
Heavy Alkali Treatment of Post-Sulfurized Cu(In,Ga)Se2
Layers: Effect on Absorber Properties and Solar Cell
Performance

Jan Keller,* Oleksandr V. Bilousov, Janet Neerken, Erik Wallin, Natalia M. Martin,
Lars Riekehr, Marika Edoff, and Charlotte Platzer-Björkman

1. Introduction

Sulfur incorporation into the surface region of Cu(In,Ga)Se2
(CIGS) material is commonly utilized for sequentially processed
absorbers in thin film solar cells and modules.[1,2]

Replacing Se by S and thereby forming Cu(In1–x,Gax)(Se1–y,Sy)2
increases the band gap energy (EG) by lowering the valence band
maximum (EV) and, to a slightly larger extent, lifting the conduc-
tion bandminimum (EC).

[3,4] Thus, an electronic barrier for holes
toward the potentially defect-rich buffer/absorber interface can
be created, which reduces interface and space charge region
(SCR) recombination. In addition, beneficial effects related to

bulk properties, such as the passivation
of deep trap states,[5] an increased electron
lifetime,[1] and an increased hole mobility,[6]

are also discussed.
As the sulfur incorporation can be

confined to the very surface region, the
open-circuit voltage (VOC) can be increased
without obtaining major losses in absorp-
tion and, correspondingly, in short-circuit
current density ( JSC). This makes the sulfu-
rization step particularly interesting for
CIGS bottom cells (EG¼ 1–1.1 eV) in
tandem applications with, e.g., perovskite
top cells.[7–10] The large potential of this cell
combination was recently highlighted by
a new record efficiency of 24.2% for a
2-terminal device.[11]

To combine the greater flexibility in tai-
loring the absorber composition (Ga/In
profile) with the surface modifications by

the S-treatment, a post-annealing of co-evaporated CIGS in either
H2S

[3,12–14] or elemental sulfur[15–19] was frequently studied. In
the present contribution, the latter approach is followed, mainly
to avoid usage of toxic H2S gas. Previous experiments have
shown that this process results in the formation of a relatively
conformal, ternary CuInS2 surface layer, independent of the ini-
tial presence of Ga at the surface. However, to avoid the forma-
tion of a detrimental high-Ga phase (i.e., transport barrier)
underneath the CuInS2 layer during sulfurization, the initial
absorber should be Ga-free at the very surface.[16,17,20] Further-
more, it was observed that the benefit of the post-sulfurization
is increasing when approaching stoichiometric absorber
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(CIGS) films, consisting of 1) a post-sulfurization in elemental S-atmosphere
and 2) a subsequent treatment by heavy alkali fluorides (Alk-PDT). First, the effect
of the sulfurization step on the corresponding solar cell performance is inves-
tigated and optimum process parameters, leading to an efficiency improvement,
are identified. Losses in carrier collection observed after S-incorporation are
attributed to an increased grain boundary (GB) recombination. It is found that the
corresponding reduction in short-circuit current density can be mitigated by a
RbF- or KF-PDT, supposedly by depleting GBs in Cu. However, in strong contrast
to non-sulfurized CIGS, the Alk-PDT results in a lower open-circuit voltage and
distortions in the current–voltage (I–V) characteristics for sulfurized absorbers.
Possible explanations are the absence of a wide-gap surface phase and/or air
exposure between the post-treatment steps. It is further proposed that a back
contact barrier may be responsible for the distortions in I–V.
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composition,[17] which is required for S-incorporation.[21] For Cu-
poor absorbers, long-range diffusion, presumably via grain
boundaries (GBs), is required to supply Cu to the reaction front.
Indeed, Cu was found enriched in S-containing GBs after
sulfurization.[20] As a result, ordered vacancy compound domains
form in the bulk as well as directly underneath the CuInS2, sup-
posedly trapping charge carriers and/or creating local transport
barriers.[17] In addition to the formation of CuInS2, S is further
1) incorporated in Cu(In,Ga)(Se,S)2 mixed crystals, which are spa-
tially confined and rather randomly distributed underneath the
CuInS2 layer, 2) diffusing along the grain boundaries toward
the back contact,[15,17,20,22] and 3) bound in plate-like Na–In–S
compounds on the surface.[17] Taking all these findings into account,
a CIGS film with no Ga at the front surface (about the top 500 nm
are Ga-free) and close-stoichiometric composition was used as a
baseline for the sulfurization experiments in this study.

In recent years, the application of a heavy alkali metal fluoride
(i.e., KF, RbF, and CsF) post-deposition treatment (Alk-PDT)
after CIGS absorber formation was established,[23] potentially
boosting VOC and/or the fill factor (FF) and allowing for a reduced
CdS buffer thickness and thereby higher JSC.

[8,24–29] While the gain
in JSC is clearly explained, there is still a very controversial discus-
sion about the origin of the VOC (and FF) gain.[30,31] In most stud-
ies, a very thin, wide-gap surface phase is observed and commonly
attributed to an Alk–In–Se (e.g., AlkInSe2) compound.[32–34] It is
argued that this layer may act as a surface passivation and thereby
increases VOC. However, it is not clear if this phase always forms
and if/when it occurs as a closed layer or rather as distributed clus-
ters.[30,35] On the contrary, a suppression of bulk recombination is
discussed. While a reduced concentration of deep defects by the
Alk-PDT appears unlikely,[30] it was suggested that a detrimental
band-bending at GBs is reduced by the introduction of heavy alka-
lis (expressed as reduced band-tailing), which may agglomerate in
GBs as AlkInSe2 and reduce/passivate charged defects.

[30,36,37] The
Alk-PDT further affects the apparent doping density, but opposite
trends (i.e., higher and lower doping) were observed.[38–40]

Similar to pure, co-evaporated Cu(In,Ga)Se2 films, it was
shown that also for sulfur-containing absorbers a heavy alkali
(i.e., K, Rb, and Cs) post-deposition treatment can lead to a
distinct improvement in device performance, allowing for
efficiencies of up to η¼ 23.4%.[41–43] However, to the best of
our knowledge, the Alk-PDT was not studied yet on co-evapo-
rated CIGS post-sulfurized in elemental S-atmosphere. It may
be expected that the pure CuInS2 surface shows a different reac-
tion behavior during Alk-PDT.

In this work, the effect of a RbF- and KF-PDT on post-sulfu-
rized CIGS is investigated. To understand the effects on device
performance, the first part elaborates the impact of the sulfuri-
zation step on the opto-electronical properties of samples without
Alk-PDT. In the second part, these results will be compared with
solar cells which were subjected to various doses of RbF and KF.
Finally, chemical and microstructural analysis is conducted to
explain the observed differences in device characteristics.

2. Results and Discussion

This section is separated into three paragraphs. First, the impact
of the sulfurization parameters on the solar cell performance is

presented and discussed. In the second part, the effect of a sub-
sequent KF- or RbF-PDT step is studied. Finally, the spatial incor-
poration of heavy alkalis in sulfurized CIGS is investigated by
glow discharge-optical emission spectroscopy (GDOES) and
energy-dispersive X-ray spectroscopy in scanning transmission
electron microscopy (STEM-EDS). For the sake of clarity, only
the current–voltage (I–V ) and external quantum efficiency
(EQE) results of the best solar cell (highest efficiency) of each
sample are presented. The trends for average values are identical.

2.1. Sulfurization Parameters versus Solar Cell Performance
without Alk-PDT

2.1.1. I–V and Quantum Efficiency Analysis

Figure 1 shows the I–V characteristics of solar cells without (Ref )
and with a sulfurization step at different conditions (ordered by
increasing S-incorporation). The corresponding solar cell
parameters are shown in Table 1. Clear trends can be observed.
With increasing sulfur addition, VOC is increasing and JSC is
decreasing. While the main gain in VOC results from the sulfur
incorporation,[16,17] a minor additional effect of Ga diffusion
toward the surface cannot be excluded for TS≥ 560 �C (small
Ga signal detected at the surface by GDOES [not shown here]).
The FF values are increasing until a maximum of 71.2% is

Figure 1. I–V characteristics of the best solar cells for the reference and
after sulfurization at different conditions (all without Alk-PDT).

Table 1. Device parameters of the best solar cells for the reference and
after sulfurization at different conditions (all without Alk-PDT) as
deduced from I–V characterization (see Figure 1).

Sample FF [%] JSC,EQE

[mA cm�2]
VOC

[mV]
η [%] RSH

[Ω cm2]

Ref 66.7 38.9 542 14.1 703

S @ 460 �C 69.6 37.4 556 14.5 681

S @ 530 �C 70.9 36.5 592 15.3 486

S @ 550 �C 71.2 36.1 593 15.2 549

S @ 560 �C (20 min) 70.9 35.7 611 15.5 497

S @ 560 �C (40 min) 67.2 34.6 619 14.4 346
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reached for 15min sulfurization at 550 �C. This trend is mainly
ascribed to the increase in VOC.

[44] For a larger S-incorporation,
the FF is decreasing again. The origin of this effect will be discussed
later in the text. Finally, a gain in efficiency is obtained for all sam-
ples, which is largest for the sample sulfurized for 20min at 560 �C.

The apparent shunt resistance RSH, as derived from the
inverse slope in the interval V¼�0.1 to þ0.1 V, is added in
Table 1, too. It is obvious that RSH is decreased by the sulfuriza-
tion treatment. This indicates a larger voltage dependency of the
photocurrent for the sulfurized solar cells because RSH is similar
for all samples when deduced from I–V measurements in the
dark (not shown here).

Figure 2a shows the measured EQE spectra used to calculate
the JSC,EQE values in Table 1. To understand the spectral losses in
dependency of the sulfurization intensity, Figure 2b shows the
absolute reductions in EQE as compared with the Ref sample.
It is evident that with increasing S-introduction larger losses
in JSC occur, mainly for λ> 1000 nm. In general, all solar cells
lose continuously more photocurrent with increasing wave-
length, starting at λ �600 nm. In the following paragraph, the
origin of the observed losses in JSC will be discussed. From here
on we focus on the “S @ 530 �C” sample because the Alk-PDT
experiments and microstructural characterization were con-
ducted on this absorber.

2.1.2. Origin of Collection Losses after Sulfurization

Figure 3 shows the band diagram (electron energy related to
Fermi energy [EF]) of a solar cell heterojunction with a

50 nm-thick CuInS2 layer in-between the CuInSe2 absorber
and the CdS buffer layer, as computed by the solar cell device
simulator SCAPS-1D.[45] The dashed blue lines sketch the effect
of a possible CuIn(Se,S)2 region underneath the CuInS2 with lat-
erally varying extension. This sequence corresponds approximately
to the heterojunction of the sample subjected to a 15min sulfuri-
zation at 530 �C, which resulted in a CuInS2 layer thickness of
40–60 nm, as illustrated in the bright-field (BF) STEM image inset.

Electron affinities of χCdS¼ 4.25 eV, χCuInS2 ¼ 4.34, and
χCuInSe2 ¼ 4.55 eV are assumed according to refs. [4,46]. Thus,
conduction band offsets of �200 and �100meV are expected
at the CuInSe2/CuInS2 and CuInS2/CdS interfaces, respectively.
Furthermore, constant doping densities in the absorber
(NA,CuInS2 ¼ NA,CuInSe2 ¼ 4� 1016 cm�3) and buffer layer
(ND,CdS¼ 1� 1017 cm�3) are used. For the sake of simplicity,
the effect of the diverse local formation of CuIn(Se,S)2-mixed
crystals was neglected when generating the band diagram.
The following discussion is also based on the assumption of a
direct CuInSe2/CuInS2 interface. This is a reasonable first
approximation because a step-like decrease to very low, decaying
S concentrations is observed underneath the CuInS2 layer when
the CuIn(Se,S)2 patches are present.

[17] The (rather weak) impact
of such a low S-incorporation is mainly restricted to a slight
reduction in the band offsets toward the CuInS2.

From a pure band-diagram perspective, several beneficial and
detrimental impacts of the sulfurization may be discussed. First,
the type inversion at the potentially defect-rich absorber/CdS
interface is reduced, leading to a higher recombination probabil-
ity. On the contrary, the increased EG by the CuInS2 formation
and the valence band offset at the CuInSe2/CuInS2 interface act
as an effective transport barrier for holes toward the buffer, if
generated underneath the CuInS2 layer. Also, the conduction
band offset (CBO) at the absorber/CdS interface is significantly
reduced, which may improve the FF. However, a second “new”
interface is formed between CuInSe2 and CuInS2. This interface
may also be defect-rich, which would be detrimental, because an
even more reduced type-inversion is present here. In addition,

Figure 2. a) EQE of the best solar cells for the reference and after sulfu-
rization at different conditions (without Alk-PDT). b) Absolute reductions
in EQE after sulfurization as compared to the Ref sample.

Figure 3. Band diagram estimated for a sample with 15min sulfurization
@ 530 �C as generated by SCAPS-1D (zoomed into heterojunction
region). The dashed blue lines are added to indicate the effect of possible
CuIn(Se,S)2 regions underneath the CuInS2. The inset shows a BF-STEM
image of the heterojunction of the sample sulfurized at 530 �C.
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holes see a relatively small barrier toward this interface. Yet, if the
total interface recombination (including both interfaces) would
increase significantly, the gain in VOC by S-incorporation would
not have been observed. Thus, it is suggested that the CuInSe2/
CuInS2 interface is relatively benign in terms of recombination.
Still, it cannot be ruled out that the significant CBO creates an
electron transport barrier. This becomes more crucial with
increasing CuInS2 thickness (i.e., higher Ts and ts) because
the effective barrier for thermionic emission across the CBO
(ϕb ¼ EC � EF) increases when the interface moves into a region
of less band-bending. This may result in a severe reduction in FF
and in a voltage-dependent photocurrent that even affects JSC.

Other aspects that could explain the reduced EQE with more
S-incorporation are a lowered effective bulk diffusion length Ln
(i.e., by Shockley–Read–Hall recombination at grain boundaries
or inside grains) or less absorption by a reduced absorber volume
with pure CuInSe2 composition.

A powerful tool to analyze the origin of collection losses is
measuring the EQE under a negative and positive voltage bias.
This was done at Vbi¼�0.5 V and þ0.3 V for the reference and
the sample sulfurized for 15min at 530 �C (see Figure 4a,b).

The carrier collection for the reference sample is basically
unaffected by the V-bias (slight increase for λ< 520 nm presum-
ably artifact by photodoping in CdS[47]), which indicates that no
electrical JSC losses are present. In contrast, the sulfurized sam-
ple shows a slight increase under negative bias and a significant

decrease under forward bias. Figure 4c shows the corresponding
EQE under V-bias normalized to the non-biased EQE. The gain
under negative bias and the loss under forward bias are
increasing with λ. This strongly indicates a severe reduction
in Ln after sulfurization, which also agrees well with the trends
in Figure 2b.

If a transport barrier or a pronounced recombination at the
CuInSe2/CuInS2 interface would limit carrier collection, a
decreasing EQE with increasing Vbi would be expected as well,
but the loss would be rather independent of λ.[48] A minor
λ-dependency would still be observed because the potential trans-
port barrier and/or harmful interface lies at some distance in the
photoactive absorber material (i.e., lower collection for higher λ).
However, a clear kink in EQE would be expected at the band gap
value of CuInS2 (EG¼ 1.53 eV;[4] i.e., strongly reduced collection
underneath CuInS2) if a transport barrier would be the main
origin of the collection losses, which is obviously not the case
(see Figure 2a,b).

Thus, it is suggested that a lowered Ln is the main reason for
the observed trends in JSC in Table 1, which also explains the
greater V-dependence of the photocurrent, expressed by
the lower RSH for sulfurized samples. However, for a purely
Ln-limited collection a larger gain at Vbi¼�0.5 V would have
been expected and an additional contribution by another effect
cannot be fully excluded.

To estimate the extent of the reduction in Ln, the EQEs of the
Ref and S @ 530 �C samples were fitted by

EQEðλÞ ¼ ð1� RtotðλÞÞ ⋅ AparðλÞ
Zdabs

0

αabsðλÞ

⋅ expð�αabsðλÞ ⋅ xÞ ⋅ f CðxÞdx

(1)

For the sake of convenience, the absorption coefficients for the
absorber (αabs(λ)) were taken from data for pure CuInSe2,

[49]

which is a fair first approximation, because the upper
�500 nm are Ga-free. Standard absorption coefficients were used
to calculate parasitic absorption in the window and buffer layer
(Apar) and a constant total reflection (Rtot) of 8% is assumed.
The expression for the collection function ( fC(x)) is derived from
ref. [50], assuming a back surface recombination velocity of
Sbc¼ 104 cm s�1, a SCR width ofWSCR¼ 200 nm, and an absorber
thickness of dabs¼ 2.1 μm. The back surface field was neglected.

The resulting fits for Ln¼ 250 and 800 nm, shown in
Figure 5a, accurately reproduce the measurement data.
This further indicates that a low diffusion length is the main
JSC limitation after sulfurization and other effects like a
reduced absorption play a minor role. Figure 5b shows the
corresponding collection functions and the normalized total
generation rate (Gn) for λ¼ 520–1360 nm (i.e., assuming no
parasitic absorption) derived from ref. [49]. Most of the charge
carriers are generated inside the SCR, where a perfect collection
is assumed. If the model is accurate, collection outside the SCR
is expected to be very low after sulfurization, whereas the Ref
sample would exhibit significant collection in the bulk. The col-
lection functions will be compared with electron beam-induced
current (EBIC) profiles along absorber cross sections in the next
section.

Figure 4. EQE under negative and positive voltage bias for the a) Ref and
b) S@ 530 �C sample. c) Effect of the V-bias normalized to the non-biased
measurement for S @ 530 �C.
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2.2. Effect of Alk-PDT on the Performance of Solar Cells with
Sulfurized Absorbers

As shown already by Feurer et al.,[8] an Alk-PDT can be beneficial
for CIGS layers with a very similar elemental depth profile as
used in this study (i.e., no Ga at the surface, but toward the back
contact), mainly by allowing for a reduced CdS thickness and by a
slight increase in VOC. To verify this effect on the non-sulfurized
absorbers in this study, an additional reference sample (Ref_2)
was produced (same CGI, GGI, and Ga profile as Ref ) and sub-
sequently subjected to a RbF-PDT for 173 s without chalcogenide
background atmosphere to ensure direct comparability. The
absence of Se (or S) during Alk-PDT has previously been shown
to be non-detrimental and might even be beneficial in some
cases,[43,51] which is confirmed by the results for the Ref_2 sam-
ple in this study. As no intermediate S-step in a separate chamber
was done, air exposure could be avoided until CdS deposition.
The resulting cell parameters are shown in Table 2. Indeed, a
boost in VOC and FF is achieved, resulting in an efficiency of
η¼ 18.6% without antireflective coating. This is a state-of-the-art
value for a low-EG chalcogenide absorber with a pure CuInSe2
surface and proves that an Alk-PDT can be very beneficial for
the non-sulfurized reference sample.

In the following it shall be investigated if the same boost in
efficiency can be obtained after Alk-PDT on sulfurized CIGS.
As distinct changes in reaction behavior for CuInS2 surfaces as
compared with CuInSe2 cannot be excluded, different Alk-PDT
times were tested, including the standard (i.e., optimum) times
used for non-sulfurized CIGS (underlined). The resulting I–V
characteristics for RbF- and KF-PDTs are shown in Figure 6a,b,
respectively, and the device parameters are added to Table 2.

Obviously, no boost in efficiency was achieved by the Alk-
PDTs applied on the post-sulfurized CIGS. In contrast, distinct
losses in VOC and FF are observed. However, the VOC values are
still slightly higher as compared with the non-sulfurized
reference. As a trend, the FF appears to be decreasing with

increasing Alk-PDT time (disregarding the Sþ KF (375 s)
sample). The reason is a distortion in the I–V curve, a so-called
“kink.” Interestingly, the distortion is more severe for the
Alk-PDT with the heavier alkali metal Rb. Similar behavior in
I–V was reported before for too strong alkali doses[28,51,52] or
if a heat-treatment is done after the PDT step.[53] Different
explanations were suggested for these observations. Heavy alkali
species may replace Na at the interface to the Mo or MoSe2 back
contact, which could lead to a larger back contact barrier.[38]

Others attribute the distortion to a transport/injection barrier
located at the heterojunction interface(s).[28,52] Remarkably,
already after a KF-PDT as short as 20 s a significant loss in
VOC is observed. Thus, the results prove that the post-sulfurized
CIGS absorbers are much more sensitive to the Alk-PDT (for
both alkali species shortest doses result in least deterioration)

Figure 5. a) EQE fitted for different diffusion lengths and measured for the Ref and S @ 530 �C sample. b) Corresponding collection functions and
normalized generation function deduced for λ¼ 520–1360 nm from ref. [49].

Table 2. Device parameters of the best solar cells for Ref_2 with and w/o
RbF-PDT as well as for Ref and S@ 530 �C with and w/o different doses of
RbF- and KF-PDTs (see Figure 6a,b).

Sample FF [%] JSC,EQE

[mA cm�2]
VOC

[mV]
η [%]

Ref_2 68.6 38.6 542 14.4

Ref_2þ RbF (173 s) 73.5 38.3 661 18.6

Ref 66.7 38.9 542 14.1

S @ 530 �C 70.9 36.5 592 15.3

Sþ RbF (138 s) 67.4 36.7 579 14.3

Sþ RbF (173 s) 66.5 37.3 556 13.8

Sþ RbF (207 s) 65.3 36.6 569 13.6

Sþ KF (20 s) 69.3 37.3 574 14.8

Sþ KF (225 s) 67.5 37.0 568 14.2

Sþ KF (300 s) 66.8 35.8 566 13.5

Sþ KF (375 s) 67.2 35.4 566 13.5
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and no optimized process, leading to an efficiency improvement,
was found in this study.

Apart from the mentioned negative effects, an increased
JSC,EQE was measured for most of the samples after Alk-PDT.
Figure 7a–d compares the corresponding EQE spectra to the
Ref and S @ 530 �C samples without Alk-PDT. For both alkali
metal treatments, a significantly improved EQE for long wave-
lengths is measured. Here, the EQE spectra are approaching the
level of the reference sample, strongly indicating an improved
collection by an increased Ln. However, in the case of a KF-PDT,
losses for λ< 800 nm occur for times ≥300 s, presumably by a
higher recombination rate at the heterojunction or in the CuInS2
layer (λEg,CuInS2 �810 nm).

To investigate the charge carrier collection function more
directly and independent of the optical properties of the absorber,
EBIC measurements were conducted on cleaved cross sections
of the Ref, S @ 530 �C, and S @ 530 �Cþ RbF (207 s)
samples. All samples were cleaved at the same time, so that
differences in surface oxidation before the EBIC measurements
can be excluded. Furthermore, the exact same settings
were applied (e.g., magnification, working distance, etc.).
The results are shown as an overlay with the scanning
electron microscope (SEM) image and as an isolated EBIC
map in Figure 8a.

Although the EBIC signal on fractured (non-polished) cross
sections is strongly affected by the topography and other
artifacts,[54] distinct differences between the samples are
detected, indicating a significantly changed carrier collection.
All samples show a similar maximum in EBIC signal close to

Figure 6. I–V characteristics of the best solar cells for the S@ 530 �C sam-
ple without Alk-PDT and after different times of a) RbF- and b) KF-PDTs.

Figure 7. EQE spectra of the best solar cells after different times of Alk-PDT with a) RbF and b) KF compared with the Ref and S @ 530 �C samples w/o
Alk-PDT. Underneath, the same spectra are illustrated, but showing only the Alk-PDT samples with the highest JSC,EQE for c) RbF and d) KF, respectively.
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the heterojunction, most likely corresponding to perfect collec-
tion in the SCR. However, only the non-sulfurized reference
sample shows a relatively homogenous and high carrier collec-
tion in the absorber bulk. This confirms again the negligible
electronic JSC loss for the reference, as suggested earlier. After
sulfurization, the collection probability outside the SCR becomes
very low. By the subsequent RbF-PDT, the collection can be sig-
nificantly enhanced again in some grains, although the level of
the reference is not reached. As these results were obtained very
locally, EBIC was measured at several other positions and wider
cross sections (see Figure S1, S2, Supporting Information). The
observed features and trends are the same as shown in Figure 8a,
which highlights their validity. Figure 8b shows EBIC line scans
across the positions marked by the white arrows in Figure 8a,
adjusted to the EBIC maximum. The electron generation profile
at Vacc¼ 5 kV laterally extents about 120 nm in CIGS.[55] Thus,
as a first approximation the EBIC profile should roughly match
the collection function fC(x). Indeed, the EBIC line scans for
the Ref and sulfurized samples w/o RbF-PDT are comparable
with the fC(x) as calculated for the different diffusion lengths
in Figure 5b. This again strengthens the assumption that the
JSC losses after sulfurization are not explainable by a transport
barrier or an increased interface recombination, but originate
from a reduced Ln. However, it cannot be fully excluded that
a reduction in WSCR by a potentially higher doping in the

CuInS2 contributes as well. Indeed, for stoichiometric CuInS2
a very high hole density of �1� 1017 cm�3 was reported (while
Cu-poor grown CuInS2 suffers from very low doping).[56,57]

In the final paragraph, it is investigated how the heavy alkali
metals are incorporated into sulfurized CIGS, to understand
the observed changes after Alk-PDT (e.g., the “selective grain acti-
vation” with respect to carrier collection or the current blocking).

2.3. Analysis of Heavy Alkali Metal Incorporation into
Sulfurized CIGS Absorbers

Figure 9 shows the depth distribution of Rb (Figure 9a) and K
(Figure 9b) after different times of Alk-PDT on the S @
530 �C sample as measured by GDOES. The Ref sample is added
in (Figure 9a) to estimate the noise level. In both cases, the Cd
and Mo signals are shown for one of the samples subjected to
Alk-PDT. As expected, longer Alk-PDT times result in an
increased incorporation of alkalis. All samples show an agglom-
eration at the Mo back contact and toward the heterojunction.
After a RbF-PDT time ≥173 s, a Rb-peak at or close to the
absorber/buffer interface evolves. After the concentration
declined toward the bulk, it reaches a rather constant level, which
is similar for all times of RbF-PDT and distinctly higher as the
measurement noise (compare signal for Ref ). It was found that
Rb exclusively diffuses through random, high-angle GBs if Na is

Figure 8. a) Electron-beam-induced current maps for the Ref, S @ 530 �C, and S @ 530 �Cþ RbF (207 s) samples as an overlay with SEM image and
isolated. b) Corresponding line scans at the positions marked by the white arrows in part (a).
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present in the initial absorber (as it is the case here).[58,59] It is
suggested that it pushes the lighter Na out of the GBs, although it
does not easily remove Na that occupies vacancies in the lattice,
which are required for migration. As a result, diffusion into the
grain interior is hindered.[58]

In the case of the KF-PDT, similar trends are observed; with
the difference that a higher K signal is measured in the hetero-
junction region as compared with the back contact interface
(the very short PDT time is an exception). The reason may be
that the heavier Rb pushes Na out of the GBs more easily than
the lighter K, as proposed earlier,[29] thereby facilitating diffusion
to the back contact. Alternatively, Rb may also replace Na at the
back contact interface more easily than K.

Hence, the GDOES results can be understood as alkali metals
diffusing from an unlimited source at the surface via high-angle
GBs into the absorber. After some time, they reach the back con-
tact interface, where the concentration gradually increases.
However, it is unclear where the alkali peak close to the CdS layer
stems from. Possible explanations are that 1) Rb/K agglomerates
at the CdS/CuInS2 (e.g., in the form of an Alk–In–S surface
layer) or CuInS2/CuInSe2 interface, 2) Rb follows a regular
diffusion profile which is distorted in the GDOES profile by
the roughness of the interfaces, or 3) the density of GBs is higher
toward the surface.

To investigate the alkali incorporation on a nanoscale,
several regions, corresponding to different depths of the
S @ 530 �Cþ RbF (207 s) sample, were analyzed by STEM-EDS
mapping. The strongest RbF dose was chosen intentionally
because possible modifications would be expected to be most
pronounced here. Figure 10 shows the results for the entire cross
section (long shot). The features of the post-sulfurization are vis-
ible as a strong S signal, stemming from the CuInS2, and lower
concentrations in regions of CuIn(S,Se)2 (S signal at the back
contact is an artifact by overlap with Mo line). In addition, a slight
increase in Cu is observed, where S is incorporated. The graph
shows the concentrations of the absorber elements averaged for
each row of the EDS mappings (i.e., perpendicular to the
substrate), as a kind of average depth profile.

By far the highest Rb concentration is detected at the MoSe2/
absorber interface, which is in line with the GDOES results.
Previous studies reported the same feature after RbF-PDT on
CIGS absorbers.[59,60]

To resolve lower alkali concentrations at the heterojunction
or in GBs, analysis at higher magnification is required. This
was done at two positions focusing on the heterojunction (see
Figure S3, S4, Supporting Information). However, no Rb was
found at the CdS/CuInS2 or at the CuInS2/CuInSe2 interface.
Furthermore, no Cu-poor regions, which may indicate the
presence of a (Cu,Rb)–In–S layer or clusters, could be detected
at the absorber surface. Schöppe et al. recently reported that
widely dispersed Cs-, In-, and Se-enriched and Cu- and
Ga-depleted (possibly CsInSe2) particles formed at the absorber
surface after CsF-PDT on CIGS absorbers if the sample was air
exposed before PDT (as it was the case in this study). In contrast,
a more homogenous distribution of Cs at the buffer interface was
detected if the sample was not exposed to oxygen before PDT.[35]

Even in the case of RbF-PDT on CIGS, some studies report on
RbInSe2 particle

[61] or island[34] formation at the buffer interface,
whereas others suggest a closed Rb(Na)–In–Se layer.[28] Thus, it
cannot be excluded that widely dispersed Rb-containing com-
pounds formed at the CuInS2 surface, but were not captured
by the �10 μm wide TEM lamella.

To investigate possible changes in surface composition in
more detail, hard X-ray photoelectron spectroscopy (HAXPES)
was conducted on the sulfurized absorber with and without
RbF-PDT at photon energies of 3 and 9 keV (see Figure S5,
Supporting Information). The as-prepared samples were sealed
in a plastic bag under N2 and transported to the synchrotron for
characterization. Prior to the measurements, the samples were
rinsed in water to remove salts from the surface. No significant
modification in surface chemistry was found, pointing to
the non-existence of a newly formed phase like Rb–In–S.
Furthermore, no Rb was detected within the probing depth of
�30 nm at 9 keV (i.e., lower than CuInS2 extension), which
is in line with the STEM-EDS observations and indicates
that the Rb-peak close to the CdS in GDOES probably marks
the beginning Rb decoration of GBs underneath the CuInS2
layer.

The potential absence of a wide-gap surface phase formation
after Alk-PDT might, at least partly, explain the missing VOC and
FF improvement for the sulfurized samples.

Figure 11 shows the STEM-EDS analysis of several GBs
(and triple points) close to the absorber surface, where S is

Figure 9. a) Rb and b) K depth profiles for different times of Alk-PDT on
the S @ 530 �C sample (Ref is added in part (a) to estimate noise level) as
measured by GDOES. The Cd and Mo signals for one sample of each alkali
species are added as well.
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incorporated and abrupt changes in S concentration from one
grain to another are visible. A significant Rb agglomeration in
the GBs is obvious, accompanied by a clear Cu-enrichment and
In-depletion, as reported earlier for sulfurized CIGS[20,22] with-
out Alk-PDT. The surface-near GBs are most likely Cu-enriched
during sulfurization, when Cu needs to be supplied to the reac-
tion front to incorporate S and GBs act as diffusion channels.

In the case of non-sulfurized CIGS, the agglomeration of
heavy alkalis at GBs after Alk-PDT is basically always accompa-
nied by a reduction in Cu and an increase in In content.[60,62–66] It
was suggested that this could be due to the formation of an
Alk–In–Se compound in the GBs that reduces GB recombina-
tion, which is supposedly the main driver for the beneficial effect
of the treatment.[30,37] It may be speculated that this Alk–In–Se
formation in GBs was only partially achieved on the sulfurized
absorbers in this study because some GBs might be too enriched
in Cu by the preceding S-step. This would explain why some
grains could be “activated” (increased collection) by the Alk-PDT
and others (presumably with Cu-richer GBs) could not.

It was suggested earlier that even without heavy alkali decora-
tion Cu-depletion at GBs indicates the presence of a hole barrier
that reduces recombination.[67–70] Thus, the Cu-enrichment

caused by sulfurization may in general lead to more detrimental
GBs, which would also explain the significantly reduced effective
diffusion length (compare Figure 8). However, it remains to be
proven if Cu-enrichment of GBs always takes place during
S-incorporation. Especially for sequentially processed absorbers
this may not generally be the case. Although a clear correlation of
S- and Cu-enrichment was found in the absorber GBs of devices
with moderate performance (η �15%),[22] it is not confirmed that
the same feature is observed for solar cells with record efficien-
cies >23%.[41] In general, the S-incorporation should be less
dependent on the Cu supply (i.e., no/less long-range diffusion
via GBs) for sequential processes because S is incorporated
during crystallization and exclusively forms mixed crystals
which allows for more tolerance to off-stoichiometry than
forming CuInS2.

[21] Another aspect that needs further investiga-
tion is the role of sulfur in GBs where it is found to agglomerate
after sulfurization. It cannot be excluded that this leads to a
downward shift of the valence band maximum, which may
(partially) cancel out the detrimental effect of the accompanied
Cu-enrichment.

To investigate if the Cu-enrichment is also present in GBs far
away from the surface (where Cu-stoichiometry was needed for

Figure 10. STEM BF image of the S@ 530 �Cþ RbF (207 s) sample. The red rectangle marks the region of the elemental EDS mapping, which results are
shown underneath for the absorber elements and Rb (Cd concentration>1 at% from CdS layer is illustrated by black pixels in each map). The graph in the
upper right shows the row-wise averaged atomic concentrations as extracted from the elemental maps.
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S-incorporation), STEM-EDS analysis was done at the interface to
the back contact (see Figure 12). Clearly, the analyzed GBs are
not enriched, but rather depleted in Cu. Again, Rb is found in
the GBs. However, it is impossible to judge if the Alk-PDT led to
the Cu-depletion (e.g., by forming an Alk–In–Se compound) or if
GBs close to the back contact were generally not Cu-enriched
during sulfurization because Cu could be supplied from
absorber material closer to the surface. Nevertheless, the findings
are in line with the proposed hypothesis: an increased recombi-
nation at GBs is responsible for the observed losses in carrier
collection and reduced JSC after sulfurization. After Alk-PDT
some of the Cu-enriched GBs can be, at least partly, turned into
Cu-depleted GBs and are thereby passivated. As a consequence,
some grains exhibit an increased carrier collection, as observed
in the EBIC measurements, and JSC can be slightly increased
again. Further analysis and more statistics are necessary to con-
firm this hypothesis.

Still, it is not clear why the Alk-PDT on sulfurized CIGS led to
VOC and FF losses. As shown in Figure 12, Rb strongly agglom-
erates at the CIGS/MoSe2 interface. Pianezzi et al. suggested that
a replacement of Na by heavier alkalis at the back contact
interface increases the barrier height.[38] Indeed, a significantly
reduced Na signal at the back (and also at the front) contact inter-
face is observed after Alk-PDT as measured by GDOES (Na peaks
vanish; see Figure S6, Supporting Information). Therefore, it is
proposed that a back contact barrier is the reason for the distor-
tion in I–V and the FF losses after Alk-PDT on sulfurized absorb-
ers. This would also explain why less blocking is observed after
KF-PDT as compared with RbF-PDT because a lower concentra-
tion of K than Rb is suspected at the CIGS/MoSe2 interface
(compare Figure 9). Indeed, a lower Na content is measured
close to and in the Mo layer itself after the RbF-PDT as compared
with the KF-PDT (see Figure S6, Supporting Information).
Nevertheless, this finding needs to be confirmed by more

Figure 11. STEM BF image of the S @ 530 �Cþ RbF (207 s) sample. The red rectangle marks the region of the elemental EDS mapping, which results
are shown on the right-hand side for the absorber elements and Rb. The graphs underneath show line scans extracted from the EDS mappings across
GBs, as indicated by the white arrows “a” and “b” in the BF image above.
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quantitative methods like secondary ion mass spectroscopy in
the future. However, at this point it is not clear why this barrier
established for the sulfurized CIGS, while no blocking was
observed on the non-sulfurized sample subjected to Alk-PDT.

The question remains why no VOC improvement was
obtained. Considering the improved collection efficiency after
Alk-PDT, a gain in VOC would be expected but instead, even a
VOC loss is observed. A possible explanation could be that appar-
ently no surface modification was induced by the Alk-PDT. This
may be due to the lack of Ga at the surface to form GaF3 and
thereby reducing the surface[71] (although this would account
for the non-sulfurized sample as well) or because an Alk–In–S

compound is less likely to form than Alk–In–Se. Indeed, a
significant S reduction was observed at the surface after KF-PDT
of a Cu(In,Ga)(S,Se)2 absorber,[42] which would agree with the
latter point. The intolerance to off-stoichiometry for CuInS2
(i.e., does not allow to be reduced in Cu) may further explain
a reaction inertness when exposed to alkali fluorides. However,
in a previous study on post-sulfurized CIGS (in H2S), which also
resulted in a pure CuInS2 surface, a VOC and efficiency gain is
reported after KF-PDT.[43]

It cannot be excluded that the air exposure between sulfuriza-
tion and subsequent Alk-PDT (�30min) may be the origin of the
performance deterioration. In an attempt to prevent oxidation,

Figure 12. STEM BF image of the back contact region of the S @ 530 �Cþ RbF (207 s) sample. The red rectangle marks the region of the elemental
EDS mapping, which results are shown underneath for the absorber elements as well as Rb and Mo. The graph shows the line scan extracted from
the EDS mappings across the GB, as indicated by the white arrow in the BF image.
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the absorber was capped by CdS, which was selectively removed
by etching in HCl right before Alk-PDT. However, it turned out
that HCl etching damaged the newly formed CuInS2 layer (while
no detrimental etching effect was observed for non-sulfurized
CIGS). In future experiments, the air exposure time will be either
minimized or completely avoided by performing the sulfuriza-
tion and Alk-PDT in the same vacuum chamber.

Finally, this study illustrates the potential of combining a
post-sulfurization of co-evaporated CIGS with an Alk-PDT step.
However, it also highlights the challenges to achieve a similar
VOC and FF boost by the Alk-PDT for sulfurized CIGS as it is
seen for a non-sulfurized absorber. If remaining obstacles can
be overcome in the future, the “Alk-PDT after sulfurization”
post-processing is a promising route to produce high efficiency
low-EG solar cells for application in tandem devices.

3. Conclusion

This work studies the applicability of a heavy alkali fluoride
treatment on post-sulfurized CIGS absorbers processed by co-
evaporation. It is shown that sulfurization can improve the effi-
ciency of low-gap CIGS solar cells by increasing VOC and FF.
However, a loss in JSC is observed upon incorporation of S,
which limits its benefit. It is proposed that this effect is caused
by a reduced effective diffusion length, due to an increased
grain boundary recombination. This, in turn, is ascribed to
Cu-enrichment of GBs during sulfurization, when Cu is trans-
ported via GBs to the surface to allow S-incorporation.

After RbF- or KF-PDT, carrier collection can be increased for
some grains, which potentially mitigates the JSC loss after
sulfurization. An explanation for the “selective activation” of
grains after Alk-PDT may be that some GBs can be passivated
by the alkali decoration (e.g., by forming an Alk–In–Se(S) com-
pound), while other, potentially too Cu-enriched GBs remain Cu-
rich and thereby detrimental. However, in strong contrast to non-
sulfurized CIGS, for which a state-of-the-art efficiency of 18.6%
could be achieved, the Alk-PDT did not result in an efficiency
improvement for sulfurized CIGS. Here, a distortion in I–V
characteristics is accompanied by losses in VOC and FF. No sur-
face modification was observed after RbF-PDT, which may be
attributed to air exposure between the sulfurization and Alk-PDT
processing steps. Alternatively, the CuInS2 surface may be more
inert than CuInSe2 during Alk-PDT (e.g., AlkInSe2 favored over
AlkInS2 formation). The absence of a wide-gap phase at the sur-
face may explain why the Alk-PDT did not result in an increased
VOC for sulfurized CIGS. It is further suggested that a back con-
tact barrier is formed when replacing Na by heavier alkalis at the
CIGS/MoSe2 interface, which is responsible for the distortion in
I–V and may at least partially account for the FF loss.

4. Experimental Section

Solar Cell Processing: The CIGS solar cells were processed in the
following stack sequence: soda lime glass (SLG)/Mo/NaF/CIGS(þpost-
sulfurization)(þAlk-PDT)/CdS/i-ZnO/ZnO:Al. First, the Mo back contact
was deposited on the cleaned SLG substrate ((12.5� 12.5) cm2) by
DC-sputtering (i.e., no Na-diffusion barrier between SLG and Mo).
Subsequently, a 10 nm-thick NaF layer was grown on top by thermal

evaporation. In the next step, the CIGS absorber was deposited using a
three-stage co-evaporation process (Cu-poor! Cu-rich! Cu-poor).
Gallium was only evaporated during the first and In mainly during the third
stage to create a strong elemental grading and a corresponding band gap
increase toward the back contact. The rates were adjusted in a way that the
final absorber is Ga-free at the surface, corresponding to a very similar Ga
depth profile as in our previous sulfurization study.[17] The average, inte-
gral [Ga]/([Ga]þ[In])¼GGI and [Cu]/([Ga]þ[In])¼ CGI values for the sam-
ples are GGI¼ 0.23� 0.01 and 0.89� 0.02, respectively. The final
absorber thickness is 2.1 μm (� 0.1 μm).

After absorber formation, the samples were coated with a 50 nm CdS
layer by chemical bath deposition (CBD) to prevent degradation before
subsequent post-sulfurization runs. Just before each sulfurization experi-
ment, all samples were etched in 4 M HCl for 60 s to remove the CdS cap
(air exposure <2 min). The samples were subjected to annealing in ele-
mental S-atmosphere at an Ar pressure of 50 mbar in a customized vac-
uum furnace. In total, five different sulfurization conditions were tested,
with annealing temperatures (Ts) ranging from 460 to 560 �C and times
(ts) from 15 to 40min. Further details about the sulfurization system can
be found in ref. [16]. To study the effect of the Alk-PDT on the sulfurized
CIGS absorber, several samples subjected to the same 15min
S-anneal at 530 �C were transported to a separate vacuum chamber
(air exposure �30min). Here, RbF- and KF-PDTs were performed for dif-
ferent times (including standard times for non-sulfurized CIGS) at sub-
strate temperatures of 333 and 339 �C, respectively. The deposition
rates were adjusted by the source temperature and controlled by quartz
crystal microbalance monitoring. No chalcogenide (i.e., S or Se) was
co-evaporated during the Alk-PDT.

All samples were finalized by adding a 50 nm CdS (CBD) buffer layer
and a sputtered bilayer of i-ZnO(70 nm)/ZnO:Al(210 nm). For the sake of
comparability, it was avoided to use a thinner buffer layer for the alkali-
treated samples. In the end, 25 solar cells with an area of A¼ 0.05 cm2

were sectioned by mechanical scribing. Equivalent reference devices with-
out a sulfurization step (“Ref”), but with CdS removal and redeposition,
were processed accordingly.

Microstructural and Chemical Absorber Characterization: GDOES, using a
Spectruma Analytik GDA 750HR system, was conducted to investigate
the alkali distribution in the absorber films. STEM on a FEI Titan Themis
XFEG instrument assisted by EDS allowed for nanoscale investigation of
Rb segregation after RbF-PDT and identification of chemical modifications
after S-incorporation. HAXPES measurements were performed at the
GALAXIES undulator beamline of the Soleil synchrotron (France).
The spectra were recorded using excitation energies of 3 and 9 keV and
using a VG Scienta EW4000 energy electron analyzer at normal emission.
A pass energy of 200 eV was used for all measurements, and the binding
energy was calibrated by measuring the 4f spectrum of a grounded Au foil
and setting the Au 4f7/2 binding energy to 84.0 eV.

Characterization of Solar Cells: Completed solar cell devices were
characterized by EQE measurements and by I–V analysis at T¼ 25 �C
under illumination by an ELH lamp in home-built setups. The light inten-
sity for the I–V measurements was calibrated to the JSC,EQE at AM1.5G
conditions as deduced from EQE. EBIC measurements were conducted
on cleaved solar cell cross sections in a FEI Helios Nanolab SEM at an
acceleration voltage of Vacc¼ 5 kV and a beam current of 86 pA.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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