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The aim of the present work is to complete a preliminary study concerning the electronic band structure
investigations of Na,Cu;_,In;Sg compounds with O0=x=1, which are expected to be formed at the
Cu(In,Ga)Se,/In,S5 interface. The band structure calculations demonstrate that for the compounds containing
both Na and Cu, as the Cu content increases the band gap tends to decrease, and x-ray photoemission
spectroscopy measurements show that this variation is mainly due to valence-band-maximum shift along the
solid solution. The band gap strongly depends on the nature of the monovalent cation, and the band structure
calculations demonstrate that the d electrons of copper are responsible for the shift of the valence band. In
addition, it is worth noting that the Cu-containing compounds have indirect gaps.
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I. INTRODUCTION

Thin-film solar cells based on Culn,_,Ga,Se, (CIGSe) ab-
sorber materials have reached efficiencies close to 20%." The
standard devices consist of Mo/CIGSe/CdS/ZnO structures
deposited on soda lime glass substrates. Although the cad-
mium sulfide (CdS) buffer layer deposited by chemical bath
(CBD) is a very well-adapted junction partner for standard
CIGSe (x~0.2-0.3) due to the cadmium toxicity; it would
be preferable that it be substituted by a cadmium-free mate-
rial. This issue is among the challenges of the CIGSe solar
cell community since the end of the 1990s.23 A general con-
clusion of these investigations is that the most relevant ma-
terials are zinc-based semiconductors [i.e., (Zn,Mg)O (Ref.
4) and Zn(S,0) (Refs. 5 and 6)] and indium sulfide (In,S;).”3
Basically, an efficient buffer layer should minimize carrier
recombination at the absorber or buffer layer interface. With
this aim, at least two conditions are recommended:® (i) that
the Fermi-level be close to the conduction band at the inter-
face (inverted surface), which can be achieved by a highly
doped buffer layer or appropriated interface charges and (ii)
that there be no recombination barrier reduction, meaning
that there be no interface band cliff. It thus appear that both
the electrical properties and the band structure of the mate-
rials at the interface are very important for the device perfor-
mance.

A particularity of the CIGSe/indium sulfide interface is
that copper and sodium diffuse from the absorber layer into
the buffer layer. These diffusions occur either during the in-
dium sulfide deposition or during the cells postfabrication
annealing. The absorber or buffer material transition is there-
fore graded contrarily to the abrupt transition observed in the
case of zinc-based buffer layers. It has been observed that the
compounds formed at the CIGSe/indium sulfide interface
have a crystalline structure derived from that of indium
sulfide,'®!" independently of the copper and sodium migra-
tion. Several articles were already devoted to these interfa-
cial compounds,'?>"'> and our assumption is that these mate-
rials result from insertion or substitution mechanism allowed
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by the specific In,S; crystalline structure. The indium sulfide
indeed crystallizes in a cationic-deficient spinel-like structure
with the formulation [In;¢]on[In;esl ls/3lraSs2, Where [] rep-
resents the vacant sites, Oh and Td index the octahedral and
tetrahedral sites, respectively. Transmission electron micros-
copy studies lead to the conclusion that when copper and/or
sodium are introduced within the In,S;, mechanism also in-
volved while copper and sodium diffuse from the CIGSe into
the In,S;, the structure thus achieved can be described as
[1n6Jon[ 10 16-a)3Nao[ Jg—20)/3]1aS32(@=4).!® This formula-
tion assumes that two-thirds of the introduced atoms effec-
tively fill cationic vacancies (i.e., insertion), the other third is
being substituted to indium in order to keep electroneutrality
(i.e., substitution). The limit composition, i.e., =4, corre-
sponds to the MInsSg phase (M:Cu and/or Na). Assuming
that these compounds are effectively formed at the
CIGSe/In,S5 interface, progress in the device operation un-
derstanding requires improved knowledge of these materials
properties.

The purpose of the present study is to determine the band
structure evolution of (Na,Cu,_,)InsSg when x varies from 0
to 1. With this aim, the crystalline parameters of powders
corresponding to different x values have been accurately
evaluated. Then, with the help of this information, the elec-
tronic band structure of each composition has been deter-
mined using the ab initio tight-binding linear muffin-tin or-
bital (TBLMTO) method. The correlation between the results
of these calculations and the x-ray photoelectron spectros-
copy (XPS) measurements is used to discuss the influence of
copper and sodium diffusions on the performance of solar
cells based on CIGSe/In,S5 junction.

II. EXPERIMENTAL DETAILS
A. Preparation and XRD characterization

A previous paper'# reports on the synthesis and the exis-
tence of the solid solution Na,Cu,_ InsSg with 0=x=1. For
the present study all experiments were carried out in a dry
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FIG. 1. Evolution of the cubic unit-cell parameter a along the
solid solution.

box under Ar in order as much as possible to avoid oxygen
contamination. The samples were synthesized by solid-state
reaction route. The homogeneity and the composition of the
powders were assessed from the powder x-ray diffraction
(XRD) technique. The full pattern matching refinements
were carried out with the help of the programs FULLPROF
(Ref. 17) and WINPLOTR.'® Figure 1 presents the variation in
the cubic unit-cell parameter a along the solid solution
Na,Cu,_,InsSg. Contraction of about 1.5% of the lattice pa-
rameter is observed from NalnsSg to Cu;InsSg.

B. XPS measurements

X-ray photoemission spectra were performed on a Kratos
AXIS Ultra spectrometer using a monochromatic Al K,
x-ray source (1486.6 eV). The x-ray source runs at 150 W.
The base pressure in the analysis chamber was 10~® Pa and
the analyzed area was 700X 300 wm?. The hemispherical
analyzer was used in constant analyzer energy (CAE) mode
for all spectra. The pass energy was 160 eV for wide-scan
spectra and 20 eV for narrow scan and valence band (VB).
The energy scale was calibrated using Au 4f;,, at 83.97 eV
and Cu 2p5,, peaks at 932.63 eV measured from sputter-
cleaned Au and Cu films.!” The overall energy resolution, as
determined using the Fermi edge of an Ag reference, was
0.47%0.03 eV at 20 eV pass energy.
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FIG. 2. Structure of the Na,Cu;_,InsSg compounds. An example
of the two types of tetrahedral and octahedral sites are represented
in the unit cell.

The samples were ground and pressed into 6-mm-
diameter pellets and mounted on double-sided carbon tape
on an aluminium plate and were quickly transferred from the
glove box to the XPS spectrometer. Only one of the com-
pounds (Na,sCug 75InsSg) has presented poor compressibil-
ity behavior and charge effects occurred during spectra re-
cording. For this reason, it was necessary to neutralize the
surface charge with an electron flood gun. The charge neu-
tralizer induces polarization of the surface of about
+2.2 V03 V.

III. STRUCTURAL DESCRIPTION

The Na,Cu;_,InsSg compounds belong to the solid solu-
tion NalnsSg-CulnsSg with a cubic structure related to that of
the cation-deficient spinel-like compound In,S;, resulting
from the insertion or substitution mechanism described in the
introduction. The detailed structural description can be found
elsewhere.!*?0 Here we just recalled that indium, sodium,
and copper atoms are statistically distributed in the two kinds
of tetrahedral sites, Td1 and Td2, referenced as to be the 4a
and 4c of the space group F-43m. The unit cell is sketched in
Fig. 2 and the atomic positions deduced from the structure
determination of a single crystal with x close to 0.5 are given
in Table 1. These atomic positions are used for the electronic

TABLE 1. Atomic positions in Na,Cu;_InsSg according to the structure determination from a single
crystal of composition close to x=0.5 (Ref. 14). Space group F-43m and a=10.7692(3)A.

Wyckoff position (type of cationic site) Atom X y z
4a (Td1?) In/Na/Cu 0 0 0
4c (Td2%) In/Na/Cu 1/4 1/4 1/4
16e (Oh?) In 0.6268 0.6268 0.6268
16e S1 0.3821 0.3821 0.3821
16e S2 0.8682 0.8682 0.8682

4Td1 and Td2=tetrahedral sites and Oh=octahedral site.
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band structure calculations presented below.

IV. COMPUTATIONAL APPROACH

In order to better understand the band structure of the
Na,Cu,_,InsSg compounds, ab initio electronic structure cal-
culations were performed using density-functional theory.
The scalar-relativistic tight-binding linear muffin-tin orbital
method was used with the atomic spheres’ approximation
(TB-LMTO-ASA).2!-23 The von Barth—Hedin local exchange
correlation potential was used with Langreth-Mehl-Hu non-
local correction.”*?> The eigenvalues and eigenvectors were
determined using the tetrahedron technique with an increas-
ing number in k points in the irreducible Brillouin zone (BZ);
until final convergence is obtained (14 X 14 X 14 k points are
used in these calculations). This approach, based on the local
spin-density approximation (LDA),?* was used in our previ-
ous theoretical work?® devoted to comparative study of the
gap evolution under lattice compression of In,X; (X
=0,S,Se,Te). Although the LDA gives a correct ground
state in term of insulating or metallic behavior,?’ it fails usu-
ally to reproduce quantitatively the energy-band gaps. How-
ever, in this work we focus on the band structure modifica-
tion and the relative variations of the gap and not in the
quantitative evaluation. This approach seems to be reason-
able to describe the band structure of Na,Cu,_,InsSg com-
pounds and to determine the band-gap evolution for different
atomic configurations corresponding to different values of x.

In our calculations we used the crystallographic cubic unit
cell (Fig. 2) containing 56 atoms: 32 S, 20 In, and 4 M (M
=Cu,Na). This unit cell presents 16 octahedral sites occu-
pied by the In and 8 tetrahedral sites occupied by In and the
monovalent atoms Na and Cu. The atomic configurations,
corresponding to the different distributions of the In and M
atoms on the tetrahedral sites (Td1 and Td2) subnet for dif-
ferent relative compositions were investigated. In this nu-
merical approach the first step is to find the most stable con-
figuration among all possible configurations obtained by
different ways to fill tetrahedral sites. Three configurations
were considered. The first one is obtained by filling all the
Td1 sites by In and Td2 by M (Cu or Na) atoms. The second
consists of a nonsymmetrical filling placing one atom M and
three In on the same type of tetrahedral site and 3 M and one
In on the other type of tetrahedral site. The third configura-
tion corresponds to a symmetrical filling, 2 M and 2 In on
each type of tetrahedral site. The total-energy calculations
clearly show that the latter configuration is the most stable,
which agrees perfectly with the single-crystal structural res-
olution (statistical distribution of 2 In and 2 M on Tdl and
Td2). Thus this configuration was used for this work. In the
second step, the lattice parameters of the studied compounds
were optimized. The obtained values are about 10.84 A for
CulnsSg and 10.95 A in the case of NalnsSg. These results
are in good agreement with the experimental observations
showing also a small lattice expansion when Na content in-
creases (Fig. 1).

In order to properly interpret the meaning of the valence-
band XPS measurements, the total and partial densities of
states (DOSs) of each type of atom were calculated. All dif-
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ferent contributions to the valence band will be discussed in
detail in the following sections to interpret the XPS results
and understand the evolution of the band gap of these pho-
tovoltaic compounds.

V. RESULTS AND DISCUSSION
A. Core levels

High-resolution spectra of S 2p, In3d, Na ls, and/or
Cu 2p5), core levels were acquired for all of the compounds.
The peaks relative to the C 1s and O ls levels were also
investigated in order to check the cleanliness of the samples
as surface contamination can hinder the reliability of the VB
spectra. It can be deduced from the low C ls/In 3ds,, and
O 1s/1In 3ds,, intensity ratio and low sensitivity factor (o) of
the C 2p relative to the In 5p and Cu 3d (Ref. 28) that the
sample contamination contribution to the valence band is
very low and similar between samples. Therefore it is as-
sumed that its impact on the valence-band shape change can
be neglected.

For all values of x, the In 3d doublet is well resolved with
the usual 3ds,,/3dj5), intensity ratio of 3/2, indicating a single
contribution. Moreover, the shape of the In 3d doublets re-
mains similar with varying x suggesting that this core level is
not affected by the varying composition. In order to deter-
mine the In 3ds;, peak position taking into account possible
charge effects, the spectra were slightly shifted to the posi-
tion of the C ls peak at 284.8 eV. The In 3ds,, position ap-
peared independent of x at 444.2 eV *=0.1 eV, binding en-
ergy very close to that of In,S; (444.3 eV).?

B. Valence band

As the position of the valence-band maximum (VBM) is
of major interest for the photovoltaic compounds we focused
our attention on its evolution within the series. The valence-
band spectra were measured between —4 and 24 eV in order
to access the In 4d level, which is used as energy reference.
This band behaves as an outer core state and does not par-
ticipate in the bonding.3*3? The position of the In 4ds), is
18.5%0.1 eV for all compounds. Likewise in order to com-
pare the valence-band shapes, all of the spectra were normal-
ized relatively to In 4d core level. The obtained XPS valence
band for all of the Na,Cu;_,InsSg are plotted in the Fig. 3.
One can notice that the intensity ratio between the higher
intensity of the valence band located at 3.6 eV corresponding
to the sample and the intensity at 10 eV due to the pollution
and secondary electron is about 6. This high value indicates
the cleanliness of the samples and consequently the reliabil-
ity of the measurements.

If we first focus our attention on the VBM position, one
can clearly observe its shift toward higher energies as x is
increased. This result corroborates the previous study.!” Sec-
ond, the valence band appears to be composed of two main
contributions for all values of x. The broader one in the en-
ergy range (1-7 eV) is labeled region A, and the narrower
one, labeled region B, is in the energy range (7-9 eV). The
shape as well as the position of region B appear to be inde-
pendent of x, whereas the region A strongly varies from
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FIG. 3. XPS valence band of NalnsSg, Nagj75Cuq,5InsSg,
Nay 50Cuqs0InsSg, Nag 25Cug 75InsSg, and CulnsSg.

NalnsSg to CulnsSg. There is a clear increase in the elec-
tronic density located at the top of the valence band. More-
over, one observes that the intensity of the broad band A
increases with Cu content as well. As it is convenient to
discuss the DOS structure in terms of the same features iden-
tified in the calculated valence band, two subbands labeled
Al and A2 will be distinguished in the A region. In order to
examine the distribution of the states within the valence band
and interpret this Na,Cu;_,InsSg experimental valence-band
spectra evolution with x, the total and partial DOS were cal-
culated in the energy range (—20—5 eV). The results of these
investigations are plotted in Figs. 4 and 5. The highest occu-
pied state is taken as zero energy. The LDA approach under-
estimates the calculated bandwidths; therefore, the compari-
son of the experimental and theoretical results will remain
qualitative.

On the top panel of Fig. 4 the total DOS for NalnsSg [Fig.
4(a)] and CulnsSg [Fig. 4(e)], where zero energy corresponds
to the top of the valence band, are reported. In order to ease
the comparison with the experimental XPS results (Fig. 3),
similar labels Al, A2, and B were chosen to indicate the
main regions in the valence band. Considering the total DOS,
the main difference between NalnsSg and CulnsSg appears at
the top part of the valence band where a sharp peak (Al) is
observed for CulnsSg. This peak is clearly identified as the
contribution of Cu d states illustrated by the calculated 3d
partial DOS plotted in Fig. 4(h). Because of this feature
(A1), A2 and B regions shift toward the higher binding en-
ergy in the calculated DOS. One can notice that in these A2
and B regions, Na and Cu orbitals have a negligible contri-
bution compared to In and S states [Figs. 4(d) and 4(h)]; this
is the reason why these regions keep the same structure and
the same energy width. These results can be compared to
previous studies on In,S5.2%3132 The In,S; XPS VB shows
the same structures than the presently studied NalnsSg, and
the band structure calculations lead to the same assignments
for both compounds.

In order to illustrate the electronic structure evolution
with increasing x, the Na,Cu,_,InsSg total DOS when x=0,
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0.25, 0.5, 0.75, and 1 are displayed in Fig. 5. When x<1,
i.e., the compound contains copper, the Cu 3d states (Al)
appear at the top of the valence band close to the A2 and B
bands, and this A1l structure intensity increases with increas-
ing copper content [see Figs. 5(b)-5(¢)]. In the case of
NalnsSg [Fig. 5(a)], as the A1 structure does not exist, the A2
mass (band) is located at the top of the VB, taken as zero
energy in band structure calculations. Thus the energy scale
must be shifted. In Fig. 6 the calibrated total DOS of both the
CulnsSg and NalnsSg materials using the In 4d are plotted.
After calibration, the CulnsSg VBM is shifted toward the
lower binding energies compared to the NalnsSg VBM. It
also appears that the B and A2 regions energy positions are
not affected. All of these results are in a good agreement with
the experimental valence-bands evolution with x. Indeed the
XPS experiments (Fig. 3) show that mainly the top of the
valence band is affected by the increase in the copper con-
tent; the contributions B and A2 appear to be independent of
x. One may note that the intensity increase in the A2 peak
experimentally observed is due to the Al peak intensity in-
crease with increasing copper content.

Band structure calculations provide also information on
the conduction band as well as the band gap. From the band
structure calculations a large band gap is obtained for
NalnsSg in comparison to CulnsSg [Figs. 4(a) and 4(e)]. For
the Na,Cu;_,InsSg compounds containing both Na and Cu, as
the Cu content increases the band gap tends to decrease (Fig.
5). These results corroborate the previous study where we
had already experimentally shown that the optical band gap
of these compounds increases linearly between x=0
(CulnsSg) and x=0.75, whereas for x=1 (NalnsSg) it was
higher than the value expected from a linear behavior. The
band gap strongly depends on the nature of the M atom and
it is clear that the d electrons of Cu are responsible for the
shift of the VB. Indeed the distances between the cationic
sites are quite large [d(Td-Oh)=~4.5 A and d(Td-Td)
~4.7 A] so the environment of both In (Td) and In (Oh) are
only very slightly affected when copper atoms replace so-
dium. Thus, the contribution of the In atoms to the electronic
band structure will remain unchanged within the solid solu-
tion.

By means of calculations, we had demonstrated that the
Cu-containing compounds have an indirect band gap'®> with
conduction bands at almost constant energy level. The cop-
per plays a main role on the evolution of the band gap and
consequently on the optical properties.

C. Impact on the performance of the solar cells and
concluding remarks

High efficiencies have been achieved by CIGSe-based so-
lar cells buffered with indium sulfide grown by numerous
techniques. The correlation between the device performance
and the corresponding CIGSe/indium sulfide heterointerface
properties has revealed that the amount of copper and so-
dium atoms diffusing from the absorber into the buffer layer
strongly influences the cells electrical parameters.® The
above presented results corroborate and give insight into the
following assumptions.
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The introduction of copper into the indium sulfide nar-
rows its band gap because of the presence of the Cu 3d or-
bitals at the top of the valence band. In contrast, the presence
of sodium widens the indium sulfide band gap mainly by
shifting the valence band downward, the conduction band
being only slightly moved upward.'> It thus appears that
when both copper and sodium atoms are introduced together,
the effect of the sodium is hindered by the presence of the 3d

orbitals of the copper. This assumption agrees well with the
experimental results that the Na,Cu,_,InsSg band gap width
evolution versus x is linear as long as the material contains
copper (x<1), whereas the copper-free material (x=1) band
gap value is off this linear behavior.'*

Among the remaining questions concerning the indium
sulfide buffer layer issue is whether the copper and sodium
diffusions are beneficial for the device performance. The
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present results suggest that the band structure on the buffer
layer side of the CIGSe/In,S; interface is strongly influ-
enced by the copper diffusion, whereas the sodium migration
has a lesser impact. Taking into account that the presence of
copper shifts the buffer valence-band maximum upward, it
also reduces the CIGSe/In,S; interface valence-band offset.
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Such a decrease (several tenths of electron volt) is not ex-
pected to hinder the device performance as long as the offset
is not changed to an onset (i.e., VBMy,q, above the
VBM,pcorber)> @ configuration which should lead to low pho-
tovoltaic performance. On the other hand, the interface
conduction-band structure appears to be not affected by the
copper diffusion. Therefore, regardless the changes induced
in the CIGSe surface, the effects on the interface band struc-
ture of the copper diffusion does not appear to be beneficial
for the cells performance.

Although the main effects of sodium on the buffer layer
band structure are partly hindered by the presence of copper,
a slight influence is nevertheless expected at the
CIGSe/In,S; interface conduction-band structure. Such a
buffer layer electron affinity decrease, even as low as a few
millielectron volt, may strongly impact on the open circuit
voltage and fill factor (e.g., conduction-band cliff decrease).
Therefore, considering the interface band structure, one can
assume that the sodium can be beneficial for the cells perfor-
mance.

Optically, the nature of the band gap is changed depend-
ing on whether the material contains copper or not; the
copper-free material has a direct band gap, whereas the pres-
ence of copper leads to indirect band gap compounds. This
phenomenon can be considered a positive aspect of the cop-
per diffusion; nevertheless, the energy difference between
the indirect and the direct absorption thresholds has still not
been investigated. This energy difference may moreover also
depend on the sodium content of the material, which would
make the buffer layer sodium content more important than
that of the copper for the short-wavelengths transmission.

Considering only the buffer layer side of the pn junction,
it therefore seems that the diffusion of copper is less desir-
able than that of sodium for the device performance. How-
ever, the present discussion has only taken into account the
band structure and the optical properties of the buffer layer.
A final conclusion should not be drawn without considering
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the electrical changes due to the presence of copper and so-
dium. Moreover, the impact of the diffusions on the absorber
surface properties should moderate the present conclusions.

VI. CONCLUSION

Na,Cu;_JInsSg (0=x=1) compounds are probably
formed at the CIGSe/In,S; interface in solar cells. In this
paper a detailed investigation of the valence-band structure
of these compounds is presented from both XPS measure-
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ments and ab initio calculations. The XPS investigations
have shown that the valence-band maximum position is
strongly influenced by the Cu content (i.e., value of x). The
combination of these results with the band structure calcula-
tions has pointed out the origin of the copper influence. In-
deed, the calculations have shown that the Cu 3d orbitals
appear at the top of valence band and are thus the main
culprit of the band gap decrease when Cu content increases.
The conclusions of this work are useful in understanding the
CIGSe/In,S;-based devices operation.
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