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uInS2 by rapid thermal processing
– an alternative approach to induce a band gap
grading in chalcopyrite thin-film solar cell
absorbers?†

Roberto Félix, *a Alfons Weber,a Ole Zander,a Humberto Rodriguez-Álvarez,a

Björn-Arvid Schubert,a Joachim Klaer,a Regan G. Wilks,ab Hans-Werner Schock,a
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A treatment of CuInS2 (CIS) based on rapid thermal processing (RTP) selenization is developed, aiming at tuning

the absorber's band gap grading using the [Se]/([S] + [Se]) composition. X-ray photoelectron spectroscopy and

X-ray fluorescence analysis measurements of RTP-treated CIS samples (with the used set of RTP-parameter

ranges) show a greater treatment effect at the surface of the sample compared to the bulk. A tuning of the

[Cu] : [In] : ([S] + [Se]) surface composition from a Cu-poor 1 : 3 : 5 to a 1 : 1 : 2 stoichiometry is also

observed in RTP-treated CIS absorbers with lower to higher surface Se contents, respectively. Ultraviolet

photoelectron spectroscopy measurements show a shift in valence band maximum toward the Fermi level,

EF, in higher surface Se content samples [from (�0.88 � 0.1) to (�0.51 � 0.1) eV], as expected for

a reduction of the (surface) band gap produced by exchanging S with Se. Ultraviolet-visible

spectrophotometry reveals a reduction in the optical (bulk) band gap of samples with greater Se

incorporation [from (1.47� 0.05) to (1.08� 0.05) eV], allowing for aworkingwindow for optimization purposes.
Introduction

The chalcopyrite Cu(In1�xGax)(SySe1�y)2 (CIGSSe) alloy system is
one of the most promising absorber materials used in thin-lm
solar cell devices, which are typically stacked in the following p–
n heterojunction conguration (from top to bottom): n+/i-type
ZnO window bi-layer/n-type buffer layer/p-type chalcopyrite
absorber/Mo-coated soda-lime glass (SLG). Many laboratories
have already reported chalcopyrite-based thin-lm solar cells
with power conversion efficiencies, h, surpassing 20% on the
laboratory-scale1–8 (record h: 22.9%1). One of the main features
of the CIGSSe alloy system is that by changing the elemental x¼
[Ga]/([In] + [Ga]) and y ¼ [S]/([S] + [Se]) composition of the
absorber, its optical (i.e., bulk) band gap energy (Eg) can be
varied between 1.04 eV (for x ¼ 0, y ¼ 0 / CuInSe2, CISe) and
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2.53 eV (for x ¼ 1, y ¼ 1 / CuGaS2, CGS).9 The possibility of
tuning the Eg of an absorber to match the theoretical optimum
absorber Eg for terrestrial solar energy conversion (i.e., Eg
�1.4 eV (ref. 10 and 11)) or implementing a benecial band gap
grading12 is one of the key parameters that are optimized to
push the performance of chalcopyrite solar devices closer to the
theoretical maximum efficiency for a single p–n junction solar
cell, ca. 30%.10,11 The highest efficiencies1–8 reported for
chalcopyrite-based solar cells are based on Cu(In1�xGax)Se2
(CIGSe) absorbers with an average composition of xz 0.3 and y
¼ 0, resulting in a Eg ofz1.2 eV; so it comes as no surprise that
varying the elemental grading x is the parameter of choice in
band gap grading efforts of chalcopyrite absorbers. However,
a reproducible control of the [Ga]/([In] + [Ga]) throughout the
absorber layer prole continues to be a challenge.13–19 Finding
a straightforward approach to control the [Se]/([S] + [Se]) prole
distribution of chalcopyrite absorbers would be an effective
alternative route to produce band gap grading congurations.

In this contribution, the results of selenization treatments of
CuInS2 (CIS, Eg ¼ 1.54 eV (ref. 20)) absorbers by a rapid thermal
process (RTP) in Se vapor are presented and the effect on the
chemical and electronic surface and bulk properties monitored.
The feasibility of tuning the absorber's band gap grading using
the [Se]/([S] + [Se]) composition by extending the effect of the
selenization treatment into the bulk of the absorber layer, as
illustrated in Fig. 1, are here discussed. The inuence of the
J. Mater. Chem. A, 2019, 7, 2087–2094 | 2087
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Fig. 1 Targeted composition modification of CIS absorbers.
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selenization treatment (e.g., RTP temperature, RTP duration,
and Se amount) on surface and bulk properties is determined by
a non-destructive depth-resolved chemical and electronic
structure analysis, using a suite of complementary spectro-
scopic techniques.

Experimental
Materials and methods

CIS absorbers of �2 mm thickness were prepared by direct
current (DC) magnetron sputtering via successive deposition of
Cu and In on Mo-coated SLG back contacts followed by RTP
sulfurization.21 Prior to the selenization treatment, the CIS
samples were treated with a KCN etching process to remove
CuxS binary phases from the absorber surface.22

The RTP selenization treatments were carried out inside
a graphite ring cylinder sealed by two quartz discs.23 (This
assembly is referred to as a graphite box.) The baseline pressure
of the RTP-chamber was � 5 � 10�4 mbar. During a 1 min
heating ramp step, the temperature inside the graphite box
reaches the selected RTP-temperature by means of two sets of
lamps positioned at the top and bottom of the graphite box that
act as heating sources. Once the selected RTP-temperature is
reached, it is kept for the duration of the treatment. The sele-
nization is conducted in elemental Se vapor. Table 1 summa-
rizes the parameters used in the RTP treatments and the
resulting samples.

When samples were transported for measurement purposes
outside ultra-high vacuum (UHV), they were sealed in N2 (in
order to minimize their exposure to air). During bulk-sensitive
characterization, samples were exposed to ambient condi-
tions. Therefore, these measurements were conducted only
aer the more surface-sensitive spectroscopic techniques were
performed.

Chemical and electronic surface characterization

The chemical and electronic surface structures of the treated CIS
absorbers were studied using X-ray photoelectron (XPS), X-ray-
Table 1 List of samples and RTP treatment parameters

Sample Se amount (mg) Duration (min) Temperature (�C)

CIS — — —
i — 30 500
ii 5 5 300
iii 5 5 400
iv 5 5 500
v 5 30 470
vi 5 30 500
vii 5 30 530

2088 | J. Mater. Chem. A, 2019, 7, 2087–2094
excited Auger electron (XAES) and ultraviolet photoelectron
(UPS) spectroscopies.

The XPS and XAES measurements were carried out employ-
ing a SPECS PHOIBOS 150MCD electron analyzer and (non-
monochromatized) Mg Ka and Al Ka excitation energies. The
energy scale for all these measurements was calibrated in
accordance with ref. 24. The elemental surface composition of
the absorber was derived by evaluating the intensity of the Cu
2p3(1)/2, In 3d3/2, S 2s, and Se 3s core level peaks, as determined
by curve t analysis of the spectra conducted with the Fityk
soware.25 Voigt prole functions, along with linear back-
grounds, were used for these ts. The peak intensities of the
XPS core levels were corrected to account for differences in
inelastic mean free path (l),26,27 photoionization cross section
(s),28 and the transmission function of the electron analyzer
(T).29 The S 2s/Se 3s lines were also used to assess the impact of
the RTP-treatment on the surface [Se]/([S] + [Se]) composition of
the samples. Because of the energetic proximity of these two
photoemission lines, intensity changes associated with differ-
ences in l and T are negligible. This arrangement considerably
simplies the analysis because the core level intensities need to
only be corrected for their different s.28 The analysis of modied
Auger parameters (a*¼ BEXPS + KEXAES, where BEXPS and KEXAES
are the binding and kinetic energies of the evaluated XPS and
XAES lines, respectively)24,30 of Cu-, In- and Se-related emission
lines was used to determine changes in the chemical structure
of the RTP-treated samples. The modied Se a*, Cu a*, and In
a* values were derived by using the Se 3d5/2 XPS core level and
the Se L3M45N45 (LMM) XAES line, the Cu 2p3(1)/2 XPS core level
and the Cu LMM XAES line, and the In 3d3/2 XPS core level and
the In M4N45N45 (MNN) XAES line, respectively. The Se 3d5/2
core level is chosen for this chemical environment evaluation
(instead of Se 3s) for the following reasons: (i) the full width at
half maximum (FWHM) value of the Se 3d peaks (1.2 eV), as
determined by the curve t analysis of the peaks, is signicantly
smaller than the FWHM value of the Se 3s peaks (3 eV).
Therefore, the Se 3d XPS line is more sensitive to detect changes
in peak shape associated with chemical speciation. (ii) The Se
3d5/2 + Se L3M45M45 modied Auger parameter is the most
prevalent modied Se a* that can be found in literature.24,30

Surface-sensitive UPS measurements were conducted using
He I excitation. The position of the valence band maximum
(VBM) with respect to the Fermi level (EF) was determined by
linear approximation of the leading edge of the UPS spectra.31–36

The kinetic energy (KE) of photoelectrons derived from the VBM
edge is �20 eV. Based on the “universal curve” of electron l as
a function of KE,37 the exponentially decreasing information
depth (ID, taken as 3 � l) of this technique is estimated to be
�1 nm. The energy scale of UPS spectra is referenced to the
measured EF level of a sputter-cleaned Au foil.
Bulk elemental analysis

Bulk elemental analysis was conducted via X-ray uorescence
analysis (XRF). A wavelength-dispersive XRF spectrometer
(Rigaku WD-XRF ZSX Primus II) with an end-window-type Rh-
target X-ray source was used for the XRF measurements.38 A
This journal is © The Royal Society of Chemistry 2019
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LiF(200) crystal setup was used for wavelength dispersion of the
emitted uorescent X-ray lines, along with a P10-gas ow
proportional counter (PC) and a scintillation counter (SC)
detector systems. The Cu Ka, In Ka, S Ka and Se Ka lines of the
samples were analyzed. Based on the effective attenuation
length of these emission lines in the chalcopyrite,39 the infor-
mation depth of this technique is estimated to be several tens of
mm, an order of magnitude higher than the thickness of the
studied absorber layers.21

The evolution of Se incorporation into the lm was studied
in real-time by synchrotron-based energy dispersive X-ray
diffraction (EDXRD) at the EDDI beamline of BESSY II at
Helmholtz-Zentrum Berlin (HZB).40 EDXRD spectra are recor-
ded every 6 seconds by an energy-dispersive Ge detector with
a diffraction angle of 2q¼ 6.26�. The selenization conditions are
identical to those described above. For more details see ref. 15.
UV-visible (UV-vis) spectrophotometry

The optically-derived (and thus bulk-sensitive) Eg values of the
samples were obtained by means of ultraviolet-visible (UV-vis)
spectrophotometry. Reectance spectra were measured on
a Perkin-Elmer Lambda 950 UV/Vis/NIR spectrophotometer.41

Tungsten–halogen and deuterium lamps were used as excita-
tion sources. The UV-vis portions of the spectra were detected
via a photomultiplier. The near-infrared (NIR) portions of the
spectra were recorded through a Peltier-cooled PbS detector
setup. The measured reectance spectra were evaluated by the
Kubelka–Munk transformation method, in accordance to ref.
42. Assessment of the optical Eg was carried out by linear
extrapolation of the leading edge of the transformed (Κhn)2 vs.
photon energy, hn, plots. Assuming an absorption coefficient (a)
in the order of 104 cm�1 for photon energies just above the Eg
(as reported for CISe43) of the samples, the information depth of
this technique is estimated to be�2 mm, which is in range of the
thickness of the investigated chalcopyrite thin-lms.21
Fig. 2 Surface and bulk [Se]/([S] + [Se]) ratios obtained for the sele-
nized CIS absorbers by XPS and XRF, respectively.
Results and discussion

The X-ray photoelectron spectroscopy (XPS) survey spectrum of
the KCN-etched CIS absorber (cf. ESI; Fig. S1† for more details)
displays the photoemission and x-ray-excited Auger electron
lines of the absorber elements (i.e., Cu, In and S), as expected.
Additional Se photoemission core levels appear in the survey
spectra of all RTP-treated samples, even when Se is not inten-
tionally supplied for the RTP process. [The deposited Se detec-
ted for sample (i) is ascribed to the background Se
concentration in the RTP chamber.] At the same time, a reduc-
tion in the intensity of S-related core levels occurs in the spectra
of RTP-treated samples. Traces of Na are detected in all RTP-
treated samples, which are ascribed to an enhancement of Na
diffusion from the Mo-coated SLG back contact induced by the
high-temperature treatments.44,45 Furthermore, the intensity of
Cu-related photoemission lines increases in samples treated
using longer periods and higher temperature ranges in the
presence of Se vapor [i.e., samples (v)–(vii)], suggesting an
enrichment of surface Cu. These trends are better distinguished
This journal is © The Royal Society of Chemistry 2019
when examining detail XPS spectra in the Cu 2p3(1)/2, In 3d3/2,
and S 2s/Se 3s regions (cf. ESI; Fig. S2† for more details).
Additionally, bulk elemental analysis was conducted via X-ray
uorescence analysis (XRF), concentrating on the Cu Ka, In
Ka, S Ka and Se Ka lines of the samples.

The (XPS-derived) surface and (XRF-derived) bulk [Se]/([S] +
[Se]) ratios of the samples in the series are presented in Fig. 2, in
ascending order of the determined surface value. The surface
substitution of Se for S is observed for all samples undergoing
RTP treatments. Changes in the bulk [Se]/([S] + [Se]) composi-
tion are only discerned in samples in which higher RTP
temperatures and Se are used [i.e., samples (iv)–(vii)]. These
results show that it is possible to limit the effect of selenization
treatment by careful selection of the employed RTP parameters.
Within the set of samples with RTP-induced bulk modica-
tions, samples (vi) and (vii) show slightly lower degrees of
(surface and bulk) selenization. These variations are ascribed to
the sealing limit of the graphite box (see Experimental Section).
With higher temperature treatment, the leaking rate of Se vapor
from the graphite box increases.23

The calculated values of the modied Se a*, Cu a* and In
a* are shown in Fig. 3a–c, as a function of surface [Se]/([S] +
[Se]). Included in the gure are reported a* ranges of values for
reference compounds.24,30,46–49 All RTP-treated samples show Se
a* values in the range reported for CuInSe2 [within the margin
of error for sample (iii), the sample with a surface [Se]/([S] + [Se])
� 0.48], as seen (black hollow squares) in Fig. 3(a). This fact
indicates that Se incorporates into the chalcopyrite crystal
lattice (SeI) at the surface. However, the corresponding spectra
(cf. ESI; Fig. S3† for more details) indicate for some samples the
presence of a second Se species, and thus a secondary Se
a* (SeII) was calculated [the red hollow circles in Fig. 3(a) are
calculated by adding the BE of the Se 3d5/2 peak and the KE of
the graphically derived Se LMM-like line of the SeII component
(cf. ESI; Fig. S3† for more details)]. For samples (i)–(iii), the
secondary Se a* values fall within the range of values reported
for elemental Se, suggesting that the reaction conditions
provided by the RTP-treatment parameters of samples in which
elemental Se is detected are insufficient for the full incorpora-
tion of the reactant Se into the chalcopyrite alloy. Another
possibility is that the elemental Se is deposited during the cool
down period of the RTP process. The secondary Se a* of sample
(iv) – the sample with a surface [Se]/([S] + [Se]) of � 0.82 – is
J. Mater. Chem. A, 2019, 7, 2087–2094 | 2089
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Fig. 3 Modified Auger parameters (a*) for (a) Se, (b) Cu and (c) In of CIS and RTP-treated CIS absorbers, shown as a function of surface [Se]/([S] +
[Se]). The shadowed areas correspond to a* ranges for related reference compounds reported in literature.24,30,46–49

Fig. 4 XPS-determined surface composition of CIS and RTP-treated
CIS absorbers, shown as a function of surface chalcopyrite [Se]/([S] +
[Se]). The solid icons at the left and right margins represent 1 : 3 : 5 and
1 : 1 : 2 Cu : In : (S + Se) stoichiometries, respectively.
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located close to the range of values reported for SeO2; however,
no signal is found near the BE �59 eV region of its Se 3d XPS
core level, expected for Se–Ox bonds.24,30

Fig. 3(b) shows the evolution of the Cu a* values of the
selenization series (cf. ESI; Fig. S4† for more details). A direct
relation is found between the Cu a* values of the samples and
their surface [Se]/([S] + [Se]) composition. Although the Cu
a* values of the samples (i) and (ii) {i.e., samples with surface
[Se]/([S] + [Se]) ratios of 0.23 and 0.36, respectively} are still
within the range of values reported for CIS, both values are close
to the lower limit of the range of values reported for CISe.
Samples with higher surface Se contents show Cu a* values well
within the range of values for CISe. Formation of CuSe2 could
not be excluded by this analysis due to overlapping Cu a* values
reported for Cu2Se (1849.65� 0.15 eV)24,30,46 and CISe (1849.55�
0.25 eV).24,30,46

The change in In a* values of the samples as a function of
surface [Se]/([S] + [Se]) composition is similar to that observed
for the Cu a* values (cf. ESI; Fig. S4† for more details), as shown
in Fig. 3(c). The In a* has also been reported to be an effective
indicator of the degree of surface Cu-deciency in CIS absorbers
with Cu-richer CIS surfaces producing higher In a* values
compared to those obtained from Cu-poorer CIS surfaces.49 In
order to check whether the Cu-content of the studied sample set
indeed varies, as suggested by the In a* values, the surface
composition is discussed below.

The surface compositions of the treated samples were
quantied by correcting the intensities of the curve-t-analyzed
XPS core level peaks (cf. ESI; Fig. S2† for more details) by
respective l,26,27 s,28 and T values.29 Inclusion of surface Na in
the quantication does not cause signicant changes in the
calculated surface compositions of the RTP-treated samples.
Therefore, the Na surface content was omitted. Based on the
evidence of the presence of elemental Se on the surface of the
RTP-treated samples from the XAES analysis, the surface Se
content of the samples was revised in order to obtain the actual
chalcopyrite [Cu] : [In] : ([S] + [Se]) surface composition (cf. ESI;
Fig. S3† for more details). For this purpose, a factor equivalent
to the SeII/(SeI + SeII) was subtracted from the Se 3s intensity
used for the surface composition quantication. {The corrected
2090 | J. Mater. Chem. A, 2019, 7, 2087–2094
anion composition ratio is denoted as “surface chalcopyrite
[Se]/([S] + [Se])” in gures below}. The obtained [Cu] : [In] : ([S] +
[Se]) compositions are shown in Fig. 4.

The untreated CIS absorber shows a Cu-poor, In-rich
surface, slightly deviating from the [Cu] : [In] : [S] ¼ 1 : 3 : 5
stoichiometry. An explanation for this deviation in surface
composition may be an incomplete removal of the Cu2�xS cap
by the KCN etching.21,22 In contrast, XRF measurements of the
(KCN-treated) CIS absorber yield Cu and In elemental frac-
tions of 0.25 and 0.28, respectively, thus indicating Cu and In
near stoichiometric compositions in the bulk. As shown in
Fig. 4, the RTP selenization treatment does not only incor-
porate Se into the CIS absorber but also induces changes in
the cation content at the absorber surface. At rst, the
incorporation of Se appears to decrease the surface concen-
tration of Cu, while leaving the surface concentration of In
relatively unchanged. This trend continues up to sample (iii)
{i.e., the sample with a surface chalcopyrite [Se]/([S] + [Se]) �
0.43}, which exhibits a surface that is in close agreement with
a [Cu] : [In] : ([S] + [Se]) ¼ 1 : 3 : 5 stoichiometry. Further
surface selenization induces a surface Cu-enrichment, along
with a decrease in the initial surface In content of the CIS
absorber. As a result, the initial Cu-poor surface of the CIS
This journal is © The Royal Society of Chemistry 2019
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absorber is converted into a Cu-richer [Cu] : [In] : ([S] + [Se]) ¼
1 : 1 : 2 type stoichiometry.

In any case, samples with a lower Se surface content show
Cu-poor, In-rich surface compositions. Theoretical work
proposes that the presence of electrically neutral defect pairs is
possible in chalcopyrite surfaces of similar compositions due to
relatively low formation energies for Cu vacancies.50 More
specically, two Cu vacancy sites (acceptor states), VCu

�, couple
with an In atom occupying a copper site (donor states), InCu

++

(i.e., 2 VCu
� + InCu

++). In the present case, however, the chalco-
pyrite anion content is lower than expected for a surface
[Cu] : [In] : ([S] + [Se]) ¼ 1 : 3 : 5 composition, which suggests S
site vacancies, i.e. VS

++. The deposition of Se seems to ll these
VS

++. With further incorporation of Se into the absorber surface,
the Cu surface concentration decreases, as seen for samples (i)–
(iii) {samples with a surface chalcopyrite [Se]/([S] + [Se]) range
�0.2–0.4}, suggesting a greater formation of VCu

� sites.
Although a proportional formation of InCu

++ would be needed to
compensate for the new VCu

�, the In surface concentration
remains unchanged for these samples, indicating no increase in
InCu

++. This missing compensation in charged defect pairing
can be due to higher energies of formation of InCu

++ antisites
compared to VCu

� sites in Cu-poor, In-rich chalcopyrite lattices,
as predicted by theoretical models.50

An alternative charge pairing mechanism driven by the
deposited Se and the conversion of VCu

� to V0
Cu is proposed in

the following. Incorporation of Se into the chalcopyrite matrix
entails a reduction process of the deposited elemental Se (Se0)
into a chalcopyrite Se anion (Se�) (i.e., Se0 + 2e� / Se�).
Moreover, low formation energies for single neutral defects
(more specically, V0

Cu) are also reported in Cu-poor CISe
surfaces.50 The Cu depletion (i.e., increased formation of VCu

sites) observed in samples (ii) and (iii) stands out as a potential
source of electrons for the reduction of Se0 (i.e., Se0 + 2VCu

� /

Se0 + 2V0
Cu + 2e

�/ Se� + 2V0
Cu). The energy requirements for the

formation of both VCu
� and V0

Cu increase as the VBM of the
chalcopyrite shis closer to the EF level. Because the substitu-
tion of S by Se moves the VBM of the RTP-treated samples
towards the EF level (discussed below), VCu

� and V0
Cu sites in

samples with higher surface Se content [samples (iv)–(vi)]
become energetically unfavorable.50,51 As presented in Fig. 4,
these samples undergo a surface Cu-enrichment, which leads to
a surface composition transition from [Cu] : [In] : ([S] + [Se]) �
1 : 3 : 5 to [Cu] : [In] : ([S] + [Se]) ¼ 1 : 1 : 2. Although thermally-
mediated Cu diffusion mechanisms have been reported for
heterointerfaces with elemental compositions similar to the
RTP-treated CIS samples (e.g., In2S3/CIGSe),52,53 the Cu-
enrichment observed for the set of RTP-treated CIS samples
with higher surface Se content [samples (iv)–(vi)] does not seem
to be induced by the heat of the process. Otherwise, all RTP-
treated samples should show signs of surface Cu-enrichment:
the 300–550 �C temperature range used in the RTP treatments
is signicantly higher than the 200 �C annealing temperature
reported to induce Cu-diffusion across the In2S3/CIGSe hetero-
interface.52,53 Moreover, the treatment of the RTP control
sample [i.e., sample (i), which shows no signs of surface Cu-
enrichment] uses the same treatment temperature and
This journal is © The Royal Society of Chemistry 2019
duration as the treatment for sample (vi), which shows a surface
Cu-enrichment. A threshold for the Se composition, which
controls the energetic distance of the VBM to the EF level, seems
to activate the observed Cu-diffusion from the bulk to the
surface of the samples.

UPS was used to measure the position of the VBM with
respect to the EF level of the samples (cf. ESI; Fig. S5† for more
details). The VBM of all RTP-treated samples shis closer to the
EF level [from (�0.88 � 0.08) eV for CIS to (�0.51 � 0.08) eV for
sample (vii)] upon incorporation of Se in the surface of the
samples. Based on the surface composition results discussed
above, VCu sites are expected to form in samples with a VBM
lower boundary down to ��0.7 eV [samples (i)–(iii)]. This lower
limit in the distance between the VBM and the EF level is slightly
lower (by �0.1 eV) than the ones reported in a previous work.51

Nonetheless, the measured VBM levels of samples undergoing
surface Cu-enrichment (i.e., ��0.55 eV) are consistent with the
EF-level dependence of the formation of Cu-related defects in
chalcopyrite absorbers.50,51

Optically derived Eg values of �1.47 eV are found for the CIS
absorber and for RTP-treated samples with low surface Se
contents (cf. ESI; Fig. S6† for more details), indicating that the
selenization is limited to the near-surface region of the
absorbers. These observed optical Eg values are slightly lower
than the bulk Eg value of CIS (i.e., 1.54 eV).20 Similar slightly
reduced optical Eg values of CIS absorbers have been reported
and are ascribed to absorption/reectance losses due to surface
roughness and/or deviations of stoichiometric compositions.54

Because the CIS absorbers were produced by RTP, a rough
absorber morphology can be expected.21 Moreover, the XRF
measurements of the CIS absorber yield a stoichiometric Cu
(0.25) and slightly S-poor (0.47) bulk composition, which has
been shown to reduce the optical Eg to the observed values.54

Lower optical Eg values (i.e., 1.06–1.14 eV), which fall within
range of optical Eg values of CISe,9 are measured for samples
with higher degrees of selenization (cf. ESI; Fig. S6† for more
details). These ndings suggest that the RTP-parameters used
for the treatments of samples with higher surface chalcopyrite
[Se]/([S] + [Se]) ratios increase the treatment effect depth, as the
electronic, chemical and optical properties inside the bulk of
the samples. These observations are in agreement with the
formation of a CuIn(S,Se)2 (CISSe) phase on top of a remaining
pure CIS layer, conrmed by energy dispersive X-ray diffraction
(EDXRD) measurements shown in Fig. 5. The gure shows that
the CIS 112 diffraction signal only decreases in intensity, but
does not shi due to Se incorporation (a slight shi to lower
energies can be explained by thermal expansion). A broader
signal between the expected positions of CIS 112 and CISe 112
reveals formation of CISSe. However, this CIS / CISSe
conversion strongly depends on the RTP process parameters.
Thus, a common re-sulfurization of the surface55–57 is expected
to result in a notch-type band gap grading (i.e., high absorber
band gap energies toward the back contact and the surface) that
proved to result in the highest power conversion efficiencies in
the past if induced by an x ¼ [Ga]/([In] + [Ga]) ratio grading.12

Fig. 6 combines the observed changes in electronic and
optical properties of the sample series. An assessment of
J. Mater. Chem. A, 2019, 7, 2087–2094 | 2091
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Fig. 5 Real-time X-ray diffraction data recorded during the seleniza-
tion of a CIS film at 530 �C with 5 mg Se. The top part shows the
temperature measured by a thermocouple placed above the sample.
The bottom part shows color-coded EDXRD intensities vs. photon
energy and annealing time. The intensities increase from dark red to
blue.
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changes in the surface band gap, Esurfg , of the samples is
pursued. The hollow black squares show the surface VBM
position of the samples in the series as a function of surface
chalcopyrite [Se]/([S] + [Se]), as determined by the UPS analysis
(cf. ESI; Fig. S5† for more details). By adding the optical (bulk)
Ebulkg value (cf. ESI; Fig. S6† for more details) to the VBM value of
the corresponding sample, an estimation of the CBM of each
sample (i.e., CBM ¼ VBM + Ebulkg , hollow red circles) is pre-
sented. For this assessment to be valid, the chemical structures
of the bulk and the surface of the sample have to be the same.
Included in Fig. 6 are CBM and VBM values of chalcopyrite
absorbers determined by inverse photoemission spectroscopy
(IPES) and UPS measurements, respectively, reported in ref.
31–36. {Note that, except for values from ref. 33, all reference
values were measured from chalcopyrites reported to exhibit
Cu-poor surfaces. Moreover, the Cu(In,Ga)S2 (CIGS) absorber of
ref. 32 was reported to be Ga-depleted at the surface, rendering
it CIS-like.} Because the surface elemental compositions of CIS
Fig. 6 Changes in VBM position (hollow black squares) and estimated
CBM values (i.e., calculated CBM ¼ VBM + Ebulkg , hollow red circles) of
the investigated RTP-treated sample series as a function of the surface
chalcopyrite [Se]/([S] + [Se]) composition. Included are CBM and VBM
values of chalcopyrite absorbers determined by IPES and UPS
measurements, reported in ref. 31–36.

2092 | J. Mater. Chem. A, 2019, 7, 2087–2094
absorbers and the RTP-treated samples (i)–(iii) {samples with
[Se]/([S] + [Se]) < 0.5} were found to be Cu-poor, an enlarged
Esurfg (relative to the bulk) can be expected at the surface
compared to the bulk in these samples. A comparison between
the reported (measured) CBM values of CI(G)S absorbers and
the calculated CBM values of the KCN-etched CIS and the RTP-
treated samples (i)–(iii) of the investigated series shows
a signicant difference, highlighting this surface band gap
widening. Therefore, we can expect the mean of the reference
CBM values (0.85� 0.1 eV) to better represent the upper limit of
the CBM of the Cu-poor samples in the series. It is not possible
to conclude whether the shiing of the VBM values closer to the
EF level can be ascribed solely to a reduction of the Esurfg (due to
a higher Se surface content) or whether a shiing of both, the
CBM and the VBM, takes place due to changes in doping level as
a function of surface [Se]/([S] + [Se]). In the latter case, CBM
values of the RTP-treated samples could be greater than the
assumed 0.85 eV upper boundary.

Samples with surface chalcopyrite [Se]/([S] + [Se]) > 0.5 eV
[i.e., samples (iv)–(vii)] exhibit more uniform 1 : 1 : 2 composi-
tions at the surface and in the bulk. Therefore, the approach
taken to estimate the CBM value of these samples (i.e., adding
the optical Eg value to the VBM value of the sample) is certainly
more valid and in good agreement with CBM values reported for
CI(S)Se absorbers.31,34,35 However, for these samples a signi-
cant difference is found at the VBM position, which is signi-
cantly closer to the EF level than for CI(S)Se absorbers reported
in ref. 31, 34 and 35. This difference can be explained by the loss
of surface Cu-deciency for this subset of the RTP-treated
samples, which results in the appearance of p–d repulsions
between the valence states of the chalcopyrite anions (S 3p and
Se 4p) and the Cu 3d derived orbitals that pushes the VBM
closer to the EF level.58 The lower CBM values calculated for
these samples suggest that the modied absorber surfaces may
be better suited for the formation of potentially optimized
buffer/absorber band alignments with CdS [i.e., the mean CBM
value of (directly measured) CdS on Se-containing chalcopyrite
absorbers is 0.56 � 0.17 eV].31,34–36,59,60 However, the VBM shi
toward the EF level at the surface of the absorber is expected to
increase the hole density at the interface, leading to an increase
in recombination losses ultimately affecting the performance
(i.e., open circuit voltage, VOC) of produced solar cell devices. A
potential route to overcome this obstacle would be to use Cu-
poorer CIS substrates to limit the enrichment of Cu at the
surface induced by the RTP selenization treatments. Moreover,
subsequently widening the Esurfg (e.g., by way of surface sulfuri-
zation) of a bulk-selenized RTP treated sample [e.g., samples
(iv)–(vi)] could lead to the production of an absorber with a wide
front side Eg/low bulk Eg/wide back side Eg conguration (see
discussion above). The following device performance benets
would be expected from such conguration: (i) a wide Eg at the
front side would increase the interface band gap and decrease
recombination losses at the buffer/absorber interface;61 (ii)
a wide Eg at the back side would act as a “mirror” for electrons
and prevent recombination losses at the absorber/back contact
interface;62 (iii) an optimized Eg minimum at the bulk would
allow for high photon absorption, as well as, high VOC outputs.12
This journal is © The Royal Society of Chemistry 2019
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Conclusions

In summary, an RTP-based treatment to incorporate Se into the
surface of CIS absorbers was presented. A substitution of S by Se
takes place as a result of all RTP treatments. The VBM shis
towards the EF level and a reduction of the optical Eg can be
observed. Both observations are in agreement with the forma-
tion of a CISSe phase on top of the treated CIS substrate, which
is conrmed through EDXRD. This CIS / CISSe conversion
{i.e., its [Se]/([S] + [Se]) ratio} and the effective depth of the
treatment strongly depend on the RTP process parameters. In
samples with higher selenization, the initially Cu-poor CIS
surface changes to a surface with a stoichiometric Cu : In : (S +
Se) ¼ 1 : 1 : 2 composition. Additional surface treatments (e.g.,
surface sulfurization) will be required to achieve the desirable
notch-type band gap grading, currently resulting in the higher
power conversion efficiencies. The presence of elemental Se is
also detected in all treated samples; its removal is needed (e.g.,
by a post-RTP annealing treatment)63 to prevent it from limiting
the performance of solar cell devices based on RTP-treated CIS
absorbers.
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12 A. Chirilă, S. Buecheler, F. Pianezzi, P. Bloesch, C. Gretener,

A. R. Uhl, C. Fella, L. Kranz, J. Perrenoud, S. Seyrling,
R. Verma, S. Nishiwaki, Y. E. Romanyuk, G. Bilger and
A. N. Tiwari, Nat. Mater., 2011, 10, 857.

13 M. Marudachalam, R. W. Birkmire, H. Hichri, J. M. Schultz,
A. Swartzlander and M. M. Al-Jassim, J. Appl. Phys., 1997, 82,
2896.

14 M. Marudachalam, H. Hichri, R. Klenk, R. W. Birkmire,
W. N. Shafarman and J. M. Schultz, Appl. Phys. Lett., 1995,
67, 3978.

15 R. Mainz, A. Weber, H. Rodriguez-Alvarez, S. Levcencu,
M. Klaus, P. Pistor, R. Klenk and H.-W. Schock, Prog.
Photovoltaics Res. Appl., 2015, 23, 1131.

16 S. S. Schmidt, C. Wolf, H. Rodriguez-Alvarez,
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