) 13.8/6.3 13.1/7.8

1000
(run 4)

Mo 0.59 0.81 0.88 1.46 77.1 854 22.2 21.5 14.6 14.2

IOW
front/rear

0.57 0.82 0.94 1.44 70.8/75.8 853/824 23.2/12.1 22.5/14.0 (62%) 14.0/7.6 13.6/8.7
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For all samples, a GGI grading was implemented to reduce the
number of electrons 1) generated close to and 2) diffusing toward
the back contact. A previous study on low-gap, bifacial ACIGS
solar cells highlights how a very confined, steep increase in
Ga concentration toward the back contact can effectively improve
the carrier collection at rear illumination.[67] The laterally
averaged (area �3mm2) AAC and GGI depth profiles of the
1 μm-thick sample (run 4), obtained from glow-discharge optical
emission spectroscopy (GDOES), are displayed in Figure 2.

The upper half of the absorber shows a rather constant GGI of
�0.54. Toward the back contact, the value increases, reaching
GGI �0.68 at the interface to IOW. No sudden, abrupt increase
in GGI is detected in the direct vicinity of the ACIGS/IOW inter-
face, suggesting that an excessive GaOx formation could be
avoided.[60] The AAC value remains rather constant across the
entire absorber depth. In earlier works on wide-gap ACIGS,

an anticorrelation of the GGI and AAC profiles was observed.[22]

This feature is less pronounced here, due to the rather low GGI
and its moderate depth variation as well as the high AAC level.
The thermodynamically-driven instability, which causes the
mentioned anticorrelation, is highest for AAC �0.5 and
GGI ! 1.[68] Figure 2 also shows the normalized Na and O pro-
files. Sodium diffusion from the SLG into the bottom part of the
IOW is visible. However, the majority of the sodium in the
absorber and at its interfaces stems from the NaF-precursor
(In2O3-based TCOs do not allow for sufficient in-diffusion of
Na from the SLG). A strong accumulation of Na is found at
the absorber/TBC interface. Inside the absorber, the Na concen-
tration decreases toward the surface, presumably due to the
higher grain boundary density in the bottom part.[69] At the very
surface, the Na and O signals increase again, indicating the pres-
ence of very thin surface phases (i.e., oxidation products).[70]

It was suggested before that an excessive GaOx formation at
the absorber/TBC interface creates a barrier for hole extraction
and may even result in a reduced electron collection, due to a
local reversal of the GGI profile.[58–60] To identify a possible
GaOx formation at the ACIGS/IOW interface (not detected in
GDOES), scanning transmission electron microscopy (STEM)
analysis assisted by energy-dispersive X-ray spectroscopy
(EDS) was conducted on the sample with the 400 nm-thick
absorber. The corresponding STEM images of the complete
device (bright field) and the back contact interface (bright and
dark field) are illustrated in Figure 3a–c, respectively. A very thin
GaOx layer (measured to 1.5 nm) is found, which is much thin-
ner than usually reported for chalcopyrite solar cells on In2O3-
based TBCs.[58–60] The reason for the only minor GaOx formation
is probably that only a very small amount of NaF was added in
this study (5 nm NaF-precursor) since the presence of Na was
suggested to catalyze GaOx formation.[58,60] Also, it can be sus-
pected that the larger thermal budget during the growth of the
1 μm-thick absorbers led to slightly thicker GaOx interlayers.
Moreover, lattice planes are visible in the crystalline absorber
and in the IOW film, while the GaOx layer appears to be
amorphous.

Figure 1. Cross-section SEM images of the sample with a 400 nm- (top,
run 1) and with a 1 μm-thick (bottom, run 4) ACIGS absorber. The scale
bar refers to both images.
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Figure 2. Depth profiles of the AAC and GGI ratios as determined by
GDOES (quantified according to integral XRF-deduced compositions).
The normalized sodium and oxygen profiles are shown, too. An adequate
quantification of the absorber composition can only be provided for sput-
ter depths, at which the GDOES signal does not contain elements from
different layers/phases at the surface and back interface (white area).

Figure 3. a) STEM bright-field image of the complete device with a
400 nm-thick absorber (run 1) as well as higher magnified b) bright-field
and as c) dark-field images of the corresponding back contact region.
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Figure S1 (Supporting Information), shows the STEM image
and the corresponding elemental distributions across a different
position at the back interface. The formation of GaOx is clearly
confirmed (drop in In and O signals shifted by about 1 nm).
Figure S2 (Supporting Information), provides the same analysis
for the complete device structure. It is obvious that Ag-depleted
ordered vacancy compounds (OVCs) were formed at the surface,
although the absorber has a quite close-stoichiometric composi-
tion. This is in-line with earlier findings, showing that already for
very small group-I deficiency, a substantial amount of OVCs is
forming for ACIGS with AAC≥ 0.8,[26,71,72] due to the narrowing
single-phase region with increasing Ag content.[73,74] The GGI
grading (measured at a position without a (Ga-enriched) OVC
patch) is rather linear and less steep, which is deemed inferior
to the GGI grading implemented in the 1 μm-thick absorber
layer.

2.2. Electrical and Optical Characterization of the Devices

Figure 4 summarizes the EQE, optical, and current–density
versus voltage (JV) analysis of the samples with the 400 nm-
and 1 μm-thick (run 4) absorbers. For clarity, only the character-
istics of the best cells (out of 16) are shown. The same illustration
is provided for the samples with the 450 nm- and 1 μm-thick (run
3) absorbers in Figure S3 (Supporting Information). The results
are in good agreement with the ones presented here. An antire-
flection coating was not applied for any sample in this study.

Figure 4a,d shows the corresponding EQE spectra for front
and rear illumination as well as the transmittance (T ), reflectance
(R), and absorptance (A) measured on the complete device stacks
before cell definition. As mentioned above, to use the devices in
tandem with a Si bottom cell, they have to exhibit very low

absorption for photon energies between EG,ACIGS and EG,Si
(i.e., λ� 1150 nm). The sample with the thinner absorber shows
A= 18% at λ� 1150 nm, while the one with the thicker absorber
shows A= 28%. Similar values are measured for the other
two samples (A= 17% and 24%, see Figure S3, Supporting
Information). Since the only parameter that changes between
all samples is the absorber thickness, these differences in NIR
absorption are not intuitive. We suggest that due to the surface
roughness of the 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. With increasing
absorber thickness, the surface roughness increases, leading to
higher measured A values in the NIR region. Indeed, previous
measurements on 2 μm-thick ACIGS absorbers on IOH/SLG
(almost no NIR absorption) showed a constant artificial offset
in NIR absorption of about 17%.[60] Thus, we speculate that
the “true absorptance” at the Si bandgap is close to 15% for
the devices in this study. The 400 nm-thin samples could
even be used as a semitransparent device, with T� 4% at
λ= 555 nm (highest human eye sensitivity) and T� 22% at
λ= 700 nm (for higher λ the eye sensitivity drops to zero).
The T spectra for all samples, plus a sample with a 930 nm
absorber that was not included in this study, are illustrated in
Figure S4, Supporting Information, together with a photograph
of the final sample in front of reflected sunlight (450 nm
absorber).

Turning to the EQE curves, it is obvious that for all samples,
the carrier collection is higher at front illumination. This is espe-
cially true for short wavelengths, since at rear illumination, the
majority of electrons are generated close to the back contact.
The larger distance to the heterojunction results in a higher
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recombination probability. Both front- and rear-EQE levels are
higher for the sample with the 1 μm-thick absorber, mainly
due to lower transmission losses. The ratio of the calculated
JSC (assuming an AM1.5G spectrum and 1 sun intensity) at rear
(JrearSC,EQE) to front (JfrontSC,EQE) illumination is between 60% and 66%
for all samples in this study. The individual numbers are listed in
Table 1. Of course, a> 30% loss in JSC is too high to justify using
the device in rear illumination for real applications (such as in a
4-terminal tandem device in an inverted configuration with the
pn-junction down) and strategies need to be developed to reduce
this loss. A possible pathway is to passivate the back contact via
introducing a dielectric interlayer like Al2O3 between the
absorber and the TBC[58] and/or the implementation of a steeper
and more confined Ga grading.[67] This will be the content of a
future study.

Figure 4b,e shows the corresponding EQE spectra normalized
to the respective absorptance values. It has to be mentioned that
A also includes the absorption of the window, buffer, and TBC,
which means that the shown curves do not exactly correspond to
the internal quantum efficiency (IQE). However, since the para-
sitic absorption is quite small for λ= 530–850 nm (�3–4%, more
information below), the assumption of EQE/A� IQE is justified
as a first approximation in this range. Obviously, the carrier col-
lection at front illumination is higher at all wavelengths for the
cell with the thicker absorber. The most likely explanation is a
more pronounced back contact recombination with thinner
absorbers (electrons hardly reach back contact for 1 μm-thick
ACIGS). Additionally, the presence of the observed OVC phases
at the heterojunction (see Figure S2, Supporting Information)
very likely reduces the carrier collection, too.[75] In the case of
rear illumination, electrons generated close to the back contact
(λ< 550 nm) are more likely collected in the thinner absorber,
due to the shorter distance to the junction and the stronger elec-
tric field (field strength should be roughly twice the value of the
thicker absorber). However, for higher wavelengths, producing a
more homogeneous electron generation profile throughout the
absorber, the collection is better for the samples with the thicker
absorber (see all rear-EQE and EQE/A spectra plotted together in
Figure S5, Supporting Information). This implies that even at
rear illumination the back contact recombination is still more
pronounced for the samples with thinner absorbers, probably
due to the smaller absorber volume (i.e., generated electrons
more likely to “encounter” back contact).

Capacity–voltage (CV) measurements (not shown here)
revealed that, as intended, all processed samples are fully
depleted (i.e.,WSCR= dACIGS) in equilibrium (V= 0 V). The only
exception is the Mo reference with the 1 μm-thick (run
4) absorber, showing WSCR� 550 nm in equilibrium (position-
ing of sample caused lowest [I]/[III] value of all samples, see
Table 1). We believe that the relatively high JrearSC,EQE values for
the thicker absorbers could only be reached by facilitating the
collection via stretching the electric field through the entire
absorber. Otherwise, the low diffusion length of wide-gap ACIGS
films would lead to significantly lower JrearSC,EQE values. Still, even
for these fully depleted devices, the drift length is seemingly
smaller than the absorber thickness. Thus, for perfect/improved
collection, a higher absorber quality and implementation of the
abovementioned back contact passivation strategies are required.

Figure 4c,f shows the corresponding JV characteristics at front
and rear illumination (only front for Mo references). The solar
cells with an opaque Mo back contact reach 14.6% and 9.8% effi-
ciency with the thick and thin absorber, respectively. Using IOW
as a TBC reduces the efficiency only slightly to 14.0% and 8.3%,
respectively, due to a reduction in FF that mainly arises from the
higher Rsheet of the IOW as compared to Mo (Rsheet� 0.7Ω sq�1).
At rear illumination, the efficiency drops to 7.6% for the thick
absorber and 4.0% for the thin absorber. It should be mentioned
that the rear-JV was measured about 50 days after the front-JV
and that the performance of devices with the thinner absorbers
degraded during this period (mainly FF).

The light intensity during the JV measurements was adjusted
to 1 sun, using a calibrated Si solar cell. The spectral mismatch
between the used light source and the AM1.5G spectrum leads to
a slight deviation between JSC,IV and JSC,EQE. Correcting the
efficiency only for this difference results in ηEQE= 14.2% for
the Mo reference and ηEQE= 13.6% (8.7%) for the IOW sample
at the front (rear) illumination of the best sample in this study.
This is, to the best of our knowledge, the highest efficiency ever
reported for a wide-gap (EG> 1.4 eV) ACIGS solar cell with a
TBC. The JV (and EQE) parameters of all samples are summa-
rized in Table 1.

The JV analysis presented in Figure 4 (and Figure S3,
Supporting Information) was performed in a forward voltage
sweep. We observed that the characteristics changed when
sweeping the voltage from positive to negative voltages.
Figure 5 shows the JV characteristics of a cell from the sample
with the 1 μm-thick absorber (run 4), measured in forward and
subsequently (seconds later) in reverse sweep direction. The FF
decreases and VOC increases slightly in the reverse sweep, lead-
ing to a 0.2–0.6% lower efficiency for the cells of this sample.
Thus, it can be expected that the best cell of this study would
show an efficiency of about 13.0–13.5% in the field (without
antireflection coating) during maximum power point tracking.

Figure 5 also shows the extension of the SCR for V=�0.5 V to
þ0.7 V, as determined from CV measurements on the same cell.
The WSCR values are illustrated for forward and reverse voltage
sweeps (corresponding apparent doping profiles in Figure S6,
Supporting Information). While WSCR matches the absorber
thickness for V≤ 0 V in both cases, it is significantly lower for
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Figure 5. JV characteristics of a cell with a 1 μm-thick absorber (run 4),
measured in forward and reverse voltage sweep (left y-axis). The corre-
sponding extension of the SCR (deduced from CV measurements) for dif-
ferent voltage biases and sweep directions is shown as well (right y-axis).
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positive voltages in the reverse sweep. Notably, this difference
disappears again for V� 0.7 V. We suggest that this difference
in voltage response causes the observed hysteresis effect in
JV. The smallerWSCR reduces the carrier collection upon reverse
V-sweep, especially for V� 0.25–0.65 V. Again, this feature sig-
nifies the very small diffusion length in the absorber film. It
should be noted here that no general trend could be detected
for all samples in this study. Some samples actually showed
higher efficiencies in reverse sweep, in accordance with earlier
studies.[26] Taking into account all our earlier works on wide-gap
ACIGS solar cells, we exclusively observe such strong JV-hyster-
esis for very high AAC> 0.6. It is suggested that the charge land-
scape in the absorber (or potentially also at its interfaces) changes
upon the applied voltage, due to the drift of mobile Naþ ions in
the bulk of the ACIGS grains (not grain boundaries). The solu-
bility limit (and also the bulk diffusion constant) of sodium in the
chalcopyrite lattice increases with substantial Ag-alloying,[76]

mainly due to an increase in the lattice parameter a.[29] Thus,
the high AAC value used in this study may lead to the pro-
nounced drift of Naþ ions when an external voltage is applied.
Long-term stability testing is advised to investigate potential deg-
radation mechanisms, related to ion drift/migration.

2.3. Effect of the Transparent Electrodes on Optical and
Resistive Losses

While the 13.6% front- and 8.7% rear-efficiency and the rather
low NIR absorptance of about 15% at λ= 1150 nm (i.e., Si
bandgap) are promising results, both parameters need to be
improved to justify any application as a top cell in a tandem
device. First of all, the NIR absorption has to be reduced to
<5%, since the potential bottom cell (either Si or low-gap
ACIGS-based) exhibits a significantly higher efficiency
(η> 20%) and no photons should be unnecessarily “stolen” from
it. Thus, parasitic absorption in the transparent electrodes needs
to be minimized.

Figure 6a displays the absorptance spectrum of the sample
with the 400 nm-thick absorber, together with the corresponding

spectra of the as-grown IOW film on SLG, the as-grown IOW film
after annealing in N2 for 1 h at 450 °C and the IOW film in the
final solar cell after mechanically removing all top layers. The
rather high absorption of the latter spectrum for E> EG,ACIGS
arises from remaining absorber residuals, which could not be
completely removed. The plasma wavelength (maximum in
NIR absorption) of the IOW film shifts from λ� 1750 nm to
λ> 2500 nm after the temperature stress, in agreement with a
significantly reduced free charge carrier absorption in the final
device. Here, it does not matter if the IOW is “annealed” in
N2 or during absorber deposition, both layers show very similar
A spectra. While the reduction in free electron concentration is
beneficial in terms of optical properties, it also leads to the
observed (fourfold) increase in Rsheet in the final solar cell
(Rsheet� 45Ω sq�1), indicating that the mobility is not improved
(enough) after annealing to counter this effect. Notably, Koida
et al. reported on stable n values (<2� 1020 1 cm�3) and mobility
values up to 120 cm2 Vs�1 after annealing up to 500 °C when the
IOW films are grown polycrystalline at 200 °C.[62] The IOW is
grown at room temperature in this study, leading to X-ray amor-
phous (or very fine-grained) as-grown films, as measured by
X-ray diffraction (XRD). The XRD scans for the (222) reflection
(cubic phase, bixbyite-type) of the films grown at room tempera-
ture, after annealing (in N2 and during absorber deposition) and
grown at 350 °C (on sample holder) can be found in Figure S7,
Supporting Information. The annealing as well as the absorber
deposition led to a full crystallization of the IOW. This
solid-phase crystallization typically leads to a mobility boost
for hydrogenated In2O3:X films,[61] but also for IOW films with-
out hydrogen when annealed at temperatures up to at least
250 °C.[66] The strong reduction in conductivity after exposure
to higher temperatures than 250 °C (here ≥450 °C) may be
related to the presence of sodium (from the SLG) during crystal-
lization, as was suggested before.[77] Also, a tungsten loss upon
heating above 250 °C cannot be ruled out.

In an attempt to directly grow polycrystalline high-μ and low-n
IOW as in ref. [62], we also deposited films at an elevated set
temperature of 350 °C (on the sample holder). Indeed, the layers
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Figure 6. a) Absorptance spectra of the complete cell (400 nm-thick absorber, run 1) as well as of the as-grown, annealed (in N2), and final (after absorber
deposition and subsequent removal of all top layers) IOW films. b) Absorptance spectra of the complete cell (400 nm-thick absorber, run 1) as well as of
the final IOW, the bare ZnO:Al film on quartz glass (used as front TCO), and the combined absorptance of both transparent electrodes. For all TCO films,
the corresponding Rsheet values are added as numbers, too.

www.advancedsciencenews.com www.solar-rrl.com

Sol. RRL 2024, 8, 2400430 2400430 (6 of 10) © 2024 Wiley-VCH GmbH

 2367198x, 2024, 15, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/solr.202400430 by U

ppsala U
niversity L

ibrary, W
iley O

nline L
ibrary on [07/02/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.solar-rrl.com


were slightly more crystalline, but with much smaller grains as
compared to the postannealed films. However, those samples
showed already a high Rsheet of 40Ω sq�1 (same thickness) before
annealing and degraded significantly after annealing for an hour
at 450 °C in N2 atmosphere (Rsheet> 1 kΩ sq�1), which led us to
only use the X-ray amorphous IOW films (grown at room tem-
perature) as a TBC for the solar cells in this study. The reason
why we could not reproduce the high-quality polycrystalline IOW
films reported in ref. [62] is unclear at this stage. A possible expla-
nation could be that a small, unintended H2 background pres-
sure in the sputter chamber hampers the IOW crystallization
during its deposition, even at elevated temperatures.[62]

Another possibility is a nonoptimal thermal contact between
the metal plate (sample holder) and the SLG, leading to substrate
temperatures <200 °C. Optimizing the IOW sputter process will
be the content of future work. It was for instance shown that the
crystallinity of IOW grown at room temperature can be tuned by
changing the O2 partial pressure[64] or sputtering current.[78]

Overall, the fourfold increase in Rsheet means that the resistive
loss in the IOW during lateral electron conduction (increasing
the series resistance) is the main FF limitation. The smaller
Rsheet of the AZO top electrode (40Ω sq�1) and the shorter dis-
tance to the contacts (see cell configuration in Figure S4c,
Supporting Information) lead to a slightly lower impact on the
FF. However, in a final monolithically integrated module, the
sheet resistances of the two transparent electrodes are about
equally important. In a 2-terminal tandem device, lateral conduc-
tivity of the bottom TCO is not as important and it can be made
very thin, reducing optical losses.

Figure 6b compares the absorptance spectra of the IOW film
in the final cell and of the bare AZO front-TCO on quartz (prop-
erties similar to AZO in the final cell). Since the AZO is more
doped than the final IOW film, it shows a much higher A in the
NIR region. Thus, it contributes substantially more to the total
absorption losses at the bandgap of a possible Si bottom cell.
The combined NIR absorption through both transparent electro-
des Acomb can be estimated by:

Acomb ¼ 1� ½ð1� AAZOÞ ⋅ ð1� AIOW,cellÞ� (1)

The corresponding values are added to Figure 6b as well and
they match the NIR absorption spectrum of the complete device
closely (interference fringes being much less pronounced).

In summary, to improve the NIR transparency of the wide-gap
ACIGS solar cells in this work, a front TCO with a lower n
and a higher μ (AZO used here: n> 3� 1020 1 cm�3 and
μ� 20 cm2 Vs�1[79]) needs to be chosen, such as annealed
IOH[79–82] or IOW[63,64] films, chemical vapor deposited ZnO:
B or sputtered Zn-In-O.[83] In addition, the conductivity of the
TBC should not be compromised by the high-temperature
ACIGS deposition, as observed in this work for IOW and in ear-
lier works for IOH.[58–60] Since the thermal stability of polycrys-
talline IOW was proven before,[62] our first attempt will be to
grow stable polycrystalline IOW films by changing the sputter
process parameters. Without thermal Rsheet degradation, the
FF should approach the values of reference devices on Mo even
closer.

To improve the performance at rear illumination, thereby
allowing to use the substrate glass as the front glass in the final

top cell/module, passivation of the back contact, and optimiza-
tion of the GGI grading are required. Otherwise, losses in JSC
will remain too large to “flip the device.” Furthermore, the carrier
collection was improved in this work by choosing close-stoichio-
metric and high-Ag-containing ACIGS absorbers. For large-scale
industrial production, it may be a challenge to keep the compo-
sition close-stoichiometric across the entire module area.

Ultimately, to make chalcopyrite-based solar cells a true option
as a tandem partner with high-performing bottom cells like Si,
the absorber bulk properties (i.e., electron lifetime) need to be
improved further to reduce deficits in VOC and FF. Only then,
necessary efficiencies >18% can be achieved.

3. Conclusion

Efficiencies of up to 13.6% are reached for wide-gap (EG =
1.4–1.5 eV) ACIGS solar cells with low NIR absorption
(A� 15% at λ= 1150 nm), using In2O3:W as a TBC. The
1 μm-thick absorber is completely depleted in charge carriers,
i.e., WSCR= dACIGS, owing to its close-stoichiometric composi-
tion and high silver concentration (AAC� 0.8). As a result, car-
rier collection is almost perfect for front illumination, while at
rear illumination JSC reaches 62% of the value measured at front
illumination. It is suggested that remaining collection losses
arise from a combination of back contact recombination (no pas-
sivation layer applied here) and a too low drift/diffusion length.
Reducing the absorber thickness to ≤450 nm only leads to
improved collection at rear illumination for charge carriers
generated very close to the back contact (λ< 550–600 nm).
This implies that the main limitation at rear illumination is back
contact recombination, providing hope that the efficiency can be
substantially increased via the implementation of passivation
structures.

The In2O3:W back electrodes are sputter-deposited at room
temperature, resulting in X-ray amorphous films with very
low resistivity (3.3� 10�4Ω cm). The high temperature during
absorber formation (550 °C) leads to a complete crystallization,
a fourfold increase in sheet resistance, and a drastic reduction
in NIR absorption. This strongly indicates that the doping den-
sity decreases upon crystallization, while the mobility is not
increased (at least not by the same factor). In future works,
the sputter conditions will be altered in a way that polycrystalline,
thermally stable, and low-n/high-μ In2O3:W films can be grown.
When those are combined with a front TCO that is more trans-
parent than ZnO:Al (as used here), higher FFs and even lower
NIR absorption can be reached.

4. Experimental Section

Solar Cell Processing: The solar cells processed in this study were built in
the following stack order: SLG/(Mo or IOW)/NaF/ACIGS/CdS/ZnO:Al.
The back contact material was either sputter-deposited Mo (320 nm,
Rsheet� 0.7Ω sq�1) or IOW (300 nm, Rsheet� 11Ω sq�1). An In2O3-
WO3 compound target (1 wt%WO3) was used to sputter (radio frequency)
the IOW films in an Ar (40 sccm) and O2 (0.6 sccm) gas mixture. No alkali
diffusion barrier was introduced underneath the back contact. The IOW
films were coated with a 5 nm-thick NaF precursor layer, while 12 nm-thick
NaF was used for all Mo references.
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A three-stage (group I-poor! group I-rich! group I-poor) coevapora-
tion process was applied to grow the ACIGS films at a maximum temper-
ature of 550 °C. The samples in this study stem from 4 deposition runs,
leading to similar composition, but different absorber thicknesses, each
containing a sample with IOW and Mo (reference) as a back contact.
The range of integral metal ratios was AAC= 0.79–0.82, GGI=
0.55–0.59, [I]/[III]� 0.9–1.0, deduced from cross-calibrated XRF measure-
ments on bare absorbers. Small differences in composition emanated
from the lateral distribution of the metal sources in the evaporation cham-
ber. The ratio of the Ag and Cu evaporation rates was kept constant at any
time. To implement a bandgap grading toward the back contact, higher Ga
and lower In evaporation rates were chosen in the initial growth stages. A
heavy alkali postdeposition treatment was not implemented.

After absorber deposition, a 55 nm thick CdS buffer layer was grown via
chemical bath deposition at 60 °C. Finally, a ZnO:Al window layer (220 nm;
Rsheet� 40 Ω sq) was sputtered on top. The completed samples with a
TBC 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 (compare Figure
S4c, Supporting Information). Mechanical scribing was used to define
solar cells for the Mo reference samples (area = 0.05 cm2).

Material Characterization: Integral absorber compositions were deter-
mined with a Panalytical Epsilon 5 XRF spectrometer. Laterally integrated
elemental depth profiles were deduced from GDOES in a Spectruma
Analytik GDA 750HR system (quantification done by matching the integral
XRF compositions). Optical characterization (R & Tmeasurements) of full
solar cell stacks (before cell definition) was conducted in a Perkin Elmer
Lambda 900 spectrometer with an integrating sphere. A Zeiss Merlin SEM
(acceleration voltage of 5 kV) was used to investigate the solar cell cross-
sections. STEM and EDS analyses were performed on a probe-corrected
ThermoFisher Scientific Titan Themis 200 XFEG instrument equipped with
a super-X detector and operated at 200 kV. The TEM lamella was prepared
via a focused ion beam in a Zeiss Crossbeam 550 system, following the lift-
out technique. A final milling step at maximum 1 kV ion accelerating volt-
age was performed on both sides of the lamellae, and no further electron
exposure was done during focused ion beam preparation before the TEM
analyses. The sheet resistance of the electrodes was measured in a linear
4-point probe configuration. The crystallinity of the IOW films was inves-
tigated using a Philips X’Pert diffractometer in Θ/2Θ scanning mode.

Electro-Optical Characterization of Solar Cells: The JV (all 16 cells per
sample) and EQE (only the best cell for each sample) measurements
of completed solar cells were done using home-built setups. To avoid
any reflection from the stage surfaces, a highly absorbing black sponge
was placed underneath the solar cells with IOW back contacts. The JV char-
acteristics were measured in forward V-sweep at a temperature of 25 °C
under illumination by an ELH lamp. For each sample, 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 mea-
sured only on the best cells for each sample. Since a JV-hysteresis was
detected, the characteristics were also measured in reverse V-sweep for
selected samples. Capacitance-voltage profiling was conducted from
V=�0.5 to þ0.7 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.

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