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We present a comparative study that focuses on the variability of post-
deposition treatments (NaF-PDT and KF-PDT) and their impact on the
chemical and electronic structure of chalcopyrite thin film solar cell
absorbers. For this purpose, two “extreme” chalcopyrite absorber systems
are studied: Cu(Iln,Ga)(S,Se). with industrial relevance (STION), and
Cu(Iln,Ga)Se, with “research grade” properties (NREL). Samples were
subjected to NaF-PDT and KF-PDT, and investigated using x-ray and ultra-
violet photoelectron spectroscopy, Auger electron spectroscopy, as well as
synchrotron-based soft x-ray emission spectroscopy. Considerably different
alkali-induced effects are found for the two systems. In particular, we only
detect a PDT-related Cu depletion on the NREL absorber surfaces (and only
on those leading to high-efficiency devices). We also observe a reduction in
the surface S/Se ratio for all alkali-treated STION absorbers, in addition to the

presence of sulfates after the KF-PDT. After processing the PDT absorbers to
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fully operating cells, we find that the PDT temperature has a significant
impact on the resulting device efficiencies - both the NREL and STION
absorbers can result in high-efficiency and low-efficiency devices, depending
on KF-PDT processing parameters. The absorbers of low-efficiency KF-PDT
devices show the largest Cu surface content after PDT, causing the valence
band maximum to be closer to the Fermi energy, thus possibly leading to
less efficient charge-carrier separation and/or enhanced recombination at
the interface. Finally, we find varying degrees of Na, K, and/or F residuals on
the different absorber surfaces after PDT, indicating a potential “hidden”
parameter in employing PDTs for improved solar cell performance.
1. Introduction

After the originally unintended inclusion of Na proved to be an essential
ingredient of high-efficiency chalcopyrite devices,*'* research into the
utilization of other alkali metals has also become of interest,!*>3 especially
after EMPA (Dubendorf, Switzerland) raised the Cu(Iln,Ga)Se, (CIGSe) world-
record efficiency to 20.4% (from 18.7% for flexible substrates and 20.0% for
soda-lime substrates).[?°32] ZSW (Stuttgart, Germany) increased the record to
21.7% shortly thereafter. 33 Both record efficiency devices utilized a KF post-
deposition treatment (PDT) as the method of incorporating potassium. A
flurry of research activities using and investigating the effect of KF-PDT has
ensued, but, to date, in-depth research is needed to fully understand the
multifaceted role of the process on the absorber and the buffer/absorber

interface properties, and thus to optimize its reliability and reproducibility.



ZSW pushed the world-record efficiency to 22.6% on a laboratory scale,
utilizing heavy alkali treatments in the processing of the CIGSe device, 3134
and the current record stands at 22.9 %. ©°

It has been found that the KF-PDT process affects the Cu content on
the surface of chalcopyrite absorbers, ranging from Cu removal and/or
depletion,®182% to just some degree of surface content reduction.® A
change in the Cu surface composition of chalcopyrites influences the surface
electronic structure and thus the interfacial band alignment with the buffer
layer. In addition, KF-PDT has been found to remove surface adsorbates and
change the surface S/(S+Se) ratio of sulfur-containing absorbers, all of which
impact the surface electronic structure of the absorber. 3!

Detailed insights are thus crucial to not only understand the role of KF-
PDT in both industrially-relevant and research-grade systems, but also to
understand and investigate the “hidden parameters” involved in the alkali
treatments. This is particularly important for any efforts to make alkali PDT
treatments reproducible and reliable for industrial processing. Hence, we
employ soft x-ray spectroscopy techniques, namely x-ray and ultra-violet
photoelectron spectroscopy (XPS and UPS, at UNLV), x-ray-excited Auger
electron spectroscopy (XAES, at UNLV), as well as soft x-ray emission
spectroscopy (XES, at Beamline 8.0.1, Advanced Light Source, Lawrence
Berkeley National Laboratory) to investigate the chemical and electronic
properties of chalcopyrite surfaces before and after alkali-PDT, and also as a

function of PDT temperature, and relate these results to their twin-device



efficiencies.
2. Experimental

Two absorber series were prepared, one at NREL and one at STION, utilizing
two different absorber deposition techniques. The NREL PDIL (process
development and integration laboratory) CIGSe absorbers were deposited
using the standard three-stage process [Ga/(Ga+In) = 0.3] on a Mo-coated
soda lime glass substrate.®”! The deposition of the STION CIGSSe absorbers
utilized a proprietary 2-stage physical vapor deposition (PVD) process. The
first step involves PVD of Cu, In, and Ga, and the second step involves the
sulfurization and selenization of the metal precursor to create the Cu(ln,Ga)
(S,5e). (CIGSSe) absorber. Note that the STION absorbers thus contain S,
whereas the NREL PDIL absorbers do not. Alkali (Na and K) post-deposition
treatments were performed at NREL for both the STION and NREL PDIL
absorbers, resulting in two sample sets each consisting of a bare absorber, a
NaF-PDT absorber, and two different KF-PDT absorbers, as described in Table

1.

The table lists the absorber annealing temperature during the alkali-
treatment and defines the sample labels used in the following (e.g., “Bare-
17.9%” and “NaF-18.2%"). The labels correspond to the efficiency of
completed devices made with twin absorber samples (devices were

completed at NREL and included a CdS buffer layer, a ZnO/Al:ZnO



transparent conductive layer, Ni/Al grids, and a MgF, anti-reflective coating).
All KF-PDT absorbers received approximately 40 nm of KF. All samples,
excluding the bare absorbers, were rinsed (100 ml H.O + 12.5 mL 28%
NH;OH reagent) for four minutes at 65° C. Note that the STION “Bare-14.6%"
absorber was also annealed (without alkali-exposure), as it is customary in
the STION process. The NREL "Bare-17.9%" absorber was not subjected to
any post-heating after deposition.

For the KF-PDT absorbers, the large efficiency difference at such a small
temperature difference (only 8 °C, Table 1) was not expected. The fill factor
was the parameter most impacted by the temperature difference (reduction
of at least 50%), caused by both high series resistance and low shunt
resistance. The low efficiency KF-PDT samples also showed reduced Jsc and
Voc. In a different set of NREL devices, a temperature change in the opposite
direction (i.e., backside temperatures around 350 °C) improved the
performance of resulting devices. In the present work, only the devices in
Table 1 will be discussed.

After processing, the samples were briefly air-exposed, packaged, and
vacuum-sealed under dry nitrogen before being sent to UNLV. The samples
were unsealed in an N;-glovebox, mounted, and introduced into the UHV
system. XPS, UPS, and XAES (at UNLV), as well as XES (at ALS) were utilized
to investigate the chemical and electronic structure of both the STION and
NREL sample sets. Mg and Al K, irradiation (for XPS and XAES), He I

excitation (for UPS), and a SPECS PHOIBOS 150 MCD electron analyzer were



employed. The XPS and XAES spectra were calibrated using Auger and core-
level peaks of clean Cu, Ag, and Au foils,!*® and UPS spectra were calibrated
with the Fermi energy of a sputter-cleaned Au foil. The valence band
maximum (VBM) was determined by linear extrapolation of the leading edge
in the UPS valence band spectra.’®® XES was conducted at Beamline 8.0.1 of
the ALS, utilizing the high-transmission variable-line spacing (VLS)
spectrometer of the SALSA endstation,*® calibrated with the S L, 3 emission
spectrum of CdS.[*' %21 The base pressure in the UNLV and SALSA analysis
chambers was <5x107% and <5x10° mbar, respectively. All spectra are

shown on a linear intensity scale.

3. Results and Discussion
The XPS survey spectra of the chalcopyrite absorbers are presented in
Figure 1. The spectra were normalized to the In 3ds, peak area to allow
direct comparison of the relative intensities between the different samples.
All pertinent CIG(S)Se peaks are present and labeled (i.e., Cu, Ga, Se, In, and
S), along with peaks associated with Na and surface adsorbates (C and O).
Note that, due to the characteristics of the two-stage process, STION
absorbers generally contain very little Ga near the surface. Both the STION
bare absorber and (to a lesser degree) the NREL bare absorber show high O
1s and KVV peaks, in comparison to the much smaller O signals seen for all
treated samples, possibly due to the ammonia rinse of the PDT process. In
contrast, the variations of the C 1s and KVV intensities are less pronounced.

Significant Na 1s and KLL peaks are found for both bare absorbers, and small
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Na peaks are also seen for the STION NaF-PDT absorber. The Na peaks for
the other samples are either not present or too small to view at the scale of
the survey spectra, and thus will be discussed in more detail later. Because
the survey spectra are normalized to the In 3ds, area, changes in the Cu:ln
intensity ratio can be easily seen (keeping in mind that the intensity of peaks
with slower electrons, i.e., with higher binding energies, are more susceptible
to attenuation in an adsorbate layer). The two low-temperature KF-PDT
samples clearly show the largest relative Cu intensities, indicating more Cu
at the surface than the other samples.

Whereas survey spectra allow for an overview of the chemical changes
on the sample surfaces, detail regions of the various core-level and Auger
peaks allow for a more in-depth analysis. In order to gain qualitative insight
into the Cu:ln ratio changes between the samples, the Cu LMM region in
Figure 2 was normalized to the In 3ds, area (as in Fig. 1). The two low-
temperature (and low-efficiency) KF-PDT samples show by far the highest
Cu:ln ratio. All STION absorbers (i.e., as bare absorber and after each PDT
treatment) exhibit a higher Cu:ln ratio compared to the NREL absorbers.
Note also that the Cu:ln ratio generally decreases with alkali-treatment for
the NREL absorbers (with KF-2.8% being an exception), but the opposite is
seen for the STION absorbers. In fact, the Cu:ln ratio is almost doubled for
the KF-11% absorber, suggesting that, although both sets of absorbers

received the same KF-PDT, the STION absorbers do not exhibit the surface



Cu depletion or removal that has been reported for research-grade
laboratory-scale absorbers.['82°!

The Se 3d peak, normalized to the In 3ds, peak area, is shown in
Figure 3 on the left. The STION absorbers exhibit a lower Se/ln ratio
compared to the NREL absorbers, as expected. Both the STION and NREL
low-efficiency KF-PDT absorbers have the highest Se:In ratio in their series,
i.e., the surface is more Se-rich than for the other alkali-treated surfaces (as
well as the bare absorber). Also, the lineshape of the low-temperature KF-
PDT samples differs from the other samples (and from the expected line
shape for a single Se 3d spin-orbit doublet), indicating the presence of more
than one chemical environment for Se. A low-intensity component at ~ 59 eV
is found for the bare and the NaF-PDT absorbers, which is indicative of some
Se oxide(s) being present on the absorber surfaces. The Se 3d peaks of the
NREL NaF-PDT and high-efficiency KF-PDT absorbers shift toward lower
binding energy, indicating a change in chemical environment or an impact
on the surface band bending.

In the right panel of Fig. 3, the Se 3s and S 2s peaks are shown,
normalized to the Se 3s peak maximum of the respective sample sets to
emphasize variations in the S:Se ratio in the STION samples (no S is
expected or present in the NREL absorbers). The shifts seen for the Se 3s
peaks follow the same pattern as discussed above for the Se 3d, as
expected. The additional component seen at ~233 eV for the STION bare

absorber could be indicative of the presence of S oxides. The S:Se ratio for



the STION absorbers clearly changes as a function of alkali-treatment, with
the lowest S:Se ratio found for the low efficiency KF-PDT sample, and the
highest for the bare absorber. The NaF-PDT absorber has a higher S:Se ratio
than the high-efficiency KF-PDT sample. The spectra indicate that alkali-
treatments of sulfur-containing chalcopyrites can easily change the surface
S:Se ratio (in agreement with previously published data 3¢'), which is likely to
have an impact on the formation of the absorber/buffer interface, both in
view of the chemical, as well as the electronic interface structure.
Normalizing the Se 3s and S 2s peaks to the In 3ds, area (not shown)
corroborates these findings: as the Se content increases, the relative S
content decreases.

Detail spectra of the In MssNN Auger transitions, normalized to the
MiN.sNss peak height, are presented in Figure 4. It has been previously
shown that the depth of the “dip” at ~406 eV, together with additional
spectral intensity at ~398 eV, can be used as an indicator of surface In-oxide
species.***1 The STION and NREL bare absorbers exhibit the shallowest dip
(i.e., the highest In-oxide concentration) in each series. With the alkali-
treatment for both sets of samples, a reduction in the shoulder at ~398 eV is
found, the dip at ~406 eV becomes deeper, and a peak narrowing is
observed. While the NaF-PDT and high-efficiency KF-PDT samples show a
similar degree of surface In-oxidation, both low-efficiency KF-PDT samples

have the least.
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There has been some question as to whether F and K (or Na) residue is
left on the absorber surface after a KF (or NaF) treatment. As shown in Fig. 5,
the answer is “yes, sometimes”. We surmise that this might be one of the
“hidden” parameters of the PDT approach, as there is a broad variation in
the presence or absence of PDT residue, which likely depends on a variety of
external parameters, such as rinsing time, humidity, time delays for
packaging or further processing, etc. In detail, the right panel in Figure 5
shows that K is found on the surface of all treated NREL absorbers, and even
also (with less intensity) on the bare absorber. No fluorine residue is found
on the NREL absorbers (Fig. 5, left panel). In contrast, there is no strong K
residue on the STION KF-PDT absorbers; only very small K 2ps, peaks are
found for the KF-11.0% and KF-4.5% absorbers. It has been reported for the
EMPA record absorber that K deposited on the surface causes Cu depletion.
(291 Qualitatively, this is in agreement with our K and Cu data. In addition,
NaF-14.6% shows a significant F 1s peak and even the bare absorber shows
some intensity in this region, most likely in at least two different chemical
environments (emphasizing the “fleeting” nature of this component at the
absorber surfaces, before and after PDT treatments).

Shifting attention to Na and O, Figure 6 (left) shows the presence of Na
on all four NREL absorbers, as well as on the STION bare and NaF-PDT
absorber. Both the NREL and STION bare absorbers have the largest Na
peaks in their respective sets, and the peak of the STION bare absorber is

substantially larger. The signal for the NREL NaF-18.2% and, even more so
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for the KF-16.7%, is rather weak, whereas the signal for the STION NaF-
14.6% is sizable. The Na peaks for both NaF-PDT absorbers shift towards
lower BE, whereas the Na peak for the NREL KF-2.8% absorber is shifted
towards higher binding energies (by ~4.9 eV).

An O 1s peak (Fig. 6, right) is found for all eight samples. The highest
intensity is found for the bare absorbers, most notably for the STION bare
absorber. Amongst the alkali-treated samples, both NaF-PDT absorbers
exhibit large O 1s peaks, as does the NREL KF-2.8% sample (with two
components, one of them shifted by ~4.7 eV to higher binding energy). The
main O 1ls peaks of all alkali-treated samples are shifted towards lower BE
compared to their respective bare absorber, with both NaF-PDT absorbers
shifted the most. The O 1s peak is broad and asymmetric, indicating multiple
O species, including hydroxides. The second O peak found for the NREL low-
efficiency KF-PDT absorber is at ~536 eV, indicative of H,0.747481  As
mentioned previously, the low-efficiency NREL KF-PDT absorber also exhibits
a drastically shifted Na peak (almost 5 eV) in both the core-level and Auger
(not shown) spectra, indicating the presence of a different chemical species
such as NaHCO,, NaOOCH, or Na;SOs.

With a better understanding of the chemical structure on the absorber
surfaces, we now take a closer look at the electronic structure, notably the
valence band. Figure 7 shows the UPS valence band spectra, taken with He Il
excitation. The spectra are shifted along the ordinate, allowing for a better

view of each spectrum. In addition, the linear extrapolations to derive the
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VBM are shown. Both the NREL and STION bare absorbers show the least
spectral intensity in the VBM region, due to the significant amount of surface
adsorbates and oxides. Both low-efficiency KF-PDT absorbers exhibit a very
large component at a binding energy of 3 eV that is attributed to Cu 3d-
derived bands. The absence of the “Cu 3d” peak for both bare absorbers
does not indicate the lack of Cu on the surface (Figure 2 shows there indeed
is Cu), but the presence of surface adsorbates which reduce the spectral
intensity of the “true” valence band region and dominate the spectrum with
their molecular orbitals; this, in turn, leads to artificially large “VBMs” 9! for
the STION and NREL bare absorbers (1.77 and 1.47 = 0.10 eV, respectively).
In contrast, the VBM for all PDT samples is a better description of the
electronic surface structure, since in all cases the adsorbate concentration
on the surface is reduced.

Among the PDT samples, the VBM of both low-efficiency KF-PDT
absorbers is located most closely to E¢, with 0.41 = 0.10 eV for the STION
absorber and 0.47 £ 0.10 eV for the NREL absorber. This is not surprising, as
the surface of these two absorbers not only have the most Cu, but also
exhibit the largest Se:In ratio on the surface, suggesting the presence of Cu-
Se bonds. The presence of these Cu-Se phases on the surface would shift the
VBM closer to Ef in comparison to a more Cu-poor chalcopyrite surface,
which could suggest reduced band bending (and thus reduced charge-carrier
separation) and/or enhanced interface recombination. Between these two

extremes, the NaF and high-efficiency KF-PDT absorbers of both sets are
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more similar to each other, both in terms of spectral intensity near the VBM
region, as well as the derived VBM values. The STION NaF-PDT and high-
efficiency KF-PDT absorbers show a VBM of 0.84 and 0.80 = 0.10 eV,
respectively, whereas the NREL NaF-PDT and high-efficiency KF-PDT
absorbers exhibit a VBM of 1.03 and 0.99 + 0.10 eV. These values are similar
to previously published VBM values of high-efficiency CIGSe.!3%>3]

While utilizing both XPS and UPS is advantageous to investigate the
surface of the samples, XES offers a look deeper into the surface-near bulk.
Figure 8 (left) presents the high-energy region of non-resonant S L.s
emission spectra for all four STION absorbers. The spectra are displayed on a
true intensity scale to compare intensity changes between 150 and 164 eV
(corresponding to states in the upper valence band). All four absorbers
exhibit similar characteristic features at ~154, 155, and 159 eV, whereas the
KF-PDT absorbers show additional spectral intensity at and above ~ 160 eV.
The high-efficiency KF-PDT-11.0% absorber shows the highest overall
intensity in the valence region. The different spectral intensities indicate the
presence of multiple sulfur environments. To gain insights, the original
spectra (a), difference spectra (b), and spectra of selected reference
compounds (c) are plotted in Fig. 8 (right). To take a closer look at the
differences between the bare absorber and the alkali-treated absorbers, the
normalized bare absorber spectrum can be subtracted from the treated
absorbers and the resulting difference spectra can be analyzed (Fig. 8, right,

b). All three difference spectra show evidence for a shift of the main, S 3s-
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derived line at ~148 eV, and the presence of additional sulfur species not
directly evident from the bare absorber spectrum. For the NaF-PDT absorber,
the additional intensity between 156 and 160 eV suggests the presence of
additional S-Cu bonds. For the two KF-PDT absorbers, the peaks at ~154,
~155, and ~160 eV are indicative of sulfur-oxygen bonds in the absorber,

most likely a sulfate. B4

4. Conclusion
By using XPS, UPS, and XES, a detailed look at the chemical and electronic
structure of alkali-treated NREL and STION CIG(S)Se absorbers has been
shown to offer novel insights into device performance variations, not only
between the effects of the alkali post-deposition treatments themselves, but
also between industrial and research-grade Cu(ln,Ga)(S,5e). thin-film
photovoltaic devices.

XPS shows that the utilization of alkali-PDT allows for a “cleaning” of
the absorber surface, including the removal/reduction of surface adsorbates
and metal oxides. Variations in the Cu:ln and Se:In ratios have been found
and could be correlated with changes in the UPS-derived valence band
region, in particular in view of the valence band maximum energy and the Cu
3d-derived band intensity. The S/Se ratio of our industrial samples is
impacted by the various treatments as well, and detailed information of

additional S-environments could be found with XES (S-Cu and S-O bonds).
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The multitude of results shows the variability of alkali-based post-
deposition treatments. Their chemical and electronic impact varies greatly
depending on the prior state of the CIG(S)Se absorber surface, the PDT
temperature, and the composition of the treatment environment. These
results, based on detailed surface characterization, shed light on the fact
that PDTs sometimes help and sometimes do not, and give some guidelines
for the development of PDT steps that are specifically tailored to the given

absorber surface and the chosen PDT environment.
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Fig. 1: XPS survey spectra of the NREL Cu(In,Ga)Se, and STION Cu(In,Ga)
(S,5e). bare absorbers (black), NaF-PDT absorbers (red), low-temperature
KF-PDT absorbers (blue), and high-temperature KF-PDT absorbers (green).
All spectra were normalized to the In 3ds, peak area, and efficiencies of
corresponding twin devices are given at the right margin.
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Fig. 2: Cu LMM detail spectra, normalized
to the In 3ds, peak area. Spectra for the
NREL and STION bare absorbers (black),
NaF-PDT absorbers (red), and low- and
high-temperature KF-PDT absorbers (blue,
green) are shown. The efficiencies of
corresponding twin devices are given in
the labels.
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Fig. 3: Left - XPS detail spectra of the Se 3d peak, normalized to the In
3ds, peak area: NREL and STION bare absorbers (black), NaF-PDT
absorbers (red), and low- and high-temperature KF-PDT absorbers (blue,
green). Right - XPS spectra of the S 2s/Se 3s region for the STION
absorbers, normalized to the Se 3s peak height.
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Fig. 4: Detail spectra of the In
Ma4,sNN Auger transitions,
normalized to peak height of the
MiNssN4s transition (~408 eV) of
the NREL and STION bare
absorbers (black), NaF-PDT
absorbers (red), and low- and
high-temperature KF-PDT
absorbers (blue, green).
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Fig. 5: XPS spectra of the (left) F 1s and (right) K 2p regions of the NREL
and STION bare absorbers (black), NaF-PDT absorbers (red), and low- and
high-temperature KF-PDT absorbers (blue, green). Typical binding energies
of selected F and K reference materials “>*3!are shown as grey bars.
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Fig. 6: XPS detail spectra of the Na (left) and O (right) 1s peaks,
normalized to the In 3ds,; peak area. Spectra of the NREL and STION bare
absorbers (black), NaF-PDT absorbers (red), and low- and high-
temperature KF-PDT absorbers (blue, green) are shown.
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Fig. 7: He Il UPS spectra of the
NREL and STION bare absorbers
(black), NaF-PDT absorbers (red),
and low- and high-temperature KF-
PDT absorbers (blue, green).
Linear extrapolations to derive
valence band maxima are also
shown (+0.10 eV).

23



STION XES-SL,5
Bare-14.6% hve,. =180 eV
NaF-14.6% '
KF-4.5%
KF-11.0% %’
0
2 I=
m —
9 I :
E E b) : (KF-4.5% - Bare)¥7
g (KF-11.0% - Bare)*7
O
=2 6%0 - Ba)*8
"""""""""" Bare-14.6%
NaF-14.6%
KF-4.5%

KF-11.0%

1 s 1 s 1 s 1 s 1 s 1 s s 1

150 152 154 156 158 160 162 164 144 148 152 156 160 164
Emission Energy (eV)

Fig 8: Left - XES emission spectra of the S L, 3 region, shown on a “true”
intensity scale for the four different spectra. Right - a) XES emission
spectra of the S L,; region for the STION bare (black), NaF-PDT (red), and
low- and high-temperature KF-PDT absorbers (blue, green), normalized to
the peak height of the S 3s-derived band at ~ 148 eV. b) Difference
spectra between the bare absorber and the alkali-treated spectra, and c)
reference spectra for comparison.
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