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ABSTRACT
As Si-based solar cell technologies approach their theoretical efficiency limits, alternative photovoltaic systems, such as tandem solar cells, are
gathering increased attention due to their potential to reach higher efficiencies by better use of the solar spectrum. Cu(In,Ga)S2 (CIGS) is a
promising material for the top cell due to its large, tunable bandgap energy (Eg), stability, and already established high efficiencies. However,
the deficit in open circuit voltage is still large; therefore, an improved understanding of the efficiency losses is required. Scanning electron
microscopy cathodoluminescence was used to study the role of the polycrystalline nature for radiative recombination in CIGS samples of
varying Cu-content. Considerable differences between neighboring grains were observed in the emission energy and the emission intensity,
with significant drops in emission energy at the grain boundaries. Lateral homogeneity in the near band edge (NBE) energy was found to
reduce for samples with Cu-poor compositions, with its standard deviation halving (σNBE ∼ 20 meV) compared to the more stoichiometric
films (σNBE ∼ 50 meV), which corresponds to an open circuit voltage loss contribution that is nearly an order of magnitude lower. Such
inhomogeneities can be attributed mainly to local variations of the Ga concentration. Hence, the differences between the samples could be
explained by the different deposition times at elevated temperature allowing for different extents of homogeneity. Thus, Cu-poor films are
not only favorable because of lower concentrations of deep defects but also because of reduced bandgap variations.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0145450

I. INTRODUCTION

Si based solar cells are currently one of the main renewable
energy sources, already providing 5% of the worldwide electricity
in 2021.1 The cost for PV modules has decreased dramatically over
the last decades such that meanwhile the cost of the system com-
ponents, as opposed to the absorber material, constitutes more than
half of the total cost of a PV system.2 These costs are largely propor-
tional to the area of the system and thus increasing the efficiency of
solar modules is the way forward to reduce cost. Currently, state-
of-the-art Si solar cells have demonstrated a maximum efficiency
of (26.7 ± 0.5)%,3 which is approaching the theoretical maximum
for single junction cells of ∼31% given by the Shockley–Queisser
limit.4

One way to considerably increase the efficiency of solar mod-
ules is through the use of tandem solar cells5 where multiple semi-
conductor materials are stacked, with each efficiently converting
photons from different portions of the solar spectrum. To cou-
ple with the widely used Si-based cells, materials that can absorb
shorter wavelength, higher energy light efficiently, without thermal-
ization losses, are required. The sulfide chalcopyrite Cu(In,Ga)S2
(referred to as CIGS) is a direct bandgap semiconductor material,
which is particularly interesting for such applications due to its
direct bandgap and suitable bandgap energy, Eg, which can be
tuned by alloying from 1.52 eV (CuInS2) to 2.43 eV (CuGaS2).6
Additionally, chalcopyrites, in general, have demonstrated stable
performance in real world conditions over decades. This makes it
a promising candidate for the top cell in the tandem arrangement.
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Furthermore, the relative ease of manufacturing and the limited
toxicity of its constituent elements elevate the potential for CIGS.7
Current state-of-the-art CIGS-based devices have demonstrated an
efficiency of 15.5%,8 lower than that of the related Cu(In,Ga)Se2
(CIGSe) chalcopyrites.9 In particular, the open circuit voltage deficit
is higher in the sulfide chalcopyrites than in the selenide chal-
copyrites. Thus, recent studies of CIGS have focused on minimiz-
ing non-radiative recombination10,11 and on understanding elec-
tronic defects.11,12 While there is limited information available in
literature for recombination processes in Cu(In,Ga)S2, compari-
son with the related CIGSe material system can offer valuable
insights.

While a Ga gradient through the depth of the film is needed for
efficient solar cell operation,13,14 uncontrolled, compositional inho-
mogeneity has been found to be detrimental to cell performance. In
particular, variations of the Ga/Ga + In ratio (GGI) lead to bandgap
variations, lattice mismatch strain, and thus to tail states. These
tail states increase radiative and non-radiative recombination, lead-
ing to a reduction in the open circuit voltage.15–17 Deep in the gap
these tail states take the form of Urbach tails with an exponen-
tial decay of the density of states, described by the Urbach energy.
However, near the band edges the density of states is often dom-
inated by a Gaussian distribution of bandgaps18 with a width of
σEg . Analytical expressions exist, which link the radiative open cir-
cuit voltage loss, ΔVrad

OC , to the Urbach energy17 or the width of
the distribution on bandgap.19 Here, we estimate the width of the
distribution of bandgaps from the width of the near band edge emis-
sion peak and so use the expression for Gaussian shaped density
of states

ΔVrad
OC =

σEg
2

2ekBT
, (1)

where e is the elementary charge and kBT is the thermal energy.19

It was shown for exponential tails that the open circuit voltage
losses due to the non-radiative Shockley–Read–Hall recombination
are of the same magnitude so that the total contribution, ΔVOC, is
approximately twice that obtained from Eq. (1).17

The origin of these detrimental bandgap fluctuations was found
to be linked to variations in the GGI, as well as to variations in strain.
Thermodynamic modeling of the ternary phase diagram revealed
phase transitions, which are sensitive to small compositional vari-
ations under typical processing conditions, giving rise to lateral
inhomogeneities.20 Meanwhile, Avancini et al.21 reported [Ga]/[Ga
+ In] (GGI) inhomogeneity in the vicinity of voids and crevices,
possibly caused by variation in elemental diffusivities. Variation in
surface GGI has also been detected due to rough surface topog-
raphy with thicker regions allowing a greater distance over which
the Ga concentration can increase (with a given Ga double gradi-
ent).22 Szaniawski et al.23 reported that changing the Cu-content
of CIGSe films from a [Cu]/[Ga + In] (CGI) ratio of 1.0 to 0.5
led to reduction in the Ga gradient owing to the increase in the
Cu vacancy (VCu) concentration and thus increased In and Ga
diffusivities. This allowed for the (in this case desired) composi-
tional differences through the thickness of the film to become more
homogenized laterally. Furthermore, variations in strain, which can
be caused by the different lattice constants of CIGS with different
GGI,24 also lead to variations in the bandgap.25 The bandgap fluctu-

ations could also be associated with the absorber deposition process.
It is important to consider the different stages of growth kinetics
and recrystallization in a complex multistage absorber deposition
process.21 Transition from Cu-rich to Cu-poor stage and anneal-
ing processes strongly influences the grain growth kinetics and
microscopic elemental distribution, serving as a source of local GGI
variation.

In this paper, lateral inhomogeneities within CIGS sam-
ples were investigated using cathodoluminescence scanning elec-
tron microscopy (CL-SEM). This technique allows for the direct
comparison of the electro-optical properties of the CIGS sam-
ples to their morphology and grain structure on a nanometer
scale.26 Five samples of varying CGI ratios were studied using
cathodoluminescence (CL), revealing different CL emission behav-
iors for different CGI ratios. The possible causes are discussed
below.

II. METHODS
The details of the five Cu(In,Ga)S2 samples are summarized in

Table I. They were prepared using co-evaporation deposition. The
CGI ratio of the films was varied from 0.93 to 1.29 while keep-
ing the GGI ratio relatively constant (0.12–0.18). The number of
deposition steps were also varied between samples. The bandgap
energies were obtained using photoluminescence (PL) techniques.10

We would like to point out that despite the usual error in x-ray spec-
troscopy (EDX) measurements the observed trends in CGI follow
the expectations from the deposition experiments, i.e., higher CGI
with shorter third stage, or no third stage as for sample E.10 Further-
more, the trends observed in optoelectronic properties support the
CGI trend.10 Only sample D is different, in that it comes from a sin-
gle stage process with constant fluxes. The difference in composition
between samples C and D is not significant; both samples are nearly
stoichiometric.

Cu-poor and Cu-rich Cu(In,Ga)S2 thin films of ∼2 μm thick-
ness were deposited on sputtered Mo coated soda-lime glass (SLG)
substrates by one-, two-, and three-stage co-evaporation process. For
a one-stage process (sample D), Cu, In, Ga, and S were thermally co-
evaporated at constant rate to form a film over the substrate with
a growth temperature ∼570 ○C. In a two-stage process (sample E),
In, Ga, and S were evaporated at substrate temperature of ∼260 ○C
during the first stage followed by Cu–S evaporation at substrate tem-
perature ∼570 ○C in the second stage. During the second stage, the
transition to Cu-rich phase was monitored by the increase in the
substrate heating power output along with the change in pyrome-
ter reading due to the change in the emissivity of the absorber at
the onset of CuxS formation beyond the stoichiometric composition.
Note that here the Cu-rich film refers to the CIGS processed under
excess CuxS phase and that the removal of CuxS renders the com-
position close to stoichiometry. For the three-stage process (sample
A, B, and C), an additional third stage after Cu–S deposition was
introduced, where In, Ga, and S were deposited at constant sub-
strate temperature of ∼570 ○C. The process duration of the third
stage was varied to obtain the desired CGI ratio of the final Cu-poor
Cu(In,Ga)S2 film. The sulfur partial pressure during the film growth
was maintained in the range of 3 × 10−5–7 × 10−5 mbar. Substrates
were constantly rotated with the speed of 4 rpm throughout the
growth process. After the growth, the substrates were cooled down
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TABLE I. A summary of the samples investigated in this study. The [Cu]/[Ga + In] ratio, the bandgap energy, Eg,PL, using PL at room temperature and the number of deposition
steps used in the sample preparation are given.10 Additionally, the performance of the best solar cells made from these absorbers10 is presented. Note: these solar cells were
made with different buffers and only the solar cell made from sample A was equipped with an anti-reflective coating; for details, see Ref. 10.

Sample [Cu]/[Ga + In] ratio Eg,PL (eV) Deposition Eff (%) VOC (V) jSC (mA cm2) FF (%)

A 0.93 1.57 Three-stage 15.2 902 23.1 73

B 0.95 1.58 Three-stage 12.8 854 21.0 72

C 0.98 1.59 Three-stage 9.5 868 19.9 55

D 1.02 1.61 One-stage No device – shunted

E 1.29 1.58 Two-stage 6.7 607 18.5 60

in the presence of sulfur vapor until 140 ○C to avoid the loss of sul-
fur from the film. The conducting CuxS phase formed at the surface
of the Cu-rich absorbers were etched by dipping the sample in 10%
aqueous KCN (potassium cyanide) solution for 5 min before char-
acterization. A lower concentration KCN etching was performed on
Cu-poor absorbers also (5% for 30 s).

The composition is acquired by energy dispersive x-ray spec-
troscopy (EDX) with beam energy of 20 kV on the as-grown
absorbers before etching, that is, averaging over the ternary chal-
copyrite phase and secondary copper sulfide (CuxS) phase. The
chemical composition is this report is defined as the ratio [Cu]/[Ga]
+ [In], which involves the usual error of EDX of around 0.05 or
more. Compositional profiles of sample B (typical for all Cu-poor
samples) and E can be found in the supplementary material of
Ref. 10.

The photoluminescence PL measurements were performed on
a home-built set-up equipped with a 660 nm laser excitation source.
Two off-axis parabolic mirrors are used to collect luminescence
emitted from the samples, then focused into an optical fiber, and
spectrally resolved by a monochromator. Eventually, the emission is
detected by Si-CCD and (In,Ga)As photodiode array. The laser beam
diameter and power are measured with a charge-coupled device
camera and power meter, respectively, for use in the calibration of
the photon flux. The calibration allows to set the incident photon
flux from the excitation laser to the photon flux equal to above-
bandgap photon flux for the material under an AM1.5 sun spectrum.
Spectral corrections are performed utilizing the known spectrum
of a calibrated halogen lamp. Quasi-Fermi level splitting (QFLS) is
evaluated from the absolute intensity photoluminescence spectrum
using a fit to generalized Planck’s law.

The low temperature photoluminescence measurements were
carried out in the above-mentioned system with the sample housed
in a flow cryostat and cooled to liquid helium temperature.

Cathodoluminescence (CL) hyperspectral mapping was per-
formed in an Attolight Allalin 4027 Chronos dedicated CL-SEM
with a 150 l/mm and 500 nm blazed grating. All measurements were
taken at room temperature with an electron beam acceleration volt-
age of 6.0 kV and a current of 3.0 nA with 90% of the beam energy
being deposited within a depth of ∼150 nm according to Monte
Carlo CASINO simulations.27 Initial CL images were observed to
suffer from significant drift due to charging, so the samples were

carbon-coated to improve the conduction of the beam electrons
away from the surface. All data treatment was performed using the
Python hyperspy library.28

III. RESULTS
The surface morphology, as measured by secondary electron

(SE) imaging, of the five samples is shown in Fig. 1. For the three
Cu-poor samples (CGI below 1), A, B, and C (all prepared using
the three-stage deposition process), similar “classic” grain-like struc-
tures, akin to those found in other thin film solar cell materials, such
as CdTe29 and CIGSe,30 are visible. For sample D, a rough surface
topography with sharp angle surfaces and ridges can be seen. Finally,
for sample E, small smooth, well-rounded structures separated by
crevices are observed.

Figure 2 contains the mean CL spectra obtained from each of
the five samples (averaged over the entire image areas shown in
Fig. 1). Each sample shows a high emission peak between 1.55 and
1.70 eV, corresponding to the near-band-edge (NBE) transitions,
and lower intensity peaks (labeled D1 and D2) at 1.30–1.40 eV,
which we attribute to defect luminescence. It is seen that with
increasing Cu-content, a general decrease in the NBE CL emission
intensity (INBE) is observed. With the increase in the CGI ratio from
0.93 to 1.02, the INBE is reduced overall by approximately a factor of
6, with each step change between the samples roughly halving the
NBE peak intensity. The CL spectra furthermore reveal a gradual
increase in the mean NBE emission energy from sample A (⟨ENBE⟩
= 1.59 eV) to sample D (⟨ENBE⟩ = 1.66 eV). However, between sam-
ples D and E, there is no significant change in peak intensity and
the emission energy decreases to ⟨ENBE⟩ = 1.58 eV (a value simi-
lar to sample A). The trend in ENBE between the different samples
reflects the trend in Eg obtained using PL and is likely due to vari-
ations in the Ga content.10 The small differences in the absolute
values are attributed to differences in the utilized detectors (spec-
trally corrected vs uncorrected), large differences in sampling area
(∼150 nm for CL and multiple μm for PL) and excitation mechanism
(especially sampling volume and excitation density). The excitation
mechanism would be expected to play a particularly significant role
due to the compositional grading perpendicular to the substrate, giv-
ing different mean compositions in the PL and CL sampled volumes.
Finally, the full width at half maximum (FWHMNBE) of the NBE
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FIG. 1. Secondary Electron images of the top surfaces of the five samples studied (with increasing Cu-content from top left to bottom right). At the bottom left is a sketch of
the sample structure. SEM and CL measurements were performed on the Cu(In,Ga)S2 absorbers alone. All details about the solar cells can be found in Ref. 10.

FIG. 2. The mean CL spectra of the five Cu(In,Ga)S2 samples. The different
measured optical transitions have been labeled NBE, D1, and D2, respectively.

peak was calculated for each sample and is summarized in Table II.
The increase in the FWHMNBE values from samples A and B to C
and D indicates the onset of a peak broadening mechanism while
sample E shows diminished NBE peak width.

Figure 3 contains a panchromatic CL intensity image and
a NBE emission energy image for each sample. Contrast in the

TABLE II. A summary of the calculated mean NBE emission energy, ⟨ENBE⟩, the full
width half maximum (FWHMNBE) of the NBE peak in the mean CL spectrum, the
standard deviation of the NBE emission energies, σNBE, and the calculated radiative
open circuit voltage loss, ΔVOC, of the five CIGS samples.

Sample CGI ratio
⟨ENBE⟩

(eV)
FWHMNBE

(meV)
σNBE

(meV)
ΔVOC
(mV)

A 0.93 1.596 95.4 21 20

B 0.95 1.616 95.0 19 20

C 0.98 1.627 115.7 52 110

D 1.02 1.663 112.1 45 80

E 1.29 1.588 80.4 18 10

panchromatic CL emission intensity can be expected as a result of
various features within the sample. First, grain boundaries (GBs) act
as sites for significant, undesirable non-radiative recombination, due
to the increased presence of dislocations and bonding alterations,31

and hence low CL intensity is expected to be seen here. Strictly, this
only applies for random GBs as higher symmetry Σ3 twin GBs in
CIGSe have been reported to give reduced rates of the detrimental
non-radiative recombination32 but the majority of the grain bound-
aries observed here in the CL contrast are likely to be random. The
panchromatic CL intensity images in Fig. 3 (top row) show such
variations in CL emission across the surface of each sample, with
the bright regions as the grain interiors and the darker bands as
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FIG. 3. Panchromatic (top) and NBE energy (bottom) images for the five Cu(In,Ga)S2 samples (increasing CGI from left to right). Note the different scales for each image.
The mean and standard deviation of ENBE are also given for each sample. A color-blind friendly version of the figure can be found in supplementary material 3.

the GBs. Considering the different intensity scale bars, the same
trend of decreasing CL intensity with increasing CGI between the
samples, as in Fig. 2, can be seen. Comparison between these CL
intensity images and the SE images in Fig. 1 shows that although
some grain-like features seen in the SE image are reflected in the
CL intensity images, the correlation between them is by no means
perfect (see supplementary material 1). As the surface morphology
seen in the SE images does not fully reveal the crystallography of
the samples, henceforth the CL intensity images have been used to
define the GBs. However, some of the differences between the loca-
tions of GBs suggested by the SEM and CL images might be due to
the presence of Σ3 GBs that are mostly not detected in panchromatic
images.32

Topographical features may also influence the CL intensities.
Generally, regions with protruding surface features give reduced
electron–hole pair generation (and hence decreased CL emission
intensities) while regions with troughs and pits in turn give increased
electron–hole pair generation. This is analogous to morphological
effects on secondary electron emission coefficients as reported by
Groudeva-Zotova et al.33 The magnitude of this phenomenon is
dependent on factors such as feature size and acceleration voltage.
This can be seen in the panchromatic image for sample D where
reduced intensity is seen along the ridges identified in Fig. 1 (see
supplementary material 1), making the distinction between sepa-
rate grains more difficult. However, such influences were not clearly
identified in the panchromatic CL intensity images of the remain-
ing samples. Additionally, this effect is not expected to significantly
affect the CL emission energies and thus will not impact on the focus
of this study.

To extract the center energies of the NBE emission peak, ENBE,
the CL spectrum was fitted using Gaussian functions at each pixel
of the acquired hyperspectral dataset. The fitting results are sum-
marized in the ENBE images in Fig. 3 (bottom row). The equivalent

overall trend of increasing mean NBE emission energy between the
samples is reproduced, as in Fig. 2. For samples A, B, and E, small
variations of the emission energy within each sample are observed.
This can be characterized by calculating the standard deviations
of the NBE energy (σNBE) and these were obtained as 21, 19, and
18 meV respectively, as summarized in Table II. However, for sam-
ples C and D, there are greater variations of emission energies
within each sample with the σNBE calculated as 52 and 45 meV.
Here, it is noted that σNBE is the calculated standard deviation of
a random variable and not of a Gaussian distribution. The relative
change in σNBE between the samples are greater than the calcu-
lated FWHMNBE values from the mean spectra (Fig. 2). This is due
to the FWHMNBE of the mean spectrum being a measure of the
mean disorder of the system convoluted by the intensity distribu-
tion between the disordered parts, while the standard deviation of
the emission energy images is independent of the emission intensity
distribution and is thus a more accurate representation of energy
variations within the sample. However, the same overall trend of
samples C and D exhibiting a greater variation (larger FWHMNBE
and larger σNBE) in the NBE emission energy is still observed. Gen-
erally, there is no strong correlation seen between the ENBE image
with the topography (Fig. 1), as expected.22 However, for sample
D, where there was strong surface morphology influence on the
panchromatic CL intensity images, the NBE emission energy is seen
to increase along the previously identified ridges (see supplementary
material 1). This effect is expected to be material driven though,
not topography driven as was in the panchromatic CL intensity
image.

We extracted line spectra across sample C (see Fig. 4) in
order to better understand the nature of the NBE emission energy
variation observed in our sample series. The position of the line
spectra is marked in the panchromatic CL image in Fig. 4, with
the line spectra themselves being shown in Figs. 4(a) and 4(b).
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FIG. 4. A panchromatic CL intensity image (left) for sample C (CGI = 0.98) showing the positions and directions of line spectra (a) (top right) and (b) (bottom right). Note the
different intensity scale used for each spectrum. Abrupt energy shifts and grain boundaries (as identified from the CL intensity image) are marked within the line spectra.

Both line spectra contain emission peaks at 1.65 and 1.55 eV and
are drawn across multiple grain boundaries, which were identified
in the panchromatic CL intensity images (Fig. 3) as lines of low
emission intensity. The position of the grain boundaries is marked
in both line spectra. It can be seen that the strongest emission
energy shifts are abrupt at grain boundaries, shifting by as much
as 100 meV. Some smaller, more gradual energy shifts can also
be observed in some of the grains. Additionally, we can observe a
variation in the defect luminescence intensity between the different
grains.

IV. DISCUSSION
Observed NBE emission energy fluctuations are closely related

to variations of the bandgap within the CIGS samples and can be
quantitatively related to the open circuit voltage loss, as twice the
radiative losses19,50 given by Eq. (1) (shown in Table II). For the
more homogeneous samples A, B, and E, this is limited to 10–20 mV,
but for samples C and D, ΔVOC is found to be around 100 mV.
Due to the σEg

2 relationship, the open circuit voltage loss increases
by nearly an order of magnitude between samples, highlighting the
importance of grasping the causes for this observed behavior. In fact,
these calculated values for samples A and C are seen to account for
most of the ∼110 mV difference10 in the losses in quasi-Fermi level
splitting. The magnitude of the observed bandgap variation as well
as the correlated ΔVOC is well within the range reported by Mattheis
et al.51 (σNBE 10–90 meV and ΔVOC up to 150 meV) in Cu(In,Ga)Se2.
Possible origins of such changes in the value of Eg across a
material are compositional fluctuations, strain within the films or
grain sizes.

For alloys such as Cu(In,Ga)S2, the effect of the In and Ga
compositions on the bandgap can be described quantitatively by
interpolation34

Eg
CuIn1−xGaxS2 = xEg

CuGaS2 + (1 − x)Eg
CuInS2 − bx(1 − x), (2)

where x is the GGI ratio, Eg
CuInS2 = 1.52 eV, Eg

CuGaS2 = 2.43 eV6

and the bowing parameter, b = 0.2 eV.34 Therefore, locally Ga-
richer regions would have increased Eg and hence NBE transitions
at higher energies, while In-richer regions would have decreased Eg
and lower NBE transition energies.

Strains in deposited films may arise due to either a discrepancy
in the materials’ lattice constants or their thermal expansion coeffi-
cients. The prior case could arise if there were a sharp transition in
GGI ratio between regions in the CIGS film, with In-richer domains
having a larger equilibrium lattice constant and hence being in
compression and the Ga-richer regions with reduced lattice con-
stants being in tension. Films deposited at elevated temperatures can
also experience mismatch strains due to the film and the substrate
contracting by different amounts upon cooling. Generally, material
under tensile strain would see a reduction in Eg, while material under
compression would experience increased bandgaps.35,36 However,
for CIGS, this relationship is more complicated due to the splitting
of the upper valence band with the heavy-hole like band becoming
the highest valence band under compressive uniaxial stress and the
light-hole like band under tensile stress.25,37 For the samples studied
here, the bandgap effects due to the lattice mismatch strains should
not be significant as they also arise due to compositional inhomo-
geneities, but then its effects on the value of Eg , as described above,
would be expected to dominate. In turn, it is unlikely for the lat-
eral variations to be caused by the thermal expansion mismatch as
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for an isotropic film such strains would be expected to be uniform
throughout.

Finally, if the grain sizes in a semiconductor material were
smaller than the electron–hole wavefunction (i.e., 10 s of nanome-
ters), quantum confinement effects could give an additional con-
tribution and increase the bandgap of the material.38 However, the
features seen in the SE images in Fig. 1, as well as the regions of
shifted ENBE in Fig. 4, appear to be present across much larger
length scales. The origins of lateral variations in cathodolumines-
cence emission energies are thus likely to be dominated by bandgap
fluctuation due to GGI inhomogeneities,39–41,51 though this will be
expected to also give rise to lattice mismatch strains, which will give
some contribution to Eg too.21,36

However, the source of such compositional inhomogeneity and
the reason for the differences between samples of varying CGI
are not currently clear. Bäcker et al.42 found phase separation and
dewetting in the precursor Cu–In–Ga film to be observed in the
final CIGSe product. However, the multi-stage deposited CIGS films
in this study were produced in a co-evaporation process.10 As the
overall GGI values were not varied significantly between samples,
this would not be expected to give rise to the sample Cu precur-
sor exhibiting increased phase separation as required for this theory.
Therefore, any separation into In- and Ga-rich phases must take
place upon the addition of Cu, but this is not thermodynamically
predicted.43

Random alloy fluctuation as the driving force for spatial vari-
ation in the GGI ratio has been suggested by Mattheis et al.51 who
found that the bandgap variation observed for Cu(In,Ga)Se2 layers
strongly depends on the overall GGI ratio, having a maximum σNBE
of about 90 meV at near equal Ga to In ratio. However, comparing
the range of σNBE in our samples with the σNBE found by Mattheis
et al., we find that the GGI variation in our samples (0.12–0.18) is
too small to explain the observed bandgap variation with random
alloy fluctuations alone.

Elemental inhomogeneities in the vicinity of voids and crevices
have also been observed,21 but this is unlikely to be the cause of
the large lateral ENBE fluctuations seen, particularly for sample C
where the variations can be seen grain-to-grain, as in Fig. 4. The
GGI variations seen from the sample topography by Witte et al.22

would expect to give rise to some correlation between the secondary
electron and ENBE images, even if precise film thickness variation
cannot be determined from the prior. Furthermore, this relies upon
the presence of the desirable Ga gradient perpendicular to the sub-
strate, which was not detected by XRD for the single stage deposited
sample D.10 Therefore, it cannot explain the large ENBE shifts seen for
this sample.

In CIGSe films, it has been established that with deviations
in composition away from stoichiometry, the atomic diffusivity
increases due to the increased concentration of vacancy sites (VCu
for Cu-poor films, V In and VGa for Cu-rich films).44 This allows
for the greater In and Ga diffusivities in Cu-poorer films and thus
the flatter (i.e., more homogeneous) Ga gradient perpendicular to
the substrate, as reported by Szaniawski et al.23 A similar trend
is observed between the Cu-poor CIGS samples investigated here
with increased lateral homogeneity for samples A and B that have
compositions furthest from a CGI ratio =1. This may suggest that
the increased In and Ga diffusivities in these films allows for any
uneven deposition of species to become more homogenized during

growth whereas the more stoichiometric sample C is less success-
ful in doing so, as characterized by the calculated σNBE. However,
this would be expected to primarily affect the atomic mobility
within grain interiors and cannot fully explain the increased homo-
geneity across grains that would require enhanced diffusion across
grain boundaries too. Furthermore, this cannot be extended to
sample E where the CIGS film achieves a narrow bandgap distri-
bution while having a stoichiometric final film composition. Thus,
this effect is not expected to be the main driving force for the
differences in compositional homogeneity observed across these
samples.

Finally, the kinetics of grain growth or recrystallization plays
an important role in governing the film homogeneity. Three-stage
deposition process typically proceeds through several stages of
recrystallization, which depends on the deposition rate, duration,
and temperature. It is well established that, in the case of CIGSe,
an intermediate Cu-rich stage favors larger grain growth through
Cu–Se assisted recrystallization,45 stress relaxation,46 and also alters
the elemental diffusion profiles.47–49 For fixed deposition rate and
the temperature, as in the case of this study, duration becomes
an important parameter governing the composition, gradient, and
homogeneity. Since the final Cu-poor compositions were achieved
by varying the duration of the third stage, comparison of samples
A, B, and C allows us to directly correlate the effect of anneal-
ing times on film homogeneity. Caballero et al.49 studied the effect
of longer annealing times of the final (third) stage for CIGSe thin
films. They showed smoother Ga/In gradient for longer annealed
film as compared to standard films. A similar trend is observed here:
an increased lateral homogeneity with increase in Cu-deficiency. A
plausible explanation is that the longer annealing times assist in the
grain growth and provide enough time to homogenize the distri-
bution of the Ga and In species, resulting in smaller local bandgap
variations. Additionally, prolonged annealing time could also lead
to the growth of defect-poor grains at the expense of defect-rich
grains as evidenced by higher intensity of the NBE emission for Cu-
poor films. For the case of two-stage Cu-rich film (sample E), the
improved lateral homogeneity can be attributed to the Cu–S assisted
recrystallization process. Hence, Cu-poor films are not only benefi-
cial in view of reduced defect density but also due to better lateral
homogeneity.

V. CONCLUSION
In this study, scanning electron microscopy cathodolumi-

nescence was used to study the opto-electric properties of five
Cu(In,Ga)S2 samples with varying CGI ratios. The near band edge
peak intensity was found to increase ∼6-fold by decreasing the CGI
ratio for Cu-poor samples, with the overall trend in agreement with
previous PL studies.10 Their NBE emissions were also on average
found to shift toward lower energies from ⟨ENBE⟩ = 1.66 eV (CGI
= 1.02) to ⟨ENBE⟩ = 1.59 eV (CGI = 0.93). Analysis from fitting of
the CL data revealed lateral, spatial variation in the emitted NBE
energies across the surface of all five samples but were particularly
prominent in the two near-stoichiometric samples C and D. The
NBE emission energy standard deviation of 52 meV for sample C
gives rise to a radiative loss in open circuit voltage, ΔVOC, of 110
mV, which is nearly an order of magnitude greater than the one
found for samples A, B, and E with less stoichiometric compositions.
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Meanwhile, sample A was found to have a total recombination open
circuit voltage loss of 20 mV. Therefore, the open circuit voltage loss
due to inhomogeneity can account for most of the ∼110 mV differ-
ence seen in the loss of quasi-Fermi level splitting between samples
A and C. Previously, the higher loss in films with higher Cu con-
tent was attributed to a deep defect seen in Cu-rich films.10 This
seems still to be the case for the most Cu-rich sample (E), which
has a narrow distribution of band gaps, but still a large loss in quasi-
Fermi level splitting. The new investigations presented here, on the
other hand, support that lateral GGI fluctuations are the main cause
of differences in the loss in quasi-Fermi level splitting and thus
the open circuit voltage loss in Cu-poor films. It should be noted,
though, that even the best films had a rather large loss in quasi-
Fermi level splitting so that the role of deep defects still needs to
be investigated. The observed lateral fluctuations were attributed to
GGI inhomogeneities that were alleviated for the Cu-poor samples
A and B due to the increased deposition times at elevated tempera-
tures required to reach their desired CGI ratios. Hence, due to the
higher CL emission intensities and greater lateral homogeneity, Cu-
poor CIGS films offer most promise for high efficiency solar cell
applications.

SUPPLEMENTARY MATERIAL

In the supplementary material, we show animated overlays of
Figs. 1 and 3 for samples A and D to demonstrate the correlation
between morphology, NBE emission energy, and emission inten-
sity. Furthermore, we show the histogram of NBE energy for all five
samples.
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