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Chemical structures of the Cu(In,Ga)Se,/Mo and Cu(In,Ga)(S,Se),/ Mo interfaces
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Using a suitable lift-off technique, we have investigated the chemical properties of the interface between Mo
and chalcopyrite compound semiconductors by x-ray photoelectron spectroscopy and x-ray excited Auger-
electron spectroscopy. By a systematic comparison of interfaces between S-free [Cu(In,Ga)Se, (CIGSe)] as
well as S-containing [Cu(In,Ga)(S, Se), (CIGSSe)] chalcopyrites and Mo, we find that the chemical structure
at the CIG(S)Se/Mo interface is strongly influenced by the presence or absence of S. We observe an interfacial
MoSe, [Mo(S,Se;_»),] layer formed between CIGSe [CIGSSe] and the Mo layer. The Mo(S,Se;|_»), layer
appears significantly thinner than the MoSe, layer and exhibits a different S/(S+Se) ratio [Z=0.9(1)] than the
CIGSSe back side [0.5(7)], giving insight into the “competition” between S and Se during contact formation.
Furthermore, we find a significant Ga accumulation at the Mo back contact, which points to pronounced
chemical interactions during the formation of the CIG(S)Se/Mo interface.

DOI: 10.1103/PhysRevB.78.075404

I. INTRODUCTION

Chalcopyrite compound semiconductors
[Cu(In,_yGay)(SySe _y), (“CIGSSe”)] have gained signifi-
cant attention as promising absorber materials in thin-film
solar cells.! CIGSSe-based devices are based on a relatively
simple transparent conductive oxide (TCO)/buffer/CIGSSe/
back-contact/substrate structure. Many different TCOs and
buffer materials are being used; in contrast, Mo is the almost
exclusively used back-contact material. Initially, Au was suc-
cessfully used as a contact,? but later Mo was chosen because
of lower costs with no loss in efficiency. The main demand
for the back contact is to provide a low series resistance and
an Ohmic contact to the absorber layer (which is believed to
be optimal). For the interface between S-free (¥Y=0)
Cu(In,Ga)Se, (“CIGSe”) and Mo some authors®> find an
Ohmic contact, whereas others®’ find a Schottky barrier. One
of the main reasons for this discrepancy is that it is difficult
to investigate the real CIG(S)Se/Mo interface, since the for-
mation of this interface takes place during the CIG(S)Se
deposition and cannot be viewed as final until the preparation
is completed. In particular, the CIG(S)Se film is held at el-
evated temperatures (550 °C) in Se and/or S-containing at-
mospheres, which is believed to also alter the properties of
the Mo layer. It has been found or suggested that a layer of
MoSe, (MoS,) exists between CIGSe (CulnS,) and Mo.*3-16
It is even suspected that this layer is responsible for the
Ohmic contact at the CIGSe/Mo interface.*

The properties of the CIG(S)Se/Mo interface result from a
complex interplay of different factors. These are the directly
accessible deposition parameters of the Mo, which have been
found to influence the conductivity and the adhesion on the
substrate,!” as well as the less accessible parameters such as
the concentration of Na stemming from the glass substrate or
a precursor. For example, a relation between the Na content
in the Mo layer and the formation of the MoSe, layer has
been found.* Possibly, a diffusion of Mo into the absorber
film, which was found for evaporated Mo on CulnSe, films
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with temperatures similar to those used during absorber
fabrication,®'® might also play a role.

Until today the optimization of the back contact and even
the choice of the used material have (with some exceptions,
e.g., Ref. 19) generally been done empirically. This is mainly
because a detailed investigation of the properties of the
CIG(S)Se/Mo interface is difficult. A possible way to shed
more light on this deeply buried interface is to lift the
CIG(S)Se off the Mo layer, as demonstrated in the past.!%!!
In earlier publications we have demonstrated that this ap-
proach is suitable to make the buried CIG(S)Se/Mo interface
accessible for investigation by surface-sensitive techniques
and/or techniques that are sensitive to the surface-near
bulk.?’2! In this paper, we systematically investigate the im-
pact of S incorporation in the CIG(S)Se on the CIG(S)Se/
Mo-interface formation by x-ray photoelectron spectroscopy
(XPS) and x-ray-excited Auger-electron spectroscopy
(XAES) and paint a comprehensive picture of the chemical
structure of the CIG(S)Se/Mo interface.

II. EXPERIMENT

This investigation is based on two classes of samples,
namely, S-free CIGSe/Mo/glass and S-containing CIGSSe/
Mo/glass structures. The chalcopyrite films (approximately
2 wum thick) were prepared using multisource (four for
CIGSe and five for CIGSSe) thermal coevaporation. All
CIG(S)Se films were deposited with uniform, Cu-deficient
fluxes throughout the deposition process. The substrate was a
soda-lime glass covered with a sputter-deposited Mo layer
(approximately 0.7 wm), which was held at 550 °C during
absorber formation (see Ref. 22 for more details). In order
to minimize sample contamination due to air exposure, the
samples were sealed under dry nitrogen immediately after
preparation at IEC, limiting the exposure time to ambient air
to less than 5 min. At UNLYV, the samples were unpacked in
a glovebag/glovebox under nitrogen atmosphere, directly in-
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troduced into our ultrahigh-vacuum (UHV) system, and then
the (air-exposed) sample surface (‘“absorber front”) was char-
acterized.

For the lift-off procedure, the samples (roughly 12
X 12 mm?) were first removed from the vacuum system and
glued with their CIG(S)Se front side to a stainless-steel plate
using a conductive (Ag-containing) UHV-compatible epoxy
glue. The glue was cured at slightly elevated (40-60 °C)
temperature for several hours. Then, the samples were rein-
troduced into the N,-filled glovebox, cleaved, and directly
transferred back into the UHV system. During cleavage, the
front part [stainless-steel plate/CIG(S)Se] of the structure
was lifted off the back part [Mo/glass], exposing two freshly
cleaved surfaces [“CIG(S)Se back” and “Mo side”]. A num-
ber of lift-off experiments for each sample class (CIGSe and
CIGSSe) were done with subsequent XPS characterization,
and only the results from those cleavage samples are consid-
ered here, where the lift-off process was successful leaving
behind clean cleavage plane areas larger than the XPS prob-
ing area (~1 cm?). In the following, the three “surfaces” for
each sample class (S-free and S-containing) will be called:
[I] “CIG(S)Se front,” [II] “CIG(S)Se back,” and [III] “Mo
side.”

For the XPS measurements, Mg Ko and Al Ka excita-
tions and a Specs PHOIBOS 150MCD electron analyzer
were used. The base pressure was in the 107'° mbar range.
The electron spectrometer was calibrated according to Ref.
23 using XPS and Auger line positions of different metals
(Cu, Ag, and Au). For quantitative analysis, we fitted the
different spectral photoemission contributions by Voigt func-
tions and a linear background. The fit was performed simul-
taneously for all spectra of one sample class (i.e., S-free or
S-containing chalcopyrite films). Several general constraints
were applied (unless otherwise noted): for a given line, the
full width at half maximum (FWHM) was coupled for all
samples within one sample class. Furthermore, the FWHM
for both peaks of a spin-orbit doublet was coupled, and the
intensity ratio of the two peaks was set according to their
multiplicity (2j+ 1). For our quantitative considerations, only
photoemission lines with similar kinetic energy (Ey;,) were
used, and thus we assume that the analyzer transmission and
the information depth are also similar. In order to determine
concentration ratios we therefore only corrected the area ra-
tios of the photoemission lines by the corresponding photo-
ionization cross sections.?* In order to estimate the thickness
of the Mo(S,Se,_y), layer formed at the CIGSSe/Mo inter-
face (see below) from our XPS data, we used the inelastic
mean-free path (A=2.0 nm) of the Mo 3d photoelectrons in
MoS,, as calculated by the TPP-2 formula® using the
QUASES code [relative uncertainty ~20% (Ref. 26)] and I
=Iy-¢"@N | where I is the intensity of the respective (attenu-
ated) photoemission signal, I, is the unattenuated signal in-
tensity of the Mo substrate, and d is the thickness of the
attenuating [Mo(S,Se,_,),] layer.

III. RESULTS AND DISCUSSION

The XPS survey spectra of the CIGSe and CIGSSe
samples are shown in Fig. 1. First, we find photoemission
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lines associated with Mo, Cu, In, Ga, S, and Se (as ex-
pected). Second, all surfaces also exhibit O and C signals.
Due to the inert atmosphere during sample cleavage, surfaces
[II] and [IIT] exhibit a smaller amount of adsorbed oxygen
(O 1s, binding energy Ez~3530 eV) than the air-exposed
CIG(S)Se front [I] [note that after a mild Ar*-sputter treat-
ment (50 eV, I uA/cm?) the intensity of the O 1s as well as
the C 1s XPS peaks decrease to only trace amounts]. This
finding also explains the overall higher intensities of the ab-
sorber peaks for the CIG(S)Se back [II] compared to those of
the CIG(S)Se front [I] due to smaller attenuation by surface
adsorbates. The significant amount of carbon (C ls, Eg
~285 eV) found on the cleaved surfaces points to carbon
impurities incorporated at the interface. This is also con-
firmed by the C 1s:0O 1s peak ratio, which is higher for the
cleaved surfaces ([II] and [III]) than for the air-exposed
CIG(S)Se front [I] for both sample classes. Third, it can be
observed that the Na intensity (Na ls, Ez~ 1072 eV) at the
CIGSe front is approximately six times higher than that at
the CIGSSe front and that both front sides have a higher Na
content than their respective back sides (approximately 1.8
X for CIGSe and 2.6X for CIGSSe, as derived from the
corresponding detail spectra, not shown). In particular the
latter point is surprising since, in our case, Na in the
CIG(S)Se stems from the glass substrate [i.e., closer to the

v T T T T T T T T
CIGSe Mg K_
i U
> 2 o
Bla8 >o Z e
~Z 2Q = -
] ®© !8 c &
O O = e

Normalized Intensit
EO 1s
@]
c
—
<
<

Mo MNV
Mo MVV
Mo 3d*

Se 3d*

T*excited IWith (0] Ka .
iCIGSSe

y n

Normalized Intensit

o
5
o
=

- *excited with O K
1000 800 600 400 200 0
Binding Energy [eV]

FIG. 1. XPS survey spectra of the investigated surfaces:
CIG(S)Se front [I], CIG(S)Se back [II], and Mo side [III] for the
CIGSe (top) and CIGSSe (bottom) sample set.
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CIG(S)Se back side]. Fourth, the Mo 3d double peak (Ej
~230 V) is only prominent in the Mo-side spectra [III] but
not in those of the CIG(S)Se back [II] (note that the
S 2s5/Se 35 XPS lines are observed at a very similar energy),
indicating that (in first approximation) the primary cleavage
plane lies at the CIG(S)Se/Mo interface (as already shown in
Ref. 20). This is corroborated by the fact that no strong
CIG(S)Se-related XPS lines can be observed on the Mo-side
spectra [II1].

In order to derive the fraction of CIG(S)Se crystallites
remaining on the Mo-side samples (in our previous
experiments,”’ we derived that almost half of the Mo side
was covered with absorber crystallites after lift-off), we ana-
lyzed the respective XPS detail spectra of the most promi-
nent absorber elements (Ga 2ps,, Cu2psj,, and In 3ds),).
The corresponding spectra of the Mo-side samples are shown
in Fig. 2 (bottom spectra). It can be observed that all ab-
sorber elements are also present at the Mo side of the cleaved
samples, albeit at much lower concentration than at the
CIG(S)Se back (top spectra in Fig. 2). Comparing the inten-
sity of the Cu 2p5,, XPS line of the Mo side with that of the
CIG(S)Se back, it can be approximated that at most only 2%
(10%) of the Mo is covered with residual CIGSe (CIGSSe)
crystallites, respectively, indicating a high quality of the
cleavage process.

The comparison of the Cu, In, and Ga XPS line intensities
of the Mo side (Fig. 2, bottom spectra) with those of the
CIG(S)Se back (Fig. 2, top spectra) further shows that the
relative abundance of Cu, In, and Ga on the Mo side signifi-
cantly deviates from the stoichiometry of the CIG(S)Se back
[note that all peaks in Fig. 2 are normalized to the respective
peak of the CIG(S)Se back]. In both cases (more pronounced
for CIGSe), an abundance of Ga is found on the Mo side.
Compared to the corresponding Cu 2ps,, intensity, for ex-
ample, the Ga 2p;,, intensity of the CIGSe (CIGSSe) sample
is eight (two) times higher. This Ga accumulation (which we
have previously inferred from x-ray emission spectroscopy
data)?! points either to a “diffusion” of Ga into the Mo film,
a formation of a Ga-containing component [such as Ga,,Se,
or Ga,(S,Se),] at the Mo surface, or the combination
thereof.

Further, we have analyzed the Cu/(In+Ga) ratio, as de-
termined from the respective intensity ratio of the Cu 3p,

CIGSe

Ga2p,,
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Ga 3d, and In 4d XPS signals (not shown) and corrected by
the respective photoionization cross sections. We find that
the surface stoichiometry of the CIG(S)Se front and of the
CIG(S)Se back for both, the CIGSe and CIGSSe samples, is
Cu poor compared to their nominal Cu:(In+Ga):(S+Se)
=1:1:2 bulk composition. While the presence of a Cu-poor
surface composition in high-efficiency CIG(S)Se solar cells?’
is widely accepted, only the pioneering work of Scheer and
Lewerenz!! and our own work report a Cu-poor stoichiom-
etry at the CulnS, or CIGSe back side.?0 It is, however, not
clear whether the absorber back side is inherently Cu-poor or
whether the Cu-poor surface composition is only developed
after cleavage.

In the following, we will focus on the XPS detail spectra
of the Mo 3d photoemission line in order to also judge the
quality of the cleaved CIG(S)Se back and to determine the
chemical environment (as well as the amount) of Mo. The
respective spectral region for the CIG(S)Se front [I], the
CIG(S)Se back [II], and the Mo side [III] is shown in the left
graph of Fig. 3 (Fig. 4) for the CIGSe (CIGSSe) sample set,
respectively. Below each spectrum, the enlarged (three
times) residual, i.e., the difference between the data and the
fit, is shown. A comparison between the CIG(S)Se front and
Mo-side spectra shows that the Mo 3d signal overlaps with
the Se 3s (and S 2s5) XPS lines. In the case of an ideal cleav-
age [and no composition gradients through the CIG(S)Se]
one would expect the spectra for the CIG(S)Se front and the
CIG(S)Se back to be very similar. As can be observed in
Figs. 3 and 4 (left), this is not the case. In order to under-
stand the differences, the respective spectra were simulta-
neously fitted for the CIGSe and CIGSSe samples, as de-
scribed in the experimental section.

First, we discuss the fit results for the CIGSe samples
(Fig. 3, left). In this fit, the FWHMs of the Mo 3d;/, and
3ds, peaks were treated separately because of the well-
known difference in core-hole lifetime (Coster-Kronig
process).”® To obtain a reasonable description of the
Se 3s5/Mo 3d peak structure for samples [IT] and [IIT] (i.e.,
the two spectra in which both elements are present, but one
of them is strongly dominant), we derived the Se/Mo ratio
from the (nonoverlapping) Se 3d and Mo 4p lines (not
shown). The Se 3d/Mo 4p peak ratio was corrected by the
appropriate photoionization cross sections and the resulting
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FIG. 3. (Color online) (Left): spectral region of the Se 3s and Mo 3d photoemission peaks for the CIGSe sample set (CIGSe front [I],
CIGSe back [11], and Mo side [II1]). The experimental data and corresponding fits are shown as bullets and (red) solid lines, respectively.
Below each spectrum, the enlarged (three times) residual, i.e., the difference between the data and the fit, is shown. (Right): Se LMM Auger
and Se 3p photoemission signal for the CIGSe sample set (CIGSe front [I], CIGSe back [II], and Mo side [II1]; upper three spectra). For
comparison, the corresponding CIGSSe Mo side spectrum (bottom) is also shown. Note that for the latter the Se 3p signal partially overlaps
with the S 2p photoemission line. The experimental data and corresponding fits are shown as bullets and (red) solid lines, respectively.
Below each spectrum, the enlarged (three times) residual, i.e., the difference between the data and the fit, is shown. The given numbers have
an uncertainty of £0.05 eV and represent the modified Auger parameter a’ (Se)=E,[Se LsM4sM45(1G)]+Eg(Se 3p3)»).

Se/Mo ratio was used as a fixed parameter in the fit of the
Se 3s/Mo 3d peak structure. The fits in Fig. 3 (left) reveal
that the “CIGSe back™ spectra can be very well described as
a superposition of a Se 3s signal stemming from the CIGSe
and a small Mo 3d contribution. Thus, either crystallites
from the Mo-side remain on the CIGSe back (i.e., similar to
the remaining CIGSe crystallites on the Mo-side surface) or
Mo “diffuses” into the CIGSe layer (as suggested in Refs. 8,
18, and 29). Based on the present data, we are not able to
distinguish between the two “Mo scenarios” but would con-
sider the first scenario to be more likely. Note that a combi-
nation of these two (extreme) scenarios is also possible. In
the first Mo scenario, we can compare the Mo 3d signal of
the CIGSe back with that of the Mo side (note the scaling
factor of X 0.1 in spectrum [IIT]) and find that 1.6% of the
CIGSe back would be covered by Mo-side crystallites (for
this approximation, we took into account that the Mo-side
sample is partially covered with absorber crystallites as dis-
cussed above). In the second Mo scenario, we can compute
a Mo-doping concentration in the CIGSe back of 2.6
X 10%° cm™ (see Ref. 30 for more details on this estimate),
which is rather high but in the same order of magnitude as
the reported numbers for Mo diffusion into CulnSe, films.'8

As mentioned above, the Se/Mo ratio for the Mo side
of the CIGSe sample [2.0(7) =0.1] was determined from
the photoionization cross-section-corrected Se 3d/Mo 4p
intensity ratio. The good quality of the Se 3s/Mo 3d fit
in Fig. 3 (left) suggests that this value is indeed correct.
Furthermore, it is in good agreement with earlier reports
of the formation of a MoSe, layer at the CIGSe/Mo
interface *8-10:12.13.13.16 The comparison of the position of

the Mo 3ds;, [Ep=(228.93=0.02) eV] and Se 3ds, [Ej
=(54.5320.02) eV] XPS lines with literature values®'32
for MoSe, [Ez(Mo 3ds;,)=228.3-229.0 eV, Eg(Se 3d)
=54.2-54.6 e¢V] is also consistent with the formation of
a MoSe, layer. In order to confirm that the selenium found
on the Mo-side sample is in a different chemical envi-
ronment than that of the CIGSe front and CIGSe back
samples, we computed the corresponding modified Auger
parameter o' (Fig. 3, right). Since a’ is the sum of the ki-
netic energy of a specific Auger line and the binding energy
of a specific photoemission signal {in our case o’ (Se)
=En[Se LsM 4sM 45(1G) ]+ E5(Se 3psj»)}, it is not influenced
by sample charging or variations in surface band bending. As
can be observed in Fig. 3 (right), o' is the same
{[1467.5(4) =0.05] eV} for the CIGSe front and CIGSe
back samples, indicating a similar chemical environment for
Se. In contrast, it significantly differs for the Mo-side sample
{[1468.3(0) =0.05] eV}. Note that no a’ (Se) values for
MoSe, or CIGSe can be found in the literature for compari-
son.

In order to shed light on the impact of the presence of
sulfur on the chemical structure of the CIG(S)Se/Mo inter-
face, we now discuss the fit results for the respective
Se 3s/S 2s/Mo 3d region of the CIGSSe samples (Fig. 4,
left). Because of the increased number of overlapping lines
(compared to the CIGSe case), further constraints beyond the
above-described fit procedure are needed. The Se/S ratio as
derived from the photoionization cross-section-corrected
Se 3p3,/S 2ps;, peak ratio (fit shown in Fig. 4, right) was
used as a fixed parameter in the fit of the Se 3s5/S 2s/Mo 3d
peak structure. This constraint is especially important for
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FIG. 4. (Color online) (Left): spectral region of the Se 3s, S 2s, and Mo 3d photoemission peaks for the CIGSSe sample set (CIGSSe
front [1], CIGSSe back [II], and Mo side [IIT]). The experimental data and corresponding fits are shown as bullets and (red) solid lines,
respectively. Below each spectrum, the enlarged (three times) residual, i.e., the difference between the data and the fit, is shown. The spectral
contribution from a second molybdenum species is marked with Mo™. (Right): spectral window of the Se 3p and S 2p photoemission signals
for the CIGSSe sample set (CIGSSe front [I], CIGSSe back [II], and Mo side [III]). The experimental data and corresponding fits are shown
as bullets and (red) solid lines, respectively. Below each spectrum, the enlarged (three times) residual, i.e., the difference between the data

and the fit, is shown.

the fit of the Mo-side spectrum because of the domi-
nating Mo 3d photoemission signal. For the overlapping
Se 3p/S 2p spectra, additional constraints were introduced.
First, the spin-orbit splitting of the Se 3p (S 2p) photo-
emission peaks was set to 5.60 eV (1.15 eV) (Ref. 31)
and, second, the Ga 3s/Se 3p5,, intensity ratio was set ac-
cording to the Ga/Se ratio determined from the photoion-
ization cross-section-corrected Ga 3d/Se 3d peak ratio (fit
not shown). The Se/S ratio was then derived to 0.5(2),
0.7(6), and 0.1(0) (all values =0.1) for the CIGSSe front,
the CIGSSe back, and the Mo side, respectively. These Se/S
ratios, together with the Se/Mo ratio of 0.1(8)*0.1 for
the Mo side of the CIGSSe sample (derived from the
photoionization cross-section-corrected Se 3d/Mo 4p inten-
sity ratio, fit not shown), were then used as constraints
for the fit of the Se 3s/S 2s/Mo 3d peak structure in
Fig. 4 (left). This fit now allows us to directly identify
the differences of the chemical structure at the CIGSSe/Mo
interface compared to the CIGSe/Mo interface. We find a
S/Mo ratio of 1.8(2)*=0.1 for the CIGSSe Mo side (as
determined from the photoionization cross-section-corrected
S 2s/Mo 3ds,, intensity ratio). This points to the forma-
tion of a Mo(S,Se,_y), layer with Z=0.9(1) at the
CIGSSe/Mo interface. Comparing the position of the
Mo 3d5/2 [EB:(22923 * 002) CV] and S 2p3/2 [EB
=(162.05=0.02) eV] XPS lines with literature values3?>!
for MoS, [Ez(Mo 3ds;,)=228.8—-230.2 eV, Eg(S 2ps3,)
=161.5-162.9 eV] further confirms the formation of a
S-rich (i.e., MoS,-dominated) Mo(S,Se,_,), layer. The ener-
getic position of the Se 3ds, photoemission line of the

CIGSSe Mo-side sample [Ez=(54.40*0.02) eV] agrees
well with that of MoSe, (see above) and the modified Auger
parameter {[1468.3(0) = 0.05] eV see Fig. 3 (right)} is the
same as that for the MoSe, layer formed at the CIGSe/Mo
interface. Both indicates that the Se atoms in the S-rich
Mo(S,Se,_y), layer are still in a similar chemical environ-
ment as the Se atoms in pure MoSe,. The fit in Fig. 4 (left)
also shows that the CIGSSe back spectrum can be very well
described as a superposition of Se 3s and S 2s XPS signals
stemming from the CIGSSe and a Mo 3d contribution from
the Mo side (similar to the CIGSe back spectrum). Based on
the hypothesis that crystallites from the Mo side remain on
the CIGSSe back during lift-off, the comparison of the
CIGSSe back Mo 3d signal with that of the Mo side (note
the scale factor of X 0.1 for the Mo-side spectrum) reveals
that 2.6% of the CIGSSe back is covered by Mo-side crys-
tallites. In the case of a potential Mo diffusion into the
CIGSSe layer (see above), this would correspond to an esti-
mated Mo-doping concentration in the CIGSSe back of 5.0
X 10%° ¢cm™3 >0 which again agrees well with doping concen-
trations reported elsewhere. '8

As mentioned above, the Se/S ratio of the Mo(S,Se;_,),
does not mirror that of the CIGSSe back sample [0.1(0) vs
0.7(6)]. The formation of MoS, during the preparation of the
CIGSSe film is apparently preferred over the formation of
MoSe,, which agrees well with the corresponding (room-
temperature) Gibbs energies of formation [AG(}Z(MOSZ)
=-266.5 kJ/mol and AG?(MOSez):—ZZS.Z kJ/mol (see
Ref. 33 for more details)].

Careful inspection of the CIGSSe Mo-side spectrum and
its corresponding fit reveals that an additional Mo species
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(Mo* in Fig. 4, left) can be observed. Since the en-
ergetic position of the respective Mo 3ds, line [Ej
=(228.11%£0.02) eV] is in good agreement with the lit-
eratures  values’'®?  for metallic Mo [Ez(Mo 3ds),)
=227.4-228.6 e¢V], we conclude that the Mo(S,Se,_,),
layer either does not cover the (initial) Mo layer completely
or, more likely, that it is thinner than the MoSe, layer ob-
served at the CIGSe/Mo interface, where no XPS Mo 3d
feature ascribed to metallic Mo can be found. In the latter
case and under the assumption that the Mo 3ds,, photoelec-
trons are exclusively attenuated in a pure, homogeneous
MoS, layer, we can estimate the thickness of the
Mo(S,Se;_,), layer to be approximately 8 =2 nm (see Ref.
34 for more details). The thickness difference between the
Mo(S,Se;_,), and the MoSe, films might be related to the
observed lower Na concentration at the CIGSSe front and
CIGSSe back compared to that of the corresponding CIGSe
samples (see discussion above)—a similar finding was first
pointed out by Kohara et al.,* who observed that a MoSe,
layer is formed at the CIGSe/Mo interface only if Na is
present during the interface formation.

The findings discussed in conjunction with Figs. 1-4
are summarized schematically in Fig. 5. The primary
cleavage plane is (as already elaborated in Ref. 20) located
at the CIG(S)Se/Mo interface (identified by the solid red
line in Fig. 5) and an interfacial MoSe, [Mo(S,Se;_,),]
layer is formed between CIGSe (CIGSSe) and Mo. The
Mo(S,Se,_,), is thinner than the MoSe, layer, as depicted in
the detailed schemes in Fig. 5. The observed Mo signal at the
CIG(S)Se back surface and the Ga accumulation at the Mo-
side surface can be explained by two extreme scenarios (or
combinations thereof). The “diffusion scenario” [(a) schemes
in Fig. 5] assumes a Mo and Ga diffusion into the CIG(S)Se
back and Mo-side surfaces, respectively. The “residue sce-
nario” [(b) schemes in Fig. 5] explains the observation of Mo
and Ga on the “opposite” surfaces by residual Mo-side crys-
tallites remaining on the CIG(S)Se back after cleavage and
the formation of a Ga compound [Ga,,Se, or Ga,,(S,Se),] at
the CIG(S)Se/Mo interface. These two different scenarios are
shown for the CIGSe/Mo and CIGSSe/Mo interfaces in
schemes “1” (left) and “2” (right), respectively.

As mentioned, we find an eightfold (twofold) enhance-
ment of Ga at the CIGSe (CIGSSe) Mo side compared to the
corresponding CIG(S)Se back. In the diffusion scenario the
resulting different doping concentration is presented as a dif-
ferent effective layer thickness. For that a homogenous dop-
ing profile of identical concentration for the CIGSe and
CIGSSe systems was assumed. In order to account for the
different Ga amount, the (a) schemes in Fig. 5 hence show a
thicker Ga-doped layer for CIGSe than for CIGSSe. As al-
ready discussed, we find a similar trend for the thickness of
the interfacial MoSe, and [Mo(S,Se,_,),] layer, and thus we
speculate [as shown in the (a) schemes of Fig. 5] that the Ga
only diffuses into the Mo chalcogenide interlayer. For the
residue scenario [(b) schemes in Fig. 5] the observed higher
Ga concentration at the CIGSe back compared to that at the
CIGSSe back is represented by a Ga,,Se, layer that is thicker
than the Ga,,(S,Se), layer.

For the diffusion scenario we have to additionally con-
sider that not only a Ga accumulation is found on the Mo
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ciGSe “Diffusion”  — ciGsse ¢
scenario
ClGSe:Mo CIGSSe:Mo
MoSe,:Ga
Mo(S,Se, ;),:Ga
Mo \CIG(S)Se Mo
-
Mo
T— CIGSSe
glass : [ Gay(S,Se), |
Mo(S;Se, ),
“Residue”
. Mo
scenario

FIG. 5. (Color online) Schemes visualizing the different chemi-
cal structure scenarios at the CIGSe/Mo [schemes in (1a) and (1b)]
and CIGSSe/Mo [schemes in (2a) and (2b)] interfaces. While the
(a) schemes represent the diffusion scenarios, for the (b) schemes it
was assumed that the reason for the Mo found on the “absorber
back” samples is trivial (remaining back-contact crystallites) and
that the found Ga accumulation on the Mo-side samples is indica-
tive for the formation of a Ga compound [Ga,,Se,, or Ga,,(S,Se),].
Although the schemes are drawn not to scale, the relative thickness
of the different layers is related to the amount of Mo (Ga) found on
the CIG(S)Se back (Mo-side) samples and to the thickness of the
interfacial MoSe, [Mo(S,Se;_»),] layer found at the Mo/CIGSe
([Mo/CIGSSe] interface, respectively.

side but that also a Mo signal is detected at the CIG(S)Se
back surfaces. Again representing the dopant concentration
as an effective thickness (as discussed above for the “Ga
doping”), the CIGSe:Mo layer is shown thinner than the
CIGSSe:Mo layer [(a) schemes of Fig. 5], corresponding to
the Mo doping in the CIGSe back (CIGSSe back) samples of
2.6X10%° cm™ (5.0 10%° cm™). Although the schemes
are not drawn to scale, the relative thickness of the different
layers is thus related to the amount of Mo (Ga) found at the
CIG(S)Se back (Mo-side) surface and to the thickness of the
interfacial MoSe, [Mo(S,Se,_»),] layer found at the Mo/
CIGSe (Mo/CIGSSe) interface, respectively. Note that the
described scenarios are two extreme explanations for our
findings. In fact, the real chemical structure of the
CIG(S)Se/Mo interface might also be a superposition of the
situations described by the diffusion and residue scenarios.

IV. SUMMARY

We have systematically investigated the chemical proper-
ties of the Cu(In,Ga)Se,/Mo and Cu(In,Ga)(S, Se),/Mo in-
terfaces. We have demonstrated how a suitable lift-off tech-
nique [which we find to primarily cleave the CIG(S)Se/Mo/
glass structures at the CIG(S)Se/Mo interface] can be
combined with powerful surface-sensitive spectroscopy (x-
ray photoelectron and Auger-electron spectroscopy) to gain
insight into the chemical structure of a rather complicated
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metal/semiconductor interface. For the S-free CIGSe/Mo
structure we find the formation of an interfacial MoSe, layer.
The presence of S at that interface strongly influences the
chemical composition of the Mo chalcogenide interlayer, re-
sulting in the formation of a Mo(S,Se,_,), layer between
CIGSSe and Mo. Based on our results, we conclude that the
formation of MoS, during the preparation of the CIGSSe
film is preferred over that of MoSe,. At the CIG(S)Se back
and Mo-side cleavage planes we find a Mo signal and an
abundance of Ga, respectively, which can be explained by
two extreme scenarios (or combinations thereof). While the
diffusion scenario assumes a Mo and Ga diffusion, respec-
tively, the residue scenario is based on residual Mo-side crys-
tallites and the consequential though speculative formation
of a Ga compound [Ga,,Se, or Ga,,(S,Se),].

These observations point to pronounced chemical interac-
tions and diffusion/intermixing processes taking place during

PHYSICAL REVIEW B 78, 075404 (2008)

CIG(S)Se formation on Mo substrates. This indicates that the
processes at the CIG(S)Se/Mo interface are very complex,
but a more detailed picture of the chemical structure is now
available. The related consequences for the commonly used
electronic back-contact model of chalcopyrite thin-film solar
cell devices have to be reconsidered and must be addressed
in future experiments.
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