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ABSTRACT
In this paper, wide-gap Cu (In,Ga)(S,Se)2 thin-film solar cells are studied in view of their performance, limitations, and op-
portunities for further optimization. To this end, a wide variety of properties is investigated. This includes the role of gallium 
gradients, grain size effects, electronic properties, doping metastabilities, and minority carrier lifetime. Particular emphasis is 
placed on the impact of alkali atoms. A comparison of surface, interface, and grain boundary chemistry shows systematic atomic 
accumulation and depletion effects. This leads to electronic modifications in the grain boundary regions of the absorber. Heavy 
alkali treatments also influence the device properties, giving a clear boost of open-circuit voltage. By the combination of different 
experimental results, this positive open-circuit voltage effect has been explained in terms of reduction of interface recombina-
tion. The latter effects are discussed in view of a possible alkali–indium–selenium bond formation at the interface between the 
absorber and the buffer layer. The properties of a 14.2%-efficient Cu (In,Ga)Se2-based device with [Ga]/([Ga] + [In]) = 0.8 and a 
wide optical band gap of 1.48 eV are investigated, also in view of further opportunities for improvement.

1   |   Introduction

Wide band gap Cu (In,Ga)(S,Se)2 (CIGSSe) is a promising thin-
film absorber material for the top cell in tandem devices [1]. 
Also, for single-junction devices, a bulk band gap in the region 
of 1.4 eV would be advantageous in terms of module design and 
smaller temperature coefficients. However, the efficiencies of 

thin-film solar cells based on wide-gap CIGSSe are limited to 
date by a large open-circuit voltage (Voc) deficit (here defined 
as ΔVoc = Eg/q − Voc). While ΔVoc exhibits a value as low as 0.36 
in the current champion device with a [Ga]/([Ga] + [In]) ratio 
(GGI) in the range of 0.3 [2], ΔVoc increases for larger GGI and 
can exceed 0.8 V for GGI = 1 [1]. There are a variety of obstacles 
that impede a smaller Voc deficit for large GGI devices:
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1.	 The CIGSSe conduction band minimum at the absorber sur-
face is found to shift upward when GGI is increased. This 
can lead to a cliff in the conduction band alignment (ΔEc) 
at the heterojunction between the absorber and chemical-
bath deposited CdS (CBD-CdS), as previously seen at the 
interface between CBD-CdS and Se-free CIGS [3] or CIGSe 
with GGI = 0.9 [4]; a cliff can lead to increased interface 
recombination [5, 6]. In contrast, narrow-gap CIGSSe de-
vices have, over the years, reproducibly exhibited a nearly 
flat conduction band alignment at their front contact inter-
faces [7–14]. Larsson et al. showed that a Zn1 − xSnxOy buffer 
layer, optimized for pure CuGaSe2 (CGSe, i.e., GGI = 1), can 
reduce the Voc deficit to about 0.6 V, leading to a champion 
efficiency of 11.9% [15]. Pushing up the conduction band 
minimum exclusively at the back contact by aluminum al-
loying lead to 12.25% efficiency by Ishizuka et al. [16].

2.	 Due to spontaneous formation of copper vacancy (VCu) ac-
ceptor defects, majority carrier type inversion (p to n) at 
the junction and thus a hole barrier with its role to prevent 
interface recombination [17] may be limited to values of 
ECBM

if—EF = 0.6–0.8 eV [18, 19], where ECBM
if and EF are 

the conduction band minimum at the interface and the 
Fermi energy, respectively.

3.	 The minority carrier lifetime (as interpreted from lumines-
cence measurements) decreases with increasing GGI [1], 
suggesting an increasing bulk defect density. Indeed, even 
bulk-recombination-limited wide-gap CIGSe cells (with a 
KF treatment) still exhibited limited performance [20].

4.	 Due to limited chemical diffusion, high GGI films can be-
come inhomogeneous with Cu2Se precipitates [21], a prob-
lem that may be mitigated by high-temperature annealing 
[22]. Also, Cu-rich grain boundaries have been observed 
mainly to occur on high GGI films [21].

5.	 The positive role of heavy-alkali post-deposition treatments 
(PDT), nowadays being indispensable for high-efficiency 
low-GGI devices [23, 24], seem to be ineffective for GGI = 1 
devices [25], possibly due to the lack of an alkali-Ga-Se-
type environment at the absorber/buffer interface [26].

Other observations for high GGI materials and devices are (i) a 
fluctuation of the space charge region (SCR) width due to varying 
interface charge or window doping [27]. While the fluctuations 
are similar in GGI = 0.30 and GGI = 0.66 samples, their impact 
may be higher for high GGI due to the risk of interface recombina-
tion. (ii) A high Se overpressure during growth increases Voc and 
Jsc [1, 28]. (iii) Silver alloying also increases the band gap but with 
a lower conduction band minimum (CBM) [29], which can alle-
viate interface recombination losses caused by the cliff-like ΔEc. 
Moreover, Ag incorporation promotes grain growth, thereby re-
ducing structural disorder [30]. However depending on group-I/
III stoichiometry, high levels of Ag incorporation can negatively 
impact material stability and performance [31]. Since Ag addition 
has an impact on many material parameters, ACIGSe here is left 
out in order to focus on the high gallium effects.

In this paper, the results on high-GGI CIGSSe and Cu (In,Ga)Se2 
(CIGSe) materials and corresponding devices collected within 
the German joint research projects “EFFCIS” and “EFFCIS-II” 
are presented. The paper is organized as follows: After a 

summary of experimental details, the results and discussion 
sections present growth properties, interface aspects, electronic 
properties, and device aspects of wide-gap CIGSSe and CIGSe 
absorbers, including small-area cells and sub-modules.

2   |   Methods

The CIGSe layers in this work were prepared via vacuum pro-
cesses using three-stage (MLU [32]) or in-line evaporation 
(ZSW, NICE Solar [33]), while CIGSSe absorbers were prepared 
in a sequential preparation (AVANCIS [34]) with an overall Cu-
poor stoichiometry. At MLU, heavy-alkali (HA) post-deposition 
treatments (PDT) of the CIGSe absorbers were performed in situ 
at 723 K under constant selenium flux by KF, RbF, or CsF evap-
oration, with rates of 0.01 nm/s for 600, 1925, and 800 s, respec-
tively. We emphasize that the term “heavy alkali” here shall 
apply to all alkali elements beyond sodium. For the MLU de-
vices, sodium supply came from the Guardian or Schott glass 
substrates unless stated otherwise in the text below. PDTs at 
ZSW were done with RbF in the in-line machine under a Se at-
mosphere without breaking the vacuum, while sodium supply 
was also realized by the glass substrate. PDTs at AVANCIS were 
carried out after the absorber formation by evaporation of a Na 
compound with subsequent annealing in vacuum. The CIGSe 
absorbers were completed to solar cells using the stacking se-
quence (from bottom to top) glass/sputtered Mo/CIGSe/buffer 
layer/sputtered i-ZnO/emitter ZnO:Al or In2O3:SnO2 (ITO). The 
CdS buffer layers were deposited by chemical bath deposition 
either 15–30 min after CIGS deposition (ZSW, Nice) or within 
hours (MLU). Industrial devices from AVANCIS received a 
sputtered Zn(O,S) buffer layer directly after CIGSSe fabrication 
(AVANCIS). Laboratory cells received a Ni/Al grid and were 
defined by mechanical scribing to an area of 0.5 cm2. CIGSe 
modules were obtained by monolithic interconnection [35]. In 
this manuscript, buffer/absorber interfaces are either denoted as 
“absorber/buffer” (i.e., following the p/n junction convention) or 
“buffer/absorber” (i.e., following the conventions in the surface/
interface science community), depending on context.

Glow-discharge-optical-emission-spectroscopy (GDOES) pro-
files were recorded and compared with a variety of elemental 
and compound standards. For simplicity, the GDOES profiles 
were plotted versus a linearly averaged calculated depth, ob-
tained from tsputter × zmax/tmax, where tsputter is the sputtering 
time for a given data point, zmax is the maximum thickness as 
determined by profilometry, and tmax is the time needed to reach 
zmax. Kelvin probe force microscopy (KPFM) was performed on 
cleaved cross-sections of solar cells, with an additional gold layer 
prepared as described in Ref. [36].

Cross-sectional specimens for transmission electron microscopy 
(TEM) were prepared by focused ion beam (FIB) milling using 
an FEI Helios G4 dual-beam microscope. The FIB lamellae were 
attached to Si (Cu-free) lift-out grids to avoid stray X-rays from 
Cu. They were polished by a Ga+-ion beam with a low energy 
of 1 keV to minimize Ga+ implantation and material amorphi-
zation. The crystal structure and microchemistry of the CIGSe/
CdS interfacial regions were investigated by combined high-
angle annular dark-field (HAADF) imaging in scanning trans-
mission electron microscopy (STEM) and energy-dispersive 
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X-ray spectroscopy (EDXS) at 300 kV primary electron energy 
with a probe-corrected ThermoFisher Themis 300 microscope.

Raman spectroscopy was performed on a Horiba LabRAM 
(HeNe-Laser (633 nm), 50× objective, measurement range from 
125 to 700 cm−1.

Atom probe tomography (APT) was employed to quantify the 
Ga and alkali redistribution in 3D and down to the nanometer 
level [37–40]. APT measurements were conducted on a local 
electrode atom probe (versions LEAP 4000 X Si and 5000 XS, 
Cameca, United States). Laser pulses with a wavelength of 
~355 nm, a pulse duration of 10 ps, and an energy of 3–5 pJ were 
used. A pulse repetition rate of 250 kHz with a detection rate of 
0.5% on average, an ion flight path of 110 to 160 mm, and a speci-
men base temperature of 40 K were utilized. The APT data were 
processed using a commercial software package (IVAS 3.8.0, 
Cameca instruments).

Solar-cell parameters were obtained at standard testing con-
ditions using a simulated AM1.5G spectrum. All denoted ef-
ficiencies are total-area values for cells without anti-reflective 
coating (ARC), unless denoted otherwise. Thicknesses of ab-
sorber layers were determined with SEM or XRF. XRF and 
SEM–EDX were used to determine the chemical composition 
of CIGSe absorber layers. Temperature-dependent current–
voltage JV(T) measurements were conducted in a cryostat 
with a closed helium cycle, in a temperature range between 
100 and 300 K in 10 K steps. Illumination for JV(T) was pro-
vided by a xenon lamp from Science-tech with a calibrated 
AM1.5G spectrum. Due to the heat of the lamp, the minimum 
temperature that could be achieved with white-light illumi-
nation was 100 K. The activation energy of the saturation 
current (EA) was estimated from temperature-dependent cur-
rent–voltage JV(T) measurements in the temperature range 
of 283–318 K with 5-K intervals and a linear extrapolation of 
the high-temperature region to 0 K. For Voc(t) transients, the 
samples were first relaxed at 318 K for 16 h in a dark cham-
ber at atmospheric pressure. After opening the light shutter, 
the samples were exposed to red light from an LED source 
at room temperature at an energy flux of 30 mW/cm2. During 
illumination, the Voc was measured in constant time intervals. 
The procedure to measure open-circuit transients, includ-
ing temperature correction, has been described in Ref. [41]. 
The external quantum efficiency (EQE) was recorded with 
a monochromator under chopped illumination and using a 
lock-in technique with an additional white light bias (MLU: 
Newport-74,125; ZSW: BENTHAM PVE 300). The optical 
band gap was determined at the long-wavelength value of 
20% normalized EQE and by the leading edge of an (E * EQE)2 
versus E plot. Admittance spectra to extract the capacitance 
density C as a function of frequency f (C( f )) were recorded at 
low temperatures (100 or 120 K) and frequencies between 103 
and 106 Hz. An Agilent E4980A LCR-meter was used to record 
the capacitance spectra with an AC bias range of 0.05 Vrms. 
The procedure follows the one introduced by Obereigner et al. 
[6]. The doping density is calculated from the space charge 
region capacitance Cscr. The space charge capacitance Cscr is 
determined at the frequency f where the logarithmic deriva-
tive −dC/d (log f ) has its minimum. In the relaxed state, we 
find for both RbF-treated and untreated samples with the 

GGI = 0.3, the Cscr at f ~ 104 Hz, and after illumination at 5 * 105 
and 105 Hz, respectively. For samples with the GGI = 0.75 in 
the relaxed state, the Cscr is determined at the frequency of 
~103 Hz. After illumination, the Cscr is extracted at f ~ 104 and 
~105 Hz for untreated and RbF-treated samples, respectively.

To study the chemical and electronic structure at the sample 
surfaces, x-ray photoelectron spectroscopy (XPS), ultraviolet 
photoelectron spectroscopy (UPS), and inverse photoemission 
spectroscopy (IPES) were employed [12]. For this purpose, a 
CIGSe sample series with three different GGIs (0.30, 0.66, and 
0.95) and a CdS/CIGSe interface sample (GGI of 0.95) were 
shipped under N2 atmosphere from ZSW to KIT. At KIT, the 
samples were unpacked in an Ar-filled glovebox and separated 
into two sets. The first set remained at KIT, and the second set 
was repacked under Ar and sent to UNLV. At KIT, the samples 
were measured with an Omicron Argus CU electron analyzer 
using a twin anode X-ray source (DAR450, Omicron) for non-
monochromatized Mg and Al Kα, and a He gas discharge lamp 
(HIS 13 UV Source, Omicron) for He I and II excitation. At UNLV, 
XPS spectra were recorded with a Scienta R4000 electron ana-
lyzer and a monochromatized x-ray source (Scienta SAX-100). For 
UPS, a monochromatized Gammadata VUV 5000 photon source 
was used. For IPES, a STAIB low-energy electron source (NEK-
150–1) and a Hamamatsu R6834 photomultiplier with a Semrock 
Hg01-254-25 mercury line filter were employed. All XPS energy 
axes were calibrated according to Ref. [42] using sputter-cleaned 
Au, Ag, and Cu foils. The Au and Ag foils were also used to cali-
brate the Fermi energy for UPS and IPES measurements.

Computer simulations of Voc(t) transients were performed by 
Synopsys TCAD using a one-dimensional model represented 
by a mathematical mesh, which is generated by Delaunay tri-
angulation [43, 44] with a model for HA PDT-treated devices 
as in Ref. [45]. It is emphasized that Synopsys TCAD uses the 
Fermi-Dirac statistics, which allow for accurate results even at 
low temperatures.

3   |   Growth Properties

In this section, the influences of composition gradients, sodium, 
and the growth temperature on the properties of wide-gap CIGSe 
are discussed. The use of small indium amounts in the wide-
gap material is motivated by the possibility of forming a band 
gap gradient, which can support carrier collection and reduce 
recombination in the bulk and at the back contact. Further, in-
dium atoms may allow forming HA-In-Se bonds at the surface.

3.1   |   High GGI Can Lead to Strong Gradients

Due to the limited diffusion of Ga in Cu (In,Ga)Se2 [46], se-
quential deposition protocols for CIGSe inherently can lead 
to gradients in the GGI ratio and resultant band gap pro-
files. This is particularly true for the three-stage evaporation 
process [47], where a double GGI gradient is formed, with a 
minimum (“notch”) and GGI ratios increasing toward front 
and back contact. Figure  1a compares the GGI gradients of 
samples with a low integral GGI of 0.35 and a high integral 
GGI of 0.85 from the static three-stage evaporation process 
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at MLU. For the static three-stage process, high GGI samples 
develop steeper gradients at the same deposition conditions 
(substrate temperature and deposition time) than those with 
low GGI [32, 45]. Ref. [43] shows that a too steep GGI gradi-
ent toward the front surface can impede current collection in 
the solar cell. Indeed, Ref. [45] revealed an inferior fill factor 
and EQE red response for the regular static three-stage pro-
cess shown in Figure  1a. In Ref. [47], it was suggested that 
the strong GGI gradient can be avoided by Ga deposition in 
the second stage of the three-stage process. The calculated 
depth profile for the modified process in Figure 1a confirms 
that this approach is also applicable to absorbers with a high 
integral GGI of 0.85. At standard substrate temperature and 
for Ga deposition in the second stage, the GGI gradient of the 
modified process is reduced. Another aspect is that gallium 
diffusion is inhibited by sodium doping but is promoted by a 
higher substrate temperature of 675°C. This is both visible in 
Figure 1b, where a less-pronounced GGI gradient is achieved 
by growth with an applied diffusion barrier underneath the 
molybdenum back contact or by growth at higher substrate 
temperature on high-temperature Schott glass. In contrast to 
the static three-stage process at MLU, CIGSe growth from the 

inline multi-stage process at ZSW on seven successive carri-
ers seems to be producing less steep GGI gradients. This can 
be seen in Figure  1c, where the GGI gradient becomes less 
pronounced with larger integral GGI. Besides a somewhat 
higher substrate temperature, this may be due to the differ-
ent growth schemes, with metal evaporation sources in two 
deposition chambers depositing onto the moving carriers. For 
example, in the second chamber, the second and third stages 
of the classical three-stage process are emulated, without any 
spatial separation, which might lead to a different layer for-
mation behavior. To sum up Figure 1, it becomes visible that 
the GGI profile in high GGI absorbers can be tailored to form 
a gradient toward the back contact, such that it induces an 
effective force field for the collection of minority charge carri-
ers. However, such a gradient may be diminished during high-
temperature growth of CIGSe, due to enhanced interdiffusion 
between the absorber elements. The GGI profile produced by 
selenization/sulfurization of metal precursors (sequential pro-
cess) at AVANCIS (a) reveals a pronounced band gap gradient 
toward the back contact. With increasing integral GGI from 
0.50 to 0.59, this gradient becomes smaller by raising the front 
GGI while keeping the back gradient unaffected.

FIGURE 1    |    GGI profiles of CIGSe and CIGSSe samples with different integral GGI as measured by GDOES (Mo back contact is on right side of 
each image). (a) CIGSe grown at MLU by a three-stage process [32, 45] at a nominal substrate temperature of 625°C and deposition time of 2300 s. In 
the modified process of GGI = 0.85, gallium was additionally deposited in the second stage. (b) CIGSe films obtained by high-temperature (675°C) 
growth at MLU on Schott glass as well as 625°C temperature growth on a barrier-coated substrate (i.e., without sodium). (c) CIGSe films from an 
in-line process of ZSW for different integral GGI absorbers. (d) Cu (In,Ga)(Se,S)2 absorbers with different GGI prepared by the sequential process of 
AVANCIS.
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3.2   |   CuS1-xSex Secondary Phase Formation

Ref. [48] shows that (In-free) CuGaSe2 growth can be accom-
panied by the remaining of Cu-Se bulk precipitates even in 
an integral Cu-poor film. Such Cu-binary phases might de-
generate the majority carrier concentrations, leading to shunt 
paths in the devices [49]. Two samples from the sequential 
growth process of AVANCIS both with relatively high GGI 
of 0.55–0.59 were analyzed by Raman spectroscopy. Both 
samples show the two A1 modes for Cu (In,Ga)Se2 and Cu 
(In,Ga)S2 at ~180 and ~300 cm−1, respectively (see Figure S2). 
In addition, the GGI = 0.59 sample exhibits a Raman peak at 
360 cm−1, which can be related to a CuS1-xSex phase with a large 
x [50]. By reducing the sodium concentration, the CuS1-xSex 
phase amount could be reduced (see sample GGI = 0.55), but 
the solar cell efficiencies remained well below the possible 
values of GGI = 0.55 devices (Figure  S2). This indicates that 
a small amount of CuS1 − xSex is not the main source of the 
performance limitation of wide-gap CIGSSe.

An improved photovoltaic device performance was reported 
for wide-gap CIGSe when using higher substrate temperatures 
during growth [51] (in comparison with narrow-gap CIGSe). An 
explanation can possibly be found in the higher melting tem-
perature of high GGI versus low GGI CIGSe.1 For equal “dis-
tances” from the equilibrium between nucleation and melting, 
high GGI growth requires a higher temperature than low GGI 
growth. Also, the limited diffusion of Ga in CIGSe may require a 
higher temperature [46], although the literature is contradictory 
on this topic [53].

3.3   |   Grain Size Can Be Increased

Besides influencing the GGI gradient, the high-temperature 
growth increases the grain size of the polycrystalline CIGSe ab-
sorber. This can clearly be seen in the cross-section SEM images 
of MLU absorbers in Figure 2b by comparing it with the 625°C 
temperature growth in Figure 2a. Grains of dimensions of the 
film thickness develop upon a high substrate temperature of 
675°C. Besides the substrate temperature, the Na concentration 
also has an impact on the grain size. Figure 2c shows that the 
grain size increases at a standard 625°C temperature for high 
GGI samples if the film is grown on barrier-coated glass with-
out Na [45]. The Na content in the high-temperature sample is 
also lower, possibly due to lower Na concentration in the Schott 
glass. Therefore, it is suggested that larger grain sizes (such as 

in Figure 2b) can be achieved at high temperatures and/or low 
Na content.

4   |   Bulk Electronic Properties

In this section, we focus on bulk properties, such as doping con-
centration and metastabilities, as well as on the minority carrier 
lifetimes in wide-gap versus narrow-gap CIGSe.

4.1   |   Heavy-Alkali PDTs Increase Doping 
Metastability

It has frequently been reported that CIGSe layers exhibit a meta-
stable doping that increases upon illumination [6, 41, 54, 55]. 
The general effect can be seen in Figure  3, which shows the 
doping levels after different illumination times as derived from 
admittance spectra as in Figure S1: The untreated 0.30 and 0.75 
GGI MLU samples (red curves) exhibit an increase in the ap-
parent acceptor concentration NA,a(t) as a function of red-light 
illumination time (wavelength > 630 nm, “red-light soaking”). 
As in Ref. [6], the NA,a(t) have been fitted by a power law of the 
kind NA,a = N0

A,a
(1+ t∕tc)

�, where N0
A,a

 is the doping at t = 0 and tc 
and β are constants. If the CIGSe layers are treated with RbF-
PDT, the relaxed doping N0

A,a
 is unchanged, but the light-soaking 

effect becomes stronger. This is more pronounced for the 0.75 
GGI sample. The result was confirmed by another set of samples 
with and without RbF treatment. In consequence, the red-light-
soaked state of RbF samples is of higher doping than the one of 
the untreated samples. The 0.75 GGI sample exhibits a doping 
concentration above 8 × 1016 cm−3. In Section 6, we will use this 
effect to study the open-circuit voltage transient upon red light 
illumination.

4.2   |   Higher GGI Increases Bulk Recombination

To reveal the bulk recombination properties of high GGI sam-
ples, time-resolved photoluminescence (TRPL) was measured. 
Figure 4 gives the TRPL transients of untreated and alkali PDT-
treated MLU absorbers with different GGIs and different band 
gaps as derived from the wavelength at 20% EQE (see Section 2). 
All samples were measured directly after film growth to avoid 
air-light-induced degradation [56]. Here, we interpret only the 
rough trend of the decay curves, which could be influenced 
additionally by a charge separation effect (due to surface band 

FIGURE 2    |    SEM cross-sections of MLU Cu (In,Ga)Se2 films with GGI = 0.8. (a) 625°C temperature growth on standard soda-lime glass. (b) High-
temperature (675°C) growth on Schott high-temperature glass. (c) 625°C temperature growth on barrier glass. Markers indicate 1 μm.
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6 Progress in Photovoltaics: Research and Applications, 2026

bending) or by a charge carrier trapping effect both prone to give 
bi-exponential TRPL decay curves [57–59]. (A combination of 
effects then can even bring curved TRPL transients.) However, 
we note that both types of effects only can have an influence 
if the minority carrier lifetime, τn, is not too small and exceeds 
the instrumental function (> 1 ns). In Figure 4, we find that the 
narrow-gap sample with a GGI of 0.3 (Eg = 1.12 eV) shows the 
most “linear” (i.e., mono-exponential) decay, also over longer 
timescales, indicating the longest minority carrier lifetime. For 
GGI of 0.55 and above, the TRPL transients are much shorter, 
“curved,” and on this low level independent from the exact GGI. 
The strong (initial) reduction of the minority carrier lifetime 
values with increasing GGI will also be addressed again in con-
junction with Figure 16, where we show a τn of 100 ns for the 
0.3 GGI sample and a clear reduction of τn upon larger GGI, in 
agreement with the TRPL transients in Figure 4. The calculated 

τn is smaller than 1 ns for GGI ≥ 0.68 (Eg ≥ 1.44 eV). Thus, wide-
gap CIGSe layers exhibit a higher bulk recombination rate than 
narrow-gap material.

In Ref. [51], it was pointed out that high-temperature growth 
improves the performance of wide-gap CIGSe solar cells. In 
Figure  5, we find a small increase in the TRPL decay time at 
increased temperature (nominal temperature 675°C instead 
of 625°C). A further decay time increase can be discerned by 
the application of an additional NaF precursor on the high-
temperature glass. (The role of Na on the TRPL decay of bare 
absorbers is not completely understood [60].) In summary, the 
TRPL decay time of high GGI CIGSe layers hardly exceeds 
the instrumental function (1 ns). It is slightly increased upon 
high-temperature growth and tailored NaF supply but does not 
depend on HA treatment. In the MLU laboratory, the TRPL 

FIGURE 3    |    Doping-density transients, as measured by admittance spectroscopy for RbF-treated and untreated (i.e., no PDT) MLU cells with (a) 
GGI = 0.3 and (b) 0.75. The C(f,t)-measurements were performed in darkness after the respective illumination time by 635 nm light of ½ sun flux 
equivalent. Dashed lines give a fit to Equation (3) of Ref. [6].

FIGURE 4    |    TRPL transients of alkali-treated and untreated MLU absorber layers for different GGI values (a) 0.30 GGI (Eg = 1.12 eV), (b) 0.55 GGI 
(Eg = 1.34 eV), (c) 0.68 GGI (Eg = 1.44 eV), and (d) 0.78 GGI (Eg = 1.52 eV). Due to the shorter decay times of high versus low GGI absorbers, the time 
axis of (a) is given on a longer range.
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7Progress in Photovoltaics: Research and Applications, 2026

lifetime measurement at high GGI layers could be used for qual-
ity assessment where a longer TRPL decay time is connected 
with higher device performance.

4.3   |   Heavy-Alkali PDT Does Not Reduce Bulk 
Recombination at High GGI

As mentioned, the 0.30 GGI sample in Figure 4a showed an in-
crease in TRPL decay time upon heavy alkali (HA)-PDT, in ac-
cordance with other works [61]. This is true for K, Cs, and Rb, 
that is, the alkalis being heavier than sodium (justifying the 
term “HA treatment”). Furthermore, the CsF-treated sample ex-
hibits a PL decay curve that can be fitted by a single exponential 

with a characteristic time constant of about 70 ns. This lifetime 
is distinctly larger than that of the CIGSe layer without PDT. 
In Ref. [24], it was argued that the main effect of alkali PDT 
on narrow-gap CIGSe devices is related to decreased recombi-
nation in the bulk. Now, for GGIs of 0.55 and higher, the TRPL 
decay curves in Figure 4b–d are hardly influenced by the alkali-
PDT. This finding is in agreement with Ref. [1], where samples 
with large GGI also showed no “alkali effect”.

4.4   |   Heavy Alkali PDT Increases EQE red 
Response

HA post-deposition treatment of wide-gap CIGSe leads to 
increased EQE in the long wavelength range, as already in-
dicated in [62]. The EQEs [62] shown in Figure  6 (different 
samples than in Ref. [62]) confirm this effect: The short wave-
length EQE and the band gaps of both samples are roughly 
identical. The increased long wavelength EQE in Figure 6, to-
gether with the increased doping concentration in Figure  3, 
suggests an increased minority carrier diffusion length of the 
RbF-PDT MLU CIGSe layers. In combination with the unal-
tered carrier lifetime, this observation points toward an in-
creased charge carrier mobility perhaps due to altered grain 
boundary properties.

5   |   Interfaces and Grain Boundaries

Using sophisticated surface characterization approaches, it is 
now well established that the surfaces and interfaces in chal-
copyrite devices are particularly complex and require in-depth 
studies for a correct description. For example, it is not possible to 
utilize optically derived (tabulated) bulk band gaps to determine 
(or even estimate) band alignments, since the composition of 
(high-performance) chalcopyrite absorber surfaces differs from 
the nominal composition in the bulk, and hence, also, the elec-
tronic surface band gap is rather different [7, 12]. Furthermore, 
when forming the interface to the buffer layer, interface dipoles 
are formed, in part due to local chemical bonding, but also due to 
interdiffusion processes between the absorber and buffer layer 
[63, 64]. Such dipoles are not necessarily taken into account 
in density functional theory calculations (DFT) [65], [66, 67] 
for band alignment estimations. Chalcopyrite absorbers show 
pronounced band bending toward their surfaces, which can 
sometimes, but not always, be further enhanced by the inter-
face formation with the buffer. While common at semiconduc-
tor surfaces, such a band bending should not be misinterpreted 
as a modification of fundamental materials properties, such as 
the “position” of band edges with respect to an energy reference 
level when external parameters (here: the GGI) are modified. 
Rather, it is a complex interplay between a variety of surface 
effects, requiring a detailed analysis of the particular surface 
under study. To thus directly determine the chemical and elec-
tronic structure at the surface of ZSW absorbers with different 
GGI ratios and their interfaces with CdS, we have used XPS, 
UPS, and IPES on a number of absorber and interface samples 
with varying GGIs (note that the here-studied surfaces have not 
been subjected to a PDT).

FIGURE 5    |    TRPL intensity of alkali-treated MLU CIGSe samples 
with Eg = 1.52 eV, grown on different kinds of glasses. The TRPL signal 
of the CIGSe absorber grown on Schott glasses with 8 nm NaF-precursor 
shows the longest minority carrier lifetime.

FIGURE 6    |    EQE of RbF-PDT treated MLU cell with GGI = 0.8, in 
comparison with cell without PDT, showing the increase in red EQE.
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8 Progress in Photovoltaics: Research and Applications, 2026

5.1   |   Band Gap Widening at the CIGSe Surface 
Also for High GGI

Figure 7 displays the Ga 3d/In 4d XPS spectra (excited by mono-
chromatized Al Kα) for three different GGI ratios (0.30, 0.66, 
and 0.95). With increasing nominal (bulk) GGI, we find the In 
4d and Ga 3d intensities to decrease and increase, respectively. 
To quantify this, the three datasets were simultaneously fitted 
using a linear background and Voigt profiles. Both doublets (In 
4d3/2/4d5/2 and Ga 3d3/2/3d5/2) were described by two Voigt pro-
files with equal Lorentzian and Gaussian contributions and a 
fixed intensity ratio of 2:3 according to the 2j + 1 multiplicity. 
The spin-orbit splitting was used as a fitting parameter but 
kept equal throughout this GGI series. To calculate the surface 
GGI, we considered the corresponding photoionization cross-
sections [68], while the inelastic mean free path λ and analyzer 
transmission function, being a function of the electron kinetic 
energy and thus approximately equal for In 4d and Ga 3d, did 
not have to be taken into account. In Table 1, the derived surface 
GGIs are compared with the bulk values (as determined by X-ray 
fluorescence, XRF)—they are identical for each sample (within 
the error bar). Therefore, surface analysis does not reveal a Ga or 
In enrichment at the very surface. The results can be compared 
with the GDOES depth profiles in Figure 1c where the front sur-
face GGI also roughly agreed with the respective bulk value.

FIGURE 7    |    Monochromatized Al Kα spectra of the In4d/Ga 3d region of 0.30, 0.66, and 0.95 GGI CIGSe absorbers (without PDT). The Ga 3d and 
In 4d components are shown in green and blue, respectively. The magnified (×2) residuals are shown below each spectrum.

TABLE 1    |    Comparison of bulk and surface GGI and [Cu]/([Ga] + [In]) (CGI) ratios, as well as bulk and surface band gaps as a function of GGI. 
CIGSe samples were not treated with a PDT.

Bulk GGI from XRF: 0.30 ± 0.01 0.66 ± 0.01 0.95 ± 0.01

Surface GGI (from XPS): 0.36 ± 0.06 0.63 ± 0.07 0.97 ± 0.01

Bulk Eg (from EQE) 1.16 (± 0.02) eV 1.37 (± 0.02) eV 1.62 (± 0.02) eV

Surface Eg (from UPS/IPES) 1.45 (± 0.18) eV — 1.96 (± 0.18) eV

Surface EF-EVBM (from UPS) 0.75 (± 0.10) eV 0.71 (± 0.10) eV 0.58 (± 0.10) eV

Bulk CGI (from XRF): 0.85 ± 0.01 0.88 ± 0.01 0.95 ± 0.01

Surface CGI (from XPS): 0.51 ± 0.09 0.49 ± 0.09 0.68 ± 0.09

FIGURE 8    |    (a) UV photoelectron spectroscopy (UPS) of CIGSe 
samples with GGI = 0.30 (red), 0.66 (blue), and 0.95 (green), measured 
at KIT; (b) UPS and inverse photoemission spectroscopy (IPES) data 
for GGI = 0.30 (red, bottom) and 0.95 (green, top), measured at UNLV. 
Valence and conduction band extrema are determined with a linear ex-
trapolation of the leading edge. No PDT was applied to these samples.
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9Progress in Photovoltaics: Research and Applications, 2026

To gain further insights into the local chemical environments 
at the surface, the modified indium Auger parameter α′

In was 
determined by adding the In 3d5/2 binding energy and the ki-
netic energy of the In N4M4,5M4,5 Auger feature. The value of 
α′

In = 852.57 ± 0.05 eV for the 0.3 GGI sample is in good agreement 
with tabulated and our own values for Cu (In,Ga)(S,Se)2 absorber 
surfaces (852.40 ≤ α′

In,CIGSSe ≤ 852.70 eV) [11, 69–71]. For increas-
ing GGI, the value of α′

In decreases, to α′
In = 852.48 ± 0.10 eV for 

the 0.66 GGI sample and α′
In = 852.20 ± 0.15 eV for a GGI of 0.95. 

This suggests that the increasing Ga concentration also affects 
the local chemical environment of In (either through direct In-
Ga bonds or through next-neighbor interactions).

To study the impact of the GGI on the electronic structure, UPS 
and IPES measurements were performed on the different GGI 
absorber surfaces. Figure 8a shows the UPS valence band region 
of samples with GGI = 0.30, 0.66, and 0.95, while Figure 8b shows 
UPS/IPES spectra of the GGI = 0.30 and 0.95 absorbers (only). 
We note that the absorber surfaces were measured in different 
experimental setups (Figure  9a: KIT; Figure  9b: UNLV) and, 
correspondingly, after slightly different “histories” of the sam-
ple surfaces, which leads to small variations in the valence band 
maximum, VBM. The VBM and conduction band minima (CBM) 

were determined with linear extrapolations of the leading edge 
of each spectrum [72, 73]. In Table 1, the values are summarized 
and compared with bulk Eg values (note that for the GGI = 0.3 and 
0.95 samples, the VBM values are averaged over the two different 
experiments). For increasing GGI, the VBM at the surface shifts 
toward the Fermi energy. For the 0.3 GGI absorber, the Fermi en-
ergy EF is approximately in the middle of the band gap at the sam-
ple surface. In contrast, the VBM of the 0.95 GGI sample surface 
is closer to EF and shows a larger band gap than the 0.30 GGI ab-
sorber at its surface. In addition, the absorber surface band gaps 
of the 0.30 and 0.95 GGI absorber surfaces are roughly ~0.30 eV 
larger than the EQE-determined bulk band gaps (see Table  1), 
which can likely be related to a Cu-deficient surface stoichiom-
etry. The corresponding surface CGI ratio (determined using Cu 
3p, Ga 3d, and In 4d) is considerably smaller than the bulk values, 
showing a surface Cu depletion independent of the GGI [49, 74]. 
In Ref. [75], it was shown that for CuGaSe2 surfaces, an upward 
shift of EF can lead to Cu depletion. This was supported by solid 
state theory in Refs. [19, 76], where the spontaneous formation of 
p-type doping copper vacancies was predicted for a Fermi energy 
exceeding 0.8 eV above VBM. Here, the surface EF

if–EVBM
if of the 

0.95 GGI absorber (0.58 eV, see Table 1) is smaller than the value 
0.8 eV for spontaneous VCu formation.

FIGURE 9    |    Left: UPS/IPES spectra of the GGI = 0.95 CIGSe absorber and the corresponding CdS/CIGSe sample. Linear extrapolations are drawn 
to determine the valence and conduction band edges. Right: Schematic band diagram of the CdS/CIGSe interface for GGI = 0.95.
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10 Progress in Photovoltaics: Research and Applications, 2026

5.2   |   A Conduction Band “Cliff” at the CdS/
Wide-Gap CIGSe Interface

The band alignment at the interface between CdS and the 0.95 
GGI CIGSe sample was derived by complementing the UPS/IPES 
measurements of the GGI = 0.95 absorber in Figure  8b by those 
of the full CdS buffer layer on top of the absorber (CdS/CIGSe), 
shown in Figure  9 (left). We find a band gap of 2.56 (± 0.18) eV 
at the surface of the 50-nm CdS/CIGSe sample, with EF slightly 
above mid-gap. To derive the band alignment, the additional band 
bending induced by the interface formation needs to be taken into 
account. For this purpose, we used a thin buffer layer sample, for 
which the absorber-related photoemission peaks can still be de-
tected with XPS. The relative shifts of the absorber-related peaks 
(e.g., Ga 2p, In 3d, Se 3d) and buffer-related peaks (e.g., Cd 3d and 
S 2p) are analyzed and used to deduce the VBM and CBM values 
at the interface from the values at the CIGSe and CdS surfaces. As 
summarized in Figure 9 (right), we find a significant negative con-
duction band offset of −0.57 (± 0.17) eV (i.e., a cliff) and a valence 
band offset of −1.17 (± 0.15) eV. This electronic structure could 
foster interface recombination in the device in case of sufficiently 
high interface defect density. For a more quantitative discussion 
(see below), we now label the difference between the CdS CBM 
and the CIGSe VBM as “interface ‘band gap’.” While not a band 
gap in the true electronic (k-dependent) sense, since the two band 
edge states are not fully delocalized at the same point in real space, 
this number lends itself to a comparison with the involved band 
gaps and, potentially, the observed open-circuit voltage and ex-
trapolated low-temperature activation energies. Here, the interface 
“band gap” amounts to 1.39 eV, which is smaller than the optically 
derived absorber bulk band gap of 1.62 eV and—by the amount of 
the CBO—considerably smaller than the electronic CIGSe surface 
band gap of 1.96 eV (as expected).

The CIGSe surfaces examined up to this part of the paper were 
not treated by a PDT step. Elsewhere, we report that the conduc-
tion band alignment of a CdS/RbF-PDT CIGSe interface with an 
absorber GGI of 0.90 shows a CBO of −0.53 eV [4]. This obser-
vation indicates that the RbF-PDT, as employed by ZSW, does 

not impact the conduction band alignment for high GGI absorb-
ers, as was previously found for low-GGI ZSW absorbers as well 
[10, 25].

5.3   |   Heavy Alkali (HA) PDT Could Lead to 
HA-In-Se Bonds at the Absorber Surface

It has been found earlier for narrow-gap CIGSe films that a 
heavy alkali treatment can, among other effects, increase the 
open-circuit voltage (Voc) [77]. In some cases, however, this gain 
is compensated by a fill factor loss [78]. The reason for the loss 
is a distortion of the JV curve, which was attributed to a charge 
transport barrier. This barrier may, among others, be due to (1) 
HA-In-Se-type bonds at the absorber surface [79] or (2) a barrier 
at the back contact [80]. Indications for a HA-In-Se type surface 
were found for KF-PDT on EMPA absorbers by Handick et al. [81]. 
A surface band gap of 2.52 eV was proposed, which would be in 
close agreement with the KInSe2 bulk band gap of 2.7 eV [82]. A 
distinct HAInSe2 phase could, so far, only be detected at the buf-
fer/CIGSe interface in one TEM study [26], and no evidence for a 
similar effect for pure CuGaSe2 absorbers has been found, even 
if the existence of a KGaSe2 phase (in general) has been reported 
[83]. Also, an HA effect on the solar cell performance could not be 
found for CuGaSe2 [1]. Therefore, one idea of incorporating indium 
in wide-gap CIGSe is to allow the formation of HA-In-Se bonds at 
the absorber surface phase, which may mitigate interface recombi-
nation. Of course, a possible HA-In-Se environment at the surface 
of a high GGI absorber should not lead to barrier behavior.

Figure 10 shows typical results of STEM analyses of the front 
interface region of an MLU CIGSe device with a GGI of 0.80 
and a CGI of 0.90, with CBD-CdS buffer on top. An apparent 
increase in the Rb and In signals (Rb maximum is marked 
by a vertical dashed line), together with a right shift of the Se 
signal drop, can be seen in Figure  10b. The Ga and Cu sig-
nals drop further left of the dashed line. Thus, enrichment of 
Rb, In, and Se at the CdS/CIGSe interface is detected, which 
could be confirmed by APT proximity histograms [84]. If Rb 

FIGURE 10    |    (a) STEM HAADF image of the CIGSe/CdS/ZnO layer stack, as prepared by MLU. The CIGSe absorber has a GGI of 0.80 and was 
treated by 25 nm RbF, as described in the experimental section. The dotted rectangle marks the area of integrated EDXS line scans along the red 
arrow. (b) Quantification of integrated line scans along red arrow in (a). A vertical dashed line gives the position of maximum Rb concentration. (c) 
High-resolution STEM HAADF image of the CdS/CIGSe interface along the <110> zone axis of CIGSe.
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11Progress in Photovoltaics: Research and Applications, 2026

were to be dissolved in CIGSe at the interface (and would 
not form a distinct compound), the depletion from Cu and 
Ga would be difficult to explain. However, inspection of the 
interface by high-resolution STEM HAADF2 at several loca-
tions (see example in Figure  10c) did not reveal the typical 
layered structure of RbInSe2 that has been found in Ref. [26]. 
We conclude that a distinct RbInSe2 phase with space group 
C2/c [85] is either absent, too thin, or too discontinuous to be 
detected. In Refs. [86, 87], no Raman modes were detected for 
HA-PDT surfaces, which were attributed to the formation of 
an amorphous HAInSe2 phase [88]. However, in Figure  10c, 
amorphous structures at the CdS/CIGSe interface are also 
missing. Therefore, in the following, we speak of a Rb-In-Se-
containing environment (rather than a separate layer, phase, 
or compound) at the surface of RbF-treated MLU absorbers.

5.4   |   Indium-Enriched Wide-Gap Grain 
Boundaries

While indium enrichment was a phenomenon at the buffer/wide-
gap CIGSe interface of the MLU sample investigated above, one 
may ask if a similar trend applies for grain boundaries. This is in-
deed visible in the typical APT 3D maps and the corresponding 
proximity histograms of related MLU samples shown in Figure 11, 
where (a) represents a Cu-poor and (b) a Cu-rich grain boundary. 
It can be seen that in (a), the Cu depletion is combined with a slight 
Se enrichment, very little Ga enrichment, but a relatively strong 
In enrichment. These trends are very similar to the ones observed 
for the Cu-poor grain boundaries in low GGI CIGSe films [40, 89]. 
Nevertheless, the grain boundary preserves a relatively high GGI 
value. For the Cu-rich grain boundary in Figure 11b, Ga deple-
tion balances the Cu enrichment, but surprisingly, In depletion is 
not observed. Therefore, indium atoms appear to decorate several 
forms of grain boundaries in high GGI CIGSe absorbers.

Recently, it has been proposed that Cu-rich grain boundaries 
with a positive Cu-factor Δβ (∆β = ∆Cu − (∆Se + ∆In + ∆Ga) 
where ∆X[%] = [X at GB] − [X in grain interior] and X = Cu, In, 
Ga, or Se) are electrically detrimental, exhibiting a reduction in 
electron beam induced current collection, whereas those with 
negative Δβ, that is., with Cu-poor grain boundaries, show an op-
posite behavior [89]. Interestingly, the fraction of Cu-rich grain 
boundaries in high GGI CIGSe absorbers is notably higher (27%) 
than in low GGI CIGSe absorbers (16%) [40], suggesting that the 
grain boundaries in high GGI absorbers have to be further op-
timized to obtain solar cells with better performance. A further 
observation addresses the concept of sodium accumulation at 

FIGURE 11    |    APT 3D maps and the corresponding proximity histograms of two representative grain boundaries (GBs): (a) Cu-poor and (b) Cu-
rich grain boundaries (GBs) in a wide-gap (GGI = 0.9) MLU CIGSe absorber treated by RbF-PDT. Note the indium compositions are given on the right 
axis of the proxigrams labelled “Matrix Elements.” The dopant compositions are given separately in the proxigrams labelled “Dopants.” All proxi-
grams were built using a Cu iso-surface with an iso-composition value of 27 and 29 at.%, respectively.

FIGURE 12    |    DFT-derived band edges of CuInSe2 and CuGaSe2 from 
Ref. [66] (calculated with respect to an assumed vacuum level) and local 
KPFM-derived work functions of 4.9 and 4.75 eV for untreated and RbF-
treated samples, respectively, from Ref. [36] and Figure S3.
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grain boundaries. Here, this effect appears to be much smaller 
in high GGI CIGSe absorbers (~0.3 at.%) than in the low GGI 
CIGS absorbers (~0.6 to 1 at.%). Oxygen enrichment appears to 
be always correlated with Cu-rich grain boundaries, in agree-
ment with previous studies [38, 40, 89].

5.5   |   HA PDT Leads to Larger Hole Barrier at 
Grain Boundaries

In Ref. [90, 91], it was shown that in narrow-gap CIGSe, HA 
elements can be enriched at grain boundaries. In Figure 11, 
we found the same trend for wide-gap CIGSe layers of MLU 

with a clear increase in the Rb signal at grain boundaries. So 
far, no clear evidence for HA-induced electronic passivation 
of grain boundaries could be obtained [92]. In Ref. [93], an 
electron barrier was determined by KPFM, which could re-
duce grain boundary recombination. Here, we engross the 
KPFM cross-section experiments previously reported in Ref. 
[36]. Figure S3 replots the KPFM data from cross-sections of 
different MLU CIGSe thin films. An exemplary surface po-
tential difference map for a sample with GGI = 0.3 and PDT is 
shown in Figure 2b of Ref. [36]. There are two findings from 
Ref. [36]: (1) The untreated layers with GGI = 0.8 and 0.3 both 
exhibit ΦCIGSe of around 4.9 eV. In Figure 12b, we have plotted 
the work functions ΦCIGSe on the energy scale relative to the 

FIGURE 13    |    Dark (left) and white light illuminated (right) JV curves at different temperatures for MLU CIGSe solar cells from (a) untreated, (b) 
KF-treated, (c) RbF-treated, and (d) CsF-treated absorbers with GGI = 0.87 ± 0.02 and optically-derived band gap Eg = 1.44 eV.
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band edges of CuInSe2 and CuGaSe2 as calculated by DFT in 
Ref. [66]. Assuming a p-doped bulk, one can deduce a down-
ward band bending toward the CIGSe grain boundary. This 
band bending would represent a hole barrier and not an elec-
tron barrier. Due to a higher VBM, the band bending may be 
smaller for the large GGI sample in absolute terms. Due to the 
larger band gap of the large GGI sample, it is much smaller in 
relative terms compared with the low GGI band bending. (2) 
Upon RbF treatment, a slight reduction in the work function 
to ΦCIGSe ≈ 4.75 eV was found in Ref. [36] and Figure S3. This 
would indicate that the RbF treatment slightly increases the 
hole barrier at grain boundaries both for low and high GGI 
films of CIGSe. (Our findings, however, are in contrast to the 
dominant electron barrier found by surface KPFM scans for 
RbF PDT treated CIGSe in Ref. [93].) A hole barrier promotes 
carrier recombination at grain boundaries of p-type semicon-
ductors. Increasing this barrier height would further increase 
the recombination of minority carriers at grain boundaries, 
unless the recombination rate is limited by defect saturation. 
In the TRPL study presented in Figure 4, we observed no clear 
change in bulk recombination upon HA-PDT for wide-gap 
CIGSe. Because the increase in the hole barrier upon HA-PDT 
is small, the KPFM result does not exclude grain boundary 
dominated recombination in wide-gap CIGSe.

6   |   Devices

Standard heterojunction solar cells have been prepared with 
the stacking sequence Mo/CIGSe/CdS/ZnO/TCO, where TCO 
was either ZnO:Al or ITO. It is instructive to investigate the 
performance of devices with CdS buffer layers prepared by 
chemical bath deposition by means of Voc(t) transients to test 
if wide-gap CIGSe devices without and with HA PDT are lim-
ited by interface recombination. At the end, the properties of 
laboratory cells are compared with those from an industrial 
process.

6.1   |   HA PDT Supports the Formation of a Current 
Barrier

Figure  13 shows the dark and light JV curves for untreated 
(without) as well as HA fluoride-treated MLU devices (HA = K, 
Rb, and Cs) with a global GGI of 0.87 ± 0.02 and an optically 
derived band gap Eg of 1.44 eV. Similar to Ref. [45] for the KF-
treated devices, we find for RbF and CsF (i) a double diode be-
havior, or partial current blocking under forward bias, and (ii) a 
temperature-dependent photocurrent. In addition, (iii) a Voc sat-
uration for the HA PDT-treated devices can be discerned, while 
this saturation is absent for untreated cells. The Voc(T) data were 
extracted and plotted in Figure 15a. This figure corroborates the 
onset of Voc(T) saturation for low temperatures in the case of 
HA treatment, but not in the case of untreated devices. (The re-
sults in Figure 15 could be reproduced by a second set of MLU 
samples.) Hence, all HA elements lead to the identical phenom-
ena (i), (ii), and (iii). On the other hand, all devices, including 
the one without PDT, exhibit (iv) a crossover of dark and illu-
minated JV curves. The crossover phenomenon is common for 
CIGSe solar cells and may be due to a bias-dependent potential 

barrier, which can be explained by either deep acceptor states 
in CdS with highly asymmetric capture cross-sections  [94] or 
by a p+ layer at the CIGSe surface [95]. Phenomena (i) and (iii), 
however, may share a different origin than the crossover phe-
nomenon (iv).

As pointed out in Ref. [45], the double diode behavior for KF-
treated devices could be simulated by a postulated KInSe2 sur-
face layer of 10 nm thickness having a band gap above 2 eV. This 
concept is similar to the interpretation of Weiss et al. for narrow-
gap CIGSe [79]. As we only identified a distinct HA-In enrich-
ment but no distinct HA-In-Se phase in the present work, we 
continue to speak of a HA-In-Se environment between CIGSe 
and CdS. Assuming that such a HA-In-Se environment exhibits 
a lowered valence band maximum, it is able to explain also the 
resumption of the current at higher voltage bias (double diode 
behavior, see figure 9 in [45]) as well as the Voc saturation [45]. 
Below, we show that a HA–In–Se environment with a hypothet-
ical low valence band maximum may in addition explain the 
modification of the Voc(t) transients upon HA-PDT. On the other 
hand, the partial blocking of the forward current and the Voc(T) 
saturation could also be due to a potential barrier at the back 
contact that becomes larger upon HA-PDT. Several studies have 
emphasized the role of a back contact barrier in CIGSe solar 
cells [96–98], mostly for low GGI samples. Such barrier shows up 
as a capacitance step in admittance spectra [98]. Indeed, in ref-
erence [99], wide-gap MLU devices showed a respective capac-
itance step, which in this reference is labelled as N1. The step is 
temperature activated of Arrhenius type. In Ref. [99], the activa-
tion energy becomes smaller under rubidium doping also for the 
wide-gap CIGSe samples. This would indicate a reduced back 
contact barrier upon RbF treatment—in contrast to the finding 
in Figure 15. This would favor a HA-In-Se interlayer as in Ref. 
[45] for the explanation of phenomena (i) and (iii).

FIGURE 14    |    Open circuit voltage Voc of HA PDT and untreated 
MLU CIGSe solar cells with different GGI and band gap (from EQE). 
Dashed lines mark iso-loss of 0.5, 0.6, and 0.7 V with respect to the band 
gap equivalent Eg∕q.
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Regarding Figure  13, phenomenon (ii) (i.e., the temperature-
dependent photocurrent) remains to be discussed. Being also 
generic for all HA post-deposition treatments, we follow the in-
terpretation of Pianezzi et al. [100], who assume a shallow donor 
state below the conduction band of CIGSe that is introduced by the 
HA PDT and which, depending on the temperature, acts as a trap 
(high T, large Jsc) or a recombination center (low T, small Jsc). The 
effect was already simulated for KF treatment in Ref. [45].

6.2   |   Substantial Voc Increase for HA PDT 
of Wide-Gap CIGSe

Figure 14 shows the GGI influence on the open-circuit voltage 
Voc for cells with different HA PDTs, in comparison with un-
treated CIGSe cells. The absorbers were grown with the mod-
ified three-stage process by MLU, as explained in Section  3. 
While there is little increase in Voc for the narrow-gap HA PDT 

FIGURE 15    |    (a) Experimental temperature-dependent Voc(T) for wide-gap CIGSe/CdS/i-ZnO/ZnO:Al MLU cells with GGI = 0.87 ± 0.02 and 
Eg = 1.44 eV. Dashed lines give linear fits of the high-temperature range. (b) Experimental time-dependent ΔVoc(t) = Voc(t) − Voc(t0) with t0 = 630 s 
for the same devices as in (a) under constant red light illumination (xenon lamp solar modulator AM1.5, 1000 W/m2 with an optical cut-off filter 
� > 630 nm) at room temperature. (c) Simulated ΔVoc(t) transients using the experimental time series of NA,a(t) from Figure 3 with different valence 
band offsets in an assumed device structure CIGSe/SL/CdS/ZnO, as depicted in (d), where SL denotes a surface layer with band gap of Eg,CIGSe + ΔEv

if. 
(e) Simulated ΔVoc(t) transients with different recombination velocities at an assumed interface defect as depicted in (f).
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samples in comparison to the untreated devices, the increase is 
strongest for a GGI around 0.6, that is, a band gap around 1.4 eV. 
There, RbF and CsF appear to be most efficient for achieving a 
higher Voc. Below, we show that RbF will also lead to very effi-
cient wide-gap devices.

In Ref. [62], it was shown that all HA PDT cells exhibit an in-
creased long wavelength response of the EQE. Together with the 
larger absorber doping shown in Figure 3, which would rather 
shrink the SCR and thus the collection length, this points to a 
larger diffusion length upon HA doping. Despite the remarkable 
Voc effect due to the HA PDT, it is apparent from Figure 14 that 
the Voc deficit (in the figure exemplified by reference to the band 
gap) becomes larger for all curves with increasing GGI.

6.3   |   HA PDT Has an Impact on Interface 
Recombination

In the case of narrow-gap CIGSe, the positive HA effect on the 
cell performance was explained by bulk modifications, such 
as increased doping and higher carrier lifetime [24]. This is in 
agreement with the general finding that high-efficiency narrow-
gap CIGSe solar cells are likely not limited by interface recom-
bination—in contrast to wide-gap CIGSe cells with a CdS buffer 
layer [6]. For wide-gap CIGSe, there is the question of whether 
HA PDT affects the interface recombination. In order to identify 
the dominance of interface recombination, the activation energy 
EA of the saturation current derived from extrapolated Voc(T) 
is investigated. In Figure 15a, the device without PDT exhibits 
EA < Eg, where Eg is the absorber bulk band gap. This suggests 
that recombination at the CIGSe/CdS interface dominates (see 
section 7.3.2 in Ref. [49]), in agreement with many earlier find-
ings [6, 51, 99]. As an exception, in the literature, there is the re-
port of EA = Eg [101]. The latter may be a result of very high bulk 
recombination even exceeding interface recombination. In our 
case, the extrapolated value of Voc(0 K) = 1.17 eV is significantly 
lower than all band gaps (bulk or interface) discussed above. 
All HA-treated MLU devices to the contrary exhibit extrapo-
lated open-circuit voltages of Voc(T ➔ 0) = Eg. At this point, we 
note that, according to Ref. [102], interface recombination is not 
excluded for EA = Eg. To differentiate interface recombination 
from bulk recombination, open-circuit voltage transients Voc(t) 
can be employed for CIGSe solar cells, making use of the inher-
ent doping metastability of the CIGSe layers [6]. The existence of 
doping metastability in wide-gap CIGSe was already concluded 
from Figure  3: The wide-gap CIGSe doping increases with il-
lumination time. A resulting negative Voc(t) transient upon 
increasing illumination time can be due to interface recombina-
tion or tunneling-enhanced recombination in the space-charge 
region [103]. Figure 15b shows that all devices with GGI = 0.8 
have a negative slope; that is, Voc decreases with increasing illu-
mination time. Tunneling-enhanced recombination [103] in the 
space-charge region can be excluded for these devices due to too 
low doping (see Figure 3) and due to their diode quality factor A 
being smaller than 2. Thus, one can suggest that the dominant 
recombination for all devices takes place at the interface, albeit 
with different activation energies.

In Ref. [20], it was shown on a large set of KF-treated MLU 
samples that some KF-treated cells may well exhibit positive 

Voc(t) slopes. In addition, EA = Eg was repeatedly observed 
where Eg is the band gap of the CIGSe layer. This suggests 
that the CIGSe/CdS interface can be passivated by a HA PDT 
up to the complete suppression of interface recombination. 
However, complete suppression of interface recombination is 
not observed for the sample set in Figure 15b, since all slopes 
of Voc(t) are negative. On the other hand, we find in Figure 15b 
that the Voc(t) slope becomes smaller upon HA treatment. 
This is concomitant with a higher Voc in Figure 13 of the HA-
treated devices. In Figure  15c,e, two models were tested for 
their possible explanation of the varied Voc(t) slopes: a model 
employing a surface layer (SL), which lowers the valence band 
at the CIGSe surface (see sketch in d) and a model with mod-
ified defect density, or recombination velocity, at the CIGSe/
CdS interface (sketch in f). Here, the measured time devel-
opment of the absorber doping from Figure  3 was taken as 
input for the computer simulation (see Section 2). Both mod-
els can explain the higher Voc (enabled by reduced interface 
recombination) and the reduced negative slope of dVoc(t)/dt. 
Both models essentially reduce the hole recombination rate 
at the interface being the limiting step at this presumed in-
verted interface (electrons are majority carriers and holes are 
minority carriers). The hole recombination rate depends on 
the interface hole density p times the hole recombination ve-
locity Sp. Model (d) uses a decreasing hole concentration p at 
the interface by decreasing the valence band edge. Model (f) 
just reduces the recombination velocity Sp, which can result 
from either a reduced defect density or a reduced hole capture 
cross-section [4]. In the case of the surface layer model (d) in 
Figure 15, phenomena (i), which is the partial current block-
ing, and (iii), which is the Voc(T) saturation, would be simulta-
neously explained [45].

FIGURE 16    |    Open-circuit voltage Voc and quasi Fermi-level split-
ting ΔEF of MLU devices, in comparison with the theoretical limit Voc

SQ. 
Electron lifetime τn derived from ΔEF of Rb-treated MLU CIGSe layers 
and solar cells using the PLQY method.
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6.4   |   Open Circuit Voltage Deficit Increases With 
Band Gap

In order to assess the Voc deficit for MLU devices with different 
GGI, steady-state, absolute quantified photoluminescence ex-
periments (PLQY) were conducted and the quasi-Fermi level 
splitting was inferred from fitting the high-energy slope of the 
photoluminescence spectra [104]. The experiments were per-
formed on bare CIGSe layers but in N2 in order to avoid deg-
radation. Figure  16 shows that ΔEF increases about linearly 
with the band gap of the CIGSe layer. However, the distance to 
the Shockley–Queisser limited VSQ

oc  (ideal limit) also becomes 
larger. This indicates that bulk recombination increases with 
larger GGI. Nevertheless, a Voc of 0.95 V should be possible 
based on the ΔEF value of the Eg = 1.5 eV sample. While up to 
a band gap of 1.35 eV, the internal ΔEF = EFn-EFp can be real-
ized as external Voc, above this value, additional effects must 
reduce the external Voc. Together with the models presented 
above, we assign the difference between ΔEF and the external 
Voc for Eg > 1.35 eV to interface recombination limiting Voc also 

for these RbF-treated MLU devices with CdS buffer layer. We 
emphasize that this happens even though the activation en-
ergy derived from Voc(T) approaches the band gap value (see 
Figure 15a).

6.5   |   Na Concentration Adjustment by Na 
Precursor

In Figure  2b, it was shown that a higher substrate tempera-
ture increases the grain size of ClGSe layers with large GGI. 
Figure  17a on the other hand reveals that the Schott high-
temperature glass releases less sodium into the MLU film 
than standard soda-lime glass. Hence, additional Na doping 
appears necessary. Motivated by the work of Pianezzi et  al. 
for narrow-gap CIGSe [80], sequential NaF PDT and RbF PDT 
was tested. Figure 17b,c give Voc and EQE data of MLU sam-
ples grown on soda-lime glass with different NaF PDT treat-
ments (differentiated by the nominal NaF film thickness). It is 
obvious that Voc and Jsc(from integrated EQE) monotonously 

FIGURE 17    |    (a) Quantified GDOES sodium concentration depth profiles for GGI = 0.75 MLU samples from 625°C process grown on soda-lime 
glass and on barrier glass as well as two high temperature 675°C processes on Schott glass with 8 nm NaF precursor layer and without NaF precursor. 
(b) Voc of NaF + RbF PDT series where the NaF thickness was varied from 0 to 10 nm on standard soda-lime glass. (c) Respective EQE spectra from 
samples with different NaF PDT.

FIGURE 18    |    CIGSe (Eg = 1.48 eV) devices on high temperature Schott glass and with 25 nm RbF-PDT. (a) EQE comparison of with and without 
8 nm NaF precursor. (b) JV curves dark and illuminated after antireflection coating of device with NaF precursor and with optimized i-ZnO/ZnO:Al 
window as well as antireflection coating at ZSW. (c) EQE-signals of two devices with NaF precursor and optimized window with and without anti-
reflection coating.
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decline upon higher NaF thickness. Therefore, as an alterna-
tive, the application of a Na precursor was tested in combi-
nation with the high temperature glass. Figure 18a gives the 
EQE of a sodium precursor doped cell in comparison with a 
non-doped one. Both cells experienced a RbF PDT treatment. 
Comparing also with Figure 17c, a well-behaved EQE can be 

observed. Thus, a NaF precursor appears more appropriate for 
Na concentration adjustment on the high-temperature glass. 
Figure 18b,c show the JV curves and EQE of an optimized de-
vice (high-T glass, NaF precursor, RbF PDT) with optimized 
emitter stack [105]. With a band gap of 1.48 eV, this CIGSe cell 
exhibits Voc = 842 mV, Jsc = 22.65 mA cm−2, FF = 74.2%, and 

FIGURE 19    |    Selection of normalized device parameters of (a) laboratory CIGSe cells as a function of band gap energy Eg (bottom axis) and GGI 
(top axis) from literature and own work. (b) Industrial pilot modules from CIGSe co-evaporation (NICE Solar—crosses) and sequential CIGSSe depo-
sition (AVANCIS—hexagons). The Voc trend line in (b) gives the relative change of the energy band gap calculated for CuIn1-xGaxSe2 with optical 
bowing parameter b = 0.2 (Table 4.12 in [49]). The Jsc trend line gives the relative change of the maximum possible short circuit current as a function 
of Eg (GGI).
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η = 14.15% with antireflection coating. The diode quality fac-
tor was around 1.5. Inspecting the Voc(t) transient of this cell, 
it was found that it exhibits a negative slope (dVoc

dt
< 0) indicat-

ing the prevailing dominance of interface recombination.

6.6   |   Voc Exceeds the Absorber Built-In Potential 
Estimated From Theory

Solid state theory predicts a limitation of the absorber band 
bending at the junction for wide-gap CIGSe due to sponta-
neous Cu vacancy, VCu, formation [65]. If the Fermi energy 
moves up too high in the band gap, VCu vacancies are formed 
which lead to higher absorber p-type doping, thereby reduc-
ing and thus pinning the Fermi energy. This can also happen 
at the absorber surface where a strong band bending (high 
Fermi energy, i.e., large Ep,az = 0 as in figure 2.24 of Ref. [49]) 
shall be the result of junction formation. Using photoelectron 
spectroscopy, Klein et  al. observed a Fermi level pinning of 
CuGaSe2 surfaces [75] at EF − Ev = 0.6 Ev, which may impede 
the formation of a built-in potential in wide-gap CIGSe ab-
sorbers. Theoretical calculations using the LDA + U approach 
predicted a pinning position of Ep,a = 0.6 eV [65, 106]. Using 
hybrid functional calculations, a value of 0.8 eV was derived 
[19]. A limited Ep,a would lead to strong interface recombina-
tion and hence would limit the Voc. We ask here, if our results 
can support this model quantitatively, that is, using measured 
device values. Figure 14 shows that for a GGI above 0.8, a Voc 
of 800 mV can be achieved. Employing a Zn1 − xSnxOy buffer 
layer (or electron transport layer) by atomic layer deposition, 
Larsson et  al. even achieved above 1 V open-circuit voltage 
with an indium-free CuGaSe2 absorber [107]. For a device 
which is limited by interface recombination, the saturation 
current comes out as Jo = q Nv,a Sp0 exp

{

−
Ep,az=0
kT

}

 where 

Nv,a is the absorber valence band effective density of states, 
Sp0 the hole recombination velocity, and Ep,az = 0 is the dis-
tance between Fermi energy and valence band maximum at 
the absorber buffer interface z = 0. With this expression, we 
can determine Ep,az=0 =

qVoc
A

+ kTln
(

q Nv,a Sp0

Jsc

)

. With A = 1.5 as 
realized in this work, Nv,a = 1.5 × 1019 cm−3, Jsc = 22 mA cm−2, 
Voc = 840 mV, and an assumed Sp,0 = 103 cm s−1 for the RbF-
treated device, we calculate Ep,az = 0 = 0.86 eV. This value is al-
ready larger than the experimental pinning position and the 
theoretical predictions cited above.

6.7   |   GGI in Industrial Processes Is Limited Below 
0.4–0.5

Using industrial processes, the” increase of GGI has been 
tested by co-evaporated CIGSe (NICE Solar) and by sequential 
Cu (In,Ga)(S,Se)2 (CIGSSe, AVANCIS) deposition. Figure 19a 
shows data for lab-scale CIGSe cells, while Figure 19b gives 
the normalized module data up to a GGI of 0.7 and compares 
with theoretical trend lines (see caption for more details). It 
is remarkable that Jsc of the modules in (b) decreases more 
strongly with an increasing band gap than for laboratory cells 
in (a). However, the module data also exhibit a decreasing 
FF. Above a certain GGI, the reduced Jsc is no longer com-
pensated by enhanced Voc. This threshold (GGImax) is higher 

for the S-containing CIGSSe devices from a sequential Cu 
(In,Ga)(S,Se)2 process (GGImax ≈ 0.5), than for the S-free 
CIGSe co-evaporation (GGImax ≈ 0.4).

7   |   Conclusions

Physical, chemical, and electronic properties of Cu (In,Ga)Se2 
thin films with large gallium content (high GGI ratio) have 
been studied employing a variety of methods. It is found that 
the Ga gradient, which can impede carrier collection, can 
be reduced by three measures: Ga evaporation in the second 
stage of a three-stage process, increased substrate tempera-
ture, and sodium-free film growth. Also, the grain size can 
be increased by high-temperature glass as well as a sodium 
barrier, emphasizing that both promote chemical and grain-
boundary diffusion. At high GGI, the CIGSe/CdS interface 
shows a pronounced cliff in the conduction band alignment, 
creating opportunities for interface recombination. Heavy 
alkali post-deposition treatments lead to clearly increased 
device performance, ascribed to reduced interface recombina-
tion. This is concluded from an increased activation energy of 
J0, a reduced open-circuit voltage transient Voc(t), and from the 
small effect of heavy alkali doping on the time-resolved pho-
toluminescence data. The reduced interface recombination 
could be due to an alkali-indium-selenium rich interface to 
the buffer layer, which may shift the absorber's valence band 
maximum away from EF or which may reduce the interface 
state density. Using calibrated photoluminescence yield anal-
ysis, the impact of bulk and interface recombination in the 
device can be analyzed. Bulk recombination is higher than 
in narrow-gap CIGSe, perhaps partly due to the higher frac-
tion of Cu-rich grain boundaries, as detected by APT. Above a 
GGI of 0.6, recombination at the CIGSe/CdS interface opens a 
gap between bulk quasi Fermi level splitting and the external 
open-circuit potential. Compared with laboratory cells, mod-
ule technology employed in this work seems to allow a larger 
GGI increase without deteriorating the photovoltaic perfor-
mance in particular upon adding sulfur to the absorber.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Capacitance-frequency 
curves of RbF-treated and untreated MLU CIGSe samples in the relaxed 
state and after 15, 45, and 120 min of light soaking, samples with (a) 
GGI = 0.30 and (b) GGI = 0.75. Figure S2: Raman spectra of Cu (In,Ga)
(Se,S)2 absorbers prepared by the sequential process of AVANCIS with 
GGI = 0.55 and 0.59. Figure S3: Surface potential difference and de-
rived CIGSe work function ΦCIGSe for CIGSe cross-sections with dif-
ferent GGI and PDT treatments. Data replotted from Ref. [37]. 
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