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ABSTRACT
Record efficiency in chalcopyrite-based solar cells Cu(In,Ga)(S,Se)2 is achieved using a gallium gradient to increase the bandgap of the
absorber toward the back side. Although this structure has successfully reduced recombination at the back contact, we demonstrate that
in industrial absorbers grown in the pilot line of Avancis, the back part is a source of non-radiative recombination. Depth-resolved photo-
luminescence (PL) measurements reveal two main radiative recombination paths at 1.04 eV and 1.5–1.6 eV, attributed to two phases of low
and high bandgap material, respectively. Instead of a continuous change in the bandgap throughout the thickness of the absorber, we propose
a model where discrete bandgap phases interlace, creating an apparent gradient. Cathodoluminescence and Raman scattering spectroscopy
confirm this result. Additionally, deep defects associated with the high gap phase reduce the absorber’s performance. Etching away the back
part of the absorber leads to an increase of one order of magnitude in the PL intensity, i.e., 60 meV in quasi-Fermi level splitting. Non-radiative
voltage losses correlate linearly with the relative contribution of the high energy PL peak, suggesting that reducing the high gap phase could
increase the open circuit voltage by up to 180 mV.

© 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/10.1063/5.0165546

I. INTRODUCTION

Thin film solar modules based on Cu(In,Ga)(S,Se)2 (CIGSSe)
absorbers are already used in large scale production; AVAN-
CIS/CNBM has a nominal production capacity of more than 1 GW.
They reach a record power conversion efficiency (PCE) of 20.3%
for 30 × 30 cm2 submodules1 and of 23.6% for cells.2 The previous
cell record of 23.4%3 as well as the current submodule record make
use of a double graded band profile. The front surface gradient is
achieved by increasing the sulfur content at the front, while the back

surface gradient arises from a higher gallium content at the back of
the absorber. Variation of the Ga/(Ga + In) ratio (GGI) over the
thickness of the absorber has been studied for years. The resulting
increasing bandgap gradient toward the back side has been proven to
help drive the carriers away from the back contact, thus preventing
them from recombining non-radiatively before collection.4–7

Understanding the recombination activity in solar cells is
essential, as non-radiative recombinations reduce the efficiency of
the device. Carriers generated in the active material can either
recombine radiatively by emitting a photon with the energy of
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the transition or non-radiatively, losing the energy to the lattice.
In their famous publication on efficiency limits,8 Shockley and
Queisser already addressed the impact of non-radiative recombina-
tions, demonstrating their detrimental effect on cell performance. A
measure of the radiative recombinations and, by extension, of the
non-radiative processes is given by the photoluminescence quan-
tum yield (PLQY, fc in the Shockley–Queisser paper), i.e., the ratio
of the emitted photon flux over the incoming photon flux in a pho-
toluminescence (PL) experiment. PL spectroscopy is a powerful and
well known tool that can be used at an early stage in the prepara-
tion of solar cells to obtain valuable information about the quality of
the absorber layer itself.9 The current highest PLQY of a solar cell is
obtained for GaAs cells, reaching 35.7%, whereas chalcopyrite based
solar cells typically perform in the range of 0.1%–1%.10

All the absorbers investigated in this study are grown in the
pilot line of AVANCIS, Germany.11,12 They present an intentional
double bandgap gradient toward the front and back sides, induced
by a sulfur and a gallium gradient, respectively. In this work, we
compare the recombination activity from the front and back sides of
these industrial Cu(In,Ga)(S,Se)2 absorbers. We show by PL inves-
tigation that in graded absorbers, although the minimum of the
bandgap, i.e., the notch, dominates the recombination,13 there is an
additional radiative recombination channel visible from the back of
the absorbers. We propose here that the GGI does not gradually
increase toward the back side as suggested by compositional pro-
files from Glow Discharge Optical Emission Spectroscopy (GDOES)
measurements, but rather that two distinct phases coexist in the bulk
of the absorber. A high density of high (low) GGI grains forms at
the back (front) of the absorber and becomes sparser at intermedi-
ate depth, where the two phases interlace. This leads to an apparent
GGI gradient from a compositional point of view. We show further
evidence supporting this hypothesis through cathodoluminescence
spectroscopy and Raman spectroscopy.

II. METHODS
A. Sample preparation

All the absorbers investigated in this study are based on a dou-
ble barrier back-electrode for the control of alkali-diffusion and Mo
selenization. They are grown in the pilot line of AVANCIS, Ger-
many, according to the SEL-RTP process, i.e., a stacked elemental
layer followed by rapid thermal processing.11 The stacked elemental
layer consists of precursors of Cu–In–Ga:Na deposited by sputtering
and Se thermally evaporated. During the rapid thermal process in
sulfur containing atmosphere, this layer reacts to form the CIGSSe
absorber. The samples used in this study, all grown Cu-poor [with
relative comparison summarized in Fig. 1(b)], differ mostly for the
In/Ga relative content during the precursor deposition, which con-
sequently changes the overall GGI of the final absorbers, hence
also the GGI at their back. Few absorbers have been finished in
solar cells and yield an efficiency as high as 17.63% after deposition
of anti-reflection coating and light soaking (VOC = 664 mV, JSC
= 36.77 mA/cm2, FF = 72.18%).

B. Lift-off procedure
To gain direct access to the back side of the absorbers, a lift-

off procedure is performed, removing the CIGSSe film from its

FIG. 1. (a) Typical GGI (black) and bandgap (red) profiles of an absorber from
region III (red dot) determined from GDOES compositional measurements. The
investigated absorbers are all about 2.6 μm thick. The stronger increase of the
bandgap from GDOES toward the front is due to the sulfur content, which is higher
near the front. (b) 19 samples are investigated. For each of them, the position
of the high energy peak is measured by PL from the back side. The error in PL
energy is due to inhomogeneities and is determined from different measurements
on the same sample. The back side GGI is determined from an average over the
last 400 nm of the corresponding GDOES GGI profile. The standard deviation is
taken as the error. The two highlighted samples are discussed later in the text.

molybdenum back contact (see Fig. 2). A two-component epoxy glue
(Loctite EA 3421) is spread on the front surface of the sample before
a clean glass is pressed on it. The glue does not add a luminescence
signal in the investigated spectral region. After at least 24 h of cur-
ing, the samples are mechanically removed from their substrate by
applying some force to them. We found that a short dip of the stack
in liquid nitrogen (5–10 s) beforehand helps lift off the film more
easily. It has been reported in the literature that the cleavage of such
a stack happens at the interface CIGSSe/Mo or within the Mo(Sx,Sey)
layer that forms at the interface.14–16 X-ray diffraction (XRD) mea-
surement on the remaining substrate—after lift-off—indicates that
some residual traces of the CIGSSe phase are present, suggesting that
the current procedure does not provide an excellent detachment of
CIGSSe from the Mo layer.

C. Bromine etching
In order to investigate the absorbers via photoluminescence at

different depths, we developed a bromine etching routine to etch
part of the absorbers prior to the PL measurement. An aqueous
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FIG. 2. Semi-log scale—absolute photoluminescence spectroscopy at the different
stages of the lift-off process: under front side illumination before (1) and after (2)
lift-off, respectively, and under back side illumination after lift-off (3). Spectrum 2
has been corrected for the glass emission as indicated in Sec. II.

bromine solution of concentration 0.1 м is prepared by diluting liq-
uid bromine (Br2) (0.3 ml) into distilled water (60 ml) and finally
adding potassium bromide (KBr). The absorbers are dipped into the
etching solution for 40 s to 4 min depending on the desired etching
depth. The remaining thickness of the etched absorbers is measured
by cross-sectional SEM imaging. The etching is either performed on
absorbers before the lift-off to remove the front part of the absorber,
i.e., the low GGI area, or performed after the lift-off to remove the
back part, i.e., the higher GGI area.

D. Photoluminescence spectroscopy
We perform absolute calibrated PL measurements, exciting

the samples with a 660 nm wavelength diode laser. Achieving the
calibration is performed in two steps: spectral correction of the mea-
surements and calibration of the intensity. To fulfill the first point,
a commercial halogen lamp of known emission (Avantes AvaLight-
HAL-CAL-Mini) is directed onto a Spectralon placed at the sample
position, and its spectrum is measured. Comparing the measure-
ment and the calibrated spectrum provided by the company leads
to a correction function that takes into account the spectral depen-
dency of the collection system. The second point of calibration
requires, on the one hand, measuring the beam radius and laser
power at the sample position and computing the resulting expected
flux, and on the other hand. measuring its spectrum via the collec-
tion system. Comparing the measured (and spectrally corrected) flux
with the expected one returns an intensity correction factor. If not
specified otherwise in the text, the laser output power is set in such a
way that the impinging photon flux is 2.9 × 1017 photons/cm2/s, cor-
responding to one sun generation for a material of bandgap 1.04 eV,
based on the AM1.5 solar spectrum. The emission of the sample
is directed into an Andor Shamrock sr-303i spectrograph via two
parabolic mirrors that focus the emitted photons into an optical

fiber (0.22NA, 550 μm diameter) and is finally detected by a CCD
Si camera (Andor iDus DV420A-OE) in the visible range and a
CCD InGaAs camera (Andor iDus DU490A-1.7) in the NIR range.
For low temperature measurements, the samples are placed in an
Oxford Instruments cryostat (OptistatCF) and cooled down to tem-
peratures as a low as 10 K using liquid helium as a cryogenic agent.
Some samples require being measured through the glass. However,
excited with a 660 nm laser, glass emits radiation at 1.5 eV, which
adds an unwanted contribution to the PL spectra. Therefore, a pre-
liminary measurement of the glass emission alone is required and
can be subtracted from the absorber spectrum (see Fig. S1 in the
supplementary material).

E. Glow discharge optical emission spectroscopy
Depth profile analysis by Glow Discharge Optical Emission

Spectroscopy (GDOES) was applied to evaluate the chemical com-
position within the CIGSSe absorbers. The system uses an Ar-
plasma for sputtering and a CCD-array to detect the photons emit-
ted during the relaxation of the sputtered and in the plasma excited
atoms and ions. All GDOES depth profiles were measured using a
GDA 650 HR, a system built by Spectruma Analytik in DC excitation
mode (constant voltage-constant current mode) including an anode
with an inner diameter of 2.5 mm, corresponding to the actual mea-
surement diameter. The excitation parameters were set to 1000 V
and 12 mA. The WinGDOES software was applied to automatically
determine quantitative depth profiles of mass concentration and
then correct the data with a calibration method developed internally.

F. Raman spectroscopy
Raman spectroscopy measurements are performed in a

backscattering configuration through a probe designed at IREC
using 442, 532, and 785 nm excitation wavelengths. For the 532 and
785 nm excitation wavelengths, the measurement spot diameter is
∼70 μm (macro-Raman), and up to 25 points were measured over
the entire surface of both the front and back sides, which provided
representative information for the whole sample. For the 442 nm
excitation wavelength, the measurement spot diameter is ∼2 μm
(micro-Raman), and 64 points are measured on a 3 × 3 mm2 area
from the back side. This allows us to evaluate the inhomogeneities at
the micro-scale and acquire information from individual grains. For
the 442 and 532 nm excitation wavelengths, a fHR 640 monochro-
mator from Horiba Jobin Yvon, coupled with a CCD detector cooled
down to −130○ C, is used. For the 785 nm excitation wavelength, an
iHR 320 monochromator from Horiba Jobin Yvon, coupled with a
CCD detector cooled down to −70○ C, is used. To avoid the pres-
ence of thermal effects in the spectra, the excitation power density is
kept below 50 W⋅cm−2 in the laser spot. All spectra are calibrated by
measuring a reference monocrystalline silicon sample and imposing
its main Raman peak at 520 cm−1.

G. Cathodoluminescence spectroscopy
CL hyperspectral mapping is performed at 300 K on a cleaved

cross-section in an Attolight Allalin 4027 Chronos SEM-CL sys-
tem. CL measurements are taken using an iHR320 spectrometer
with a grating density of 150 lines per mm blazed at 500 nm. The
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microscope is operated at an electron beam current of 10 nA and
an acceleration voltage of 8 kV. The CL hyperspectral maps are then
analyzed using LumiSpy.17

III. RESULTS AND DISCUSSION
The composition profile of the studied absorbers is obtained by

means of GDOES, from which bandgap profiles can be computed
according to Bär et al.18 The typical bandgap and GGI profiles of
the absorbers from this study are plotted in Fig. 1(a). As can be
observed, gallium accumulates at the back of the absorber, generat-
ing the bandgap gradient toward the back. The increase in GGI over
the first 100 nm is actually due to a decrease in the indium content
in this region rather than an increase in gallium. This feature is par-
ticularly pronounced in the absorber shown in Fig. 1(a). The origin
of the indium decrease is not yet fully understood.

We empirically observe that the minimum of the bandgap
energy (Eg,min) given by the GDOES profile systematically leads
to higher values compared to other measurement methods.
Comparing Eg,min of the studied absorbers (see Fig. S2 in
supplementary material) obtained from reflection, PL, EQE, and
GDOES analysis9,18–21 reveals that the first three methods agree
on Eg,min, whereas GDOES overestimates it by about 55 meV. We
believe the reason for this is that not all of the sulfur is incorpo-
rated in the grains and that non-negligible amounts of it are located
at the grain boundaries. Keller et al. investigate the atomic struc-
ture around grain boundaries in AVANCIS’ CIGSSe absorbers by
Atom Probe Tomography (APT) and show that sulfur tends to
agglomerate at the grain boundaries.22 Consequently, bandgap ener-
gies calculated from composition alone are overestimated due to the
apparent higher sulfur content. Additionally, as will be discussed
in further detail later, Raman spectroscopy reveals some sulfur-
free areas on the back side. Therefore, we will only consider the
bandgap profiles in a qualitative way or refer directly to the GGI
profiles.

A. A high energy peak in the photoluminescence
spectra

In order to investigate the recombination activity from the
back side of the different samples, the absorber is mechanically
removed from its substrate, as described in the methods section, and
a subsequent analysis of the PL response from the different faces is
conducted. PL spectra measured from the back side show two main
emission peaks: one peak centered around 1.03 eV and another peak
in the range of 1.5–1.6 eV (see blue spectrum in Fig. 2). The small
sharp peak at 0.89 eV is attributed to water absorption,23 and there
is a second broader contribution centered around 0.9 eV that will
be discussed in further detail later. The full width half maximum
measured for the low energy peak is about 80–90 meV and about
160–180 meV for the high energy peak, observed from the back side.
These values are typical of CIGS films.24

At room temperature, however, measurements with illumina-
tion from the front side before or after the lift-off (red and green
spectra in Fig. 2) reveal only one single contribution at about
1.04 eV. This PL emission peak corresponds to band-to-band recom-
bination in the region of the bandgap minimum of the absorber.9,13

We therefore argue that from both front and back side illumination,
significant recombination originates from the bandgap notch. After
the lift-off, the stress applied to the lattice by the molybdenum is
released, allowing the lattice to relax. Therefore, we generally observe
that the notch PL peak is 10–20 meV lower after lift-off than before,
depending on the curing time.13 The longer the glue cures before the
lift-off, the less shift is observed. Moreover, as shown in Fig. 2, the
notch luminescence is about two orders of magnitude lower when
excited and measured from the back side than from the front side
as a consequence of the second recombination channel. According
to the bandgap profile shown in Fig. 1, one would expect a higher
band-to-band emission while measuring from the back side. How-
ever, this model cannot explain why only two peaks are detected. If
one assumes that the high energy peak originates from the bandgap
gradient at the back side, then all the intermediate band gaps should
also be visible by PL and result in one single very broad peak. Unex-
pectedly, the high energy peak can be detected from the front side as
well, but only at low temperatures (in the range of 10–80 K; see Fig.
S3 in the supplementary material). At low temperatures, a decrease
in the photogenerated carriers’ mobility is expected and, therefore,
the recombination is more likely to occur at the generation site.
Moreover, the absorbers are excited by a laser of wavelength 660 nm
with a penetration depth in the material of about 100 nm. It suggests
that within the first few hundreds of nanometers from the front sur-
face, the second recombination channel already exists, emitting at
1.5–1.6 eV.

In order to understand the origin of the high energy peak, we
prepared a series of absorbers with varying GGI on the back side.
As discussed earlier, we believe that the sulfur is not entirely incor-
porated in the grains and, therefore, we use the back side GGI as
a guide to compare the bandgap energy trends between the sam-
ples. Note that this does not provide an exact value for the expected
band gaps. Figure 1(b) shows the relation between the position of
the high energy PL peak measured from the back side and the
back side GGI averaged over the last 400 nm of the GDOES pro-
files. Samples in region III present small changes in the back side
GGI, ranging from 0.85 to 0.93, and only a loose correlation is
observed for the corresponding high energy PL peak, which varies
from 1.50 to 1.56 eV. Samples in region II have a significantly
reduced back side GGI of 0.71–0.77. The same PL peak energy is
observed within errors, except for one sample with slightly lower
peak energy (and lower back side GGI). Finally, the sample in region
I has the lowest back side GGI (0.66) and shows the lowest peak
energy (1.38 eV). This demonstrates that the bandgap of the high
gap phase strongly depends on the GGI at the back side of the
absorber.

Based on these results, we argue that there is no continuum of
band gaps through the material, as suggested by the GDOES pro-
file in Fig. 1(a), but rather that there are distinct phases of discrete
band gaps coexisting throughout the whole thickness of the material.
Moreover, the position of the high energy PL peak depends on the
gallium content at the very back of the absorbers.

In a previous study on co-evaporated CIGSe absorbers from
ZSW, Wolter et al. detected a similar high energy peak in addition to
the notch peak when measuring from the back side.13 These samples
were grown with a back side GGI of about 0.6, and the high energy
peak was detected at 1.31 eV, correlating with the trend observed in
this work.

APL Mater. 11, 101120 (2023); doi: 10.1063/5.0165546 11, 101120-4

© Author(s) 2023

 18 O
ctober 2023 15:28:11

https://pubs.aip.org/aip/apm


APL Materials ARTICLE pubs.aip.org/aip/apm

B. Distinct phases of discrete band gaps

Investigation by Raman spectroscopy of both the front and
back sides of the absorbers is conducted to assess whether the differ-
ent phases are due to different CIGSSe compositions or secondary
phases. In addition, cross-sectional cathodoluminescence provides
local information about the bandgap throughout the film thickness.

Raman spectroscopy measurements are performed under a
532 nm laser excitation in a macro configuration (see methods
section for details). This excitation wavelength is close to the
bandgap of pure CuGaS2,25 which leads to resonant Raman scat-
tering and a strong increase in the LO components of the polar
E/B symmetry modes.26 Although four absorbers were measured
[all from region III in Fig. 1(b)], Fig. 3(a) only shows the normal-
ized Raman spectrum of one of them, as no significant differences
could be observed between the samples [blue dot in Fig. 1(b)].
The main peaks, observed at the front side, are associated with
the A-like symmetry modes, i.e., Se–Se and S–S vibrations at 178
and 288 cm−1, respectively.27,28 When measuring from the back
side, a slight blueshift of these peaks to 185 and 307 cm−1, respec-
tively, is observed [see Fig. 3(b)]. This can be explained by the
increase in sulfur and gallium content toward the back of the
absorbers.27,29 The associated increase in the bandgap also leads
to resonant behavior of the spectra measured from the back side,
with a high relative intensity of the LO components of the E/B-like
symmetry modes [indicated by the green dashed lines in Figs. 3(a)
and 3(b)]. The peaks marked by the gray dashed lines at 170, 238,
and 252 cm−1 are attributed to a MoSe2 phase detected at the back
side of the absorbers.30 This is an expected secondary phase at the
Mo-CIGSSe interface. All other peaks are due to CIGSSe phases;
no additional secondary phases are observed. An investigation of
the remaining substrate after lift-off reveals some traces of CIGSSe
phases, indicating the imperfect removal of the absorber from its
substrate.

Additionally, a small peak of an ordered vacancy compound
(OVC) phase is visible from both sides, appearing as a shoulder

on the low frequency side of the Se–Se peak, as highlighted in
Fig. 3(a) and 3(b) by the red dashed lines.31 Under the excitation
of a 785 nm laser, more of the OVC phase peaks are detected
(see Fig. S4 in the supplementary material) from both the front
and back sides due to this wavelength being close to resonance for
the CuIn3Se5 OVC phase.32 In Cu-poor chalcopyrites, the forma-
tion of off-stoichiometry compounds, i.e., OVCs, is often observed,
such as CuIn3Se5 or CuIn5Se8 phases, for instance, in selenide
absorbers.33,34

Furthermore, the pale lines in Figs. 3(a) and 3(b) represent
individual measurements performed at different positions on the
absorber. They can be used as an indication of the lateral homo-
geneity, in terms of chemical composition, of the absorbers’ sur-
faces. Consequently, absorbers are very homogeneous from the
front side, whereas significant variation is observed between the
individual measurements from the back side, suggesting larger inho-
mogeneities. In particular, as it can be concluded from the absence
of the 307 cm−1 peak in Fig. 3(c), some sulfur-free areas are present
on the back side. More interestingly, grains with significantly differ-
ent gallium amounts can be detected. The back side of the absorber
studied in Fig. 3(a) and 3(b) is additionally scanned over an area
of 3 × 3 mm2 with a 442 nm wavelength laser in micro configura-
tion (see methods section), which enables a grain-to-grain analysis
[Fig. 3(c)]. This excitation wavelength has been chosen because it is
far from resonant with pure CuGaS2, CuGaSe2, and CuIn3Se5 OVC
phases25,32,35 and has a penetration depth shorter than 100 nm. Two
distinct Cu(In,Ga)Se2 phases could be distinguished when measur-
ing from the back side, one more Ga-rich and the other more In-rich,
yielding peaks at 185 and 178 cm−1, respectively. For clarity, the
individual measurements are divided into four groups depending
on the dominating phase. The Ga-rich phase strongly dominates in
groups 1 and 2, whereas the In-rich phase dominates the spectra in
group 4. Group 3 regroups spectra where the two phases compete.

Complementary information on the variation of the bandgap
from grain to grain can be obtained from cathodoluminescence
spectroscopy (CL) in the scanning electron microscope (SEM). In

FIG. 3. Typical Raman spectra measured from (a) the front side before lift-off and (b) the back side after lift-off. A 532 nm wavelength laser is used as an excitation source.
(c) Micro Raman on a 3 × 3 mm2 area from the back side using a 442 nm wavelength laser as an excitation source. Individual measurements are ordered in groups 1–4,
depending on the dominant peak. Pale lines in all figure parts are individual measurements taken in different positions and normalized to the peak related to Se–Se vibrations
(178 and 185 cm−1, respectively). The darker lines are the resulting averaged spectra.
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particular, CL is performed on the cross-section of an absorber
similar to the one in Fig. 3 [red dot in Fig. 1(b)]. In each pixel,
a spectrum is measured, making it possible to follow the evolu-
tion of the bandgap from the front surface down to the back side.
Figure 4(a) shows a secondary electron (SE) cross-section image of
the region where CL is performed. SE images are recorded under
conditions optimized for CL imaging, which often have opposite
imaging requirements and should be regarded only as a guide to fol-
low from where the CL signal is coming from. Figure 4(b) reports the
energy of the maximum of each individual spectrum. It is important
to mention that this representation gives only a simple view of the
bandgap energies, as some spectra, especially close to the back side,
are too noisy to identify peaks. As the sample is slightly tilted, not
only the cross section’s emission is visible, but also the very front
surface. The latter is dominated by a low gap phase with emission at
about 1.13 eV (blue color). We relate this low gap phase to the low
energy peak in the PL spectra, centered at 1.04 eV. Energy differ-
ences between the two measurement methods are attributed to the
decreased quantum efficiency of the Si-camera used in CL at such
low energies.

Considering individual line profiles from top to bottom along
the cross-section of the film, we identify three scenarios, as indicated
in Fig. 4(b) by the vertical lines: (i) a two phase region with an almost
smooth transition from the front surface toward the back side; (ii) a
three phase region with an almost smooth transition at the inter-
mediate depth of the low gap and intermediate gap phases and with
coexistence deeper in the intermediate and high gap phase; (iii) a two

phase region with coexistence in the middle of the film between the
low gap and high gap phases. Individual spectra along the three lines
are plotted in Fig. 4(c). In case (i), only one emission peak is detected,
gradually increasing from 1.15 to 1.62 eV toward the back side. It
should be noted, however, that in the transition region, the peak
becomes wider than in the regions where clearly only one phase is
detected. Cases (ii) and (iii) show distinct areas, indicating multiple
phases. In case (ii), a gradual increase similar to the one from (i) is
observed from 1.13 eV until 1.48 eV, but a sharp transition from 1.48
to 1.67 eV then occurs, as can be seen from the intermediate spec-
tra where two peaks occur in the spectra. The low energy peak loses
intensity as the higher energy one takes over. This abrupt transition
from one recombination channel to another is observed in the col-
ormap [Fig. 4(b)] as an abrupt change of color. The line profile (iii) is
another example of such an abrupt change of recombination energy,
happening however closer to the front surface, changing the dom-
inant recombination from 1.28 to 1.61 eV. From a larger set of CL
measurements performed on the same sample and on a second one
with an additional sodium treatment (see Fig. S5 in supplementary
material), it is seen that scenario (i) is not the most probable, but
that generally, one or two abrupt transitions occur, indicating two
or three discrete phases.

C. Depth resolved investigation of the distinct
interlaced phases

To support the hypothesis that the bulk of the absorber is made
of interlaced distinct phases, depth resolved photoluminescence

FIG. 4. (a) SE cross-section image of the region of interest where the CL is performed. (b) Colormap of the energy of the maximum of the CL emission. Orange-red
corresponds to the high gap phase, green-yellow to the intermediate one, and blue-cyan to the low gap phase. The white region at the bottom is glass, and the black regions
are either molybdenum (see left legend) or too noisy to identify peaks. (c) Individual spectra along the lines (i–iii) shown in (b). The peak in the transition region broadens
compared to the region where only one peak is observed. The dashed boxes indicate the coexistence regions.
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spectroscopy is performed after sequential etching of the absorber.
Using the bromine etching routine described in the methods section,
we gradually etch an absorber from region III [red dot in Fig. 1(b)]
and measure the photoluminescence response at different depths
throughout the thickness. Therefore, information about the depth
distribution of the different phases can be accessed. Etching from the
front and back sides has been performed, and the remaining thick-
ness of the absorbed material is measured via an SEM cross-section.
The etched surface generally presents an unequal roughness and,
therefore, we estimate the error in the measurement of the thick-
ness to be ±0.2 μm. Figure 5 shows the results from the two faces.
These two measurements (front and back etching) are independent
from each other and performed under different experimental condi-
tions. Because of the lower signal from the back side, the excitation
intensity for the measurement of the back side is set higher than for
the front side. The spectra are all spectrally corrected but are not
corrected in intensity. The measured PL flux is not absolute, but a
relative comparison between the spectra within the same graph is
possible.

After the first etching step from the front side, about 400 nm
of material is etched, and the notch peak intensity increases by one
order of magnitude. The low intensity of the non-etched absorber
is attributed to the degraded surface after air exposure, which is a
region of non-radiative recombinations.36,37 We empirically notice
that a buffered absorber remains stable for months, whereas a bare
one oxidizes in a few hours in the air, resulting in a decrease in the
PL intensity by up to two orders of magnitude. It should also be
noted that even though there is a steep Eg increase at the very front

surface of the absorbers, the expected recombination when no etch-
ing is performed is still at the bandgap minimum due to carriers’
diffusion. As more of the material is removed, we observe that the
peak related to the notch recombination reduces in intensity and
blueshifts slightly before disappearing entirely [see Fig. 5(a)]. This
behavior correlates well with the bandgap profile shown in Fig. 5(c)
and confirms that the dominant recombination occurs at the notch.
As previously discussed, the GDOES profile should be considered in
a qualitative way to address trends and not as offering absolute val-
ues, as we believe that not all the sulfur is in the bulk of the grains.
On the other hand, before the notch peak disappears, the high energy
peak, centered at 1.56 eV, is detected after 0.9 μm of the absorber is
etched and remains at constant energy until only 300 nm of material
are left. This is in contradiction to the smooth profile indicated by
GDOES and in agreement with the cathodoluminescence observa-
tions, which have already shown that some high bandgap material is
present in the middle of the absorber and not solely at the back side.

To gain a better understanding of which contribution comes
from what depth, we perform the etching (as well as the PL mea-
surement) from the back side of the absorbers, thus conserving the
notch at all times and removing only the back part [see Figs. 5(b) and
5(d)]. Therefore, no shift of the notch emission peak is observed,
as expected. In a similar manner as from the front side, as more
of the material is etched away, the high energy peak remains at
constant energy. Additionally, it gradually loses intensity while the
notch peak’s intensity increases, confirming that the high gap phase
is more present toward the back side of the absorber. Moreover, an
additional PL peak at about 1.2 eV is detected at intermediate depth

FIG. 5. Top: semi-log scale, non-absolute photoluminescence spectra at different depths after the absorber is gradually etched, from the front side (a) and from the back side
(b). The legend indicates the depth relative to the front surface at which PL is performed (0 μm corresponds to the front surface and 2.6 μm to the back). The dashed lines
represent the peaks’ positions, also reported in (c) and (d). Bottom: bandgap profile determined from GDOES (black) and energies of the measured PL notch peak (red) and
high energy peak (blue) at the different etching steps, from the front side (c) and back side (d). The colored bars indicate the etching depth, including errors.
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in the absorber’s bulk (at depths of 1.7 and 1.4 μm) from the back
side, as can be seen in Fig. 5(b). We attribute this peak to a third
phase of intermediate Eg, as already seen in CL spectroscopy [Fig. 4,
line profile (ii)]. In addition, the broadening of the notch peak (at
depths of 0.9 and 1.2 μm) when measuring from the front side is
another indication of the presence of this phase. While cathodo-
luminescence provides information on the different phases present
throughout the absorbers on a micrometer scale, photoluminescence
collects signals from a few hundred grains at once. We, therefore,
argue that depth resolved PL spectroscopy gives an average of the
three scenarios discussed in Fig. 4, showing that mainly two or three
individual phases with different GGI ratios are formed within the
material. We propose in Fig. 6 a new model for the bandgap pro-
file in such graded absorbers. According to GDOES measurements,
a gradual increase from a low bandgap energy [green in Fig. 6(a)]
toward a high bandgap energy (light red) is expected. However, as
we demonstrated in this work, a situation as depicted in Fig. 6(b)
seems more reasonable. A large density of high gap phase, the Eg
of which is influenced by the GGI at the back side, forms close to
the back contact of the absorber. Contrastingly, a low gap phase
forms in high density toward the front side, generating the “notch”
part of the absorber. In the bulk of the material, these two phases
coexist at different densities, giving rise to an apparent gradient in
the GDOES profile. In addition to the two main phases, a sparse
phase of intermediate bandgap could be detected in the bulk, rep-
resented by the dark red color in Fig. 6(b). Finally, as observed by
CL, some rare grains show a smooth Eg gradient, as highlighted
in Fig. 6(b).

D. Effect of the back side luminescence
on the radiative efficiency

Interestingly, as we etch from the back side past the steep Ga
gradient and most of the high gap phase is removed (last etching
step from the back side, at depth 0.3 μm), the notch peak’s inten-
sity increases by one order of magnitude. Its total integrated flux is
3 × 1018 photons/cm2/s. All other spectra in Fig. 5(b) have a similar
total integrated flux of about 3 × 1017 photons/cm2/s. This strongly
indicates that the non-radiative losses decrease when the back part is
removed, i.e., that the back part of the absorber provides undesirable
recombination paths that are detrimental to the absorber. A simi-
lar observation has been made based on carrier lifetime in graded
CIGSe absorbers.38 In fact, an increase of one order of magnitude in

FIG. 6. Model for gallium gradient as suggested from the GDOES profile (a) and
as proposed in this work based on other techniques (b). Green indicates a low
bandgap phase (Eg1), dark red is an intermediate bandgap phase (Eg2), and light
red is a high bandgap phase (Eg3).

PL intensity translates into an increase of ∼60 meV in quasi-Fermi-
level splitting, which gives an upper limit for the VOC of the complete
cell.9 Among the undesirable recombination paths, a broad PL con-
tribution centered at about 0.9 eV is detectable from the back side
and from the front side after etching (see Figs. 2 and 5). Other chal-
copyrite thin film studies reported PL emission at such low energy.
Niki et al. observed a broad peak at about 0.85 eV in Cu-poor and
Cu-rich CuInSe2 films.39 Mansfield et al. concluded that in standard
Cu-poor Cu(In,Ga)Se2, a band-to-defect emission was detectable by
PL spectroscopy at 0.79 eV.40 More recently, Siebentritt et al. showed
that a similar deep defect is also detected in sulfide chalcopyrites.41

Spindler et al. reported a defect transition in Cu(In,Ga)Se2 around
0.7–0.8 eV for high GGI and low GGI, respectively.42 However, sim-
ilarly to the observations in Ref. 39, they showed that the transition
was more pronounced in Cu-rich films than in Cu-poor samples.
They also discussed deep broad transitions around 1.10 and 1.24 eV
in CuGaSe2 at 10 K that they tentatively attributed to GaCu and
[GaCu-2VCu], respectively.43 In the present work, the 0.9 eV defect
emission may be a combination of the 0.8 and 1.10 eV defects. Fur-
thermore, this defect emission disappears as the back part of the
absorber is etched away, hinting that these defects are associated
with the high gap phase, present in higher density at the back side.
This defect disappearing could be the cause of the increase in PL
intensity observed in Fig. 6(b) after the last etching step. Two addi-
tional absorbers [from region III, Fig. 1(b)] have been gradually
etched from the back as well, but with shorter etching steps past
the steep Ga gradient (see Fig. S6 in the supplementary material).
It shows more clearly that the low energy PL peak intensity gradu-
ally increases as the back side is etched away. However, we cannot
exclude the contribution of the interface between the low and high
bandgap phases. When etching enough of the back side, less high
bandgap material is left in the remaining absorber, reducing, there-
fore, the number of interfaces between low and high bandgap phases.
This could, in turn, increase the PL intensity of the low energy
peak.

To investigate the influence of the high gap phase on the
radiative efficiency of the absorbers, we consider different CIGSSe
absorbers and measure for all of them absolute photoluminescence
from both the front and back sides. On one hand, based on the mea-
surements conducted on the front side, we extract the non-radiative
losses as kbT × ln(PLQY), where kb is the Boltzmann constant,
T is the temperature of the measurement, and PLQY is the pho-
toluminescence quantum yield. On the other hand, based on the
measurements from the back side, we determine the relative con-
tribution of the high energy peak to the notch peak. In other words,
we calculate the ratio of the integrated fluxes of the high energy peak
and of the notch peak, referred to as the “peaks ratio” in Fig. 7.

Non-radiative losses through Shockley-Read-Hall recombina-
tion have a direct impact on the PLQY. As a consequence, both
quasi-Fermi level splitting and VOC are reduced by the same
quantity, kT ln(PLQY).24 Based on an absolute PL investigation of
absorbers, it is, therefore, possible to predict the losses in the device’s
performance. A linear relation between the non-radiative losses and
the peaks ratio is obtained, demonstrating the negative impact of the
high gap phase on the device’s performance. We show that high non-
radiative losses are associated with a high peak ratio and conclude
from the fit that decreasing the amount of the high gap phase could
reduce these losses by up to 180 meV.
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FIG. 7. Non-radiative losses vs peaks ratio for different CIGSSe absorbers. The
peaks ratio is calculated as the ratio of the integrated PL fluxes of the high energy
peak and of the low energy peak from measurements from the back side. The
dashed line is a linear fit to the data.

IV. CONCLUSION
We demonstrated that the back side of graded Cu(In,Ga)(S,Se)2

absorbers is a source of non-radiative recombination and, there-
fore, a limiting parameter for cells’ performances. Depth resolved
photoluminescence spectroscopy revealed that two main radiative
recombination paths compete: one at about 1.04 eV, corresponding
to recombination in the low gap phase, and one around 1.56 eV,
attributed to recombination in the high gap phase. At intermediate
depth into the bulk of the absorber, a third recombination path can
sometimes be detected, indicating the presence of a sparse phase of
the bandgap around 1.2 eV. Raman and cathodoluminescence spec-
troscopy confirm the formation of multiple phases and locate the low
(high) bandgap phase close to the front (back) side. We propose that
the bandgap gradient in graded absorbers is not a gradual increase
from the front side toward the back side but rather that two main
phases of low and high bandgap form, with the low gap phase pre-
dominantly near the front and the high gap phase predominantly
near the back. The interlacing of these two phases in the bulk of
the material produces the apparent gradient one can measure with
GDOES.

In addition, we detect a broad defect band centered around
0.9 eV inside the high gap phase. We tentatively propose, as an
origin, a combination of deep defects, one around 0.8 eV, com-
monly observed in selenide and sulfide chalcopyrites, and another
one around 1.1 eV, as detected in CGSe. By etching the back side
of the absorber until most of the high gap phase is removed, we
measured a strong increase of one order of magnitude in the PL
intensity of the notch peak, which translates into an increase of
60 meV in quasi-Fermi level splitting. Furthermore, we find a linear
relation between the non-radiative voltage losses and the contribu-
tion of the high energy PL peak, highlighting the detrimental effect
of the high gap phase. A decrease in the non-radiative losses of up to
180 meV could be expected by reducing the amount of the high gap
phase.

SUPPLEMENTARY MATERIAL

See the supplementary material for complementary PL, CL,
and Raman data as indicated in the text and details on bandgap
determination based on different measurement methods.
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