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interface losses, resulting in a high power conversion efficiency of over 15%.
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SUMMARY

The progress of Cu(ln,Ga)S, remains significantly limited mainly due
to photovoltage (V. ) losses in the bulk and at the interfaces. Here,
via a combination of photoluminescence, cathodoluminescence,
electrical measurements, and ab initio modeling, we address the
bulk and interface losses to improve ~1.6-eV-band-gap (Eg)
Cu(ln,Ga)S,. The optoelectronic quality of the absorber improves
upon reducing the [Cu]/[Ga+In] (CGI) ratio, as manifested by the sup-
pression of deep defects, higher quasi-Fermi level splitting (QFLS),
improved charge-carrier lifetime, and higher V... We identify anti-
site Cu;,/Cug, as a major performance-limiting deep defect by
comparing the formation energies of various intrinsic defects. Inter-
face recombination is suppressed using a Zn(O,S) buffer layer in Cu-
poor devices, which leads to the activation energy of recombination
equal to the E5. We demonstrate an efficiency of 15.2% with V. of
902 mV from a H,S-free, Cd-free, and KCN-free process.

INTRODUCTION

The efficiency of state-of-the-art photovoltaic technologies is improving every year
and coming close to its theoretical limits. For further improvements, new concepts
will be needed, among which, tandem solar cells are considered a viable way
forward."™® The main criteria for the top cell are suitable band gap, efficiency, and
s’cabili’cy,4 Therefore, sulfide chalcopyrite Cu(In,Ga)S,, due to its variable band gap
between 1.5 and 2.4 eV, is receiving considerable interest as the absorber in the
top cell of a tandem device.”™”

Cu(In,Ga)S; adopts the chalcopyrite structure similar to high-efficiency Cu(In,Ga)
Se,. Despite the high photoconversion efficiency (PCE) of 23.35% achieved using
Cu(In,Ga)(S,5e),,"%"" the certified record PCE of pure sulfide Cu(In,Ga)S; solar cells
remained limited to 15.5% thus far.® Hence, determining the losses and their under-
lying origin is of paramount importance to improve the understanding and, conse-
quently, the performance of pure sulfide Cu(ln,Ga)S, chalcopyrite. A good solar
absorber material requires an efficient generation of photocarriers followed by a sus-
tained build-up of charge-carrier density. The latter is directly correlated to quasi-
Fermi level splitting (QFLS) and charge-carrier lifetime (1), often used to analyze
the absorber quality. Non-radiative recombination losses reduce the maximum
achievable QFLS and lifetime, increasing photovoltage (Vo) deficit. The PCE for
Cu(ln,Ga)S; has remained limited for a long time, mainly due to a large V. deficit
(described as Vo °@ = Voo, where Vo 52 stands for Shockley-Queisser Vo)'? of

Context & scale

Cu(In,Ga)S; is a high-potential
material for its usage in tandem
solar cells; however, its power
conversion efficiency has
remained limited so far. High bulk
recombination losses and
interface losses both account for
the performance limitation. In this
work, we adopt a holistic
approach to address both bulk
and interface recombination
losses. We show that bulk
recombination losses can be
substantially suppressed by
controlling the Cu deficiency in
the material. From theoretical
calculations, we argue that Cu
deficiency reduces the antisite
defects that are probably the most
detrimental defects. Additionally,
we effectively passivate the
interface through the usage of
Zn(O,S) buffer layer, thereby
minimizing the losses at the
interface. This leads to a solar cell
device performance of over 15%
from 1.6-eV-band-gap Cu(ln,Ga)
S, from a completely non-toxic
process. The path to further
performance improvement is
discussed to increase the viability
of Cu(In,Ga)S, toward tandem
application.
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more than 300 mV. The latter corresponds to an open-circuit voltage of only 75% of
the $-Q limit for Vo, even for the best cell.>'*~'® Moreover, rather low QFLS and
short charge-carrier lifetimes (~hundreds of ps) are typically observed for
Cu(ln,Ga)S,.”""* This implies significant non-radiative recombination in Cu(ln,Ga)
S,. The origin of non-radiative recombination lies in both bulk and interface (front-
and back-contact) defects."’ Concerning the bulk, the low QLFS (and photolumines-
cence quantum yield [PLQY]) is caused by non-radiative recombination through
deep defect states. In this regard, the role of intrinsic point defects in CulnS; has
been highlighted by theoretical studies and photoluminescence analysis, although,
much remains unexplored for Cu(In,Ga)S,."®?" The formation of defects and sec-
ondary phases depends on the absorber <:om|oos,ition.22 Cu(ln,Ga)S,, or CulnS,,
grown under Cu-excess conditions (referred to as Cu-rich) has been extensively
explored, owing to the better grain growth and superior optoelectronic properties.
Lomuscio et al. showed that (1) the QFLS remains substantially lower than the Vo5
for both Cu-rich and Cu-poor CulnS,, (2) a higher QFLS value is observed for Cu-rich
than Cu-poor CulnS; and is limited by the deep defects. Additionally, an increase in
the QFLS was observed upon an increase in the growth temperature that is consis-
tent with the reduction in the deep defect PL emission intensity. However, it did
not translate into an increase in the device V.. due to interface losses.” Recently,
we found that the improvement in QFLS for Cu-rich absorbers was mainly due to
higher doping (D.A. et al., unpublished data). Hiroi et al. demonstrated a record ef-
ficiency of 15.5% with an improved Voc of 920 mV, exploiting Cu-poor Cu(In,Ga)S;
using an optimized ZnMgO buffer layer.® The same group later demonstrated a
further enhancement in V.. due to rapid thermal annealing (RTA) process, while
underscoring the importance of good morphology and Ga back-grading.'* Kim
et al. compared the performance of low-band-gap Cu-poor (1.52 eV) and Cu-rich
(1.51-eV) Cu(In,Ga)S; absorbers. They observed higher Voc for Cu-poor over Cu-
rich Cu(In,Ga)S,, which was attributed to lower bulk defects and reduced interface
recombination in the former.” All approaches to increase efficiency relied on toxic
H,S, Cd- and/or KCN-based process. Moreover, the physical insights are still
missing. Based on the above-discussed results, we see that non-radiative recombi-
nation through deep defects is a major limitation toward performance improvement
and requires immediate attention. The physical and chemical understanding of
these limiting defects and their relationship with composition need to be under-
stood to improve Cu(In,Ga)S,.

Apart from bulk-related losses, Cu(In,Ga)S; devices suffer from interface recombi-
nation, which further limits the Voc. Factors for front surface recombination losses
include (1) high defect density at the surface and/or the defects formed during the
KCN etching of the Cu,.,S secondary phase for Cu-rich absorbers, which was
recently shown to be the case for Cu-rich CulnSe,;?® and (2) mismatch of the elec-
tronic band alignment at the absorber/buffer interface leading to reduced effective
interface band gap.?*?® The extent to which the aforementioned issues can be sup-
pressed depends critically on the choice of the buffer layer. The typically used com-
bination of Cu(In,Ga)S,/CdS junction forms an energetically non-ideal interface and
consequently limits the output Voc.?*® A higher energetic position of the
Cu(ln,Ga)S;, conduction band minimum to that of CdS (negative band-offset AE,)
causes cliff-like electronic-band alignment leading to a reduced recombination bar-
rier at the absorber/buffer interface.'*?>?7*° Moreover, alloying CulnS, with Ga
leads to a further upshift of the conduction band edge. Therefore, a suitable
band alignment with the buffer layer requires further alteration for wide-band-
gap Cu(ln,Ga)S,.2" > For Cu(ln,Ga)S,/CdS solar cells, the thermal activation en-
ergy of the main recombination path deduced from temperature-dependent V.
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(Ea) were always found to be lower than the band-gap energy, except for the study
on Cu-poor Cu(In,Ga)S; by Kim et al.”***" In an attempt to improve the interface
configuration from cliff to spike type (positive band-offset AE.), buffer layers with
conduction band edge higher than that of Cu(In,Ga)S,, such as Zn(O,S) and ZnMgO
have been explored.®'*??“% Moreover, the higher band gap of these buffer layers
allows higher light absorption. Despite a spike-like configuration with Zn(O,S), the
activation energy Ea was still found to be lower than the band gap for Cu-rich
Cu(ln,Ga)$,.%” These results suggest that Cu-rich Cu(In,Ga)S; is highly prone to
interface recombination. Furthermore, Cu-poor Cu(In,Ga)S, provides a promising
avenue to address the issue of interface recombination losses. Finally, back-contact
recombination accounts for additional losses that need to be suppressed to realize
high V.. In the related selenide chalcopyrite solar cells, this issue is tackled by a Ga
gradient, providing a higher conduction band edge and thus fewer minority carriers
near the back contact.”’** Therefore, the major challenge is to reduce non-radia-
tive recombination in the bulk and to suppress front and back surface recombina-
tion to realize better performance.

We address these challenges by; (1) Cu-composition engineering of Cu(In,Ga)Sy,
especially exploring Cu-poor regime, (2) buffer layer engineering, and (3) Ga
grading to prevent backside recombination. In this work, we exploit the above-
mentioned factors by adopting a multistage co-evaporation process to prepare
~1.6-eV-band-gap Cu(ln,Ga)S,. The multistage deposition process allows better
control of morphology and helps in attaining a Ga profile.***> We methodically
investigate the effect of varying [Cu]/[Ga+In] (CGI) ratios on the optoelectronic qual-
ity of the bulk. As an indicator of the bulk optoelectronic quality and a representative
of the maximum achievable V., we determine QFLS from room-temperature photo-
luminescence (PL) spectroscopy and compare the absorbers with varying CGI.***’
Non-radiative recombination losses in the bulk reduce the QFLS from the Shock-
ley-Queisser (SQ) limit and recombination losses at the interface lead to V.. lower
than the QFLS, as the splitting is lower at the interface due to excess carrier loss.
Hence, a Vo deficit with respect to QFLS indicates recombination losses at the inter-
face.*®*” We show that QFLS increases as the Cu(In,Ga)S, films become more Cu-
poor, still keeping the CGl ratio above 0.9, along with a reduction in the deep defect
PL intensity. This is accompanied by an increase in the carrier lifetime from transient
photoluminescence (TRPL) analysis. We did not study the films with CGl < 0.9 in the
present manuscript. We further assess the impact of CdS and Zn(O,S) buffer layers on
device characteristics of Cu-poor and Cu-rich Cu(In,Ga)S; solar cells. We demon-
strate that passivation effect in Cu-poor Cu(ln,Ga)S»/Zn(O,S) devices leads to an in-
crease in the V¢ very close to QFLS, indicating the suppression of interface recom-
bination. This effect is also confirmed by the activation energy of the saturation
current deduced from temperature-dependent V. extrapolating to the band gap
of the absorber. Remarkably, this passivation effect of Zn(O,S)/ Cu(In,Ga)S, device
is only effective for Cu-poor composition. As a result, Zn(O,S) buffer layer Cu-poor
devices demonstrate an efficiency above 15% with a low V. deficit of 388 mV.

RESULTS AND DISCUSSION

This study is conducted on Cu(In,Ga)S; thin films with CGl ratio between 0.93 and
1.29 having similar [Ga]/[Ga+In] (GGI) of 0.12-0.18. The films are grown by multi-
stage or single-stage processes, see Figure 1 (refer to the experimental procedures
and Figure S1 for details). We first investigate the structural properties of the film and
subsequently investigate the optoelectronic properties of the film in terms of QFLS
and the nature of non-radiative recombination losses, with a particular focus on deep
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Figure 1. Structural characterization of Cu(In,Ga)S; thin films with varying CGl ratios

(A) Cross-section SEM micrograph of 1-stage, 2-stage, and 3-stage processed absorbers with
varying CGl ratios (see also Figure S2).

(B and C) (B) Corresponding XRD diffractograms of the Cu(In,Ga)S; thin films on Mo substrate and
(C) dominant (112) reflection indicating the peak broadening (see also Figure S3). Reference scans
for CulnS, (CIS) and CuGaS, (CGS) Taken from ICSD 186714 and ICSD 28736, respectivelyéo

defects. We correlate the absorber composition to the performance of devices made
with CdS and Zn(O,S) buffer layers. We explore the differences in bulk and interface
of Cu-poor and Cu-rich composition by absolute calibrated and time-resolved
photoluminescence, capacitance measurements, and temperature-dependent V.
measurements. Finally, we demonstrate high-quality bulk and interface-passivated
Cu-poor Cu(In,Ga)S; solar cells.

Structural characterization and morphology

Figure 1A shows the microstructural features of the 1-stage, 2-stage, and 3-stage
processed films with varying CGl ratios, as seen by cross-sectional scanning electron
(SE) imaging (see top-view SEM image in Figure S2). The 1-stage processed near
stoichiometric absorber Cu(In,Ga)S, (1.02) exhibits large columnar grains and rough
surface, consistent with the previous observation from Ga-free CulnS,.”> Grain
boundaries in Cu-rich Cu(In,Ga)S, provide shunting paths for the carriers and are
deleterious to the device pen‘ormance.s'51 The 2-stage Cu-rich Cu(In,Ga)S; (1.29)
sample’s SE micrograph is acquired after etching the CuS, secondary phase, which
exists in Cu-rich absorbers.” During the second growth stage beyond the stoichio-
metric point, CuS, forms at the surface and assists in grain growth and sulfur incor-
poration.53 Itis evident from the SE images that 2-stage Cu-rich Cu(In,Ga)S; exhibits
compact grains with smooth surface morphology. A different Cu-poor composition
is achieved by adjusting the duration of the final (third) stage of the growth process.
For 3-stage Cu(In,Ga)S; films, the grain size appears to be reduced as the CGl is
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diminished. Notably, SE images also reveal smaller grains near the Mo interface. Yet,
the morphology seems more favorable with larger grains than in Cu-poor 1-stage
films.” To probe the phase and orientation of the films, 0-20 X-ray diffractograms
(XRD) of the Cu(ln,Ga)S; films were recorded, as shown in Figure 1B. All the diffrac-
tion peaks could be indexed to a chalcopyrite structure and to the Mo back contact
(CulnS,: ICSD 186714 and CuGaS,: ICSD 28736). Compared with the reference pow-
der diffraction pattern of CulnS,, diffraction peaks of the samples shift to higher an-
gles depending on the GGl ratio. Substitution of In with smaller Ga leads to lattice
contraction and shrinkage of the unit cell volume resulting in the shift of diffraction
peaks to higher angles. GGl ratios for all the films are in the range 0.12-0.18; hence,
the peak shift is relatively similar for all the films. It is known that the formation ki-
netics of CuGa$S, and CulnS; are different, and the growth front of the absorber is
located at the surface.””* The consequence of this is the in-depth Ga-grading pro-
file, which depends on the growth temperature, growth profile (stages), and depo-
sition rates. Ga grading is manifested by peak broadening in the XRD pattern. Exam-
ining the dominant (112) reflection peak reveals asymmetric peak broadening. From
Figure 1C, the 1-stage Cu(In,Ga)S; (1.02) film shows a symmetric (112) diffraction
peak, suggesting negligible Ga grading for this particular film. On the other hand,
2-stage and 3-stage films show a shoulder extending toward higher angles, corrob-
orating the Ga-grading profile in the absorbers (see secondary ion mass spectros-
copy [SIMS] elemental profile in Figure S3).

Photoluminescence and cathodoluminescence—band gap (Eg), QFLS, and
defect analysis

Before analyzing the defects and optoelectronic quality, we determine the band gap
of the absorbers from photoluminescence spectroscopy.

Figure 2A shows normalized and baseline shifted room-temperature PL spectra. The
PL peak corresponds to band-band transition for the samples with varying CGl ratios.
Thus, we set the energy of the PL maximum equal to the band gap. In the case of Ga
grading, this is expected to represent the minimum band gap in the film.>> All the
samples showed a band gap value in the range 1.57-1.61 eV observed from the
peak maxima (band gap from quantum efficiency is shown in Figure S4). Specific
values of the band gap determined from PL are listed in Table 1. We deduced
QFLS values from absolute calibrated PL at photon fluxes equivalent to 1 Sun (Table
1), similar to the method described in the study conducted by Babbe et al.”® We
observed a decrease in the QFLS deficit as the CGl ratio was reduced. As an excep-
tion, a lower QFLS deficit was observed for the 1-stage absorber on comparing the
near stoichiometric 1-stage and 3-stage Cu(InGa)S,. The presence of a high density
of defects, deep traps, and associated Shockley-Read-Hall (SRH) non-radiative
recombination is a major challenge for these sulfide absorbers that must be ad-
dressed to reduce QFLS deficit (Vo.>2 — QFLS). Therefore, to interpret the QFLS los-
ses, we acquired PL spectra at 20 K to study defects. From Figure 2B, it can be
observed that a characteristic feature of the Cu-rich absorber is the appearance of
two predominant peaks close to the band edge followed by broad deep defect emis-
sionatabout~1.3eV(referredtoasD1)and 1.1 eV (referred to as D2). (Gaussian peak
fits of the PL peaks for all the films are shown in Figure S5.) In addition, for the near
stoichiometric Cu-poor Cu(In,Ga)S,, a single predominant peak close to the band
edge is observed, followed by the D1 and D2 emissions. Interestingly for 3-stage
Cu(In,Ga)S,, we noticed a drastic suppression in the D1 and D2 emission and an in-
crease in the QFLS as CGI was reduced, indicating higher radiative recombination
(Figure 2C). The suppression of these deep defect states reduces SRH-type non-radi-
ative recombination. Indeed, the trend in QFLS deficit is in agreement with the low-
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Figure 2. QFLS deficit and defect analysis from photoluminescence and cathodoluminescence measurements

(A-D) Normalized and baseline shifted PL spectra at (A) room temperature and (B) low temperature (20 K), (C) PL spectra at 20 K normalized to their
respective band-edge peak, and (D) QFLS deficit of the Cu(In,Ga)S; films with varying CGl ratios (see also Figure S4).

(E and F) Room-temperature cathodoluminescence mapping of Cu(In,Ga)S, films with varying CGl ratios (E) CL intensity map of the band-related
emission (BE) at 1.6 eV and (F) defect emission (DE) at 1.3 eV (D1) (see also Figure S5).

temperature PL interpretation, as shown in Figure 2D. QFLS deficit value is lower for
the absorber with suppressed deep defect PL emission as the CGl is reduced. The
QFLS deficit with respect to the band gap of the respective films allows quantitative
comparison of the absorber quality. The values are summarized in Table 1. Thus, the
upper limit of the QFLS is set by the lowest energy defect level/band, D2 in this case.
This becomes more obvious when comparing Cu-poor film (0.98) with Cu-rich film
(1.29), which exhibit comparable QFLS values despite their difference in the compo-
sition. This is because, while D1 is suppressed for the slightly Cu-poor film, the pres-
ence of D2 similar to the Cu-rich film limits the QFLS in the same way. In principle,
higher QFLS in the Cu-poor absorbers could be due to higher doping. However, later
we show that the doping is considerably lower in Cu-poor films along with longer mi-
nority carrier lifetimes, indicating that it is, indeed, the reduction of non-radiative
recombination centers that lead to the higher QFLS in Cu-poor films. To investigate
the microscopic origin of the recombination process, cathodoluminescence (CL) hy-
perspectral imaging was performed. The high spatial resolution of the CL allows cor-
relation of microscopic features to luminescence characteristics. CL spectra for these
films exhibit two peaks; band-band emission (BE) close to 1.6 eV and defect emission
(DE) close to 1.3 eV (D1), consistent with the PL measurements (see Figure S5).
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Table 1. Cu(In,Ga)S; with varying CGl ratios with corresponding values of Eg, QFLS, and QFLS
deficit derived from room-temperature photoluminescence

cGr Eg (eV)° QFLS (meV)© Vo> - QFLS (meV)
Cu(ln,Ga)S; (1.29) 1.58 872 418
Cu(In,Ga)S; (1.02) 1.61 923 395
Cu(ln,Ga)S, (0.98) 1.59 885 414
Cu(ln,Ga)S; (0.95) 1.58 942 348
Cu(ln,Ga)S, (0.93) 1.57 972 308

?[Cu]/[Ga+In] “Band gap
®Quasi-Fermi level splitting
“Shockley-Queisser limit of photovoltage; SQ limit of the photovoltage

Figures 2E and 2F shows the color maps of the lateral CL intensity distribution from CL
hyperspectral mapping corresponding to BE and DE emission, respectively, for vary-
ing CGl ratios. Note that, the CL spectra were acquired under identical measurement
conditions for all the samples to facilitate comparison of the emission intensities. Itis
clear that as the Cu deficiency is increased, BE intensity is increased in agreement
with the PL spectra with a simultaneous decrease in the DE intensity (defect D1).
There is a decrease in non-radiative recombination associated with the reduction in
the defect concentration. Thus, from PL and CL, we find a reduction in both D1 and
D2 defects. The appearance of the DE signal from the grain interior indicates defect
distribution in the bulk as well. Intensity contrast in the CL map reveals darker grain
boundaries (GB), implying significant losses due to non-radiative recombination at
GBs. The contrast between different grains could arise due to topography. Surface
topography can affect the generation rate of electron-hole pairs in the sample rather
strongly. However, previous studies of related materials have shown that GB may act
as non-radiative recombination centers.”’ Further investigations providing a detailed
analysis of the influence of GB are ongoing. To summarize, the defects and non-radi-
ative recombination are strongly suppressed in Cu-deficient Cu(In,Ga)S; films, lead-
ing to higher QFLS.

Defect model

The question arises as to what the chemistry of the defect level D2 is that is reduced
by lower Cu content and limits the QFLS in these absorbers. The study of intrinsic
point defects, of the nature of dominant point defects (i.e., shallow or deep), and
how their concentration varies with respect to growth conditions is possible through
density functional theory (DFT). The accuracy of predicting the position of the ther-
modynamic transition levels in the band gap and their respective formation energies
are highly dependent on the details of the theoretical methods, notably the choice of
the exchange-correlation functional. We adopt the hybrid Heyd-Scuseria-Ernzerhof
(HSE) functional, which has become the standard for defect computations as it pro-
vides a more accurate band gap than semi-local functionals. The calculation results
are shown in Figure 3. Intrinsic vacancy and antisite defects are the most prominent
electronic defects in chalcopyrite.”® To understand the defect in Cu(In,Ga)S,, we
performed defect calculations for CulnS, and CuGaS,. From Figure 3, three deep
defects in CulnS, and CuGa$S; can be identified: the vacancies of the group IlI
element—which rather have high formation energies (>3 eV) in both cases for all
compositions considered—and the two antisite defects (Cuy and Ilic,).

The first observation is that the formation energies of the Cu vacancy and Cu,,/Cug, are
similar in both compounds. In contrast, the formation energies of the other intrinsic de-
fects (i.e., Gacy, Vaa, and Vg) are higher in CuGa$; than in CulnS,. The deep antisite of
Cuy is the dominant defect in the regions A, F, and G, which represents the Cu-rich and
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Figure 3. Theoretical analysis of the defect formation energies and their energetic position in CulnS, and CuGaS,

(A and D) (A) CulnS; and (D) CuGa$S; phase diagrams, and the calculated stable chemical-potential regions in specific facets labeled from A to G (left).
(B and E) These show the neutral intrinsic defect formation energies corresponding to various chemical potential at the regions A-G as shown in the
phase diagram.

(C and F) These show the calculated defect transition energy levels of intrinsic point defects in the band gap for CuInS; and CuGaS,, respectively (see
also Figure S6).

S-rich domain, where it has the lowest formation energy. The defect transition levels for
the different point defects are depicted in Figures 3C and 3F (see also Figure S6). Cun
has a (second) charge transition level at 0.46 eV from the valence band maximum (VBM),
in agreement with previous reports.'®* This energy level could agree with the experi-
mental transition energy observed for the D2 defect. Cug, has deeper levels. The ener-
getic location of the Cuy, antisite defect along with the low formation energy in the high
Cu-composition range (F-G-A) would result in high charge-carrier recombination and
consequently short carrier lifetimes. On the other hand, the Cu,/Cug, antisite has a
high formation energy in the Cu-poor compositional range (B-C-D), making it less prom-
inent. In contrast, the Inc./Gac, antisite has the lowest formation energies in the B, C,
and D compositional ranges; i.e., it could be present under low-Cu compositions.
From these results, the deep defects D1 and D2, which decrease under Cu-poor condi-
tions, could be related to the Cuy antisite, which is expected to have a lower concentra-
tion in Cu-poor conditions.

Device characteristics of Cu-poor and Cu-rich Cu(ln,Ga)S;: V. deficit and
interface losses

To compare the difference between Cu-poor and Cu-rich Cu(In,Ga)S; in terms of de-
vice performance, we chose absorbers with similar QFLS deficit, i.e., with the same
bulk quality. QFLS of slightly Cu-poor (885 meV) Cu(In,Ga)S, was marginally higher
than that of the Cu-rich Cu(In,Ga)S; (872 meV). Comparing the QFLS deficit with
respect to the Vo> showed the same value within error (418 meV for Cu-poor and
414 meV for Cu-rich Cu(In,Ga)S,), indicating that the samples were very similar in
terms of their optoelectronic quality. Specific features in the dark and illuminated
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Figure 4. Optoelectronic comparison between Cu-poor and Cu-rich Cu(In,Ga)S; solar cells
(A-C) Dark and illuminated (without light soaking) current-voltage (J-V) characteristics of the (A)
Cu-poor and (B) Cu-rich solar cells with different buffer layer under AM 1.5 illumination (see also
Figure S7), and (C) comparison of QFLS and photovoltage of Cu(ln,Ga)S, devices with different
buffer layers (see also Figure S8)

(D and E) (D) Vo versus temperature plot for Cu-poor Cu(In,Ga)S, with CdS and Zn(O,S) solar cell
and (E) carrier concentration deduced from C-V measurements performed on Cu-poor and Cu-rich
devices with a CdS buffer layer.

J-V curves are related to various types of defects and/or barriers for current flow.
Analysis of J-V curves in Figures 4A and 4B show different features for CdS and
Zn(0,S)-based solar cells. We noticed crossover and rollover effects in the J-V curves.

Crossover effects are generally observed in chalcopyrite devices. They are related to
a photo-dependent barrier for electron flow due to several reasons—band offsets at
the absorber-buffer and buffer-window interface, defective chalcopyrite layer near
the absorber surface, defects at the buffer/window interface.”*“° Figure 4A shows
crossover in the J-V curves for Cu-poor Cu(ln,Ga)S, solar cells with CdS and
Zn(O,S) buffer layers. Also, a similar crossover is observed in the J-V curve for Cu-
rich Cu(In,Ga)S; solar cells with Zn(O,S) buffer layer, as shown in Figure 4B. The higher
conduction band minimum of Zn(O,S) favors the formation of the desired spike-like
conduction band alignment, which helps in reducing interfacial recombination.”’
The fact that crossover is more pronounced in the case of Zn(O,S) buffer layer, for
both Cu-poor and Cu-rich Cu(In,Ga)S;, solar cells, indicates that the behavior is
related to the spike at the absorber/buffer and cliff at the buffer/window layer. An
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Table 2. Solar parameters of the devices presented in Figures 4A and 4B
Cu(n,Ga)S; device Vo (MV)  J. > (MA/cm?)  FFS(%)  PCE® (%)  QFLS®- V. (mV)

Cu-poor/ CdS 734 19.1 60.7 8.6 151
Cu-poor/ Zn(QO,S) 868 19.9 54.9 9.5 17
Cu-rich/ CdS 607 18.5 59.7 6.7 265
Cu-rich /Zn(O,S) 527 15.4 42.6 3.5 345
*Photovoltage

bPhotocurrent

Fill-factor

9Photo-conversion efficiency
°Quasi-Fermi level splitting

additional rollover effect is observed for the Cu-poor solar cell with Zn(O,S) buffer
layer. This reduction of the forward current in the dark and under illumination indi-
cates potential barrier(s) for the majority carrier flow (injection barrier), which could

61763 (refer to the simulations in Figure S7)

be due to window/buffer band alignment.
The above-discussed interface issues influence the recombination and impact the
output Ve.. To understand the V. losses, we compared the V. of the solar cells fabri-

cated with CdS and Zn(O,S) buffer layers, as shown in Figure 4C (see also in Figure S8).

Our first observation is that the V. values for the devices with CdS buffer remain
considerably lower than the QFLS values regardless of the composition. This obser-
vation indicates severe losses due to recombination near or at the interface(M.S.
et al., unpublished data).*®*”? Second, the V. of the Cu-poor Cu(ln,Ga)S; devices
with Zn(O,S) buffer shows marked improvement with a value very close to the
QFLS. As evident from Table 2, the Zn(O,S) buffered solar cell achieves V.. close
to the QFLS value (measured on the bare absorber) with an increase of 122 mV
compared with CdS buffer-based solar cells (highlighted in Table 2), indicating Vo
gain from reduced interface recombination losses.

To validate our conclusion on interface recombination from J-V analysis and QFLS,
we analyzed the temperature dependence of V. obtained from J-V characteristics.
The temperature-dependent V. helps identify the dominant recombination mech-
anism such as bulk (SRH) or interface recombination. The temperature-dependent

Vo is expressed by the following relation®¥¢*

Voo = % _EkeT In (#) (Equation1)

Where E, is the activation energy of the rate of the main recombination path, kg is

the Boltzmann constant, £ is the diode ideality factor, J,. is the photocurrent density,
and Joo is the prefactor to the saturation current density. The activation energy is
found from the V. intercept at T = 0 K obtained by linear extrapolation of V. at
high temperatures. The ideality factor remained temperature independent in the
high-temperature linear range used for extrapolation (240-320 K). Below 240 K, de-
vices show strong rollover effect. From Figure 4D, Ea value for Cu-poor solar cells
with CdS buffer layer extrapolates to ~1.42 eV, a value less than the band gap of
the absorber (from PL EQP": 1.59 eV and external quantum efficiency (EQE) Eg-
d(BQBVAE. 1 40 eV). Thus, CdS-based devices suffer from interface recombination,
consistent with previous observations.?”*® On the contrary, Ea for the Zn(O,S) buff-
ered device extrapolates to 1.60 eV, a value equal to the band gap, implying these
devices are not limited by interface recombination and are dominated by bulk
recombination. These results reveal the importance of a suitable buffer and interface
band-offset engineering for the passivation of interface recombination. In addition,
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Figure 5. High-efficiency solar cell from Cu-poor Cu(In,Ga)S,

(A-D) (A) J-V characteristics and (B) EQE for 15 mins light-soaked Cu-poor Cu(In,Ga)S, with CdS and
Zn(O,S) solar cell (see also Figures S9, S10, and S11), (C) PL decay curves for bare Cu-rich (1.29) and
Cu-poor (0.93) and films and with buffer layers at room temperature (the arrow indicates improved
lifetime for Cu-poor absorber and with Zn(O,S) buffer), (laser excitation wavelength: 640 nm; IRF,
instrument response function), and (D) V. loss analysis for Cu-rich and Cu-poor Cu(In,Ga)S;
devices with Zn(O,S) buffer layer.

this passivation effect is rather dependent on the composition of the absorber.
Notably, interface recombination is found to be a performance-limiting factor for
Cu-rich Cu(In,Ga)S, devices even with a suitable Zn(O,S) buffer, consistent with
the previous report.”” It is worth highlighting that activation energy close to band-
gap value is rarely reported for pure sulfide Cu(In,Ga)S, solar cells. Collectively,
these results demonstrate that the Zn(O,S) buffer is effective in suppressing the inter-
face recombination in Cu-poor Cu(ln,Ga)S; mainly due to well-aligned band offsets,
whereas Cu-rich Cu(In,Ga)S; remain prone to interface recombination, most likely
due to a damaged surface, similar to Cu-rich selenide absorbers.?® Thus, Cu-poor
absorbers are promising to achieve higher V.. We performed capacitance-voltage
(C-V) measurements on the devices to analyze the carrier density in the Cu-poor and
Cu-rich Cu(In,Ga)S,, as shown in Figure 4E. The Cu-rich absorber exhibits a high car-
rier density, while it is significantly lower for Cu-poor absorbers, indicating a high de-
gree of compensation.

High-efficiency solar cells from Cu-poor Cu(ln,Ga)S,

Based on our detailed optoelectronic investigations, we found that Cu-poor
Cu(ln,Ga)S, absorber with CGI of 0.93 exhibit considerably lower QFLS deficit,
and therefore a better solar cell performance is expected, suitable for high-
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performing solar cells. Using Cu(In,Ga)S, with CGl of 0.93, we prepared devices with
CdS and Zn(O,S). Figure 5A shows the J-V characteristics and summarizes the pho-
tovoltaics (PV) parameters of the best devices. Highest photoconversion efficiency
(PCE) of 12.8% and 15.2% is obtained for CdS and Zn(O,S) solar cells, respectively
(statistical distribution of PCE for 12 devices is shown in Figure S9) In both cases,
light soaking is required to remove the kink in the J-V curve, consequently improving
the fill factor (FF) and overall PCE of the device (See dark current in Figure S10 and
light-soaking effect on the device in Figure S11). V. is significantly higher for the
Zn(O,S) buffer device (902 mV), which corresponds to a Vo >2 deficit of 400 mV for
a 1.6-eV-band gap. The higher V. is due to the higher QFLS, i.e., better optoelec-
tronic quality of the absorber, and due to less V. loss compared with QFLS, i.e., bet-
ter quality of the interface due to a more suitable conduction band alignment with
the Zn(O,S) buffer layer. In addition, the larger band gap of Zn(O,S) buffer layer en-
ables absorption of higher energy photons resulting in a higher short-circuit current
density (Jso), consistent with the photocurrent gain shown in the EQE Figure 5B.
Applying anti-reflective coating (ARC) leads to improvement in the Jg, as evident
from the recovery of reflection losses in the EQE, resulting in an overall PCE of
15.2%. Regarding the stability, both CdS-based and Zn(O,S) devices show similar
behavior. However, the stability of these devices are yet to be quantified in the
context of different stresses such as environmental conditions and light soaking.

This demonstrates that pure sulfide Cu(In,Ga)S; solar cells could function remarkably
similar to pure-selenide-based solar cells. The excellent performance is not only due
to better optoelectronic quality of the Cu-poor absorbers but also benefits from a
Ga-grading profile. (The in-depth composition profile from SIMS are presented in
Figure S3.) Our film shows a double-graded Ga profile with higher Ga at the back
and the front. A relatively wide and flat region of Ga distribution and modest Ga
gradient suppresses recombination at the back contact.** The advantage of Ga
gradient has been observed previously for RTA Cu(ln,Ga)S; absorbers.' Ga-
grading profile could be further optimized for higher performance. Finally, we
compare the carrier lifetime of the Cu-poor and Cu-rich Cu(In,Ga)S; from room-tem-
perature transient photoluminescence (TRPL). From Figure 5C, a bi-exponential PL
decay characteristic is observed for bare Cu-poor and Cu-rich absorbers. Cu-poor
Cu(In,Ga)S; shows significantly longer lifetimes (ts: 500 ps and Tgjow: 3.2 ns) than
the Cu-rich absorber (ts: 176 ps and Tgjow: 1.2 Ns).

The longer lifetime in Cu-poor Cu(In,Ga)S; is attributed to the suppression of SRH-
recombination, in agreement with the steady-state low-temperature photolumines-
cence analysis and higher QFLS. The PL decay lifetime is improved further for the
Cu-poor Cu(ln,Ga)S,/ Zn(O,S) stack (Trst: 605 ps and Tsjow: 4.5 ns), corroborating
the surface passivation effect of Zn(O,S). From Figure 5D, analysis of V. losses in
Cu-rich and Cu-poor Cu(In,Ga)S, devices with Zn(O,S) buffer layer reveals lower
bulk recombination and substantial suppression in interface recombination for Cu-
poor Cu(In,Ga)S,. This highlights the importance of Cu stoichiometry and composi-
tion in Cu(In,Ga)S; for further efficiency enhancement. Figure 6A shows the reported
Vo values for Cu-poor and Cu-rich CulnS; and Cu(In,Ga)S; solar cells. For higher-
band-gap absorbers, the V,.°? deficit is better for Cu-poor absorbers. Recently,
an efficiency close to 12% was reported for 1.6-eV-band-gap selenide-CuGaSe,-
based solar cells with record V. of 1,003 mV with Zn;,Sn,O, (ZTO) buffer layer.®
The higher efficiency for the similar 1.6-eV-band-gap absorber reported in this study
(Figure 6B) demonstrates that sulfide absorbers could be an excellent choice for the
top cell in tandem solar cells.
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Figure 6. Summary of the photovoltage and efficiency in context to literature
(A and B) (A) Photovoltage (Vo) versus band gap (Eg) and (B) efficiency versus band gap (Eg) plot for
5:6,9,13-16.29,53,66-7273 gnd in this work (shown in filled

circles and shaded color). Eg is determined from EQE plots (see Figure S4).

sulfide solar cells reported in the literature

Increasing the carrier concentration in Cu-poor Cu(ln,Ga)S, through acceptor
doping could lead to further improvement. One promising route in this direction
could be the alkali-metal treatment, which has proven to be effective in increasing
doping concentration and quality in Cu(In,Ga)Se; solar cells.”#75

In summary, we show the role of Cu content and its relationship with the bulk and inter-
face recombination in Ga containing sulfide chalcopyrite solar cells. By combining opto-
electronic analysis with theoretical calculations, we conclude that the Cuy,/Cug, antisite
defects are among the major causes of high bulk recombination in Cu(In,Ga)S,. We show
that composition engineering, particularly in the Cu-poor domain, provides a promising
solution to manipulate these performance-limiting defects. We show that—(1) with
increased Cu deficiency, deep defects are strongly suppressed, resulting in an increase
in QFLS and also in the device Vo, (2) Cu-poor Cu(ln,Ga)S; is highly compensated with a
low carrier concentration of ~3 x 10> cm™> and exhibits drastically longer carrier lifeti-
me,whereas Cu-rich has amuch higher carrier concentration of ~1 x 10" cm ™3 and lower
carrier lifetime, and (3) suppression of interface recombination in Zn(O,S) buffer layer Cu-
poor devices but not in Cu-rich devices. Tuning the properties in the Cu-poor regime
gives excellent absorbers with high QFLS and carrier lifetime, leading to PCE above
15% with a high Vo of 902 mV. The main factors that lead to this efficiency boost are:

(1) Reduction of bulk recombination centers by using Cu-poor and Ga containing
absorbers, as evidenced by the increased carrier lifetime.

(2) Reduction of interface recombination by the use of Cu-poor absorbers, which
do not require etching, as evidenced by the massively reduced difference be-
tween QFLS and open-circuit voltage.

(3) Further reduction of interface recombination by using a buffer with a suitably
high conduction band edge, as evidenced by the higher open-circuit voltage
obtained with the Zn(O,S) buffer, as compared with CdS buffer.

(4) Likely the reduction of back surface recombination by a Ga gradient by com-
parison with similar results in the selenide compounds.

In this way, we show improvement not only in the bulk but also interface losses. These
results have important implications on the fundamental understanding of defect physics
in pure sulfide Cu(In,Ga)S,. This work addresses a major performance bottleneck for sul-
fide-based, and particularly, wide-band-gap Cu(In,Ga)S, absorber. The V. deficit in
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wide-band-gap Cu(ln,Ga)S; can be further reduced by improving the bulk quality
through post-deposition treatments and optimizing the deposition process, thus offer-
ing encouraging prospects for environmentally friendly H,S-free, Cd-free, and KCN-free
solar cells with efficiency approaching 20%, making them suitable for tandem solar cells.
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