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Chalcopyrite-based solar cells have reached an efficiency 0f 23.35%, yet

further improvements have been challenging. Here we present a23.64%
certified efficiency for a (Ag,Cu)(In,Ga)Se, solar cell, achieved through the
implementation of a series of strategies. We introduce arelatively high
amount of silver ([Ag]l/([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 alower, constant concentration
intheregion 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
thelocal optimum of 1.15 eV. We apply a RbF post-deposition treatment that
leads to the formation of aRb-In-Se phase, probably RbInSe,, passivating
the absorber surface. Finally, we discuss future research directions to reach

25% efficiency.

Aboutadecade ago, theimplementation of heavy alkali elements into
the absorber film and at its interfaces initiated a gradual increase in
efficiency (n7) of chalcopyrite-based solar cells from about 20% to 23%
(refs.1-4). More recently, the addition of silver to Cu(In,Ga)Se, (CIGS)
was found to facilitate grain growth by lowering the absorber melting
temperature and enhancing reaction rates during phase evolution®%,
Silver partially replaces copper in the chalcopyrite lattice, forming
(Ag,Cu)(In,Ga)Se, (ACIGS) films. Moreover, Ag alloying is suggested
to reduce the structural disorder’, ease interdiffusion of Gaand In
during deposition®, lower the energetic positions of the conduction
and valence band edges'®"? and allow for more close-stoichiometric
absorber compositions without shunting issues®.

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), absorber
film (amount of Ag <1 at.%)>". 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 rate'. 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. Theresulting gradual decrease in the valence band minimum
and increase in bandgap energy (£;) towards the buffer layer reduce
the hole concentration at the heterojunction and lead to an increase
in open circuit voltage (Voo)®.

Whenthe absorberis deposited viathe multi-stage co-evaporation
method, sulfuris usually not added. To minimize the recombination at
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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 insetin alists theJV (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 amore accurate determination of the series
resistance (Rs). The other diode parameters are the apparent parallel resistance
(Re app), the dark saturation current density (/o) and the ideality factor (n).Inb

the normalized PL and first derivative of the EQE are added, too. ¢c-f, The solar

cell parameters FF (c), Jsc (d), Vo (€) and n (f) of our device as a function of the
respective bandgap energy (from dEQE/dE) are compared with literature data
(see Table 1for details). For comparison, the parameters of a state-of-the-art

Si heterojunction solar cell (HJT) are added, too™. 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 V,. trend for an ERE 0f 1.6%, as measured
for the record device presented in this work, is shown by the dashed curve
(derived from equation (1)).

theinterfaces and enhance carrier collection, a‘notch’ (sometimes also
‘V-shaped’) GGl profile, with lowest GGl close to the SCR edge, is com-
monly implemented'®*. Using a three-stage co-evaporation method
and a GGl ‘notch’ profile, n =22.6% was reached in 2016 by the Zentrum
fiir Sonnenenergie- und Wasserstoff-Forschung (ZSW)*.

In this Article, we report a 23.64% certified efficiency. Instead of
anotch profile, we implement a ‘hockey stick’-like GGI profile, with
arather constant Ga content in the upper half of the absorber and a
strongly increased concentration close to the back contact. This mini-
mizes lateraland in-depth bandgap fluctuations, potentially resulting
inreduced V,.losses”*>. Additionally, weincorporate 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

(saturating V,,¢ and fill factor (FF)), as previously reported for CIGS
devices subjected to heavy alkali PDTs***,

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 (/- V) characteris-
tics of the champion cell measuredin-house (7 = 23.75%) and certified
by Fraunhofer Institute for Solar Energy Systems (ISE) (n =23.64%).
Theideality factor of n=1.30islower than previously reported values
for high-efficiency solar cells with 7=22.9% (n=1.38)*and n=22.6%
(n=1.39)°. This indicates that the overall recombination rate in the
SCRisreduced, either due to alower activation energy or alower den-
sity of the dominant defect(s) in the SCR (n = 2 would mean dominant
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Table 1| PV parameters of state-of-the-art (A)CIGS solar cells from the literature

Voc (MV) Jsc (mAcm™) FF (%) n (%) E;(eV)fromdEQE/JE  (First) Buffer Heavyalkali  Agaddition
EMPA?® 764 374 778 2219 1154 Cds RbF Yes (AAC=0.02)
ZSW M 37.8 80.6 226 1137 Cds RbF No
SF 2017 746 385 797 22.92 113 Cds CsF No
SF 2019 734 39.6 80.4 23.35 1.08 Zn(0,S) CsF Yes (AAC<0.04)
This work 767 38.3 80.5 23.64 1130 CdSs RbF Yes (AAC=0.19)

2EMPA record device does not use glass substrate, but flexible polymer foil. Externally certified solar cell parameters of the best devices from other research institutes”*. EMPA data were
kindly provided through personal communication with R. Carron; E, values for the ZSW data were kindly provided through personal communication with W. Witte. The respective E; 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.

recombination viamid-gap defectsin SCR, while interface recombina-
tion s less of anissue for state-of-the-art devices)>.

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
areincluded. Inthe wavelength (1) 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 MgF, anti-reflection coating. For lower A 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 /s loss isabout
1.4 mA cm™ by parasitic absorption in the CdS (g c4s=2.4 €V) and at
least 0.8 mA cm2in thei-ZnO/ZnO:Alwindow layer stack (£ 7q0 = 3.3-
3.4 eV).Thus, the potential to increase the short-circuit current density
(Jso) by using alternative buffers and window layers with higher £ 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 £ < 3.45 eV for the best solar cellsmade
by SF with very thin (few nanometres) CdS or high bandgap Zn(0,S)
buffer layers®. Ultimately, solid phase crystalized In,0,:H may be used
as a transparent conductive oxide to essentially avoid any parasitic
absorption in the window layer®*,

For 1>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 £ 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/dA). The corresponding normalized dEQE/dA curve of
the certified measurementisadded in Fig.1b and gives £;=1.130 eV.
Moreover, the spectral photoluminescence (PL) yield was measured
atroomtemperatureinaregionjust outside the active cell area after
selectively removing the window layer stack. The respective PL spec-
trumis added in Fig. 1b as well. Taking the peak energy as a measure of
the bandgap leads to aslightly lower value of £; =1.114 eV. An Urbach
energy (£,) of14.5 meV was extracted from the EQE spectrum, which
is a typical value for highly efficient chalcopyrite solar cells* .. The
fitis presented together with a clearerillustration of the PL spectrum
in Supplementary Fig. 2. It should be mentioned that the £, derived
from EQE appears to be an overestimation and the extraction from
PL gives slightly lower values®+*,

Table 1 summarizes the JV parameters of the best
chalcopyrite-based solar cells from different research institutes (all
externally certified and data taken fromrefs.2-4, E; values for the Eid-
genossische Materialpriifungs- 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
aremarkable value of n = 22.2% for a flexible ACIGS solar cell, using a
polymer substrate and thus requiring lower growth temperatures.

Figure lc-fplotsthe]V parameters from Table1as afunction of the
corresponding bandgap energies and sets them in perspective to the
respective maximum values in the radiative SQ limits*. All solar cells
show quite similar losses in Jsc of 11-12%. Except for the EMPA device
that was processed at alower temperature, all samples exhibit rather
low relative FF losses <8%. The lowest V. deficit (11%) was reached for
the SF sample with n =23.35%, slightly better than the record device
presented in this work (12% loss). Thus, both Jsc and V. of the best
chalcopyrite-based solar cells show the same potential (greater than
FF) for efficiency improvements.

The experimental V. isameasure of the quasi Fermilevel splitting
(divided by the elemental charge e), and consequentially the following
equation should apply when substantial interface recombination can
be excluded***:

kT
Vocexp = Voc,sa + ?IH(ERE) 1

with kand T being the Boltzmann constant and the temperature,
respectively. The term n (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, avalue of 1.6% was measured at 1sunillumina-
tionintensity 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 notindirectly derived from
Voc and the EQE asinref. 36). The measurements can be found in Sup-
plementary Fig. 3. The theoretical V. trend for ERE 0f 1.6% (as derived
fromequation (1)) is shown by the orange dashed curvein Fig. 1e. Obvi-
ously, the measured V,,c (767 mV) is in good agreement with the one
predicted by the ERE value of 765 mV (but would deviate more if E; was
taken from PL peak, E; =1.114 eV).

For comparison, the parameters of the record Si heterojunction
solar cellwithp=26.8% are added in Fig. 1c—fas well*”. The V, deficits
of the best chalcopyrite devices are on par with the best Si solar cell
(that is, also the ERE*®). However, much lower FF and J. losses were
achieved for the Sirecord 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 newrecord efficiency is probably not asuperior absorber quality or
celldesign, but rather that we were able to fabricate a very high-quality
absorber withahigherbandgap energy that better matches the AM1.5G
spectrum than the SF2019 record device.

Microscopic characterization of the complete device stack

Asshowninthe scanningelectron microscopy (SEM) imagesinFig.2a,b,
large ACIGS grains are formed, with most of them being sized >1 pmin
alldimensions. The topography is not particularly smooth, but rather
rough. Theresultingtilted light in-coupling after refraction at the CdS/
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Fig.2|Electron microscopy analysis of the device structure. a,b, SEM images
ofthe full cross-section of the complete champion cell (a) and the absorber
surface after selectively removing the CdS and window layers via HCl etching
(b). The 2 um scale bar refers to both panels a and b. ¢, BF-TEM images of the

full cross-sections of the solar cell for the two lamellae investigated. The areas

for which the elemental distribution was analysed by scanning (S)TEM-EDS are
highlighted with red boxes (‘Pos1.x’, lamellal; ‘Pos2.x’, lamella2). A schematic of
the solar cell cross-section is illustrated between the two lamellae. The ZnO:Al
filmis abbreviated as AZO.

ACIGSinterfaceisbeneficial, sinceitincreases the optical path length
inthe 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.

Lamellalwas furtherstudied onanano-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
onthe TEMimage, canbe foundin Supplementary Fig. 4.In addition to
the nano-XRF results, the elemental maps from ‘Pos1.1’,as obtained via
EDSinscanning TEM (STEM) mode, are shown in Fig. 3 for comparison.
Amoredetailed 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
exceptionisthe Agsignal, whichistoo lowinthe case of the nano-XRF
analysisto obtainreliableinformation, due to the superposition of the
L edges of Ag, Inand Cd. As intended, the upper half of the absorber
exhibitsarather constant GGl level with only minor lateral variations,
indicating only small E; fluctuations at the surface and in the SCR**,

Bandgap fluctuations may further arise from spatial variations in
stress or stoichiometry?. 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] + [Cul)/
([Ga] + [In]) = [1]/[111] = 0.83). A steep increase in GGl towards the Mo
electrodeis observedin the bottom third of the ACIGS, which should
effectively repel electrons from the back contact. While suffering from
alower spatial resolution, an advantage of the nano-XRF method over
STEM-EDS is the higher sensitivity to heavy alkali elements®*°. It can
be clearly seen that Rb agglomerates consistently (that is, no gaps)
at the interfaces with CdS at the front and with MoSe, 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 GBs**™*°,

The highest Rb concentration is found inisolated patches at the
ACIGS/CdS heterojunction. Similar patches were reported in earlier
studies for absorbers subjected to a CsF-PDT and suggested toindicate
the formation of a Cs(In,Ga)Se, phase®. 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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Fig. 3 |Nano-XRF and STEM-EDS analysis of lamellal. a-e, Elemental
distribution of the absorber metalsIn (a), Ga (b), Ag (d), Cu (e) and Rb (c), as
obtained via nano-XRF on lamellalfrom Fig. 2c. XRF peak fitting was conducted
by using the dedicated software PyMca®. To account for the small thickness
variations across the lamella (XRF intensity/scales with sample volume),

the signal intensity of the absorber metal elements was corrected at each

pixel (that s, position) by multiplying it with anindividual correction factor

Mo (pixel) = Is, vax/Isc(pixel) obtained from the Se distribution map. Here, /s, v, is
the highest intensity of the Se map and /s.(pixel) is the intensity measured at each

Nano-XRF

Nano-XRF
S -l -
| o

[\YEY® Nano-XRF:
Density (ng cm™)

EDS:
Concentration (at.%)

Min

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 asmaller area
(‘Posl.1’, indicated by a dashed whit box) derived from STEM-EDS forIn (g), Ga
(h), Rb (i), Ag (j) and Cu (k). The colour code refers to the atomic concentrations
inat.%in case of the EDS analysis and to the density (in ng cm™) in case of the
nano-XRF analysis, ranging from the corresponding minimum (Min) to the
maximum (Max) values. The scale bar is valid for allimages.

bending, lower Urbach energy, increased p-type doping and the for-
mation of awide-gap alkali-In-Se surface phase®*'.

Figure 4 displays the elemental maps of Rb, Inand Ga at four differ-
entabsorber 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 GGl fluctuations at the surface
butillustrates the different depth at which the GGl 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 phases** **. The weaker Rb signal from
thegraininterior most probably originates from the back interface as
well as fromtilted 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.

Asseenforlamellal, the upper half of the absorber shows arather
constant GGI and AAC (that is, also constant E;). We extracted a line
scan along the arrow drawn inside the Ga map. We did the same for
‘Posl.l’ of lamella 1 (Supplementary Fig. 5) and quantified the aver-
age surface composition as GGl = AAC = 0.25 from STEM-EDS. The
region with only minor compositional fluctuations in the upper part

oftheabsorberis more extendedinlamellal(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 GGl increases,
whilethe AAC decreases. Thereduced Ag contentinregions of higher
Gaconcentration was observedin prior studies and canbe explained by
athermodynamically driven, composition-dependentinstability of the
ACIGS system*. The GGl at the back contact reaches a value close t0 0.7
here, but deviates laterally (for example, GGl of 0.8 in Supplementary
Fig.5). Overall, the GGl at the MoSe,/ACIGS interface ranges between
0.65 and 0.80 for all investigated locations.

Toobtainaquantified 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, Rband Na (Napeaks at Mo/glass interface) in Supplementary Fig. 6.
The obtained GGland AAC profiles are very similar to the ones deduced
from STEM-EDS. However, the surface GGland AAC are slightly lower
when extracted via GDOES, whichmay 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 composition', since the Ga content is lowest at the
buffer interface. For E;=1.13 eV a value of GGl of ~0.23 is deduced,
assuming AAC of 0.20, which is closer to the surface composition
derived from STEM-EDS.

Asdiscussed previously, rubidiumis mainly concentrated in patches
(<100 nminsize) beneath the CdS layer, but smaller amounts canbe found
everywhereatthe ACIGS/CdSinterface (Fig.3). Both profiles (EDSinFig. 5b
and GDOES in Supplementary Fig. 6) show that the Rb signal peaks just
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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 viaan HCI
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™), ranging from the corresponding minimum
(Min) to the maximum (Max) values.

underneath thebuffer layer, while GDOES also reveals an agglomeration
at the back contact (that is, between MoSe, and ACIGS), in line with the
nano-XRF results. The Na concentration (Naadded as aNaF precursor) in
theabsorberisbelowthe GDOES detectionlimit, butit canbefoundinthe
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, itisnot clear towhat extent Nais pre-
sentatthe ACIGS/MoSe, interface andin GBs, fromwhere it was found to
be pushed out by the heavier Rbin prior works***%. Inearlier studies,aNa
peak was found at the (A)CIGS surface in GDOES, due to the Naaccumu-
lation in ordered vacancy compounds (OVCs)***. Rubidium was found
tonot (entirely) replace Na in these OVCs*. This Na peak is absent in our
measurement, and thus, we assume that the ACIGS film of our record
device exhibits only avery minor amount of surface OVC patches, despite
itsrelatively low [1]/[1ll] of 0.84.

Microscopic characterization of the heterojunction region

We analysed one of the Rb-rich patches found at the absorber surfacein
Fig.5inmore detail (‘Pos2.2’) (Fig. 6). The elemental maps of the corre-
spondingheterojunctionregion, obtained from STEM-EDS, are shown
inFig. 6a.Itisevident that the Rb-richareaisdepletedin Cu,inGaand
locally also in Ag. The quantified elemental concentrations inside and
outsidetheRb-richpatch (positionsl1and2inFig.6b)areshowninFig. 6d.
Relatively, the Cuand Ga contents are most reduced in the patch, where
Rbreaches about 8 at.%. Considering that the lamellais >60 nm thick, it
islikely that the Rb-rich phase changesiits 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
lowin Rb and too high in Cu and Ga. This is further highlighted by the
inhomogeneous Rb concentration measured in the patch, asseenin Fig.
6c¢ (highest local Rb concentrationis 12 at.%). Thus, we speculate that
the Rb-richregions, frequently found at the CdS/absorberinterface, are
RbInSe, or another Rb-In-Se compound. However, we cannot exclude
that this phasestill contains some amount of Cu, Gaand 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 RbInSe, compound formation (monoclinic system,
space group C2/c)**.Itis unclear what kind ofimpact those Rb-In-Se
patches have onthe device performance. However, itis deemed unlikely
that they have abeneficial effect, since they are rather widely dispersed
and separated. In case the patches areindeed RbInSe,, apossible para-
siticabsorption would not be very detrimental though, due toits 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.

Toreveal chemical changes across the heterojunction,aSTEM-EDS
line scanwas extracted along the black dashed arrowin Fig. 6a. The nor-
malized elemental profiles are shown in Supplementary Fig. 8. The Rb
agglomeration atthe ACIGS/CdS interfaceis evident. Interestingly, the
Cuand Gasignals drop about 5 nm before the other absorber elements.
Thisisinline with the formation of avery thin (Ag,Rb)-In-Se compound
(potentially (Ag,Rb)InSe,) 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
interfaceand the Cuand Gasignals drop before (here -3 nm) the ones of
Inand Se. However, at this position the Ag also drops with the Cuand Ga
signals.Inall cases, the relative Ag signal is still quite highin the CdS film.
Thisis probably caused by an artefact ofthelamella preparationviathe
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) RbInSe, phase forms everywhere
alongside the CdS/ACIGS interface between the RbInSe, patches.

Another feature observed in Supplementary Figs. 8 and 10 is the
slightin-diffusion of Cd (depth~1-2 nm) into the thin RbInSe, layer (see
differencesin Cd and S signals). Aninterdiffusion of Cd and Cu has been
observed before at CIGS/CdS interfaces®*. Earlier studies suggest that
theresulting creation of Cd, donor defectsinthe chalcopyrite (or OVC)
lattice leads to the formation of abeneficial buried homojunction and
a strong type inversion at the CdS/absorber interface***. However,
these prior investigations did not consider or study the effect of Cd
incorporation into the potential RbInSe, surface phase that probably
has a completely different impact. Furthermore, we cannot exclude
that Cd diffusesinto 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’ (lamella1), as measured by STEM-EDS.
Two more EDS mappings were conducted close to the Mo electrode at
‘Pos2.3’and ‘Posl1.3’, which are shown in Supplementary Figs.11and 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 absorbers®. We detected again rubidium
inmost GBs, whileit seemstobe absentinone GBinFig.7 (inagreement
withthe corresponding nano-XRF in Fig. 3). Most of the investigated GBs
are depleted in Cu, but enriched in Ag. Some GBs are further depleted
inIlnand 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 Cudepletionis more or less balanced by the Ag enrichment,
sothatthe [I]/[1ll] ratio does not change notably across the GBs (see, for
example, [1]/[1II 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
reductionin Cu, increase in In (slightly in Se) and no notable change in
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Fig. 5| STEM-EDS analysis of the complete solar cell. a, Distributions of the
absorber elements and Rb at ‘Pos2.1’ (lamella 2), as deduced by STEM-EDS.
The colour code refers to the atomic concentrations in at.%, ranging from the
corresponding minimum (Min) to the maximum (Max) values. b, GGI, AAC
and normalized Cd, Mo and Rb depth profiles, extracted along the rectangle
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indicated by the dashed white arrow in the Ga map in a (depth corresponds to
direction of the arrow). The grey areas indicate the electrode/buffer regions.

¢, Corresponding STEM-DF image. The region ‘Pos2.2’, as indicated by the dashed
white box, is shown in more detail in Fig. 6.

Agand Ga((ref. 60). At this point, itis 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 Cuand Ag depletionin GBs*’, whichisin contrast to the findings
showninthis work. A possible explanationis that only Ga-rich absorbers
(thatis, wide-gap) show Ag-depleted GBs and Ga-poor absorbers donot,
similar to the Ag-Ga anti-correlation seenin the graininterior®. 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 Gaconcentration) do not show an Ag enrichment. More statistics
are needed to draw further conclusions.

Inprior publicationsit was proposed that Cu depletion at CIGS GBs
often makes them benign (depends on oxygen and Na content) due to
afavourable band bending®. In addition, the Rb decoration of GBs was
claimed to exclusively lead to beneficial upward band bending at GBs®*.
Other studies conclude that the V. of state-of-the-art chalcopyrite
devices is still limited by GB recombination, despite a substantially
reduced recombination velocity viaan RbF-PDT*. More sophisticated
methods are needed to study the effect of GBs onthe overall recombina-
tionrate in the champion solar cell discussed in this work.

For the sake of acomplete description of the absorber interfaces,
STEM-BF images of the Mo/MoSe,/ACIGS interface region are provided
inSupplementary Fig.13. A roughly 7-nm-thick MoSe, layer (hexagonal
structure with c axis perpendicular to Mo film®®) 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 higherin
the future. Asdiscussedin‘Electro-optical characterization of the cham-
pion device’ section, the most straight-forward and possibly easiest
way toimprove the performanceis toreduce 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-
cussedindetail inSupplementary Note 1. This also includes a discussion
ofthe effect of light soaking on the doping density and V. (illustrated
inSupplementary 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’ GGl profile, we implement a ‘hockey stick’-like pro-
file, with rather constant GGl 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 aRb-In-Se phase (probably RbInSe,) 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 Gaenrichmentand Indepletion. 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 V,. and FF level, seems to be the most
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Fig. 6| STEM-EDS analysis of the absorber/buffer heterojunction. a,
Distributions of absorber elements, Rb and Cd at ‘Pos2.2’ (lamella 2, see position
alsoinFig. 5¢), as deduced by STEM-EDS. The maps are superimposed onto

the corresponding STEM-DF image, and the colour code refers to the atomic
concentrationsin at.%, ranging from the corresponding minimum (Min) to the
maximum (Max) values. In addition, acombination of the Cd, Rb and Cu signals
isshown (transparency of different colors scales with concentration, that is low

- Rb-rich patch (position 1in b)
- Chalcopyrite (position 2 in b)

Rb Ag Zn O

5nm

concentration has high transparency and vice versa). The black dashed arrow in
the STEM-DF image indicates the position of an extracted EDS line scan, whichis
shown in detail in Supplementary Fig. 8. b, STEM-BF image of the Rb-rich patch
identified ina. ¢, Same image with superimposed Rb concentration map froma.
d, Quantified elemental concentrations, extracted from the circular regions 1and
2indicated inb. e,f, STEM-BF (e) and STEM-DF (f) images of the Rb-rich patch at
higher magnification.

straight-forward approach to push the efficiency towards 25%. To go
beyondthislevel, the absorber quality has to be furtherimproved and
ERE values much higher than1.6% (reported in the present study) need
to be realized to further reduce the V. deficit and the ideality factor
(n=1.3inthe 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-Zn0O/Zn0O:Al/MgF,. First, a 290-nm-thick Mo back contact was
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Fig. 7| STEM-EDS analysis of the back-contact region. a, DF-STEM image of
‘Posl.4’ (lamella1). b, Semi-transparent rubidium concentration map, as deduced
by STEM-EDS, superimposed on the STEM image. Pixels with Rb concentrations
atthe noise level are set fully transparent. The highest Rb concentration is found

atatriplejunction. c-i, Distributions of elements close to the Mo back contact,
asdeduced by STEM-EDS. The color code of the elemental maps refers to the
atomic concentrationsin at.%, ranging from the corresponding minimum (Min)
to the maximum (Max) values.

sputter-deposited (DC magnetron) and then coated withal0-nm-thick
NaF precursor layer by thermal evaporation. No alkali diffusion barrier
wasintroduced underneath the back contact. Amodified three-stage
(I-poor ~ I-rich > I-poor) co-evaporation process was applied to grow
2.0-2.1-um-thick ACIGS films at amaximum substrate temperature of
about 530 °C. Allelements were provided inall three deposition phases.
Furtherinformationabout the sequence of the metal evaporationrates
(ratios) can be obtained from an earlier work®*. The final absorber
composition was GGl of 0.28, AAC of 0.19 and [1]/[11I] = 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 grownvia CBD at 60 °C.Finally,a30-and 230-nm-thicki-ZnO
and ZnO:Al layer was RF- and DC-sputtered on top, respectively.

Afterwards, 27 individual cells with an area of 1.03 cm? 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 pmlinewidth
(-1 mm pitch) and in contact with a busbar frame outside the active/
aperture areaof the cell was deposited via thermal evaporation. Finally,
a 110-nm-thick MgF, ARC was deposited across the whole area. The
majority (22) of the 27 cells have efficiencies n > 23%, very close to the
cell discussed in this article that was certified by Fraunhofer ISE, and
the correspondingJV parameters, as well as allJV curves, can be found
in Supplementary Fig. 15 and Supplementary Table 1.

Electro-optical characterization of solar cells

AllJV and EQE measurements were conducted after light soaking the
complete cells for 24 h (noactive 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 cm?, was illuminated. For the
certified measurement done by Fraunhofer ISEin Germany (black line

inFig.1a), ashadow mask with an aperture area of 0.90 cm*was used.
The)V dataof thein-house measurement were fitted using aone-diode
model, by numerically solving the Shockley equation:

e(V—/Rs)>_1>+ V-JRs

Jsc (2)

e

RP,aPP

at each voltage value and globally minimizing the deviation of the
results from the measured current densities /. The in-house JV and
EQE measurements were performed at 7=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 ISEmeasurement). The PL measurements were conductedin
asetup consisting of aFSL1000 photoluminescence spectrophotom-
eter from Edinburgh instruments equipped with anintegrating sphere
(coated with BaSO,) 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 wasincreased to1nm,
the dwell time keptat 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 (1=850-1,300 nm) and reflection in the
laser wavelength region (1 =515-535 nm) was measured. Then, aBaSO,
plugwasinserted instead of the sample to obtain the backgroundin the
emission range and the reference signal in the scattering range. In this
way the absorption and emission (innumber of photons) were obtained
after integration, and the ERE was calculated by ERE = (Em, — Emg)/
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(Scat, - Scat,), 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 BaSO, reference. To get the ERE value of 1.6%,
the integration was done between A =520-529 nm for the scattering
range and 1=1,000-1,280 nm for the emission range (see spectrain
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 &, =10 was assumed for the ACIGS material.

Material characterization

Theintegral ACIGS absorber composition was determined with aHel-
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
bufferlayersviaan HCletch. STEM and EDS analyses were performed on
aFEITitan 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 maximum2 kVion accelerating voltage was performed
on both sides of the lamellae, and no further electron exposure was
doneintheFIB 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)®. AnX-ray energy of 16 keV with anaverage photon flux of 8 x 10°
photons s™ and a spot size of 55 nm x 55 nm was employed for the
measurements and a piezo stage was used to move the sample with a
55 nmstep size and a counting time 0of 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™) of elements was estimated by
fitting the XRF signal using the PyMca software®®. Laterally integrated
elemental depth profiles (analysed area -3 mm?) were deduced from
aGDOES 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 datagenerated or analysed during this study areincludedin the pub-
lished article and its Supplementary Information. Specific raw datasets
areavailable fromthe corresponding author uponreasonable request.
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» Experimental design

Please check the following details are reported in the manuscript, and provide a brief description or explanation where applicable.

1. Dimensions

Area of the tested solar cells

Method used to determine the device area

2. Current-voltage characterization
Current density-voltage (J-V) plots in both forward

and backward direction

Voltage scan conditions

Test environment

Protocol for preconditioning of the device before its
characterization

Stability of the J-V characteristic

3. Hysteresis or any other unusual behaviour

Description of the unusual behaviour observed during
the characterization

IZ Yes
I:, No

Yes
I:, No

D Yes
IZ No

I:, Yes
No

I:, Yes
No

IZ Yes

I:’No

IXI Yes
I:, No

D Yes
g No

Certified measurement (Fraunhofer ISE): A = 0.89866 cm2 (designated illumination
area)
In-house measurement: A = 1.03 cm2 (total area)

Explain why this information is not reported/not relevant.

Certified measurement (Fraunhofer ISE): Aperture area of the mask (opening)

In-house measurement: Determination of total cell area via camera.

Explain why this information is not reported/not relevant.

Negligible hysteresis

The measurement of the IV-curve is performed with a 4-quadrant power amplifier
and a calibration resistor. The scan was performed in both directions. No difference
was observed (no hysteresis). The final result is an average of both scan directions.

The performance of the solar cell does not depend on the voltage scan conditions as
long as they are in a reasonable range.

From Fraunhofer ISE certificate: The calibration of the test sample was performed at
Standard Testing Conditions (STC) under irradiation with a steady-state class AAA
solar simulator. The temperature of the solar cell is determined by a sensor and is
adjusted to (25+0.5)°C. The irradiance is controlled with a monitor cell during the
measurement in order to correct fluctuations linear. The divergence of the peripheral
beams is < 8°. The solar cell is kept at a constant temperature on a vacuum chuck.

State-of-the-art ACIGS solar cells are stable in air. Thus, we did not emphasize on the
detailled test environment, like humidity level and so on.

Prior to the measurement the solar cell was illuminated (light-soaked, solar simulator,
i.e. white light) for 24h without active cooling.

Explain why this information is not reported/not relevant.

As mentioned in the manuscript, the efficiency increases during the first 24 hours of
light-soaking (after keeping the sample in the dark) and then saturates. No decrease
in efficiency was observed after longer exposure to light (up to several days were
tested).

The temporal stability of the solar cell performance was not controlled during the
certification by Fraunhofer ISE.

Explain why this information is not reported/not relevant.

Provide a description of hysteresis or any other unusual behaviour observed during the
characterization.

Hysteresis or other unusual behaviour not observed
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Related experimental data

Efficiency

External quantum efficiency (EQE) or incident
photons to current efficiency (IPCE)

A comparison between the integrated response under
the standard reference spectrum and the response
measure under the simulator

For tandem solar cells, the bias illumination and bias
voltage used for each subcell

Calibration

Light source and reference cell or sensor used for the
characterization

Confirmation that the reference cell was calibrated
and certified

Calculation of spectral mismatch between the
reference cell and the devices under test

Mask/aperture

Size of the mask/aperture used during testing

|:| Yes
IXI No

IXI Yes
|:| No

D Yes
No

D Yes
IXI No

D Yes
IXI No

D Yes
IXI No

D Yes
No

IXI Yes
D No

Provide a description of the related experimental data.

Hysteresis or other unusual behaviour not observed

From the Fraunhofer ISE certificate: The absolute differential spectral responsivity is
determined in a wavelength range from 300 nm to 1200 nm at a short circuit current
bias. The measurement is done with laser-monoochromator setup with the DSR
method in a two-beam geometry, using the two irradiation beams simultaneously:

a) A stationary bias irradiation with irradiances EB (not measured explicitly).
The variation of EB allows different short circuit currents ISC (EB),

b) A time-modulated quasi-monochromatic measurement irradiation. The irradiance
is determined by a primary calibrated reference solar cell (PTB).

The operating point of the solar cell is defined by a bias current under short circuit
conditions.

Bias current : 0.3 mA, Nominal Value of the temperature of the object: 25 °C

The voltage at the solar cell is set to below 0.03 VOC by a current-voltage-converter.

The frequency of the chopped quasi-monochromtatic measurement light is at 133 Hz.

The spectral bandwith (full width at half maximum) is below 5 nm. The temperature
of the solar cell is determined by a sensor and adjusted to (25+0.5)°C.

The description in the manuscript is shorter to keep the Methods section concise.

Certified Fraunhofer ISE:

Jsc,eqe = 38.0 mA/cm2 from EQE (complete aperture area illuminated by
monochromatic light)
Jsc,iv = 38.3 mA/cm?2 from IV

In-house:

Jsc,ege = 38.3 mA/cm2 from EQE (complete cell illuminated by monochromatic light)
Jsc,iv = 38.5 mA/cm?2 from IV

Explain why this information is not reported/not relevant.

Provide a description of the measurement conditions.

No tandem cell

From Fraunhofer ISE certificate: The calibration of the test sample was performed at
Standard Testing Conditions (STC) under irradiation with a steady-state class AAA
solar simulator. The irradiance is controlled with a monitor cell during the
measurement in order to correct fluctuations linear. The divergence of the peripheral
beams is < 8°.

The solar cell is kept at a constant temperature on a vacuum chuck.

Too much information for Methods section. We wanted to keep it concise.

Fraunhofer ISE (Germany)

Too much information for Methods section. We wanted to keep it concise.

From Fraunhofer ISE certificate: The spectral mismatch - caused by the deviation of
the class AAA simulator spectrum from the standard spectrum AM1.5G in
combination with the difference between the spectral response of the reference cell
and that of the device under test (DUT) —is calculated and corrected.

For the spectral mismatch correction the spectral distribution of the solar simulator is
measured with a spectroradiometer, the spectral response of the DUT is measured
with a monochromator.

Too much information for Methods section. We wanted to keep it concise.

Mask/aperture only used in certified measurements done at Fraunhofer ISE. Here,
the size was A=0.9 cm2.

Explain why this information is not reported/not relevant.
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Variation of the measured short-circuit current
density with the mask/aperture area

Performance certification

Identity of the independent certification laboratory
that confirmed the photovoltaic performance

A copy of any certificate(s)

Statistics

Number of solar cells tested

Statistical analysis of the device performance

Long-term stability analysis

Type of analysis, bias conditions and environmental
conditions

|:| Yes
No

Yes
|:| No

|:| Yes
No

|Z Yes

I:‘NO

|:| Yes
IZ No

|Z Yes
D No

Report the difference in the short-circuit current density values measured with the
mask and aperture area.

Only small variations observed

Fraunhofer ISE (Germany)

Explain why this information is not reported/not relevant.

Certificate copies should be provided in the Supplementary information. Please state
the supplementary item number.

The certificates are available from the corresponding author upon reasonable
request.

This manuscript focuses on a single ACIGS solar cell that obtained the record
efficiency. As mentioned in the text, 26 more solar cells (most of them also with
efficiency > 23%) were prepared from the same ACIGS deposition run.

Explain why this information is not reported/not relevant.

State where this information can be found in the text.

Since there is just a single cell discussed and presented, no statistical analysis was
performed.

As mentioned in the manuscript, the efficiency increases during the first 24 hours of
light-soaking (after keeping the sample in the dark) and then saturates. No decrease
in efficiency was observed after longer exposure to light (up to several days were
tested). Furthermore, the sample was stored for more than a year in a N2-cabinet
and still reaches the same efficiency level (after light-soaking). No further stability
tests (i.e. damp-heat, V-bias, etc) were done.

Explain why this information is not reported/not relevant.
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