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Abstract
Alkali post deposition treatments (PDT) are the standard method to increase the efficiency of
Cu(In,Ga)Se2 solar cells. In this study, the effects of potassium fluoride (KF) PDTs on narrow band
gap Cu(In, Ga)Se2 (CIS) layers are investigated. The CIS layers were grown on substrates such as
glass with alkali-barrier/Mo, glass/Mo, and glass/indium-doped tin oxide. It was found that the
effect of the PDT depends on the substrates and that there are conditions under which KF-PDT is
detrimental to solar cell performance. Time-of-flight secondary ion mass spectrometry
measurements revealed limited ion exchange between Na and K, which caused inhibited diffusion
of K into the absorber layer. Further opto-electrical characterization indicated increased
recombination in the solar cell. Capacitance–voltage–frequency measurements combined with
modelling revealed the formation of an interface defect that is limiting the open circuit voltage and
reducing the fill factor. Our findings suggest that the lack of K diffusion into the absorber layer
promotes the formation of defects at the surface. This study highlights the complex interaction
between alkali coming from PDT and the alkali already present in the absorber layer.

1. Introduction

The efficiency of Cu(In,Ga)Se2 (CIGS) solar cells has steadily been increasing over the past decade and has
reached an efficiency up the 23.6% [1]. Various engineering approaches have led to this efficiency, of which
Ga gradients in the absorber layers, Na doping and alkali post deposition treatments (PDT) have been the
most significant [2]. For the latest record solar cells heavier alkali treatments (Cs, Rb) have been
implemented [1, 3]. This trend started in 2013, when K improved the efficiency drastically [4]. The beneficial
effect is seen in the open circuit voltage (VOC) and fill factor (FF).

More in-depth understanding of what the effect of the PDT is on the absorber layer and the front
interface and how it improves efficiency is summarized in various reviews [2, 5]. In short, during the heat
treatments and cooling down the heavier alkali ions replace the lighter alkali ions, which is known as the
ion-exchange mechanism. The transport of ions is via grain boundaries and intragrain vacancies. During this
exchange, Na is expelled from the grain interior to the grain boundaries, leaving copper vacancies behind,
which increases the doping. At the front surface, K (Rb, Cs) reacts with Ga/In and expels Cu towards the
interior. This results in a copper-poor front surface, or sometimes even a K–In–Se containing layer [6]. The
copper-poor surface has a wider band gap due to lowering of the valence band, which is beneficial for
rejecting holes. While alkali PDTs have been successfully implemented, there is still no clear understanding of
the exact mechanisms behind the ion-exchange as they seem to depend more than solely on the copper
vacancies. As such, relatively small variations of the absorber layer, such as the addition of Ag or S, require
re-optimization of the processing parameters of the PDT. Sometimes the PDT reduces the performance, for
instance, when S is added, the surface is copper rich, or back contact is adapted [7–10].
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In this contribution, KF PDT have been performed on low band gap CI(G)S layers grown on various
substrates. As the Ga is only at the back, we use CIS as an abbreviation. Narrow band gap CIS is being
developed to be used in tandem cells as well as for bifacial applications. Since alkali treatments are a standard
method to increase doping and improve absorber layer quality as well as interface properties, we
implemented our previously developed KF-PDT [11] to these CIS absorber layers. It was found that the
alkali-treatment is only beneficial when applied on substrates that have alkali barriers between glass and Mo.
An alkali barrier means that the alkali content in the CIGS layers is externally controlled by adding it
separately. When no alkali barrier is present, there is uncontrolled diffusion of the alkali from glass into the
CIGS layer. To understand this phenomenon with respect to the various back contacts, we conducted Time of
Flight Secondary Ion Mass Spectrometry (ToF-SIMS) measurements to find the alkali depth-profiles in the
CIS absorber layer and the front interface with CdS. From these measurements it was concluded that there
was limited exchange of Na with K when no alkali barrier was present. More in-depth opto-electrical
characterization revealed the formation of defects at the CIS/CdS interface.

2. Experimental

The CIS layers were prepared on various substrates: glass/alkali-barrier/Mo, glass/Mo and glass/ITO. The
ITO layers were annealed in air at 450 ◦C prior to CIS deposition. Na was either coming from glass or added
by spin-coating [12]. Since ITO interacts with Na [13, 14], we also varied the amount of Na prior to CIS
deposition by spin coating additional NaF. The different substrates are presented in table 1. Also, different
glass substrates were used to investigate the effect of uncontrolled alkali coming from glass. The CIS layers
were grown using a 3-stage co-evaporation process at 550 ◦C substrate temperature for all the steps. Only the
first step contained Ga to have a back gradient. The final [Cu]/([Ga]+ [In]) was∼0.9 and
[Ga]/([Ga]+ [In]) (GGI) between 0.03 and 0.05. The samples on 3 mm glass had an additional 10 nm Ag
layer deposited by evaporation on the Mo. The final CIS layers on Mo were about 2–2.4 µm thick and on ITO
1–1.2 µm.

After CIS deposition, the samples were transported in air to be finalized into solar cells. To remove
oxides, ammonia sulphide treatment was done [15]. CdS buffer layers were deposited by chemical bath
deposition. KF-PDTs are done as described in [11] using a cover. The samples with alkali PDT are presented
in table 2. A molarity of 0.2 KF was previously the optimized concentration [11]. In this contribution we will
present the results for 0.2 and 0.8 M KF. After CdS deposition, the samples were finalized by sputtered ZnO
(50 nm) and ITO (150 nm). The solar cells on Mo with an area of 3× 3 mm2 were scribed by laser and the
cells on ITO were scribed manually and had an approximate area of 3× 3 mm2.

The solar cells were measured with a Keithley 2400 source meter using four-point probes and Wavelabs
Sinus 70 solar simulator. For the VOC–JSC measurements, the intensity varied from 0.3 sun to 1.3 sun.
Bias-dependent admittance spectroscopy Capacitance–voltage–frequency (CVf) was performed using
Agilent Precision LCR meter. The frequency varied from 1 kHz to 1 MHz using 31 logarithmically divided
steps and the voltage varied from−1 to 1 V in 21 steps. The AC bias voltage was 30 mV. The analysis of the
resulting CVf maps was done using the method described in [16].

Elemental depth profiles were measured using ToF-SIMS. ToF-SIMS measurements were performed with
an ION.TOF NCS instrument (IONTOF GmBH, Muenster, Germany). Sputtering was conducted with a
2 keV O2 ion beam. The sputter area of 350× 350 µm2 and an analysis area of 100× 100 µm2 were used for
the depth profiles, with a raster of 128× 128 pixels. Bi+ (15 keV) was used as the analysis beam. For each run
the current was kept the same between the samples and the depth profiles were normalized to the Mo signal
(In signal in the case of ITO back contact). The comparison of ToF-SIMS data between samples of the same
run was done without any corrections. When the samples were measured in different runs, corrections were
made. This was applicable to the 2 mm sample when compared to the sample with alkali barrier and 3 mm
glass, and the ITO sample with additional 0.4 M NaF when compared to the ITO and ITO 0.2 M NaF
samples. The Mo signals of 2 mm glass was set to the same height as the Mo signals of the 3 mm and barrier
glass substrates, and for the ITO 0.4 M NaF the In signal was set to the same height as the In signals from the
ITO and ITO 0.2 M NaF substrates. The signal of the other ions was adapted accordingly, and the time scale
was adapted as well. For the comparison between reference and KF-PDT samples on the same substrates, the
sputter parameters were always the same as they were measured in the same run.

3. Results

3.1. The effect of the various substrates on solar cell performance
The importance of alkali, especially Na was discovered in the 90 s [17, 18]. Various studies showed that Na
increased the doping and reduced recombination which led to the observed increase in VOC and FF.
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Table 1. Various substrates and Na sources for the CIS solar cells.

Sample Na source

Barrier/Mo 0.2 M NaF
2 mm glass/Mo Glass
3 mm glass/Mo/10 nm Ag Glass
Glass/ITO Glass
Glass/ITO Glass+ 0.2 M NaF
Glass/ITO Glass+ 0.4 M NaF

Figure 1. (a) J–V curves of solar cells with CIS layers grown on different Mo coated glass substrates with varying alkali sources (b)
Na depth profiles of the different solar cells, (c) K depth profiles of the different solar cells, (d) GGI (ToF-SIMS counts) depth
profiles of the various solar cells. Colour codes are presented in figure (a).

There was an optimum of the amount of Na though, which led to controlling the amount of Na [19].
Therefore, substrates with alkali barrier were used and Na was added before or after CIGS growth [20, 21].
The aim of this part of the study is to confirm and understand the effect (un)controlled Na (and K) coming
from various substrates has in our samples. The effect of PDT is described in section 3.2

Table 1 summarizes the glass substrates that were used with the different back contacts and the Na
sources. The amount of Na added by spin coating was based on previous experiments [12] and is not
optimized for the thicker 3-stage CIS layers. K was always coming from the glass and is therefore not present
in the samples grown on substrates with alkali barriers.

3.1.1. Solar cells on Mo coated glass substrates
CIS solar cells were prepared on different Mo substrates, presented in table 1. The current–voltage (J–V)
curves of each sample with the highest VOC are presented in figure 1(a). The VOC varies significantly and
increases from the CIS layer grown on the barrier glass to the 3 mm glass and 2 mm glass (statistical data can
be found in the supplemental information S1). Since the growth process was the same for the all the samples,
the difference comes from the substrates. Therefore, the alkali profiles are also measured. These are presented
in figures 1(b) and (c) for Na and K respectively. The alkali profiles of the different glasses can be found in
supplement S2 figure S2. We find that the variations in Na amount are small for the CIS layers grown on glass
without barrier. In the bulk, the Na content is the same for these samples, but there seems to be a higher Na
accumulation at the front of the CIS layer grown on 2 mm glass. The Na amount for the CIS layer grown on
the barrier substrate, however, is almost a magnitude less than when Na is coming from glass. This likely
indicates that the amount of added Na by spin coating can be higher, since the VOC is also the lowest for this
sample.

While the Na counts lie relatively close to each other, the K profiles reveal larger variations. Since the data
is not calibrated, we do not know how the absolute K amount compares to the absolute Na amount, but we
can discuss the difference between K profiles of the CIS samples. For the CIS layer grown on barrier glass, K
is almost absent, which is expected as there was no K added. A significant amount of K is present in the CIS
layers grown on the 3 and 2 mm glass substrates. Between these samples there is also a magnitude difference.
These differences can be explained by the K content in the glass (see S2). Additionally, there is a steep

3



J. Phys. Energy 7 (2025) 045011 J de Wild et al

Figure 2. (a) J–V curves of solar cells with CIS layers grown on different ITO coated glass substrates with varying Na sources (b)
NA depth profiles of the different solar, (c) K depth profiles of the different solar cells, (d) GGI (ToF-SIMS counts) depth profiles
of the various solar cells. Colour codes are as presented in figure (a).

Table 2. KF-PDT of CIS layers on different substrates.

Sample Alkali PDT

Barrier/Mo+ 0.2 M NaF 0.2 KF
3 mm glass/ Mo/10 nm Ag 0.2 KF
3 mm glass/ Mo/10 nm Ag 0.8 KF
Glass/ITO+ 0.4 M NaF 0.2 KF

increase of K at the front. This could partly be an artefact as the matrix changes from CIS to CdS/ZnO and
alkali are very diffusive species, nevertheless it does indicate a significant amount of alkali at the front.
Previously, such an accumulation at the front interface was thought to cause a barrier as a kink in the curve
was observed [10]. That is not the case here since the CIS layer with the highest K counts at the front (2 mm
glass) also gives the highest FF and VOC. Thus, for these three samples on various substrates, it seems that
more alkali resulted in better performance.

In figure 1(d) the GGI profiles are presented. What is presented here is the ToF-SIMS counts ratio, not
the calibrated [Ga]/([Ga]+ [In]) concentration. The differences in height of the GGI profiles come from
variations in the Ga concentrations. The GGI measured by XRF varied between 3 and 5%, this is a factor two
and likely explains the height differences. Besides the differences in height, the GGI slopes also vary between
the samples. The steepest GGI slope is measured for the CIS layer grown on 2 mm glass. This also happens to
be the sample with the best performance (12.7%) and highest alkali concentration. While the amount of
alkali increases the VOC, these variations in Ga profiles can also contribute to the changes in the solar cell
parameters. In particular, the steepness of the slope (steepest for the 2 mm samples) can affect the
recombination at the back contact and increase the VOC [22]. The Ga profile is also dependent on the
amount of Na in the absorber layer. It has been known for a while that In/Ga intermixing is inhibited in the
presence of Na and that Ga accumulates at the back when more Na is present during growth [23]. Recently
though, more detailed insights have been obtained, revealing a dependence of Ga/In intermixing on the
Na/Cu ratio. When the ratio is low, but above a certain threshold, Ga/In intermixing is actually advanced
resulting in less steep slopes [24, 25]. It is not unlikely that K has a similar influence on the Ga/In intermixing
and contributes to the GGI slopes in our samples as well.

3.1.2. Solar cells on ITO coated glass substrates
CIS layers have also been prepared on ITO substrates with different Na amounts, see table 2. Figure 2(a)
presents the J–V curves of the 3 different samples on ITO with increasing Na amount. We find that the VOC

and FF increase slightly with more Na (for statistical data, see S1). The alkali depth profiles are presented in
figure 2(b) (Na) and (c) (K). Interestingly, there are no measurable changes in Na counts by adding more Na
with spin coating. It is likely that the added amount is much lower compared to the Na coming from the glass.
It may be noted, however, that the Na signal is higher at the front contacts (ZnO/ITO, between 0 and 125
counts). The K profiles are also the same; however, this is expected as there was no K added by spin coating
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Figure 3. J–V curves of solar cells with (dashed) and without (solid) KF-PDT on CIS layers grown on different substrates. (a)
barrier glass, (b) 3 mm glass+ 10 nm Ag and low KF amount (c) 3 mm glass+ 10 nm Ag and high KF amount, (d) ITO coated
glass.

and K is only coming from the glass. In general, the K signal is lower than that of the 3 and 2 mm glass. This
could indicate lower K diffusion through ITO compared to Mo. The K profiles show a steep decline from
glass to absorber layer (figure S3). Additionally, there are no significant changes between the different GGI
profiles of the ITO samples. Thus, the added Na does not significantly affect the GGI profile either. The GGI
profiles differ compared to those of the CIS layer grown on Mo though. The CIS layers on Mo all have a flat
plateau at the front (up to 500 s), while the CIS layers grown on ITO substrate have a GGI profile that is
continuously decreasing towards the front. This could be due to the thinner CIS layer thickness but also
lower amount of K. Nevertheless, the VOC is higher with more initial Na. Unfortunately, we found that the
ITO samples were not stable over time, and we were not able to investigate the cause for this increase in VOC.
The reason for the instability of the CIS solar cells grown on ITO back contact is yet to be investigated.

3.2. PDT
KF-PDTs were performed on the 3 mm glass with 10 nm Ag, ITO coated samples and the substrate with alkali
barrier, see table 2. In figures 3(a)–(d) the J–V curves of these KF-PDT solar cells and their reference cells are
presented. Statistical data from these measurements can be found in the S3 (VOC) and S4 FF. We found that
KF-PDT of the CIS layer grown on the substrate with alkali barrier was working as expected, improving VOC

and FF (figure 3(a)). Similar results were achieved in the past for CIGS solar cells [11, 12, 26]. The VOC is still
rather low, and we think that the KF-PDT cannot compensate for the initial low VOC due to the low amount
Na in the CIS layer that was added by spin coating prior to CIS layer growth. When similar alkali treatments
are done on the CIS layers grown on the other two substrates, we find that the performance of the KF-PDT
solar cells is worse than the references, see figures 3(b)–(d) (statistical data can be found in S3 and S4). A
reason for this degradation could be that too little K was used, as a PDT with too little added heavy alkali may
also reduce the performance [27]. However, increasing the amount of KF to 0.8 M, made the performance
even worse, see figure 3(c). Similar results were also obtained using RbF, and the statistics of these results are
also presented in supplements S3 and S4. We also find that the effect of the PDT on 3 mm glass is not
dependent on Ag as for both KF as RbF PDT degradation is observed, see S5. To understand how a back
contact can influence the PDT in such a way, we looked further into the alkali profiles using ToF-SIMS.

3.2.1. Alkali profiles upon KF-PDT
Alkali depth profiles of the solar cell presented in figure 3 were measured. The depth profiles of the solar cells
that had KF-PDT are directly compared with their reference solar cells. The results are presented in figure 4.
The top left graph (a) is from the CIS solar cell on barrier glass, which had a beneficial KF-PDT. We find that
without KF-PDT there was a low amount of K in the samples, but a significant amount of Na (see also
figures 1(b) and (c)). After KF-PDT the K signal is higher than the Na signal, and the Na signal is slightly
lower than before (dashed lines). These results are consistent with our previous experiments on alkali PDT
and similar trends have also been observed by other groups [4, 10, 11, 27, 28]. These results are interpreted as
the ion-exchange mechanism where K (at least) partly replaces the Na in the absorber layer.
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Figure 4. Alkali and GGI depth profiles of the different solar cells on the various substates with (dashed) and without (solid)
KF-PDT (a)+ (b) barrier glass, (c)+ (d) 3 mm glass with low KF, (e)+ (f) 3 mm glass with high KF, (g)+ (f) ITO coated glass.

The alkali depth-profiles of the solar cells prepared on the substrates without alkali barrier reveal a
different mechanism. Figure 4(c) presents the alkali profiles of the solar cells on 3 mm glass. Here, we find
that the K signal is not higher than the Na signal after PDT and that the Na signal is not reduced. Even when
more KF was added (figure 4(e)) we find that the K count is lower than the Na count before and after
KF-PDT and that there is no change in Na signal. The solar cells on ITO substrates reveal even an increase in
Na upon PDT (figure 4(g)). Also, the K signal remains below the Na signal after PDT. Since the opposite
trend (figure 4(a)) is interpreted as the ion-exchange mechanism, we conclude that the trends in the other 3
samples are due to limited or no ion-exchange. Since the amount of added K is the same in all these samples,
this limited exchange likely results in K remaining at the surface.

The right column of figure 4 presents the GGI profiles. We find no significant changes in the GGI profiles
upon KF-PDT that could explain the difference between beneficial or detrimental KF-PDT. Thus, the only
difference we find between beneficial and adverse effect of KF-PDT is related to the ion-exchange mechanism.
Such an inhibited ion-exchange mechanism has been revealed to be detrimental in the case of a copper rich
surface [9]. However, the lack of ion-exchange has been measured as well while having beneficial PDT [29].

3.2.2. Light intensity dependent J–V and C–V
Further electronic characterization such as light dependent J–V characterization and capacitance-voltage
(C–V) measurements is performed on the different CIS layers grown on 3 mm glass. The data of the different
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Figure 5. Opto-electrical measurements of the CIS solar cells grown on 3 mm glass without and with low and high KF. (a)
apparent doping profile from C–V measurements at 100 kHz, (b) dark-light J–V curves, (c) JSC–VOC plot and fitting range for
ideality factor, (d) FF vs JSC plot.

measurements is presented in figure 5. Figure 5(a) presents the apparent doping profile of the different
samples. It reveals that the doping slightly decreased upon KF treatment. One of the positive impacts of
KF-PDT is the increase in net acceptor concentration, which is already not the case here. Since doping is a net
result of alkali diffusion and copper vacancies, it also reveals the conflicting diffusion mechanisms during the
PDT for these samples.

We also measured the dark J–V curves and overlaid them with the light curves; this is presented in
figure 5(b). Thin film solar cells often have a cross-over which is attributed to voltage dependent current
collection. It reduces the FF and VOC. We find that this cross-over of the reference is at the highest voltage
and shifting towards lower voltages for the 0.2 M KF and 0.8 M KF samples respectively. Explanations for the
cross-over vary from the conduction band offset between CdS and CIGS interface, to the presence of defects
in the bulk and buffer layer [30–33]. Shifts to lower voltages imply increased problems at the CI(G)S/CdS
interface.

From the light dependent J–V curves, the ideality factor was calculated, using the relation between VOC

and ISC: VOC = kBT
q n(ln

(
ISC
I0
− 1

)
, with n the ideality factor, T the temperature, I0 the recombination current

and kB the Boltzmann constant. When VOC and ln(JSC) are plotted against each other, the ideality factor can
be determined from the slope kBT

q n. This is presented in figure 5(c) A linear curve was fitted around 1 sun
and the ideality factors of the different samples were calculated accordingly. We find an increase in the
ideality factor from 1.44 to 1.58 and 1.84 for the reference, 0.2 M KF and 0.8 M KF samples respectively. A
closer look also reveals that the curve is not linear over the full JSC range for the reference and 0.2 M KF solar
cells. This behaviour can be modelled using metastable defects in the bulk [34]. At last, the FF has also been
plotted against the VOC, see figure 5(d). As expected from the dark-light crossover, it does not increase
linearly. The FF of the 0.8 M KF sample even appears to have a maximum. This can also be explained by
metastable defects [34].

In summary, the current–voltage measurements indicate increased recombination, likely due to the
presence of defects. This is in contrast to what is often found when the PDT is detrimental. Barriers are
general the culprit in these cases. However, the J–V curves presented here reveal no kinks or s-shapes, which
are often present with barriers [8, 10]. To find what kind of defects are formed and where in the stack, CVf
measurements are performed.

3.2.3. CVf measurements and modelling
CVf measurements were performed on the 3 samples. With this method, the data obtained from bias
dependence admittance spectroscopy are visualized in a 2D map. The results are presented in figure 6. The
left column presents the measurements and the right column the modelled maps. In [16] a more detailed
explanation of the method and the various features that can be found in these maps are described. For
instance, the light pink area at high voltage and low frequency in all the measured maps can be attributed to
dissipation. The dissipation factor D= G/(2пfC), with G the conductance, f the frequency and C the
capacitance, is then too large and the capacitance is not correctly measured. The yellowish feature at the top
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Figure 6.Measured and modelled CVf maps of the 3 CIS cells on 3 mm glass without KF PDT (a) and (b) and with low (c) and
(d) and high KF (e) and (f).

right visible in map a) is tentatively attributed to a CdS/CIGS interface defect and limiting the VOC [35].
Note that the scales are the same for all the measured and modelled CVf maps.

Since the features at higher voltages are difficult to interpret due to high dissipation, we will look at the
features visible below 0.5 V. In this range we find large differences between the 3 samples. The map of the
reference solar cell (6(a)) is completely dark blue implying that there are no electronic losses in this
frequency and bias range. The map of the 0.2 M KF sample (6(c)) shows a lighter greenish area at negative
voltage around 10 kHz and a yellow/greenish feature at the top around 0.4 V. The CVf map of the 0.8 M KF
sample (6(e)) reveals a sharp light pink feature going from 0.4 V for high frequencies to 0 V for low
frequencies. To understand what these features mean, the maps are modelled as described in [16].

For modelling the CVf maps, SCAPS simulation software has been used [36, 37]. Standard parameters
for the various layers where applied [22], with slight adaptation for the low band gap of CIS by increasing the
electron affinity of the CIS layer to 4.5 eV and lowering the band gap to 1 eV. The parameters can be found in
S6. The sharp features seen in map 6(e) could be modelled using an interface defect. This is presented in
figure 6(f). Interestingly, when going to a lower concentration of the same interface defect, the red feature
splits into two parts, which is presented in figure 6(d). This is quite similar to what is presented in map 6(c).
It is thus likely that the 2 maps of 0.2 M KF and 0.8 M KF present the same interface defects but with
different concentrations. When we remove the interface defect, we get a dark blue map (b) but with a large
feature at higher bias voltage>0.5 V. From the CVf measurements and the modelling, it seems that the
samples that have deteriorated performance after KF-PDT suffer from an interface defect. This defect
increases in concentration when more initial K is added and moves to higher voltages (>0.5 V) when there is
no KF treatment.

4. Conclusion and discussion

In this study, KF PDT have been performed on low band gap CIS layers grown on different substrates. The
performance of the CIS solar cells grown on various substrates varied between 10% and 13%. We could relate
these variations in performance to change in the Ga profile at the back and the amount of alkali present
during growth. We found a clear trend of increased alkali concentration (K and Na) with increased
performance. These results are consistent with the standard theories on the effect alkali has on the
performance.

When PDT was performed, we found both beneficial as well as detrimental effects upon the KF-PDT. To
better understand what was happening, ToF-SIMS depth profiles have been measured of CIS cells with and
without KF-PDT. When KF-PDT was performed there was a clear difference between the changes in depth
profiles of cells that had beneficial KF-PDT and the cells that had deteriorated KF-PDT. While beneficial
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KF-PDT reveals exchange between Na and K, known as ion-exchange mechanisms, the K counts remain low
for the detrimental KF-PDT which is explained as inhibited ion-exchange mechanism. It is hypothesized that
K does not diffuse into the absorber layer and remains on the surface during the heat treatment.

The J–V characteristics and C–V measurements revealed clear trends from the reference towards higher
amounts of initial KF. Those trends were as follows: (a) small reduction in net doping concentration, (b)
increase in ideality factor, and (c) dark-light cross-over to lower voltages. These are indicative signs that the
cells are limited by increased recombination. The CVf maps revealed distinguishable features that could be
modelled by an acceptor defect at the CIS/CdS interface. It has to be noted that similar features can be
modelled by a bulk defect very close to the interface as well. It nevertheless points to problems near the
interface. We hypothesized that the lack of K diffusion into the absorber layer induces this interface defect
and limits the performance.

There are only limited studies on deteriorated performance after PDT. Circumstances that reveal adverse
effect of PDT are as follows: Ag addition [7], sulfurized CIGSSe [8], copper rich surface [9], AlOx
passivization layer at the back [10], too low annealing temperature [38], and anneal using sequentially grown
CIGS [39]. Often when too much or too little heavy alkali is added, deterioration is observed as well [27, 40,
41]. In this contribution we show that changes in substrates can alter the PDT as well.

It should be noted that this is not a common observation, as many groups perform alkali PDT on glass
substrates without a barrier. However, many groups conduct the PDT in-situ, without air exposure or
cooling down. Therefore, it is likely that the process—KF deposition at room temperature (RT), followed by
annealing at higher temperatures—is detrimental to samples on non-barrier substrates but not on barrier
substrates. One theory is that KF deposition at RT is problematic if the surface is already saturated with
alkali, which is likely the case for the CIS layer grown on glass without alkali barrier. It is known that alkali
move around during the cooling down and annealing steps, resulting in a redistribution of the alkali [42, 43].
The fact that the processing window varies for each sample and alkali used (K, Rb, Cs), indicates that the
interaction between alkali in the absorber layer and those added by PDT is still not fully understood. Thus, a
greater understanding of this interaction will lead to a more targeted implementation of heavier alkali PDT
for the various CIGS absorber layers.
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