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High-concentration silver alloying and steep 
back-contact gallium grading enabling 
copper indium gallium selenide solar cell 
with 23.6% efficiency

Jan Keller    1 , Klara Kiselman    1, Olivier Donzel-Gargand    1, 
Natalia M. Martin    1, Melike Babucci    1, Olle Lundberg2, Erik Wallin    2, 
Lars Stolt1 & Marika Edoff    1

Chalcopyrite-based solar cells have reached an efficiency of 23.35%, yet 
further improvements have been challenging. Here we present a 23.64% 
certified efficiency for a (Ag,Cu)(In,Ga)Se2 solar cell, achieved through the 
implementation of a series of strategies. We introduce a relatively high 
amount of silver ([Ag]/([Ag] + [Cu]) = 0.19) into the absorber and implement 
a ‘hockey stick’-like gallium profile with a high concentration of Ga close 
to the molybdenum back contact and a lower, constant concentration 
in the region closer to the CdS buffer layer. This kind of elemental profile 
minimizes lateral and in-depth bandgap fluctuations, reducing losses in 
open-circuit voltage. In addition, the resulting bandgap energy is close to 
the local optimum of 1.15 eV. We apply a RbF post-deposition treatment that 
leads to the formation of a Rb–In–Se phase, probably RbInSe2, passivating 
the absorber surface. Finally, we discuss future research directions to reach 
25% efficiency.

About a decade ago, the implementation of heavy alkali elements into 
the absorber film and at its interfaces initiated a gradual increase in 
efficiency (η) of chalcopyrite-based solar cells from about 20% to 23% 
(refs. 1–4). More recently, the addition of silver to Cu(In,Ga)Se2 (CIGS) 
was found to facilitate grain growth by lowering the absorber melting 
temperature and enhancing reaction rates during phase evolution5–8. 
Silver partially replaces copper in the chalcopyrite lattice, forming 
(Ag,Cu)(In,Ga)Se2 (ACIGS) films. Moreover, Ag alloying is suggested 
to reduce the structural disorder9, ease interdiffusion of Ga and In 
during deposition8, lower the energetic positions of the conduction 
and valence band edges10–12 and allow for more close-stoichiometric 
absorber compositions without shunting issues13.

A record efficiency of 23.35% was reached by Solar Frontier 
(SF) in 2019, using the sequential sulfurization after selenization of 

metallic precursors to fabricate the (Ag,Cu)(In,Ga)(S,Se)2 absorber 
film (amount of Ag <1 at.%)2,13. This approach usually leads to a con-
stant [Ga]/([Ga] + [In]) (GGI) in the upper half of the absorber and 
an increasing GGI towards the Mo back contact. The resulting back 
surface field, created by a gradient in electron affinity, enhances car-
rier collection and reduces the back-contact recombination rate14. To 
mitigate recombination in the space charge region (SCR) and at the 
interface to the buffer layer, SF added sulfur at the very surface of the 
absorber. The resulting gradual decrease in the valence band minimum 
and increase in bandgap energy (EG) towards the buffer layer reduce 
the hole concentration at the heterojunction and lead to an increase 
in open circuit voltage (VOC)15.

When the absorber is deposited via the multi-stage co-evaporation 
method, sulfur is usually not added. To minimize the recombination at 

Received: 31 August 2023

Accepted: 26 January 2024

Published online: 19 February 2024

 Check for updates

1Department of Material Science and Engineering, Division of Solar Cell Technology, Ångström laboratory, Uppsala University, Uppsala, Sweden.  
2Evolar AB (now First Solar European Technology Center AB), Uppsala, Sweden.  e-mail: jan.keller@angstrom.uu.se

http://www.nature.com/natureenergy
https://doi.org/10.1038/s41560-024-01472-3
http://orcid.org/0000-0002-3461-6036
http://orcid.org/0009-0002-5591-7572
http://orcid.org/0000-0002-2101-3746
http://orcid.org/0000-0002-6881-4989
http://orcid.org/0000-0001-7785-3755
http://orcid.org/0000-0001-9950-9111
http://orcid.org/0000-0003-4111-4613
http://crossmark.crossref.org/dialog/?doi=10.1038/s41560-024-01472-3&domain=pdf
mailto:jan.keller@angstrom.uu.se


Nature Energy | Volume 9 | April 2024 | 467–478 468

Article https://doi.org/10.1038/s41560-024-01472-3

(saturating VOC and fill factor (FF)), as previously reported for CIGS 
devices subjected to heavy alkali PDTs23,24.

We conclude with a discussion of remaining limitations and pos-
sible ways to improve the efficiency towards 25%.

Results
Electro-optical characterization of the champion device
Figure 1a shows the current-density versus voltage (J–V) characteris-
tics of the champion cell measured in-house (η = 23.75%) and certified 
by Fraunhofer Institute for Solar Energy Systems (ISE) (η = 23.64%). 
The ideality factor of n = 1.30 is lower than previously reported values 
for high-efficiency solar cells with η = 22.9% (n = 1.38)4 and η = 22.6% 
(n = 1.39)3. This indicates that the overall recombination rate in the 
SCR is reduced, either due to a lower activation energy or a lower den-
sity of the dominant defect(s) in the SCR (n = 2 would mean dominant 

the interfaces and enhance carrier collection, a ‘notch’ (sometimes also 
‘V-shaped’) GGI profile, with lowest GGI close to the SCR edge, is com-
monly implemented16–20. Using a three-stage co-evaporation method 
and a GGI ‘notch’ profile, η = 22.6% was reached in 2016 by the Zentrum 
für Sonnenenergie- und Wasserstoff-Forschung (ZSW)3.

In this Article, we report a 23.64% certified efficiency. Instead of 
a notch profile, we implement a ‘hockey stick’-like GGI profile, with 
a rather constant Ga content in the upper half of the absorber and a 
strongly increased concentration close to the back contact. This mini-
mizes lateral and in-depth bandgap fluctuations, potentially resulting 
in reduced VOC losses21,22. Additionally, we incorporate a relatively high 
silver amount of [Ag]/([Ag] + [Cu]) (AAC) = 0.19 into the absorber. 
We apply a standard RbF post-deposition treatment (PDT), allow-
ing to reduce the thickness of the CdS buffer layer to 25 nm. Finally, 
we observe that extensive light soaking maximizes the efficiency 
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Fig. 1 | Solar cell characteristics and parameter comparison. a,b, Current–
voltage characteristics (a) and EQE spectra (b) obtained from in-house 
measurements as well as externally calibrated and independently certified by 
Fraunhofer ISE. The inset in a lists the JV (black, certified; red, in-house) and diode 
parameters as extracted from a one-diode fit to the in-house measurement. 
The wider voltage range allows for a more accurate determination of the series 
resistance (RS). The other diode parameters are the apparent parallel resistance 
(RP,app), the dark saturation current density (J0) and the ideality factor (n). In b 
the normalized PL and first derivative of the EQE are added, too. c–f, The solar 

cell parameters FF (c), JSC (d), VOC (e) and η (f) of our device as a function of the 
respective bandgap energy (from dEQE/dE) are compared with literature data 
(see Table 1 for details). For comparison, the parameters of a state-of-the-art 
Si heterojunction solar cell (HJT) are added, too37. Different percentages of the 
theoretical maximum values in the radiative limit as a function of the bandgap are 
plotted as solid lines. In e, the predicted VOC trend for an ERE of 1.6%, as measured 
for the record device presented in this work, is shown by the dashed curve 
(derived from equation (1)).
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recombination via mid-gap defects in SCR, while interface recombina-
tion is less of an issue for state-of-the-art devices)25,26.

Figure 1b illustrates the corresponding external quantum effi-
ciency (EQE) spectra measured on the entire cell/aperture area, so 
that constant shading losses of about 1.2% by the metal grid fingers 
are included. In the wavelength (λ) range from 550 to 850 nm, internal 
collection losses are negligible and the remaining losses are exclu-
sively caused by the cell reflection, which is reduced to <3% thanks to 
the application of a MgF2 anti-reflection coating. For lower λ values, 
parasitic absorption in the CdS buffer and, to a minor extent, in the 
window layer stack reduces the EQE. From fitting the EQE spectrum 
(Supplementary Fig. 1) it can be estimated that the total JSC loss is about 
1.4 mA cm−2 by parasitic absorption in the CdS (EG,CdS = 2.4 eV) and at 
least 0.8 mA cm−2 in the i-ZnO/ZnO:Al window layer stack (EG,ZnO = 3.3–
3.4 eV). Thus, the potential to increase the short-circuit current density 
(JSC) by using alternative buffers and window layers with higher EG is 
still quite large for this record solar cell (estimated efficiency without 
parasitic absorption is 25.0%). In fact, parasitic absorption could be 
almost completely avoided for E < 3.45 eV for the best solar cells made 
by SF with very thin (few nanometres) CdS or high bandgap Zn(O,S) 
buffer layers2. Ultimately, solid phase crystalized In2O3:H may be used 
as a transparent conductive oxide to essentially avoid any parasitic 
absorption in the window layer27,28.

For λ > 850 nm, the EQE level decreases due to incomplete 
absorption, carrier collection losses and, to a minor extent, free 
carrier absorption in the transparent conductive oxide until EG is 
reached. One way to extract the bandgap from the EQE spectrum is 
to identify the energy of the maximum of the first derivate (dEQE/
dE or dEQE/dλ). The corresponding normalized dEQE/dλ curve of 
the certified measurement is added in Fig. 1b and gives EG = 1.130 eV. 
Moreover, the spectral photoluminescence (PL) yield was measured 
at room temperature in a region just outside the active cell area after 
selectively removing the window layer stack. The respective PL spec-
trum is added in Fig. 1b as well. Taking the peak energy as a measure of 
the bandgap leads to a slightly lower value of EG = 1.114 eV. An Urbach 
energy (EU) of 14.5 meV was extracted from the EQE spectrum, which 
is a typical value for highly efficient chalcopyrite solar cells29–31. The 
fit is presented together with a clearer illustration of the PL spectrum 
in Supplementary Fig. 2. It should be mentioned that the EU derived 
from EQE appears to be an overestimation and the extraction from 
PL gives slightly lower values31,32.

Table 1 summarizes the JV parameters of the best 
chalcopyrite-based solar cells from different research institutes (all 
externally certified and data taken from refs. 2–4, EG values for the Eid-
genössische Materialprüfungs- und Forschungsanstalt (EMPA) and ZSW 
devices from private communication). All corresponding absorbers 
were subjected to a heavy alkali PDT, and for the two highest efficien-
cies Ag was alloyed as well. Silver was also added by EMPA to achieve 
a remarkable value of η = 22.2% for a flexible ACIGS solar cell, using a 
polymer substrate and thus requiring lower growth temperatures.

Figure 1c–f plots the JV parameters from Table 1 as a function of the 
corresponding bandgap energies and sets them in perspective to the 
respective maximum values in the radiative SQ limits33. All solar cells 
show quite similar losses in JSC of 11–12%. Except for the EMPA device 
that was processed at a lower temperature, all samples exhibit rather 
low relative FF losses ≤8%. The lowest VOC deficit (11%) was reached for 
the SF sample with η = 23.35%, slightly better than the record device 
presented in this work (12% loss). Thus, both JSC and VOC of the best 
chalcopyrite-based solar cells show the same potential (greater than 
FF) for efficiency improvements.

The experimental VOC is a measure of the quasi Fermi level splitting 
(divided by the elemental charge e), and consequentially the following 
equation should apply when substantial interface recombination can 
be excluded34,35:

VOC,exp = VOC,SQ +
kT
e ln(ERE) (1)

with k and T being the Boltzmann constant and the temperature, 
respectively. The term kT

e
ln (ERE)  is a measure of the non-radiative 

recombination losses and includes the external radiative efficiency 
(ERE), which is the ratio of the emitted to the absorbed photon flux. 
For the champion device, a value of 1.6% was measured at 1 sun illumina-
tion intensity after 7 h of light soaking, being (to the best of our knowl-
edge) the highest ever reported ERE for a chalcopyrite absorber (at 
least when measured directly from PL and not indirectly derived from 
VOC and the EQE as in ref. 36). The measurements can be found in Sup-
plementary Fig. 3. The theoretical VOC trend for ERE of 1.6% (as derived 
from equation (1)) is shown by the orange dashed curve in Fig. 1e. Obvi-
ously, the measured VOC (767 mV) is in good agreement with the one 
predicted by the ERE value of 765 mV (but would deviate more if EG was 
taken from PL peak, EG = 1.114 eV).

For comparison, the parameters of the record Si heterojunction 
solar cell with η = 26.8% are added in Fig. 1c–f as well37. The VOC deficits 
of the best chalcopyrite devices are on par with the best Si solar cell 
(that is, also the ERE36). However, much lower FF and JSC losses were 
achieved for the Si record cell.

Finally, the efficiency of the presented champion device reaches 
72.0% of the SQ limit for the corresponding bandgap energy, which is 
lower than for the best cell from SF (73.7%). Thus, the reason for setting 
the new record efficiency is probably not a superior absorber quality or 
cell design, but rather that we were able to fabricate a very high-quality 
absorber with a higher bandgap energy that better matches the AM1.5G 
spectrum than the SF 2019 record device.

Microscopic characterization of the complete device stack
As shown in the scanning electron microscopy (SEM) images in Fig. 2a,b,  
large ACIGS grains are formed, with most of them being sized >1 µm in 
all dimensions. The topography is not particularly smooth, but rather 
rough. The resulting tilted light in-coupling after refraction at the CdS/

Table 1 | PV parameters of state-of-the-art (A)CIGS solar cells from the literature

VOC (mV) JSC (mA cm−2) FF (%) η (%) EG (eV) from dEQE/dE (First) Buffer Heavy alkali Ag addition

EMPAa 764 37.4 77.8 22.19 1.154 CdS RbF Yes (AAC = 0.02)

ZSW 741 37.8 80.6 22.6 1.137 CdS RbF No

SF 2017 746 38.5 79.7 22.92 1.13 CdS CsF No

SF 2019 734 39.6 80.4 23.35 1.08 Zn(O,S) CsF Yes (AAC < 0.04)

This work 767 38.3 80.5 23.64 1.130 CdS RbF Yes (AAC = 0.19)
aEMPA record device does not use glass substrate, but flexible polymer foil. Externally certified solar cell parameters of the best devices from other research institutes2–4. EMPA data were 
kindly provided through personal communication with R. Carron; EG values for the ZSW data were kindly provided through personal communication with W. Witte. The respective EG values 
(all from dEQE/dE), used buffer layers in contact to the absorbers (sometimes multiple buffers were implemented), types of heavy alkali PDT and whether Ag was alloyed to the absorber 
are also listed.
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ACIGS interface is beneficial, since it increases the optical path length 
in the absorber.

To obtain a higher-resolved analysis of the absorber and interface 
structures, we prepared two thin (<100 nm) cross-section lamellae of 
the full cell stack via a focused-ion beam (FIB). Figure. 2c shows the 
bright-field (BF) transmission electron microscopy (TEM) images of 
those two lamellae. The red dashed rectangles show the positions that 
were analysed by energy-dispersive X-ray spectroscopy (EDS), provid-
ing elemental distribution maps, which are illustrated either later in 
the manuscript or in Supplementary Information.

Lamella 1 was further studied on a nano-scale by X-ray fluorescence 
spectroscopy (nano-XRF). The measured relative elemental distribu-
tions of the absorber metal elements and Rubidium are displayed in 
Fig. 3. Semi-transparent Ga and Rb distribution maps, superimposed 
on the TEM image, can be found in Supplementary Fig. 4. In addition to 
the nano-XRF results, the elemental maps from ‘Pos1.1’, as obtained via 
EDS in scanning TEM (STEM) mode, are shown in Fig. 3 for comparison. 
A more detailed presentation of these STEM–EDS results at ‘Pos1.1’ can 
be found in Supplementary Fig. 5.

First, we observed that the nano-XRF and STEM–EDS experiments 
provide similar results regarding the absorber metal distribution. The 
exception is the Ag signal, which is too low in the case of the nano-XRF 
analysis to obtain reliable information, due to the superposition of the 
L edges of Ag, In and Cd. As intended, the upper half of the absorber 
exhibits a rather constant GGI level with only minor lateral variations, 
indicating only small EG fluctuations at the surface and in the SCR21,22. 

Bandgap fluctuations may further arise from spatial variations in 
stress or stoichiometry21. However, the observed minor composi-
tional variations, together with the large ACIGS grain size, indicate 
moderate lattice stress (which may be larger in the direct vicinity 
of the CdS layer though). Moreover, the stoichiometry is found to 
be rather constant in the top half of the absorber (([Ag] + [Cu])/
([Ga] + [In]) = [I]/[III] ≈ 0.83). A steep increase in GGI towards the Mo 
electrode is observed in the bottom third of the ACIGS, which should 
effectively repel electrons from the back contact. While suffering from 
a lower spatial resolution, an advantage of the nano-XRF method over 
STEM–EDS is the higher sensitivity to heavy alkali elements38–40. It can 
be clearly seen that Rb agglomerates consistently (that is, no gaps) 
at the interfaces with CdS at the front and with MoSe2 at the back 
contact. Furthermore, it is found in certain grain boundaries (GBs), 
while others are Rb free. This feature was detected in previous stud-
ies where it was shown that heavy alkali atoms such as Rb and Cs do 
not diffuse into high-symmetry twin boundaries, but only decorate 
random high-angle GBs38–40.

The highest Rb concentration is found in isolated patches at the 
ACIGS/CdS heterojunction. Similar patches were reported in earlier 
studies for absorbers subjected to a CsF-PDT and suggested to indicate 
the formation of a Cs(In,Ga)Se2 phase39. We provide a more detailed 
description of the Rb-containing patches later in the manuscript.

Even after 10 years of research, it is still under debate which 
effect(s) are responsible for the performance improvement by the 
heavy alkali PDT. Discussed mechanisms are a reduced GB band 
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bending, lower Urbach energy, increased p-type doping and the for-
mation of a wide-gap alkali–In–Se surface phase31,41.

Figure 4 displays the elemental maps of Rb, In and Ga at four differ-
ent absorber positions, as measured by nano-XRF of the bare absorber 
films (top view) after removing the window and buffer layers (compare 
Fig. 3b). We observe a clear anti-correlation between the Ga and In 
concentrations. This is not related to GGI fluctuations at the surface 
but illustrates the different depth at which the GGI suddenly increases 
towards the back contact (XRF signal stems from entire absorber vol-
ume). Rubidium seemingly agglomerates at GBs and its distribution 
is interrupted in places, indicating the presence of twin boundaries 
at the absorber surface. At some positions, the Rb signal is notably 
higher, suggesting the presence of the Rb-rich patches observed in 
the cross-section in Fig. 3. However, it cannot be excluded that those 
patches were selectively removed by the HCl etch, as proposed in earlier 
studies for alkali–In–Se surface phases42–44. The weaker Rb signal from 
the grain interior most probably originates from the back interface as 
well as from tilted and deeper GBs.

To investigate the Rb-rich patches in more detail and provide a 
quantification of the elemental depth-profiles, the positions ‘Pos2.1’ 
and ‘Pos2.2’ on lamella 2 were thoroughly analysed via STEM–EDS 
and the results are discussed in the following. The distribution of all 
absorber elements and Rb at ‘Pos2.1’ are shown in Fig. 5.

As seen for lamella 1, the upper half of the absorber shows a rather 
constant GGI and AAC (that is, also constant EG). We extracted a line 
scan along the arrow drawn inside the Ga map. We did the same for 
‘Pos1.1’ of lamella 1 (Supplementary Fig. 5) and quantified the aver-
age surface composition as GGI ≈ AAC ≈ 0.25 from STEM–EDS. The 
region with only minor compositional fluctuations in the upper part 

of the absorber is more extended in lamella 1 (compare Supplementary  
Fig. 5). Generally, STEM–EDS analysis provides limited statistics about 
lateral differences in composition and microstructure, due to the small 
extracted sample volume and the time- and work-intensive nature of 
the technique. In the lower part of the ACIGS layer the GGI increases, 
while the AAC decreases. The reduced Ag content in regions of higher 
Ga concentration was observed in prior studies and can be explained by 
a thermodynamically driven, composition-dependent instability of the 
ACIGS system45. The GGI at the back contact reaches a value close to 0.7 
here, but deviates laterally (for example, GGI of 0.8 in Supplementary 
Fig. 5). Overall, the GGI at the MoSe2/ACIGS interface ranges between 
0.65 and 0.80 for all investigated locations.

To obtain a quantified average composition profile, glow-discharge 
optical emission spectroscopy was measured on the same sample. The 
results are illustrated together with the normalized intensities of Cd, 
Mo, Rb and Na (Na peaks at Mo/glass interface) in Supplementary Fig. 6. 
The obtained GGI and AAC profiles are very similar to the ones deduced 
from STEM–EDS. However, the surface GGI and AAC are slightly lower 
when extracted via GDOES, which may be an artefact of the destructive 
nature of the technique (for example, smearing out of interfaces). The 
bandgap value extracted from EQE can be used to calculate an estima-
tion of the surface composition10, since the Ga content is lowest at the 
buffer interface. For EG = 1.13 eV a value of GGI of ~0.23 is deduced, 
assuming AAC of 0.20, which is closer to the surface composition 
derived from STEM–EDS.

As discussed previously, rubidium is mainly concentrated in patches 
(<100 nm in size) beneath the CdS layer, but smaller amounts can be found 
everywhere at the ACIGS/CdS interface (Fig. 3). Both profiles (EDS in Fig. 5b  
and GDOES in Supplementary Fig. 6) show that the Rb signal peaks just 
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corresponding pixel. This is a valid first approximation as long as the selenium 
concentration can be assumed to be constant everywhere in the absorber (that 
is, 1:1:2 stoichiometry). Consequently, the Se distribution map is not shown. 
f, Corresponding STEM-BF image. g–k, Corresponding maps of a smaller area 
(‘Pos1.1’, indicated by a dashed whit box) derived from STEM–EDS for In (g), Ga 
(h), Rb (i), Ag (j) and Cu (k). The colour code refers to the atomic concentrations 
in at.% in case of the EDS analysis and to the density (in ng cm−2) in case of the 
nano-XRF analysis, ranging from the corresponding minimum (Min) to the 
maximum (Max) values. The scale bar is valid for all images.
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underneath the buffer layer, while GDOES also reveals an agglomeration 
at the back contact (that is, between MoSe2 and ACIGS), in line with the 
nano-XRF results. The Na concentration (Na added as a NaF precursor) in 
the absorber is below the GDOES detection limit, but it can be found in the 
Mo layer. At this stage, we do not understand why the Na content in the 
ACIGS bulk is exceptionally low, since typically the sensitivity provided 
by the GDOES method is sufficient to distinguish the Na signal from the 
measurement noise. Furthermore, it is not clear to what extent Na is pre-
sent at the ACIGS/MoSe2 interface and in GBs, from where it was found to 
be pushed out by the heavier Rb in prior works46–48. In earlier studies, a Na 
peak was found at the (A)CIGS surface in GDOES, due to the Na accumu-
lation in ordered vacancy compounds (OVCs)49,50. Rubidium was found 
to not (entirely) replace Na in these OVCs49. This Na peak is absent in our 
measurement, and thus, we assume that the ACIGS film of our record 
device exhibits only a very minor amount of surface OVC patches, despite 
its relatively low [I]/[III] of 0.84.

Microscopic characterization of the heterojunction region
We analysed one of the Rb-rich patches found at the absorber surface in 
Fig. 5 in more detail (‘Pos2.2’) (Fig. 6). The elemental maps of the corre-
sponding heterojunction region, obtained from STEM–EDS, are shown 
in Fig. 6a. It is evident that the Rb-rich area is depleted in Cu, in Ga and 
locally also in Ag. The quantified elemental concentrations inside and 
outside the Rb-rich patch (positions 1 and 2 in Fig. 6b) are shown in Fig. 6d.  
Relatively, the Cu and Ga contents are most reduced in the patch, where 
Rb reaches about 8 at.%. Considering that the lamella is >60 nm thick, it 
is likely that the Rb-rich phase changes its lateral extension throughout 
the depth of the lamella. As a result, the volume analysed by EDS may 
contain a mixture of the ACIGS chalcopyrite phase and the Rb-rich 
patch, leading to an apparent concentration that is ‘artificially’ too 
low in Rb and too high in Cu and Ga. This is further highlighted by the 
inhomogeneous Rb concentration measured in the patch, as seen in Fig. 
6c (highest local Rb concentration is 12 at.%). Thus, we speculate that 
the Rb-rich regions, frequently found at the CdS/absorber interface, are 
RbInSe2 or another Rb–In–Se compound. However, we cannot exclude 
that this phase still contains some amount of Cu, Ga and Ag. Figure 6e,f  
shows higher-magnified BF- and dark field (DF)-STEM images of the 
patch. An abrupt change in lattice structure from the chalcopyrite to 

the Rb–In–Se phase is evident. A layered structure of atomic rows is 
identified inside the Rb-rich patch, as reported in earlier studies and 
attributed to the RbInSe2 compound formation (monoclinic system, 
space group C2/c)51–53. It is unclear what kind of impact those Rb–In–Se 
patches have on the device performance. However, it is deemed unlikely 
that they have a beneficial effect, since they are rather widely dispersed 
and separated. In case the patches are indeed RbInSe2, a possible para-
sitic absorption would not be very detrimental though, due to its small 
extension and large bandgap of 2.8 eV (ref. 54).

We could not detect the Rb-rich phase via sheer phase contrast 
in (S)TEM alongside the CdS/absorber interface at positions outside 
those Rb-rich patches (see typical STEM images in Supplementary 
Fig. 7). Still, as we found via nano-XRF, rubidium seems to be present 
everywhere underneath the CdS.

To reveal chemical changes across the heterojunction, a STEM–EDS 
line scan was extracted along the black dashed arrow in Fig. 6a. The nor-
malized elemental profiles are shown in Supplementary Fig. 8. The Rb 
agglomeration at the ACIGS/CdS interface is evident. Interestingly, the 
Cu and Ga signals drop about 5 nm before the other absorber elements. 
This is in line with the formation of a very thin (Ag,Rb)–In–Se compound 
(potentially (Ag,Rb)InSe2) at the absorber surface. We performed a 
similar analysis for ‘Pos1.2’ on lamella 1. The results are shown in Sup-
plementary Figs. 9 and 10. Again, we found Rb agglomeration at the 
interface and the Cu and Ga signals drop before (here ~3 nm) the ones of 
In and Se. However, at this position the Ag also drops with the Cu and Ga 
signals. In all cases, the relative Ag signal is still quite high in the CdS film. 
This is probably caused by an artefact of the lamella preparation via the 
FIB, which triggers diffusion of mobile Ag atoms during thermal stress 
(or maybe even during e-beam exposure). Summarizing all findings, 
we speculate that a very thin (<5 nm) RbInSe2 phase forms everywhere 
alongside the CdS/ACIGS interface between the RbInSe2 patches.

Another feature observed in Supplementary Figs. 8 and 10 is the 
slight in-diffusion of Cd (depth ~1–2 nm) into the thin RbInSe2 layer (see 
differences in Cd and S signals). An interdiffusion of Cd and Cu has been 
observed before at CIGS/CdS interfaces55,56. Earlier studies suggest that 
the resulting creation of CdCu donor defects in the chalcopyrite (or OVC) 
lattice leads to the formation of a beneficial buried homojunction and 
a strong type inversion at the CdS/absorber interface56–58. However, 
these prior investigations did not consider or study the effect of Cd 
incorporation into the potential RbInSe2 surface phase that probably 
has a completely different impact. Furthermore, we cannot exclude 
that Cd diffuses into the absorber only during the lamella preparation 
(similarly to a possible Ag smear-out).

Characterization of the back region and GBs
Finally, we address the chemical variations in the back-contact region 
and at ACIGS GBs. Figure 7 shows the elemental distributions in the 
vicinity of the Mo layer at ‘Pos1.4’ (lamella 1), as measured by STEM–EDS. 
Two more EDS mappings were conducted close to the Mo electrode at 
‘Pos2.3’ and ‘Pos1.3’, which are shown in Supplementary Figs. 11 and 12, 
respectively. The results are very similar to the ones shown in Fig. 7.

First, we found abrupt strong changes in Ga and In (that is, in GGI) 
from one grain to another, as was reported in earlier studies for the 
bottom part of chalcopyrite absorbers59. We detected again rubidium 
in most GBs, while it seems to be absent in one GB in Fig. 7 (in agreement 
with the corresponding nano-XRF in Fig. 3). Most of the investigated GBs 
are depleted in Cu, but enriched in Ag. Some GBs are further depleted 
in In and enriched in Ga, as can be clearly seen in Supplementary Fig. 11 
and also for a GB close to the heterojunction in Supplementary Fig. 9. 
Overall, the Cu depletion is more or less balanced by the Ag enrichment, 
so that the [I]/[III] ratio does not change notably across the GBs (see, for 
example, [I]/[III] map in Supplementary Fig. 9). Atom probe tomography 
(APT) characterizations of GBs in ACIGS absorbers with similar AAC of 
0.2 (but KF- instead of RbF-PDT) reported in earlier studies showed clear 
reduction in Cu, increase in In (slightly in Se) and no notable change in 
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Fig. 4 | Lateral distribution of rubidium, indium and gallium. Elemental 
distribution of Rb, In and Ga (top view) at four different positions of the bare 
ACIGS absorber film (after removal of the window and buffer layers via an HCl 
etch), as obtained from nano-XRF analysis. Thickness differences were again 
corrected by using the intensity variations in the respective Se maps. The colour 
code refers to the density (in ng cm−2), ranging from the corresponding minimum 
(Min) to the maximum (Max) values.
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Ag and Ga (ref. 60). At this point, it is unclear why those prior studies led 
to partly different results. A possible reason why we found Ag-rich GBs 
in this study may be the diffusion of Ag into GBs during sample prepa-
ration. Yet, since APT sample preparation also requires FIB milling, the 
same effect would be expected in those prior APT studies. Moreover, 
STEM–EDS analysis of wide-gap ACIGS films reported in an earlier work 
showed Cu and Ag depletion in GBs49, which is in contrast to the findings 
shown in this work. A possible explanation is that only Ga-rich absorbers 
(that is, wide-gap) show Ag-depleted GBs and Ga-poor absorbers do not, 
similar to the Ag–Ga anti-correlation seen in the grain interior45. Indeed, 
we found the silver-enriched GBs in Fig. 7 (and Supplementary Fig. 11) 
only in regions of low Ga content, while GBs close to the back contact 
(high Ga concentration) do not show an Ag enrichment. More statistics 
are needed to draw further conclusions.

In prior publications it was proposed that Cu depletion at CIGS GBs 
often makes them benign (depends on oxygen and Na content) due to 
a favourable band bending61. In addition, the Rb decoration of GBs was 
claimed to exclusively lead to beneficial upward band bending at GBs62. 
Other studies conclude that the VOC of state-of-the-art chalcopyrite 
devices is still limited by GB recombination, despite a substantially 
reduced recombination velocity via an RbF-PDT22. More sophisticated 
methods are needed to study the effect of GBs on the overall recombina-
tion rate in the champion solar cell discussed in this work.

For the sake of a complete description of the absorber interfaces, 
STEM-BF images of the Mo/MoSe2/ACIGS interface region are provided 
in Supplementary Fig. 13. A roughly 7-nm-thick MoSe2 layer (hexagonal 
structure with c axis perpendicular to Mo film63) can be identified.

Strategies for chalcopyrite solar cells towards 25%
We presented the electro-optical, morphological and chemical proper-
ties of a 23.64%-efficient ACIGS device. We believe that research and 

innovation will lift efficiencies of chalcopyrite solar cells even higher in 
the future. As discussed in ‘Electro-optical characterization of the cham-
pion device’ section, the most straight-forward and possibly easiest 
way to improve the performance is to reduce the parasitic absorption 
in the buffer and window layer. Further strategies for manufacturing 
(A)CIGS-based solar cells towards (and beyond) 25% efficiency are dis-
cussed in detail in Supplementary Note 1. This also includes a discussion 
of the effect of light soaking on the doping density and VOC (illustrated 
in Supplementary Fig. 14).

Conclusions
We reveal the properties of a chalcopyrite-based solar cell with a 
certified efficiency of 23.6% (23.8% in-house measurement). The  
performance improvement is enabled by a high-concentration alloy-
ing of silver (AAC = 0.19) of the absorber film and the minimiza-
tion of lateral and in-depth compositional fluctuations (that is, EG 
fluctuations) at the absorber surface and in the SCR. Instead of a con-
ventional ‘notch’ GGI profile, we implement a ‘hockey stick’-like pro-
file, with rather constant GGI in the upper half of the ACIGS film. We  
demonstrate that the RbF-PDT led to several absorber modifica-
tions. First, we show that the absorber surface is depleted in Cu and 
Ga (and locally Ag) and enriched in Rb. The results suggest the pres-
ence of a Rb–In–Se phase (probably RbInSe2) that is locally appearing 
in the form of larger patches (some >50 nm) and otherwise as a thin 
layer (<5 nm). We also found rubidium in certain (presumably ran-
dom high-angle) GBs and at the back-contact interface. Most of the 
analysed GBs are depleted in Cu but enriched in Ag, while some also  
show Ga enrichment and In depletion. Further studies are needed to assess 
the role of GBs and its chemistry on the performance of the solar cell.

Avoiding parasitic absorption in the window and buffer layers, 
while maintaining the same VOC and FF level, seems to be the most 
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straight-forward approach to push the efficiency towards 25%. To go 
beyond this level, the absorber quality has to be further improved and 
ERE values much higher than 1.6% (reported in the present study) need 
to be realized to further reduce the VOC deficit and the ideality factor 
(n = 1.3 in the present work).

Methods
Solar cell processing
The champion solar cell discussed in this work has the following 
stack sequence: soda lime glass/Mo/NaF-precursor/ACIGS/RbF-PDT/
CdS/i-ZnO/ZnO:Al/MgF2. First, a 290-nm-thick Mo back contact was 
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sputter-deposited (DC magnetron) and then coated with a 10-nm-thick 
NaF precursor layer by thermal evaporation. No alkali diffusion barrier 
was introduced underneath the back contact. A modified three-stage 
(I-poor → I-rich → I-poor) co-evaporation process was applied to grow 
2.0–2.1-µm-thick ACIGS films at a maximum substrate temperature of 
about 530 °C. All elements were provided in all three deposition phases. 
Further information about the sequence of the metal evaporation rates 
(ratios) can be obtained from an earlier work64. The final absorber 
composition was GGI of 0.28, AAC of 0.19 and [I]/[III] = 0.84, as meas-
ured by XRF. After ACIGS deposition a heavy alkali PDT was applied by 
depositing 3–5 nm of RbF at 350 °C without breaking the vacuum and 
without additional Se supply. Subsequently, a ~25-nm-thick CdS buffer 
layer was grown via CBD at 60 °C. Finally, a 30- and 230-nm-thick i-ZnO 
and ZnO:Al layer was RF- and DC-sputtered on top, respectively.

Afterwards, 27 individual cells with an area of 1.03 cm2 were 
defined via a photolithography process and subsequent selective 
removal of the window layers by etching in acetic acid. On top of the 
transparent conductive oxide an aluminum grid with ~12 µm linewidth 
(~1 mm pitch) and in contact with a busbar frame outside the active/
aperture area of the cell was deposited via thermal evaporation. Finally, 
a 110-nm-thick MgF2 ARC was deposited across the whole area. The 
majority (22) of the 27 cells have efficiencies η > 23%, very close to the 
cell discussed in this article that was certified by Fraunhofer ISE, and 
the corresponding JV parameters, as well as all JV curves, can be found 
in Supplementary Fig. 15 and Supplementary Table 1.

Electro-optical characterization of solar cells
All JV and EQE measurements were conducted after light soaking the 
complete cells for 24 h (no active cooling, that is cell temperature about 
50 °C). In case of the in-house JV measurement (red crosses in Fig. 1a), 
the entire solar cell, with an area of 1.03 cm2, was illuminated. For the 
certified measurement done by Fraunhofer ISE in Germany (black line 

in Fig. 1a), a shadow mask with an aperture area of 0.90 cm2 was used. 
The JV data of the in-house measurement were fitted using a one-diode 
model, by numerically solving the Shockley equation:

J = J0 × (exp ( e (V − JRS)
nkT

) − 1) + V − JRS
RP,app

− JSC (2)

at each voltage value and globally minimizing the deviation of the 
results from the measured current densities J. The in-house JV and 
EQE measurements were performed at T = 25 °C using an ABET Tech-
nologies ‘Sun 3000 Solar Simulator’ (Xenon lamp) and a Bentham 
‘PVE 300’ tool, respectively. For the EQE measurement the complete 
cell was illuminated with monochromatic light, so shading losses by 
the grid area are included in the corresponding spectrum (same for 
certified ISE measurement). The PL measurements were conducted in 
a setup consisting of a FSL1000 photoluminescence spectrophotom-
eter from Edinburgh instruments equipped with an integrating sphere 
(coated with BaSO4) and a nitrogen cooled (−80 °C) photomultiplier 
tube as a detector. The sample was excited by a 520 nm continuous 
wave laser at an intensity of about 1 sun (number of photons in laser 
beam matches the number of photons absorbed by the sample under 
illumination with the AM1.5G spectrum). The settings were chosen as 
0.4 nm emission band width, 0.5 s dwell time and 1 nm step size. For 
the ERE measurement the emission band width was increased to 1 nm, 
the dwell time kept at 0.5 s and the step size was 1 nm for the emission 
range but 0.1 nm for the scatter range, to fully resolve the laser peak. 
First, the sample’s emission (λ = 850–1,300 nm) and reflection in the 
laser wavelength region (λ = 515–535 nm) was measured. Then, a BaSO4 
plug was inserted instead of the sample to obtain the background in the 
emission range and the reference signal in the scattering range. In this 
way the absorption and emission (in number of photons) were obtained 
after integration, and the ERE was calculated by ERE = (EmA − EmB)/
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Fig. 7 | STEM–EDS analysis of the back-contact region. a, DF-STEM image of 
‘Pos1.4’ (lamella 1). b, Semi-transparent rubidium concentration map, as deduced 
by STEM–EDS, superimposed on the STEM image. Pixels with Rb concentrations 
at the noise level are set fully transparent. The highest Rb concentration is found 

at a triple junction. c–i, Distributions of elements close to the Mo back contact, 
as deduced by STEM–EDS. The color code of the elemental maps refers to the 
atomic concentrations in at.%, ranging from the corresponding minimum (Min) 
to the maximum (Max) values.
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(ScatB − ScatA), Em stands for the integrated yield in the emission range 
and Scat for the yield in the scattering range. Subscript A is for the 
sample and B is for the BaSO4 reference. To get the ERE value of 1.6%, 
the integration was done between λ = 520–529 nm for the scattering 
range and λ = 1,000–1,280 nm for the emission range (see spectra in 
Supplementary Fig. 3).

Capacitance–voltage profiling was conducted from V = −0.56 to 
+0.6 V at 60 kHz and an amplitude of 25 mV, using an Agilent 4284A 
precision LCR meter and a Keithley 2401 source meter. A dielectric 
constant of εr = 10 was assumed for the ACIGS material.

Material characterization
The integral ACIGS absorber composition was determined with a Hel-
mut Fischer XRF, using a ‘Fischerscope X-ray 5400’ head. A Zeiss Merlin 
SEM (acceleration voltage of 5 kV) was used to investigate the solar cell 
cross-sections and absorber surface after removal of the window and 
buffer layers via an HCl etch. STEM and EDS analyses were performed on 
a FEI Titan Themis XFEG instrument equipped with a Super-X detector 
and operated at 200 kV. The TEM lamellae were prepared via FIB in a 
Crossbeam 550 ZEISS system, following the lift-out technique. A final 
milling step at maximum 2 kV ion accelerating voltage was performed 
on both sides of the lamellae, and no further electron exposure was 
done in the FIB before the TEM analyses. The local composition of the 
ACIGS samples was further measured via nano-XRF at the NanoMAX 
beamline of the MAXIV synchrotron radiation facility in Lund (Swe-
den)65. An X-ray energy of 16 keV with an average photon flux of 8 × 109 
photons s−1 and a spot size of 55 nm × 55 nm was employed for the 
measurements and a piezo stage was used to move the sample with a 
55 nm step size and a counting time of 1,000 ms per pixel. The photon 
energy of 16 keV allowed to measure fluorescent photons correspond-
ing to the K edges for Rb, Cu, Ga and Se and L edges for Ag, In and Ga. 
The X-ray signal was recorded using a RaySpec single element SSD 
detector. The area densities (in ng cm−2) of elements was estimated by 
fitting the XRF signal using the PyMca software66. Laterally integrated 
elemental depth profiles (analysed area ~3 mm2) were deduced from 
a GDOES measurement in a Spectruma Analytik GDA 750HR system.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data generated or analysed during this study are included in the pub-
lished article and its Supplementary Information. Specific raw datasets 
are available from the corresponding author upon reasonable request.
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