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ABSTRACT: We report on the initial stages of CdS buffer layer formation on Cu(In,Ga)Se, (CIGSe) thin-film solar cell
absorbers subjected to rubidium fluoride (RbF) postdeposition treatment (PDT). A detailed characterization of the CIGSe/CdS
interface for different chemical bath deposition (CBD) times of the CdS layer is obtained from spatially resolved atomic and
Kelvin probe force microscopy and laterally integrating X-ray spectroscopies. The observed spatial inhomogeneity in the
interface’s structural, chemical, and electronic properties of samples undergoing up to 3 min of CBD treatments is indicative of a
complex interface formation including an incomplete coverage and/or nonuniform composition of the buffer layer. It is expected
that this result impacts solar cell performance, in particular when reducing the CdS layer thickness (e.g., in an attempt to increase
the collection in the ultraviolet wavelength region). Our work provides important findings on the absorber/buffer interface
formation and reveals the underlying mechanism for limitations in the reduction of the CdS thickness, even when an alkali PDT

is applied to the CIGSe absorber.
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B INTRODUCTION

Recent improvements in the efficiency of Cu(In,Ga)Se,
(CIGSe) based thin-film solar cells have been obtained with
alkali fluoride postdeposition treatments (PDT)." It has been
reported that this process beneficially modifies the optoelec-
tronic properties of the CIGSe absorber (surfaces),”” providing
an improved surface for subsequent buffer layer deposition.
Moreover, it has been shown that the alkali PDT allows for a
reduction in the required buffer thickness, as compared to non-
PDT interfaces—to some extent without significant losses in
device performance.® Reduction of the buffer thickness is
significant for production at an industrial level, where material
savings, waste reduction, and cost savings are important issues.
This is, in particular, true for a wet-chemical process (e.g,
chemical bath deposition, CBD—the standard deposition
method of the buffer layer for CIGSe solar cells) of a heavy-
metal compound (e.g, CdS, the commonly used buffer layer).
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In addition, thinner CdS layers would result in an enhanced
current collection in the ultraviolet wavelength region leading
to gains in the short-circuit current density. However, an
exceedingly reduced buffer layer thickness could also result in
an “unprotected” absorber/buffer interface that would be more
susceptible to modifications, due to air exposure or subsequent
deposition steps. Moreover, variations in the layer uniformity,
particularly with respect to coverage or composition could have
an impact on cell performance. In the first case, this would
result in pinholes that could lead to shunt paths enhancing the
recombination current and thus decreasing efficiency.’ In the
second case, there would be a complicated interface structure
(also in view of the band energy level alignment) that could
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either lead to the formation of beneficial point contacts
between absorber and emitter or that could also open up
detrimental shunt paths. It has been empirically shown that
short CBD times lead to the formation of inhomogeneous CdS
layers, which have been attributed to the chemical reaction
mechanisms in the CBD that differed depending on the
orientation, polari?, composition, and/or surface energetics of
the CIGSe grains.” As reported previously, CBD grown CdS
plays an important role in establishing a favorable band
alignment’ ™ and improvement of the lattice mismatch at the
interface.' Furthermore, during the CBD process, the CIGSe
surface is cleaned, thus preconditioning the absorber to form a
defect-poor interface to the buffer layer."" Basic knowledge
related to the chemical and electronic properties of CIGSe/
CdS interfaces has been gained previously,'”™"* but many
aspects related to the CdS growth mechanism and its effect on
the interface quality, especially for CIGSe subjected to an alkali
PDT,">™® are still not well understood, in particular taking
spatial inhomogeneities into consideration.'”* In this work, we
investigate the early stages of the CdS growth on RbF-PDT
CIGSe absorbers, which result in efficiencies around 20% (w/
ARC) for related reference cells, by a combination of spatially
resolved and integrating techniques. Several samples, with CBD
treatment times varying between 1 s and S min, are investigated
by atomic (AFM) and Kelvin probe (KPFM) force microscopy,
hard X-ray photoelectron spectroscopy (HAXPES), and soft X-
ray emission spectroscopy (XES). The spatially resolved
topography and surface potential obtained with AFM and
KPFM and the laterally integrated near-surface chemical
structure obtained with HAXPES and XES allow us to analyze
the evolution of the interface properties as a function of CdS
buffer thickness.

B EXPERIMENTAL SECTION

Two sets of CIGSe absorbers were deposited in a multistage process
onto Mo-coated soda-lime glass (SLG) substrates following the ZSW
standard procedure for high-efficiency CIGSe solar cell manufactur-
ing." An alkali PDT using RbF was performed after the CIGSe process,
employing a procedure similar to that described in ref 4. Buffer layers
with different thicknesses were deposited by dipping the sample in a
standard CdS bath solution®" for times varying between 1 s and 5 min.
After a short nucleation period, the initial growth of CdS takes place
within the first minute(s). Buffer layers used for solar cells reach up to
S50 nm in thickness after 8—10 min in the CBD. We note that
respective reference solar cells reach efficiencies around 20% (w/
ARC). One thickness series was sent to INL for AFM/KPFM studies,
and the other set was sent to HZB for HAXPES/XES measurements.
To minimize surface contamination, all samples were sealed and
packed in an N, environment directly after preparation. For the
HAXPES measurements, significant effort has been made to avoid air
exposure by mounting the samples in an inert N, atmosphere and by
transferring them into the endstation loadlock using a N,-purged
glovebag. Unfortunately, this was not possible for KPFM and XES
measurements. The air exposure during their mounting was minimized
to 10 and 30 min, respectively, before entering the ultrahigh vacuum
(UHV) systems for measurements.

Synchrotron-based HAXPES measurements with an excitation
energy of 2003 eV (henceforth called 2 keV) were carried out at the
HiKE endstation”” located at HZB’s BESSY II KMC-1 beamline.”®
The HiKE endstation is equipped with a Scienta R4000 hemispherical
electron energy analyzer. The excitation from the beamline and the
measurement axis of the analyzer are at right angles, with the
polarization vector of the photons aligned with the analyzer;
measurements were performed in near-grazing incidence. The samples
were not exposed to air before the measurements. The base pressure
of the endstation was <107 mbar. A pass energy of 200 eV was used

for all measurements, and the excitation energy was calibrated by
measuring Au 4f spectra of a clean, electrically grounded Au foil and
setting the Au 4f,, binding energy to 84.00 eV.”* Spectra were
recorded using the first diffraction order of the Si(111) double crystal
monochromator (DCM) pair, providing combined (analyzer plus X-
ray line width) energy resolution of approximately 0.25 eV. Core level
intensities were derived by simultaneous fit of the peaks using Voigt
profiles and a linear background.

Synchrotron-based soft X-ray emission spectroscopy (XES) was
performed in the soft X-ray fluorescence (SXF) endstation™ of
beamline 8.0.1 at the Advanced Light Source (Lawrence Berkeley
National Laboratory, Berkeley, CA, U.S.A.). In this setup, the
excitation and emission are at right angles, with the excitation photon
polarization vector aligned with the spectrometer entrance slit; the
samples were angled such that incoming and outgoing photons were at
45° to the sample surface. The base pressure of the endstation was <5
X 107 mbar. The samples were transferred into the chamber after
only a brief air exposure. Photon energies of 200 eV were used as
excitation for S L,; measurements. The XES energy scale was
calibrated based on measurements of CdS reference spectra.”®

KPFM measurements were carried out in an UHV (base pressure
<107"" mbar) scanning probe microscope (Omicron Nanotechnology
GmbH), controlled by a Nanonis controller (SPECS Zurich GmbH),
and using Pt/Ir-coated cantilevers (PPP-NCHPt-Nanosensors) with f,
= 169.131 kHz. The amplitude modulation (AM) KPFM technique
was used for the detection of the contact potential difference (CPD)
with an applied bias V,c = 300 mV tuned at the second oscillation
mode of the cantilever (f; = 1.049.27S MHz). The oscillating
electrostatic forces are minimized by applying a compensating voltage
(Vpe) to the tip. The CPD is defined as the work function (®)
difference between sample and tip: Vepp = —=Vpe = e(CI)sample - d)tip).
The same tip was used for all reported measurements to ensure
comparability of the CPD values between the measurements. To
determine the surface photovoltage (ie., the change in CPD with
illumination), we used a laser diode (4 = 635 nm) at an intensity of
approximately 100 mW/cm?, with an illumination angle of 28° to the
normal, to ensure illumination of the sample under the tip and
cantilever beam.

For large area scans, we used a Bruker Dimension Icon AFM under
ambient conditions. The same type of sensors as previously mentioned
were used. Sample topography and CPD are acquired using the dual-
pass technique. In the first pass, a scan line of the topography is
recorded using tapping mode. In the second pass, the tip is lifted at a
constant distance from the sample surface (lift height ~ S nm), and the
same scan line is recorded in AM-KPFM, during which an AC bias
voltage (Vjc = SO0 mV) is applied to the tip at the mechanical
resonance f, of the cantilever.

The KPFM data analysis procedure is illustrated in Figure 1. From
the CPD image (b), which is acquired simultaneously with the
topography (a), the CPD distribution is plotted as a histogram®” (d).
From such histograms, we determine the maximum CPD value and
the width of the potential distribution at 1/e of the counts at the
maximum (i.e., for the CPDy,y, left histogram, we find a maximum at
CPD = —62 mV and a width of ~60 mV). The width is then plotted as
error bars. To determine the surface photovoltage (SPV), the same
area is scanned again under illumination (Figure 1c). From a pair of
CPD images in the dark and under illumination, the SPV is calculated
according to SPV = CPDyy,,,, — CPDyg,..”” In this case, we obtained an
SPV ~ 60 mV.

B RESULTS

Figure 2a shows the Cd 3ds,, core level photoemission
measured by HAXPES as a function of the CdS CBD time. A
clear Cd signal is already detectable from the 1 s CBD CIGSe/
CdS sample on. For longer deposition times, the intensity
increases significantly (see stated magnification factors). The
fwhm of the peak decreases with increasing CBD time (inset of
Figure 2a). There are observable differences between short
CBD times (1 s, 1 min, and 2 min) compared to long CBD
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Figure 1. (a) AFM topography and KPFM data (CPD maps) in (b)
the dark and (c) under illumination, acquired in the same region of a
CIGSe sample with RbF and 1 s CBD CdS. (d) Histogram analysis of
CPD maps in (b) and (c). See text for details.

times (3 and S min): the fwhm of the peak decreases over the
short CBD times (indicating that multiple Cd species are
present in these samples), approaching a constant value of 0.85
eV for the 3 and S min samples. Also, there is a shift in the Cd
3d;), peak position (—0.13 + 0.02) €V between the short and
long deposition times. These findings indicate that the
composition of the CdS buffer remains constant after ~3 min
of CBD time, while the spectra of the short CBD time samples
provide information about the formation of the CIGSe/CdS
interface. Figure 2b depicts the region of the S 2s, Rb 3p, and
Se 3s core levels. Note that we observed no F signal on the
absorber, and thus, on the basis of our ﬁndin§s on the chemical
structure of NaF/KF-PDT CIGSe absorbers,” we presume that

Rb is most likely incorporated into the upper region of the
CIGSe absorber rather than being present in the form of RbF.
After correcting the Rb 3p and Se 3s line intensities by the
corresponding photoionization cross sections, we calculate a
Rb:Se ratio of 0.07:1.00 [+0.03] for the CIGSe/CdS 1 s
sample. The attenuation of the Rb 3p as a function of CBD
time is similar to that of the Se 3s signal, indicating that the Rb
is not removed in the chemical bath. The decrease in Rb 3p and
Se 3s intensity, together with the increasing S 2s signal with
CBD time, is in agreement with the deposition of the buffer
layer.

To estimate the thickness of the CdS buffer layer, the
inelastic mean free path (IMFP) of the photoelectrons is
considered. The substrate HAXPES signal intensity (I) is
attenuated exponentially due to the covering buffer layer
according to I = I; X exp(—z/IMFP), with I, being the intensity
of the bare, uncovered substrate, and z being the thickness of
the covering layer. If z reaches 3 X IMFP, the substrate signal is
reduced to 5% of I, Therefore, we estimate the information
depth of our measurement to be approximately 3 X IMFP. The
IMFP of the electrons originated from the absorber core level
with the highest photoionization cross section- In 3d- in CdS is
around 3 nm.”””° Considering that this substrate peak cannot
be observed for the CIGSe/CdS 3 min sample (not shown), we
estimate the minimum thickness for the buffer layer deposited
within 3 min to be approximately 9 nm. Note that for this
estimation, a homogeneous buffer layer, completely covering
the CIGSe absorber, is assumed. As it will be discussed below,
significant topographical inhomogeneities are observed for the
CIGSe/CdS samples, and thus, the derived minimum thickness
has to be considered an effective value averaged over different
sample structures.

However, while we can observe a clear Cd 3d;, signal for the
CIGSe/CdS 1 s sample (see Figure 2a), no corresponding S 2s
signal can be clearly observed. The complexity of the chemical
(interface) structure is also seen in the HAXPES-derived Cd:S
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Figure 2. (a) Normalized HAXPES Cd 3d;,, core level lines as a function of the chemical bath deposition time. The given magnification factors
indicate the changes in relative intensity. The inset shows the fwhm as a function of the CBD time. (b) Binding energy region of the Rb 3p, Se 3s,
and S 2s core levels for different CBD times. The arrow indicates a chemical shift of the Se 3s and/or the S 2s line to higher binding energies ascribed
to Se—O and/or S—O bonds. (c) Area-normalized S L,; (Se M, ;) XES spectra of the CIGSe/CdS series together with reference spectra of CdSe
and CdS powder samples. The given magnification factors state the relative intensity evolution, and the labels A—C indicate spectral features of CdS
as described in the text in detail. Vertical offsets between the spectra are added in each panel for clarity.
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Figure 3. AFM and KPFM of the RbF-PDT CIGSe surface after various CdS deposition times: (a) 1 s, (b) 1 min, (c) 2 min, (d,e) 3 min of CBD.
The top row shows derivative-enhanced views of the topography, and the bottom row (f—j) shows the simultaneously acquired contact potential

difference (CPD) maps in the dark. Images size: (a—d) 3 gm X 3 ym, (e) 15 gm X 15 um. Note that (e) and (j) were acquired in an ambient-AFM
setup.

ratio, which after taking the photoionization cross section,
inelastic mean free path, and transmission function of the
analyzer into account is determined to be around 3:1 for all
samples deposited employing CBD times longer than 1 min,
indicating that the buffer is not a stoichiometric CdS.
Significant spectral intensity of O 1s and C 1s lines (not
shown) can be detected on all samples. Thus, we propose that
substantial amounts of O and/or C are incorporated into the
buffer (rather than being exclusively attributed to a surface
contamination layer). The employed sulfur source (thiourea)
that decomposes during the CBD process releasing “free” sulfur
ions leaves behind different carbon decomposition products,
which might explain the incorporation of carbon into the buffer
layer. Oxygen is available in the form of hydroxides in the
aqueous ammonia containing CBD solution, opening a route of
incorporating oxygen into CdS. Note that the formation of
Cd(S,0) films in chemical baths has been reported recently’
and is to some extent in agreement with the HAXPES derlved
Cd, S, and O sample contents. It has been shown®' that the
incorporation of oxygen into the CdS buffer layer increases
transparency and thus could benefit solar cell performance. In
addition, we do find some evidence for the presence of Se—O
bonds and/or S—O bonds in the form of SeO,*” with x > 3
and SO, respectively, as indicated by the arrow in Figure 2b
for short CBD times. Furthermore, C—O bonds (additional
contributions to the C 1s peak—not shown—at 288 eV) are
observed for all samples. Cd diffusion into the upper region of
the absorber and/or the formation of Cd—Se bonds close to the
interface could indicate a further deviation from the expected
buffer stoichiometry in the interface region.

As a further probe of the (local) chemical structure of the
CIGSe/CdS interface—here from the particular viewpoint of
the sulfur—S L, ;/Se M, ; XES measurements were performed
and are displayed in Figure 2c. Similar to the overlapping S and
Se core level photoemission signals shown in Figure 2b, the S
L,; and Se M,; emission signals also overlap, complicating
analysis. However, the transition matrix element for the Se M, 5
emission (i.e, emission caused by fluorescence decay into the
Se 3p core holes) is several orders of magnitude smaller than
the analogous S L, ; matrix element, making the measurements
significantly more sensitive to sulfur. As indicated by the
decreasing magnification factors that were used in the intensity

normalization, the spectral intensity drastically increases with
CBD time and thus with S content of the probed samples. Note
that the enhanced bulk sensitivity of XES compared to the 2
keV HAXPES information depth may explain the different
magnification factors. The spectra of the CIGSe/CdS 1—5 min
samples are in good agreement with that of the CdS powder
reference showing all related spectral features ascribed to (A) S
3s, (B) Cd 4d, and (C) upper valence-band-derived states
decaying into the spin—orbit split S 2p core holes.”” In
particular, feature (B) is direct evidence for the formation of S—
Cd bonds, i.e., all present/deposited sulfur is exclusively bound
to Cd for these samples. However, the absence of feature (B)
from the spectrum of the CIGSe/CdS 1 s sample (together
with the significantly reduced intensity and the broadening and
shift to lower emission energies of feature (A) is a further
indication that no S—Cd bonds are formed at the beginning of
the CBD process, in agreement with the absence of a S signal in
the corresponding HAXPES data (Figure 2b). Note that no
indication for SO,*~ bonds, which would lead to a pronounced
double peak around 155 eV induced by S 3s-derived states and
a peak at 161 eV induced by a S 3d-derived state,” is observed
in the XES spectra. Therefore, the observation of the spectral
signature in the HAXPES data around a binding energy of 234
eV (see Figure 2b) and its tentative attribution to Se—O and/or
S—O bonds suggests that SO,>” is formed exclusively at the
sample surface, considering the increased bulk sensitivity of
XES (effective attenuatlon length for S L,; XES in CdS is
approximately 60 nm”* compared to an IMFP of approximately
3 nm for 2 keV HAXPES measurements) or is present in only
negligible amounts.

To shed further light on the solution-growth process of CdS
on CIGSe absorber layers subjected to RbF-PDT, we
performed spatially resolved AFM and KPFM measurements.
Figure 3 shows representative topography and CPD images
obtained on CIGSe/CdS with chemical bath deposition times
of 1 s and 1, 2, and 3 min, respectively. Topography and
corresponding CPD images were taken at different locations,
separated by hundreds of micrometers, and a total of ~30
images were analyzed per sample. The top panels show
topography displayed in a derivative-enhanced view. To
enhance the visibility of small features, the topography image
was mixed with its derivative image at a 90/10 ratio. The
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Figure 4. (a) Contact potential difference (CPD) in dark and (b) surface photovoltage (SPV) as a function of CdS CBD time. Homogeneous values
are observed for 1 s and 1 min of CdS deposition time. For the samples with 2 and 3 min of CdS deposition time, areas with significantly different
CPD values are observed, indicated by open and solid symbols. Here, areas with high CPD correspond to low SPV (solid symbols), and areas

showing low CPD exhibit high SPV (open symbols).

surface morphologies displayed in Figure 3a—e are similar in
appearance—indicative of the well-known faceted CIGSe.”
The presence of clusters (as shown in Figure 3a—d) is observed
starting with a CBD time of 1 s. The size and density of these
clusters increase with CdS deposition time. Their locations
appear to be random (they occur both on the grain surface and
at grain boundaries), and they exhibit a lower CPD compared
to that of cluster-free surface areas.

To quantitatively compare the surface potential as a function
of increasing CdS deposition times, we analyze KPFM data
measured in ~30 different 3 ym X 3 um regions for each
sample (Figure 4a). The plotted data represent mean CPD
values, and the error bars correspond to the mean CPD
variation, determined from the statistical analysis of the CPD
histograms. A first observation inferred from the data in Figure
4a is the increase of the CPD up to 2 min of CBD, followed by
a significant decrease for the 3 min of CBD sample. Second, the
results show uniform CPD values ((—80 + 48) mV and (—10
+ 75) mV) for samples with 1 s and 1 min of CBD time.
However, for samples with 2 and 3 min of CdS deposition, we
observe regions with two significantly different CPD values. In
case of the 2 min CdS sample, the CPD is either (+180 + S5)
mV or (+260 + 45) mV, whereas for the CIGSe/CdS 3 min
sample, we find images with (—100 + 45) mV and others with
(+70 £ 60) mV (indicated by the open and solid circles,
respectively). These inhomogeneities in the CPD data are
attributed to a CPD variation on a lateral scale larger than the
image size (3 ym X 3 pm). To confirm this hypothesis, larger
areas were scanned in another AFM setup operated in ambient
conditions; an example is shown in Figure 3e,j for the CIGSe/
CdS 3 min sample. A clear CPD gradient can be identified by
comparing the top-left corner and the bottom right corner in
this 15 ym X 15 pm size region. We note that the KPFM
measurements of the sample with 5 min of CdS deposition time
were performed with a different tip, and therefore, the CPD
value cannot be compared to the other samples. Nevertheless,
since the SPV is independent of the tip work function, the SPV
of this sample was determined correctly and is presented in
Figure 4b.

These inhomogeneities are also apparent in the results
obtained under illumination. Figure 4b represents mean SPV
values (always determined from pairs of CPD maps measured
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in the dark and under illumination). The error bars correspond
to the SPV standard deviation (less than ~30 mV). The results
show homogeneous SPV values ~60—70 mV for 1 s and 1 min
of CBD and larger values for longer CBD times, with a
maximum of ~200 mV for § min of CdS deposition. For the
samples with 2 and 3 min of CdS deposition time, similar to the
CPD, the SPV also shows two distinct values of ~50 mV (2 and
3 min of CBD) in some areas and ~125 mV (2 min of CBD)
and ~175 mV (3 min of CBD) in other areas, respectively. It is
important to note that areas with high CPD correspond to
areas with low SPV (solid symbols), and areas showing low
CPD exhibit high SPV (open symbols).

B DISCUSSION

The obtained results show that the formation of the CIGSe/
CdS pn-junction requires several minutes in the chemical bath
and indicate that complex reactions at the RbF-treated CIGSe
surface take place in the first steps (1 s to 1 min) of the CBD
process. We observe that within 1 s of CBD, a Cd “adsorption”
at the CIGSe surface takes place, as confirmed by the presence
of a clear Cd 3d;;, HAXPES signal. The absence of a clear S 2s
HAXPES signal and of Cd 4d-derived features in the S L, ; XES
data excludes the deposition of CdS from the solution and
supports more the formation of Cd—Se bonds in this
deposition time regime presumably by chemisorption. This
has been previously reported to occur on CuGaSe, absorbers
upon a partial electrolyte treatment (simulating chemical bath
conditions without a sulfur source),’® suggesting that CdSe
formation may contribute to the broad Cd 3ds, lines in the
spectra of the short CBD time samples (Figure 2a). The
incorporation of C and/or O in the buffer and/or the diffusion
of Cd into the upper region of the CIGSe absorber are
additional potential scenarios affecting buffer composition also
for longer CBD times.

During the initial phase of the buffer deposition (1 s to 2 min
of CBD time), an increase of the CPD of ~200—300 mV is
observed by KPFM. This change in work function could be
caused by a change in band bending and/or chemical structure.
For the same CBD times, the HAXPES Cd 3d;;, peak is
centered at higher binding energy and exhibits a wider fwhm
compared to longer CBD times. Additionally, a Rb 3p signal is
observed for these samples. These observations indicate a
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complex interface formation during this CBD phase resulting in
CBD time and thus buffer-thickness-dependent chemical
structure changes. We suggest this composition profile as the
main reason for the observed CPD change. The proposed
formation of CdSe in the interface region may contribute to
this complex situation. Further effects that should be
considered are the formation of an interface dipole, a Rb-
containing absorber surface compound, similar to the K—In—Se
type species that has been reported in the case of a KE-PDT
CIGSe'” and/or its CBD-induced conversion into a CdIn,Se,
compound as proposed by Lepetit.”” The incorporation of
(different amounts of) carbon or oxygen into the buffer (see
discussion above) may also play a role.

For longer CBD times (>3 min), the HAXPES Cd 3ds,,
peak narrows and shifts to a lower binding energy, and the S
L,; XES data are dominated by S—Cd bonds. Simultaneously,
we observe a drop in the CPD, accompanied by significant
inhomogeneities. For 2 and 3 min of CBD time, KPFM results
clearly indicate that some parts of the sample have high CPD
and low SPV values (solid symbols in Figure 4)—this relation
is attributed to sample areas with a thin buffer layer of complex
composition profiles as described above. In contrast, regions
with lower CPD and higher SPV values are also observed. The
lower CPD could again be explained by a change in chemical
structure and/or band bending. However, the high SPV clearly
indicates the formation of a pn-junction, which is also in
agreement with the CPD reduction—the simultaneous CPD
drop reflects the lower work function as a result of the
interface-induced downward band bending in the CIGSe.

The shift in the binding energy of the Cd 3d;, core level line
and the reduction of the fwhm also occur at the transition from
2 to 3 min of CBD time. This may be attributed to a changing
chemical structure from several buffer components to a single-
species buffer (— CdS). After 3 min of CBD time, HAXPES
results further indicate a complete coverage of the absorber
with a buffer layer (of an effective thickness >9 nm). Note that
in this case and longer CBD times, the absorber is beyond the
information depth of the 2 keV HAXPES measurements, and
thus, the suggested interface-induced band bending cannot be
accessed for the samples (partially) showing high SPV values.

We now turn to the discussion of the clusters observed in the
AFM and KPFM images. For the 1 s sample, we attribute these
clusters to CdSe-containing agglomerates, in agreement with
the presence of Cd and absence of S and S—Cd bonds as
revealed by our HAXPES and XES data. Small deposits in the
form of clusters have also been observed for short CBD times
using scanning electron microscopy imaging.® Other studies
using energy-dispersive X-ray spectroscopy (EDS) suggest that
the CBD process induces a chemical reaction at the
chalcopyrite surface which, besides other effects (ie., surface
cleaning), creates CdSe in the form of segregated clusters.””**

For CBD times exceeding the nucleation period of the CBD
CdS process, we speculate that these clusters could act as
nucleation centers resulting in a preferred deposition of CdS.
These clusters alone, however, cannot explain the observed
attenuation of the HAXPES absorber signals discussed above,
and so, a buffer layer conformally covering the CIGSe absorber
must also be formed in the CBD. These CdSe/CdS
agglomerates (with a height between 10 and 80 nm, as
determined from the AFM topography images) exhibit a lower
work function in the CPD images, compared to the
surrounding buffer material, independent of CBD time. This
might be explained by the presence of sufficient buffer material

at these sites that allows the formation of a pn-junction and the
corresponding stronger downward band bending.

B CONCLUSIONS

Using integrating HAXPES and XES and spatially resolved
KPEM, we have analyzed the evolution of the chemical and
electronic properties at the interface formed between RbF-PDT
CIGSe absorbers and CdS buffer layers during the initial stages
of the CBD process. Our results suggest that short CBD times
(<2 min) lead to a complex interface region, which is reflected
by the presence of multiple (Cd) species and low SPV values.
The observed sizable SPV values for CBD times longer than 3
min can be associated with a pn-junction behavior, indicating
the formation of a sufficiently thick CdS layer, although some
layer inhomogeneity is still observed for 3 min of CBD time.
Our findings indicate that although the alkali-PDT of CIGSe
favors the use of thinner CdS buffer layers, a CBD time longer
than 3 min is required to form a suitable and sufficiently
homogeneous junction. Shorter deposition times result in a
chemically and electronically inhomogeneous interface struc-
ture that might deteriorate device performance, thus confirming
empirical observations based on device efficiencies.
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