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ABSTRACT
Polycrystalline widegap Cu(In,Ga)Se2 (CIGSe) absorbers for top cells in photovoltaic tandem devices can be synthesized via [Ga]/
([Ga] + [In]) (GGI) ratios of > 0.5. However, the power conversion efficiencies of such high-GGI devices are smaller than those 
of the record cells with GGI < 0.5. In the present work, the effects of the GGI ratio on various CIGSe material properties were 
studied and correlated with the radiative and nonradiative open-circuit voltage (VOC) deficits of the thin-film solar cells. Average 
grain sizes, grain boundary (GB) recombination velocities, fluctuations in luminescence energy distribution, barrier heights at 
GBs, effective electron lifetimes, and Urbach energies were investigated in five solar cells with GGI ratios from 0.13 to 0.83. It was 
found that the GGI variation affects GB recombination velocities, fluctuations in spatial luminescence distributions, the average 
grain size, the electron lifetime, and the Urbach energy. In contrast, the detected ranges of barrier heights at GBs are independent 
of the GGI ratio. Mainly Ga/In gradients give rise to substantial radiative VOC losses in all solar cells. Nonradiative VOC deficits 
are dominant especially for solar cells with GGI > 0.5, which can be attributed to low bulk lifetimes and enhanced recombination 
at GBs in CIGSe absorbers in this compositional range.

1   |   Introduction

Polycrystalline thin-film solar cells based on Cu(In,Ga)Se2 
(CIGSe) absorber layers exhibit record power conversion ef-
ficiencies of up to 23.4% in case the integral [Ga]/([Ga] + [In]) 
(GGI) ratio in the CIGSe absorber is about 0.3 [1]. The band-gap 
energy Eg of a CIGSe thin film can be adjusted via its integral 
GGI ratio as Eg varies between about 1.04 [2] and 1.68 eV [3] for 
GGI ratios of between 0 (CuInSe2) and 1 (CuGaSe2). While de-
vices with low-gap CIGSe absorber layers have already exhibited 

high power conversion efficiencies [4], solar-cell devices with 
widegap CIGSe layers (GGI > 0.5) that can be used, for example, 
as absorber layers for top cells in tandem devices [5], generally 
feature efficiencies much smaller than those at the theoretical, 
radiative (Shockley–Queisser) limit [6, 7], mainly owing to very 
large losses in the open-circuit voltage (VOC).

Numerous reports in the literature gave possible reasons for the 
deterioration of the solar cell performance when the GGI ratio 
becomes larger than about 0.4–0.5. Increasing GGI decreases 
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the lattice parameters c and a thereby c/a < 2. An ideal tetrag-
onal crystal structure with minimum defect density occurs at 
c/a = 2 at a GGI around 0.2 [8]. This change in the crystal struc-
ture due to GGI increase results in lattice strain that is linked to 
the density of extended defects. The Cu antisite-defect concen-
tration increases with GGI [9]. According to Spindler et al. [10], 
at GGI values of about 0.5 and for Eg > 1.35 eV, the energy states 
of donor-type defects are extended into the band-gap region, 
thus, they are deep defects. Therefore, the alteration in the states 
occupied by these defects and increased defect concentration at 
GGI > 0.5 enhances the probability of defect-assisted recombi-
nation, resulting in a higher VOC deficit (∆VOC). Charge-carrier 
recombination at the heterointerface between CIGSe and the 
buffer layer due to an unfavorable conduction-band offset also 
may contribute to losses in VOC [11, 12]. Furthermore, also in-
creasing point-defect concentration and trap densities as well as 
smaller minority-charge carrier diffusion lengths are reported 
as consequences of an increase in GGI [9, 13–15].

Although GGI variations in CIGSe thin films for solar cells have 
been performed and analyzed intensively in the past, some as-
pects such as the grain-boundary (GB) recombination behavior, 
the barrier heights at the GBs, electron recombination velocity at 
the GBs and the distribution of the luminescence energy with re-
spect to the GGI ratio have not yet been analyzed in detail. More 
generally, it would be desirable to assess microscopic structure–
property relationships in CIGSe layers, linking microstructural 
with optoelectronic absorber properties and the device perfor-
mance of the corresponding solar cells, and highlighting what 
the effect of the GGI variation is on these relationships. We 
investigated five CIGSe solar cells with nominal GGI ratios of 
0.13, 0.34, 0.51, 0.67, and 0.83 in the CIGSe layers and analyzed 
these solar cells by various microscopic techniques on the iden-
tical specimen areas. It was found that the distribution of barrier 
heights at the grain boundaries within a specific CIGSe thin film 
is independent of its GGI ratio and does not influence the de-
vice performance. Compositional gradients, Urbach energy, and 
fluctuations in spatial luminescence distributions with increas-
ing GGI are features that limit the radiative VOC. At GGI > 0.5, 
the density of GBs and GB recombination velocity in the CIGSe 
thin films is large. Thus, high ∆VOC is also correlated to a reduc-
tion in the effective electron lifetime due to an enhanced nonra-
diative recombination at these planar defects.

2   |   Materials and Methods

CIGSe solar cells were prepared on soda-lime glass substrates 
with sputtered Mo back contacts on top. CIGSe was deposited 
by an in-line multi-stage co-evaporation process and the differ-
ent, nominal GGI ratios were realized by adapting the Ga and 
In deposition rates in the first Cu-free stage at substrate heater 
temperatures around 450°C for 13 min and second/third stage 
of the process at higher substrate heater temperatures around 
650°C for 13 min. In addition, all CIGSe absorbers were subject 
to an in-situ RbF-PDT process under Se atmosphere. More de-
tails on the CIGSe deposition process with the industry-relevant 
30 × 30 cm2 in-line coater can be found in Gutzler et  al. [16]. 
Solution-grown CdS served as buffer layer in combination with 
rf-sputtered i-ZnO deposited without any additional heating as 
high-resistive layer. ZnO:Al window layers, which served as 

conductive front contact, were dc-sputtered at a nominal tem-
perature of 180°C with Ni/Al/Ni grid fingers on top and no anti-
reflective coating was applied. The total cell area is 0.5 cm2 as 
defined by mechanical scribing.

Current–voltage (I-V) curves were recorded with a WACOM 
solar simulator at standard testing conditions with a simulated 
AM1.5G spectrum and a Si reference cell. CIGSe solar cells 
were measured in the as-grown state without any further light-
soaking or post-annealing procedure. X-ray fluorescence (XRF) 
was performed with a Fisherscope X-ray XDV-SDD on CIGSe 
absorbers on Mo-coated soda-lime glass substrates for determi-
nation of the integral chemical composition.

Lifetime of the minority charge carriers was obtained via time-
resolved photoluminescence (TRPL) using a diode laser with a 
wavelength of 640 nm and a pulse frequency between 0.2 and 
1 MHz together with a photomultiplier detector (H10330A-45, 
PMA-C). TRPL decay was acquired at room temperature on 
the bare CIGSe absorber layer post etching. External quantum 
efficiency (EQE) spectra for the determination of the bandgap 
and Urbach energies were acquired over a wavelength range of 
300 to 1400 nm, at 10 nm steps, under an illumination spot size 
of 5 × 5 mm2 and detected using a grating monochromator. EQE 
spectra were recorded at bias voltages of 0 V and also at −0.5 V 
and −1 V applying silicon and indium gallium arsenide solar 
cells as references.

The electron backscatter diffraction (EBSD) maps and en-
ergy dispersive X-ray spectroscopy (EDS) maps were acquired 
using Zeiss UltraPlus scanning electron microscopes in com-
bination with Oxford Instruments NordlysNano. The elemen-
tal distribution maps by means of EDS were measured at an 
acceleration voltage of 7 kV and evaluated using Aztec soft-
ware packages. The EBSD measurements for microstructure 
analysis were performed at a beam energy of 12–15 kV, and 
with a step size of 20–50 nm and evaluated using the Oxford 
Instruments/HKL software packages Aztec and CHANNEL5 
and a pseudocubic symmetry for indexing the EBSD patterns. 
Cathodoluminescence (CL) spectroscopy was performed at an 
acceleration voltage of 10 kV and beam current of 1.2 nA over 
a specimen area of about 20 μm2, using Zeiss Merlin scanning 
electron microscope equipped with DELMIC SPARC CL system 
[17]. The hyperspectral CL images were evaluated using the 
DELMIC Odemis Viewer software and the software tool Fiji.

3   |   Results

3.1   |   Effect of GGI on the Device Performance

Table 1 shows the photovoltaic (PV) parameters of the five inves-
tigated CIGSe thin-film solar cells. The VOC increases and short-
circuit current density ( jsc) decreases with Eg (determined from 
the local maximum of the first derivative of the EQE spectrum 
at the EQE onset), in qualitative agreement with the SQ theory 
[6, 7]. The fill factor (FF) and power-conversion efficiency (ƞ) 
decrease substantially with increasing Eg for GGI > 0.51. The 
VOC deficit ΔVOC = (Eg/e) − VOC (e is the elemental charge) is cal-
culated from the difference in the corresponding Eg determined 
from EQE and the measured VOC from the I-V characteristics. 
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ΔVOC is 530 mV at GGI = 0.13 decreases to a minimum of 500 mV 
for cell #2 with GGI 0.34 and then increases with increasing 
GGI. Cell #5 with the largest nominal GGI of 0.83 exhibits the 
highest ΔVOC of 720 mV. To understand possible origins of ΔVOC, 
it is necessary to study the effect of GGI variation on various 
material properties and relate these properties to the ΔVOC as 
shown in the following subsections. Further origins than those 
addressed in the present work have to be considered, for exam-
ple, properties of interfaces between absorber and contacts that 
change with varying GGI that can be characterized, for exam-
ple, via impedance and surface voltage spectroscopy [18, 19]. 
In the present work, we focus on the material properties on 

the sub-micrometer scale, characterized via correlative SEM 
techniques.

3.2   |   Microstructural, Compositional, 
and Luminescence Properties of the CIGSe Layers

We assessed various microscopic properties, via acquiring 
EBSD, EDX, and CL maps on identical positions of individual 
CIGSe absorbers with varying GGI as shown in Figure 1. Cell 
#2, with a nominal GGI of 0.34, exhibits the smallest ∆VOC of 
500 mV, while cell #5 features the highest nominal GGI of 0.83 

TABLE 1    |    Photovoltaic parameters and VOC deficits of the five CIGSe solar cells with different GGI ratios and the band-gap energies (Eg) 
determined from the local maxima in the first derivatives of the EQE spectra at their absorption onsets.

Cell no. GGI Eg (eV) VOC (mV) jsc (mA) FF (%) Ƞ (%) ∆VOC (mV)

1 0.13 ± 0.03 1.09 ± 0.01 560 ± 2 34.7 ± 0.1 75 ± 1 14.9 ± 0.2 530 ± 12

2 0.34 ± 0.03 1.23 ± 0.01 730 ± 3 29.8 ± 0.1 76 ± 2 16.7 ± 0.1 500 ± 13

3 0.51 ± 0.03 1.34 ± 0.01 780 ± 3 25.5 ± 0.3 77 ± 1 15.2 ± 0.3 560 ± 13

4 0.67 ± 0.02 1.46 ± 0.01 830 ± 4 21.1 ± 0.1 71 ± 2 12.8 ± 0.2 630 ± 14

5 0.83 ± 0.03 1.58 ± 0.01 860 ± 4 14.8 ± 0.1 65 ± 2 8.3 ± 0.2 720 ± 14

Note: The given values and errors are averages and standard deviations from five individual cells.

FIGURE 1    |    Various microscopic results obtained from the same identical specimen areas of cross-sectional specimens of the cells #2 and #5, 
prepared from ZnO/CdS/CIGSe/Mo/glass stacks. (a, f) SEM images. (b, g) EBSD pattern-quality maps, showing the differences in the grain-size 
distributions. (c, h) Ga distribution maps (Ga-L X-ray lines) acquired by means of EDS. The highlighted regions (white, dashed rectangles) indicate 
the areas from where the line scans perpendicular to the substrate were extracted (Figure 2). (d, i) CL intensity distributions. The yellow, dashed 
rectangles indicate the regions in which GB recombination velocities were determined (Figure 5). (e, j) CL emission-energy distributions. The yellow, 
dashed rectangles indicate the regions from which the σlater and σverti was calculated.
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and a large ∆VOC of 720 mV. We take a closer look into the struc-
ture–property relationships, by comparing various properties of 
the two cells with the highest and moderate GGI values of 0.83 
and 0.34 and further study the effect of these properties on the 
corresponding ∆VOC (the correlative electron microscopy results 
of the three other solar cells with GGI values of 0.13, 0.51, and 
0.67 are provided in Figures S1, S2, and S3).

Figure 1 shows a comparison of the microstructures from EBSD 
maps (Figure 1b,g), the Ga distributions via EDX (Figure 1c,h), 
and the lateral distributions of the luminescence emission using 
CL (Figure 1d,i,e,j) of the two cells.

The EBSD maps in Figure 1b,g depict the differences in the grain 
sizes at two different GGI ratios of 0.34 and 0.83. EBSD maps were 
acquired on consecutive regions with a point-to-point distance of 
20–50 nm. We define the diameter of an individual grain as the 
one of a circle that has the same area as this grain. The average 
grain size dgrain is the average of the equivalent circle diameters 
extracted from the EBSD maps with more than 200 grains (the 
maps in Figure 1 are only sections of much larger EBSD maps). 
Although, strictly speaking, grain sizes in CIGSe layers exhibit a 
lognormal distribution [20], we assumed a Gaussian distribution 
to calculate the average grain size. No preferred local orientation 

was detected (Supplementary information Figure S4). The EBSD 
maps were also used to localize and classify the grain boundaries 
(GBs). Cell #5 with GGI of 0.83 features a higher density of GBs 
owing to the smaller size of the grains.

From Figure 2, it is evident that the changes in the nominal GGI 
have a substantial impact on dgrain. The dgrain steadily decreases 
as the GGI approaches more higher ratios of 0.83. For this GGI 
ratio, the dgrain in the CIGSe layer is only about 0.2 μm, which is 
the smallest among all the five CIGSe solar cells. While at smaller 
GGIs of 0.13 and 0.34, the CIGSe layer is composed of larger 
grains, with dgrain on the order of 0.9 and 0.7 μm. This result is 
consistent with an earlier work by Abou-Ras et al., which shows 
a similar trend of decreasing grain size with increasing GGI [21].

From the EDX maps in Figure  1c,h, line scans were extracted 
perpendicular to the substrate. The GGI profiles were determined 
via calibrating with the integral [Ga] and [In] from the XRF mea-
surements (see Table S1 for the XRF results). The absorber layer 
of cell #2 is made of large grains, uniformly distributed across the 
absorber layer (dgrain = 0.7 μm) (Figure 1b). The size of the grains 
does not vary significantly from top to bottom of the CIGSe layer 
owing to a nearly flat GGI gradient with a slope of 0.22 μm−1, as 
seen in Figure 3a. In contrast, cell #5 contains a CIGSe layer com-
posed of smaller grains (dgrain = 0.2 μm), and their sizes decrease 
from the CIGSe/CdS to the Mo/CIGSe interface (Figure  1g). It 
can be seen in Figure 1g that the sizes of the grains are larger 
close to the CdS buffer layer and smaller near the Mo back con-
tact. This spatial distribution of grain sizes correlates well with 
a high [Ga] close to the Mo back contact and a small [Ga] near 
the CdS buffer layer, while the GGI gradient exhibits also a large 
slope of 1.51 μm−1, as seen in Figure 3b (the slope was estimated 
by fitting the linear region of the gradient, marked in red). GGI 
gradient of cell #1, #3, and #4 is given in Figure S5a–c.

The Ga/In gradient and the GB density influence the lumines-
cence properties of the corresponding cells. The Eg of the ab-
sorber is dependent on the GGI via the relation Eg(x) = (1 − x) Eg 
(CuInSe2) + x Eg (CuGaSe2) − bx (1-x), where x = GGI and b = 0.2 
is the optical bowing parameter [2]. The Eg gradient within the 
absorber should exhibits a similar distribution perpendicular 
to the substrate as that of the GGI gradient. Indeed, the lumi-
nescence energy distributions of the CIGSe layers in Figure 1e,j 
confirm the presence of a linear Eg gradient within the ab-
sorber depth.

FIGURE 2    |    Average grain sizes vs. GGI, showing a substantial 
decrease in the grain size as the GGI increases.

FIGURE 3    |    GGI gradients extracted from the EDS maps of the CIGSe absorbers. (a) GGI gradient for cell #2, GGI = 0.34. (b) GGI gradient for cell 
#5, GGI = 0.83. The slope was estimated by fitting the range in the gradient that are marked in red.
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In Figure 1e,j, the CL peak energies from the CIGSe absorber vary 
significantly both, in parallel and in perpendicular directions 
with respect to the substrate. This result is an indication that fluc-
tuations in the luminescence energy distribution are present in 
both directions. These fluctuations were quantified from the stan-
dard deviations of the luminescence energy distribution across 32 
pixels from homogenous regions highlighted in Figure 1e,j. The 
quantities σlater and σverti are the luminescence fluctuations deter-
mined in parallel and perpendicular directions to the substrate 
with a spatial resolution of 50–70 nm. Cell #5 exhibits higher fluc-
tuation values (Figure 1j) in the range of 3–60 and 80–105 meV, 
than those for cell #2, about 2–11 and 30–38 meV (Figure 1e).

3.3   |   Recombination at GBs

Figure 1d,i shows the luminescence intensity distributions. It is 
visible clearly that the CL intensity is higher within the grain 
interiors, but that the intensity decreases strongly towards the 
GBs. Such variation in the CL intensity is an indication of non-
radiative recombination of electrons at these GBs. For the quan-
tification of this recombination, line scans across about 20 GBs 
for each cell were extracted from the corresponding CL intensity 
distribution maps (Figure  1d,i). Because extracting these line 
scans requires sufficiently large grains on either side of the GB 
(diameters of few 100 nm), only regions with correspondingly 
large grains were evaluated (highlighted by yellow, dashed rect-
angles in the Figure 1d,i.

GB recombination velocities at individual GBs (SGB) are deter-
mined based on the approach proposed by Mendis et al. [22, 23], 
which fits the logarithm of the CL intensity gradient ln[∆I(x)] 
by the linear function ln[S/(S + 1)] − x/L. Here, x is the position 
of the electron beam, L is the electron diffusion length, S is 
the reduced recombination velocity with S=SGBτbulk/L (τbulk is 
the bulk lifetime of electrons). The CL intensity linescans and 
the corresponding linear fits for cell #5 with the highest GGI 
and smallest dgrain are provided in the supporting information 
in Figure S6. An extension of this approach adapted to CIGSe 
absorbers is detailed in Krause et al. [24]. In order to calculate 
the recombination velocity SGB, the bulk lifetime of electrons, 
τbulk, is needed. We did not measure this quantity directly but 
obtained it indirectly via the following procedure.

For the five CIGSe thin-films, TRPL measurements were per-
formed on bare absorber layers immediately after etching 
(Figure 4a–e). From Figure 4a–e, it is apparent that the TRPL 
curves cannot be described by one exponential function only. 
Rather, these dependencies exhibit two sections: one with a faster 
decay time τ1 and one with a slower decay time τ2. Therefore, the 
TRPL decay for each CIGSe absorber was fitted using a biex-
ponential function of the form y(x) = A1 exp(x/τ1) + A2 exp(x/τ2) 
(Figure 4a–e, red) [25, 26].

There are numerous effects that may cause such bi-exponential 
decay. The most likely ones are charge-carrier trapping at flat 
defects [27], distinct surface recombination [28], and charge sep-
aration within a (weak) electric field due to potential fluctuations 
[29]. As the interpretation of the decay time is different in each of 
these cases, the dominating effect has to be unveiled first using 
a laser intensity variation [30]. By increasing the laser excitation, 

we found a decrease of the second decay time τ2, while the first 
component is almost unaffected (see Figure  S7 and Table  S2). 
This is in contradiction to what can be expected for charge sep-
aration and charge carrier trapping. Therefore, the TRPL signal 
is governed by recombination in the bulk and at the (grain) sur-
faces. In this case, τ2 approximates the effective recombination 
lifetime τeff, and we set τ2 to τeff in the following evaluations.

We selected those τ2 lifetimes that were measured at the lowest 
laser intensity (see Section S9 in the supporting information for 
details), in order to remain under low-injection conditions [31]. 
As apparent from Table S2, the highest τeff of about 760 ns was 
also found for the best performing cell #2, in which the CIGSe 
layer exhibits a GGI ratio of 0.34. The lowest τeff was measured 
for cell #5, for which the average grain size also was smallest.

The recombination of the charge carriers is dependent on the 
lifetime of the electrons. Based on Matthiesen's rule, the in-
verse of the effective electron lifetime is related to the radi-
ative component of the electron lifetime in the bulk (τrad,bulk) 
in addition to the lifetime components of nonradiative recom-
bination in the bulk (τnonrad,bulk), at the front/back interfaces 
(τinterfaces) as well as at grain boundaries (τGB) and any disloca-
tions (τdislocations) [32]:

The PL decay obtained on the bare CIGSe absorbers does not 
include any effects from recombination at the CIGSe/Mo back 
interface, as the luminescence emission is most effective from 
the region of the lowest band-gap energy, which for all CIGSe 
layers is situated closer to the CIGSe surface (visible in the GGI 
distributions in Figures 3 and S5). However, a contribution from 
the recombination near the CIGSe surface to τeff cannot be ex-
cluded. Nevertheless, it is convenient to simplify Equation (1) in 
order to have only contributions from the lifetime in the bulk 
and from the lifetime at the GBs:

We keep in mind that because of the considerations above, τbulk 
contains not only the contributions from recombination in the 
bulk, but also those from the CIGSe surface (relevant) and those 
from dislocations (probably negligible [33]). Moreover, we note 
that the TRPL decay may be affected by several factors such as 
carrier detrapping and lateral inhomogeneities [27]. Therefore, 
the estimated bulk lifetimes and the corresponding GB lifetimes 
feature large errors that are of the same order of magnitude as 
the estimated values.

In order to determine τbulk, we need to estimate τbulk and τGB for a 
given τeff (which is equal to the τ2 value from TRPL measurements, 
as already explained above) via Equation (2) for each of the five 
cells such that τbulk ≥ τGB and τbulk ≥ τeff. These roughly estimated 
τbulk are used as input in evaluation of the CL intensity profiles 
using the relationship S = SGBτbulk/L to calculate all SGB values 
from one sample. Secondly, the median value of all SGB values from 
each sample, SGB,0, which is obtained by assuming a specific τbulk 
in the evaluation of the CL intensity profiles, must fulfill [34–37].

(1)
�eff

−1
≈ �rad,bulk

−1
+�nonrad,bulk

−1
+� interfaces

−1

+�dislocations
−1
+�GB

−1

(2)�eff
−1

≈ �bulk
−1

+ �GB
−1
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Here, dgrain is the average grain size determined by EBSD analy-
ses. For the estimate of Equation (3), we consider cubical shapes 
for the grains in the polycrystalline CIGSe absorber [32]. In 
Equation (3), n is the number of passivated faces among the six 
faces of an assumed, cubically shaped grain. The extent of the 
passivation at the GB planes was not determined in the present 
work for neither of the five samples; because GB planes in CIGSe 
are, per se, not passivated [38], we set n = 0 in Equation (3). The 
GB lifetime τGB calculated from Equation  (3) must be (nearly) 
equal to the assumed τGB in Equation  (2) and always greater 
than τeff.

The resulting values of τbulk, τGB and τeff for all samples are listed 
in Table S3. It should be noted that the calculated τGB values do not 
change substantially when assuming n = 0 or n = 1 in Equation (3) 
(i.e., assuming none or one passivated face of the grain, e.g., the 

one at the CdS/CIGSe interface). These lifetime values are rough 
estimates, that is, the errors of τbulk, τGB, and τeff are on the same 
order of magnitude as their individual values. τbulk is an effective 
lifetime of the electrons in the bulk, and the large τbulk values in-
dicate that the contribution of surface recombination does not dif-
fer much from that of the bulk; we note that the τbulk values given 
in the present work are overestimated and that the real at least 
one order of magnitude smaller, limited by the radiative lifetime. 
Nevertheless, from the comparison of the TRPL decays of the five 
CIGSe thin-film solar cells, it is clear that the lifetimes τeff, τbulk, 
and τGB increase with increasing GGI from GGI = 0.13 to 0.34 and 
then decrease for the higher GGI values. It should be considered 
that cells #4 and #5 with high GGIs of 0.67 and 0.83 may have a 
cliff-like conduction-band offset, causing an enhanced recombina-
tion at the CdS/CIGSe interface; however, in the present case, τeff is 
calculated from TRPL measured on bare CIGSe absorbers (on Mo/
glass substrates), and therefore, the effects from recombination at 
the CdS/CIGSe interfaces recombination can be neglected.

(3)�GB = dgrain ∕(6 − n) SGB,0

FIGURE 4    |    (a–e) TRPL decays of all the five CIGSe absorbers with different GGI, acquired at 10% laser intensity (black lines), as well as the bi-
exponential fits of these decays (red lines).
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The recombination velocities SGB determined by the approach 
described above exhibit a strong variation from 1 GB plane to 
another within an individual CIGSe absorber (black squares in 
Figure 5a,b). This difference in the SGB values from 1 GB to an-
other within the same CIGSe absorber is also an indication for 
that the CL maps were acquired under low injection conditions 
(without any additional charge carriers being generated). Else, 
the GBs would have exhibited much larger and similar SGB val-
ues on the order of 103–105 cm/s, as reported and discussed in 
Refs. [39, 40]. These values vary from about 2 to 140 cm/s at GGI 
of 0.34 and from about 2 to 380 cm/s for the CIGSe absorber with 
GGI = 0.83. Brody and Rohatgi [41] suggested for the recombi-
nation velocities at semiconductor surface the following expres-
sion, which we transfer to GBs as internal surfaces:

Here, NGB, σGB, and vth are the point-defect concentration at the 
GB plane, their effective capture cross-section for electrons, as 
well as the thermal velocity of electrons, while kB and T are the 
Boltzmann constant and the absolute temperature. It is noted that 
Equation (3) can also be obtained when using the equation for the 
barrier height proposed by Seto (equation 9 in Seto [42]) in the SGB 
equation suggested by Seager (equation 33 in Seager [43]). We as-
sume that the prefactor NGB σGB vth describing the nonradiative 
Shockley–Read–Hall recombination at a GB plane does not vary 
by more than one order of magnitude at the various GBs in a poly-
crystalline CIGSe layer; this assumption makes sense when re-
garding the substantial interdiffusion at the elevated temperatures 
used for the synthesis of the CIGSe layers, leading to correspond-
ingly (quasi)homogeneous segregation and spatial distributions of 
these point defects at GBs (not saying that the densities of these 
point defects are identical at different GBs). Consequently, the ef-
fective defect density and its effective capture cross-section can be 
expected to differ only within the same order of magnitude from 
GB to GB. We set the median value as an effective recombination 
velocity for all GBs in an individual CIGSe layer. Given the inaccu-
rate nature of Equation (5), the error for SGB,0 is large (same order 
of magnitude as the SGB,0 value).

To simulate the measured recombination velocities SGB in Figure 5 
using Equation (3), we only need to assume various barrier heights 
φb using the corresponding median value SGB,0. For barrier heights 
ranging from several −10 meV to several +10 meV, it is indeed pos-
sible to reproduce theoretically (red circles in Figure 5a,b) the ex-
perimental SGB values in Figure 5a,b (results from cells #1, #3, and 
#4 are provided in Figures S7, S8, and S9).

Using the expression φb = kBT ln (SGB,0/SGB) (from Equations 3 and 
5), the barrier heights for all GBs and all samples were calculated 
and depicted in Figure 6. This viewgraph indicates that the GGI 
variation has no considerable effect on the range of the assumed φb 
values. This result can be expected when assuming that indepen-
dent of the GGI, the effective (positive or negative) net-charge den-
sities at various GBs within the identical CIGSe layer are always 
different, because the ensembles of point defects contributing to 
the total defect densities at these GB planes are always different.

The median value SGB,0 decreases first from GGI = 0.13 to 
GGI = 0.34 with increasing GGI and then increases for higher GGI 
ratios, remaining at the same level for GGI = 0.51–0.83 (Figure 7). 
Cell #2 with GGI = 0.34 with the highest conversion efficiency and 
relatively low ∆VOC exhibits the lowest SGB,0 of about 15 cm/s.

3.4   |   Effect of the GGI Ratio on the Spatial 
Luminescence Distribution and the Urbach Energy

Figure 8a indicates that for increasing GGI ratio, the maximum 
value of the lateral luminescence variation, σlater (black), increases 
from 5 to 60 meV, and also the maximum value of the vertical lu-
minescence variation, σverti (red), increases from 14 to 105 meV 
(the σverti value for GGI = 0.34 deviates slightly from this trend). 

(4)SGB = NGB σGB vth exp
(

− �b ∕kBT
)

(5)SGB,0 ≈ NGB σGB vth

FIGURE 5    |    (a) Experimental (black square) and simulated (red 
circle) GB recombination velocities of cell #2 with GGI = 0.34 based 
on Equation (3) by assuming a constant SGB,0 and varying only φb. The 
assumed barrier heights extend over a range from −60 to 50 meV. (b) 
Experimental (black square) and simulated (red circle) SGB for CIGSe 
solar cell #5, GGI = 0.83 based on Equation (3) by assuming a constant 
SGB,0 and varying only φb. The barrier heights range from −60 to 75 meV. 
The individual data points are shifted in left and right directions to 
avoid overlaps of the data points and thus, to provide better visibility. 
The error in every individual SGB is of the same order of magnitude of 
that corresponding SGB.
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We note that always, σverti > σlater. The Ga/In gradients present in 
CIGSe layers were identified as main effect on σverti [44].

We also determined the Urbach energies Eu by evaluation of the 
subgap region at the EQE onset for all five CIGSe solar cells based 
on the approach described in Ref [45]. Figure S10a shows the cor-
responding EQE spectra. As shown in Figure 8b (black squares), 
Eu also increases with increasing GGI. The lattice parameters c 
and a of the tetragonal crystal structure were calculated at spe-
cific GGI ratios using the approach detailed in Balboul et al. [8]. 
It was shown by Abou-Ras et al. [21] that the c/a ratio increases 
first with increasing GGI ratio up to a GGI ratio of 0.23 (for which 
c/a = 2), and then decreasing for larger GGI ratios. The decrease in 
lattice constant a with the increasing GGI is also directly linked to 
an increase in the anion displacement parameter u [46, 47]. Thus, 
the higher the value of u, the larger is the tetragonal distortion, 

inducing changes in the electronic band structure. Therefore, the 
changes in crystal structure, directly influences the range of en-
ergy levels of the electrons characterized by EU. In addition, the 
larger the deviation of c/a from 2 (pseudocubic), the larger is the 
strain contained in the thin film. This strain can be linked to local 
variations of subgap states represented by Eu and thus, also with 
the lateral luminescence variation σlater. Indeed, Eu correlates well 
with σlater (Figure S10b).

4   |   Discussion

As outlined in Table 2, the average grain size dgrain, the elec-
tron lifetime τeff, τGB, GB recombination velocity SGB,0, the 
fluctuations in CL emission (σlater, σverti) as well as the Urbach 
energy (Eu) are all affected considerably by the GGI variation. 
The changes in these material properties have a substantial 
impact on the ∆VOC. In order to organize the discussion of 
these results, it is convenient to divide them into those ma-
terial properties whose changes induce radiative (σlater, σverti, 
EU) and those that lead to nonradiative Voc losses (τbulk, dgrain, 
τGB, SGB,0).

FIGURE 6    |    Distribution of barrier heights φb used for SGB 
simulation for each of the five CIGSe thin-film solar cells with different 
GGI. Majority of the assumed φb is distributed nearly within the same 
interval, showing no specific trend in the φb distribution with respect to 
the GGI variation.

FIGURE 7    |    Median of GB recombination velocity SGB,0 vs. GGI ratio.

FIGURE 8    |    (a) Maximum lateral and vertical CL emission 
fluctuations vs. GGI. Both max.σverti (red) and max.σlater (black) increase 
with GGI variation.b) Eu vs. GGI, where Eu (black) increases with 
increasing GGI and decreasing c/a (red). Dashed black line indicates 
GGI = 0.23, at which the lattice pseudocubic point c/a = 2 is present.
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4.1   |   Radiative Voc Losses

As shown by Rau et al. [48], the broadening of the onset of the 
absorption or EQE spectrum of a semiconductor material or the 
corresponding solar-cell device is correlated directly with shifts 
of the luminescence peak from the band-gap energy (calculated 
from the local maximum in dEQE/dE). This correlation has 
recently been verified for about 30 CIGSe solar cells with var-
ious compositions and growth recipes [49]. Therefore, the cor-
responding quantities EU (as a measure for different slopes in 
the subgap regions at the onsets of the absorption spectrum) and 
σlater/σverti (quantifying emission-peak shifts) can be expected to 
be connected. As shown by Rau et al. [50], a broadening of the 
onset of the absorption or EQE spectrum (σg) can be translated 
into a corresponding radiative VOC loss via ∆VOC

rad = σg
2/2kBT. 

In the present work, the ∆VOC
rad values are of the order of 

40–65 mV (Table 2), which are much lower than the ∆VOC
nonrad 

values (see below).

In all five CIGSe layers (cells #1-#5), Ga/In gradients are pres-
ent. As visible from a comparison of the slopes in the gradients 
and the σverti values in Table 2, they correlate well for the GGI 
range of 0.13–0.51. For GGI = 0.67 and 0.83, this correlation is 
not given anymore. An explanation for this behavior is given 
by the microstructures of the five CIGSe layers (EBSD maps in 
Figures 1 and S4). For GGI = 0.13, 0.34, and 0.51, many grains 
extend from the back to the front contact. Thus, only the strain 
present due to the Ga/In gradient extending across the entire 
grain contributes to σverti. However, for GGI = 0.67 and 0.83, the 
average grain sizes are much smaller than the CIGSe layer thick-
nesses, and thus, additional strain fields at and around the GBs 
have to be taken into account. Because for cell #5, the σverti value 
is much larger than the one for cell #4, although the slope of 
the Ga/In gradient is smaller for cell #5 than that for cell #4, it 
seems that the average grain size has a stronger impact on the 
local variation of the luminescence peak energy in vertical di-
rection than the slope in the Ga/In gradient.

It is well visible in Table 2 (and also in Figure 8b) that the trend 
of increasing EU with increasing GGI ratio agrees well with the 
likewise enhancing lateral fluctuation in the CL emission en-
ergy σlater. The anion displacement parameter u depends on the 
lattice constant and the cation-anion bond lengths. In Ref [51], 
it is shown that the u deviates from the ideal value of 0.25, as a 

function of the [In]/([In] + [Ga]) ratio (i.e., the GGI ratio). This 
dependency of u on the composition is also applicable in the 
present work. As shown in Figures 8b and S10c, the deviation of 
c/a from the corresponding value of 2 at the pseudocubic point, 
|c/a-2|, increases with increasing GGI from 0.13 to 0.83. This 
indicates that there is also similar deviation in u as a function 
of GGI, following the dependency of u on the lattice constant 
a. These deviations in c/a and u introduces an additional strain 
in the CIGSe thin film, leading to alterations in subgap states 
which seems to be connected with σlater and EU. We should note 
that strain due to a deviation of c/a = 2 can be expected to be 
present also perpendicular to the substrate. However, as always 
σverti >> σlater, the contribution of this specific strain to σverti is 
negligible (i.e., the effect of the Ga/In gradients is dominant in 
the vertical direction).

4.2   |   Nonradiative VOC Losses

Nonradiative VOC losses (∆VOC
nonrad) are obtained from ∆VOC-

∆VOC
rad, as given in Table 2, and are much larger than the radia-

tive VOC losses. Auger recombination can be neglected in CIGSe 
thin-film layers owing to the net-doping density of about 1015–
1016 cm−3. The bulk lifetime τbulk of the electrons is the highest 
in the CIGSe absorber of cell #2 with GGI = 0.34 and Eg = 1.2. 
From GGI = 0.13 to 0.34, τbulk increases first and then decreases 
to a minimum of 10 ns for higher GGI. This trend in the electron 
bulk lifetime can be explained by the trend in the effective defect 
concentration in the CIGSe bulk, NT, which has been shown to 
decrease for increasing GGI up to a GGI ratio from 0 to about 0.3, 
and then increasing again for larger GGI ratios [14]. As τbulk = (NT 
σT vth)−1, with σT and vth being the effective capture cross-section 
of the bulk defects and the thermal velocity of the electrons, an 
increase (decrease) in NT leads to a decrease (increase) in τbulk. 
However, we find that for all CIGSe layers (Table 2), τeff is closer 
to τGB than to τbulk. Therefore, the enhanced nonradiative re-
combination via defect states in the CIGSe bulk can be expected 
to contribute only slightly to ∆VOC

nonrad.

Smaller average grain sizes dgrain of < 0.5 μm, as detected for the 
cells #4 and #5 (GGI = 0.67 and 0.83) are equivalent to higher 
GB densities. Thus, enhanced nonradiative recombination at 
these planar defects can be expected that are further origins of 
∆VOC

nonrad [52]. Therefore, the increase in ∆VOC
nonrad with GGI 

TABLE 2    |    Various material and device properties of the CIGSe layers and cells: the VOC deficit (∆VOC), radiative VOC deficit (∆VOC
rad), nonradiative 

VOC deficit (∆VOC
nonrad), the average grain size (dgrain), the effective electron lifetime (τeff), the bulk lifetime (τbulk), the electron lifetime at GBs (τGB) 

assuming no passivated facets (n = 0), the GB recombination velocity (SGB,0), luminescence fluctuations (𝜎vert, 𝜎later), the slope in the Ga/In gradient, 
and the Urbach energy (Eu).

GGI
∆VOC 
(mV)

∆VOC
rad 

(mV)
∆VOC

nonrad 
(mV)

dgrain 
(μm)

τ2 
(ns)

τbulk 
(ns)

τGB 
(ns)

SGB,0 
(cm/s)

σverti. 
(meV)

Slope in Ga/
In gradient 

(μm−1)
σlater. 

(meV)
Eu 

(meV)

0.13 530 50 480 0.9 160 3500 170 90 12–14 0.03 2–5 14

0.34 500 45 455 0.7 760 25,000 780 15 30–38 0.22 2–11 22

0.51 560 40 520 0.8 320 14,000 320 40 21–30 0.19 2–17 27

0.67 630 65 565 0.4 140 13,000 140 45 11–48 2.1 4–23 28

0.83 720 50 670 0.2 80 1700 80 40 80–105 1.5 3–60 36
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partly contributes to a smaller FF at GGI > 0.5. As mentioned 
above, for all of the CIGSe layers, τeff ≈ τGB (Table 2), that is, a 
major contribution to ∆VOC

nonrad comes from GB recombination. 
When considering that defects detected at the GB plane segre-
gate to the planar defect from the bulk, and that therefore, τGB 
scales with τbulk (or the defect density at a GB, NGB, with NT), the 
trend of τGB and of the corresponding ∆VOC

nonrad with increasing 
GGI can be attributed to the GGI dependency of τbulk. Similar 
median values SGB,0 for GGI = 0.51–0.83 indicate that the nonra-
diative recombination at the GBs does not change anymore for 
GGI > 0.5; the lifetime in the absorber layers is affected mainly 
by the different average grain sizes dgrain. Although the SGB,0 val-
ues are different for the five CIGSe layers, the ranges of the bar-
rier heights at GBs are very similar, independent of the GGI ratio.

5   |   Conclusions

In the present work, we investigated the effect of the GGI vari-
ation in polycrystalline CIGSe absorber layers on the various 
CIGSe materials properties and their impacts on the radiative 
and nonradiative VOC losses. It was found that independent of 
the GGI value, lattice strain due to Ga/In gradients perpendic-
ular to the substrate induces substantial fluctuations in the CL 
emission energy lead to corresponding radiative VOC losses. 
However, the radiative Voc losses are much smaller than the non-
radiative Voc losses, which result mainly from GB recombination. 
The nonradiative VOC losses due to enhanced recombination at 
the GBs can be decreased partly in CIGSe thin-film solar cells 
by designing absorbers with smaller GB density (larger grains) 
via higher deposition temperatures and/or Ag incorporation. 
The trend of increased Voc losses for solar cells with GGI > 0.5 
in the CIGSe layers can be traced back to decreased bulk life-
time and to the enhanced GB recombination, which is affected 
by both, decreased average grain sizes and increased recombi-
nation velocities. The ranges of the estimated barriers at GBs do 
not exhibit any significant changes with varying GGI ratios, in 
contrast to the median values of recombination velocities.
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