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Abstract: The electronic structure of pure and S-doped chalcopyrite CulnSe, is investigated using a first-principles pseudo-

potential method in the generalized gradient approximation. The calculation indicates that the band gap of CulnSe, broad-

ens as S-doping concentration increases. We find that the decreased lattice volume due to isovalent S-doping in CulnSe, has

a significant impact on the band gap broadening phenomena. This physical insight is further discussed with the study of the

electronic structure and bond length changes.
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1 Introduction

Solar cells based on copper ternary chalcogenide
compounds and alloys have emerged over the last 20
years as a promising solution to the high-cost problem
cells. The ternary [-1lI-Vl.
CulnSe, (CIS) is a member of the chalcopyrite semi-
conductor family. CIS has been regarded as a very
promising material for thin film solar cells due to its
strong absorption of sunlight''**'. However, the band
gap of CIS (1.04eV) deviates by ~0.5eV from the
optimal band gap of 1.5eV for single junction solar
cells™’. According to experiments in Refs.[4,5],CIS

of solar compound

can be isovalent doped by Ga or S to increase its band
gap and improve its conversion efficiency. In fact,CIS
and related Cu(In,Ga) (S,Se), material have been ex-
tensively theoretical-
1ly*~*1. Using thin film technology.the conversion ef-
ficiencies of CIS and related Cu(In,Ga)(S,Se), mate-
rial have been improved up to 22. 5%,

In this paper, we systematically study the elec-
tronic structure of pure and S-doped chalcopyrite CIS
over a range of concentrations using a first-principles
pseudopotential method within the generalized gradi-

studied experimentally and

ent approximation. The band broadening phenomena
are investigated according to the geometrical and
chemical contributions due to S doping.

2 Computation

As shown in the crystal structure (Fig. 1), CIS

Article ID: 0253-4177(2008)10-1883-06

belongs to the chalcopyrite crystal structure of type
ABC, . The 16-atom supercell employed in our calcula-
tion consists of two primitive unit cells. The space
group of CIS,which belongs to the chalcopyrite crys-
tal structure,is | -42D. The experimental lattice con-
stants of CIS are: a = 0.5796nm; ¢ = 1. 1614nm"* .
Culn(S,Se;- ), can be obtained through partially sub-
stituting the element Se by S at the C lattice sites of
ABC,.

The density functional theory (DFT)!®' based
first-principles calculations are performed with the

S © O e 9
@ @
@ )'J @

59,0
@ ,@)
| @ 2 J
() ‘O D
‘e U
M‘\’

Fig.1

Cu .
Se .
In O

Chalcopyrite structure for CulnSe, crystal

* Project supported by the High Performance Computer Center of South China University of Technology

T Corresponding author. Email: zhaoyj@scut. edu. cn
Received 3 March 2008, revised manuscript received 21 May 2008

(©2008 Chinese Institute of Electronics



1884 e

¥ 29 %

Table 1  Lattice parameters of CulnSe, from experiment and
theory
Theory Experiment
This work Ref.[23] Ref.[14]
a/nm 0.5839 0.5733 0.5796
¢/nm 1.1738 1.1524 1.1614
c/2a 1.005 1.005 1.002

Cambridge serial total energy package CASTEP'®.
The Norm-conserving pseudopotential®” and general-
ized gradient approximation (GGA-PW91)""®" are em-
ployed in our calculations®. Pseudo-atomic calcula-
tions are performed for Cu-3d“4s', In-5s°5p', Se-
4s*4p* ,and S-3s*3p*. The plane-wave basis set cutoff
is chosen to be 660eV. The Monkhorst-Pack meth-
od'"® with a 4 X 4 X 2 special k-points mesh is em-
ployed for the reciprocal space integration over the
Brillouin zone. As a convergence test, we find the
band gap of CIS changes by only 0. 001eV when the
k-mesh is increased to 6 X 6 X 4. The Broyden-
Fletcher-Goldfarb-Shanno ( BFGS )

201 js used in the geometry optimization.,while
[21]

minimization
scheme
the pulay-“- method is employed for electronic mini-
mization. The convergent criterion of the total energy

is set to be 2. 0 X 10 *eV/atom.

3 Results and discussion

3.1 Pure CulnSe,

Comparisons of our present results with earlier
calculations and an experiment are given in Table 1.
The computed lattice constants a and c¢ in this work

are overestimated by about 1% compared with the ex-
14]

perimental results''*’ , while their equilibrium volumes
are within 3% error. In Ref. [ 23], the lattice con-
stants were calculated by SIESTA, where the atom-
centered localized numerical basis along with norm-
conserving pseudopotentials is employed. The results
were underestimated by 1% . The ¢/2a ratio remains
very close to 1. 0 in CulnSe; ,similar to the earlier ex-
perimental and theoretical results.

The calculated band structure is plotted in Fig. 2
for CIS,in which the Fermi level is set to zero. The
calculated band gap is 0. 469e¢V, which is smaller than
the experiment value because the correlation between
the valence electrons is underestimated in the
GGA"®' . The conduction band minimum (CBM) and
valence band maximum (VBM) for CulnSe, are both
located at the I' point,indicating CIS as a direct-band-
gap material.

To better understand the nature of the inter-
atomic bonding, the electronic structure is examined.
Figure 3 shows the total and atom-projected partial
density of states (PDOS) of CulnSe,. Gaussian smea-
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Fig.2 Calculated band structure for CulnSe, at the theoretical

optimized lattice The Fermi level is set to zero.

ring with the broadening parameter of 0. 2eV is used
for the plot of DOS. The lowest states from — 14 to
—11eV originate mainly from the Seds state. The
states ranging from — 6.45 to — 4.80eV are mainly
composed of Inbs and Se4p states. The states ranging
from —4.80 to — 2.50eV largely originate from the
Se4p and Cu3d states with a small mixing of In5p. The
VBM primarily originates from the Cu3d and Sedp
states. The conduction bands (CBs) are composed of
Inbs,In5p,Seds,and Sedp.

3.2 CulnSe, with S-doping

Culn(S,Se, -, ), is obtained by partially substitu-
ting the element Se by S as uniformly distributed as
possible. The lattice constants, electronic structure,
and density of states are optimized with the corre-
sponding concentration of S. The relation between the
electronic structure and the concentration of S is stud-
ied by comparing the DOS in different concentrations
of S.
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Fig.3 Calculated total DOS and atom-projected partial DOS of

CulnSe; The Fermi level is set to zero.

@ We test the calculation with the popularly used ultrasoft pseudo-
potential ,but the LDA band gap underestimation is significant that no
band gap is found in CulnSe;. Thus norm-conserving pseudopotential is

adopted in this work.



%10 #9 Chen Xiang et al. :

Impact of Lattice Volume on the Band Gap Broadening of Isovalent S-Doped CulnSe,

1885

1.20

g
£
< .10
5 7
=
Q
—
N [ ]
0.58F~-. o
Y
“ee.
L.
0.56} e
-
1 1 1 1 1
0 0.2 0.4 0.6 0.8 1.0

Composition x

Fig.4 Lattice constants of Culn(S,Se;-,), The calculated ¢
and a are denoted by A and @, respectively. The solid and
dashed lines are fitted curves for experiment ¢ and a ., respec-
tivelyt*
3.2.1
The lattice constants of Culn(S,Se,-,), are opti-
mized as done for CulnSe,. The evolution of the a

and c¢ lattice constants as a function of the S concen-

Lattice constants

tration are shown in Fig. 4, which is in good agree-
ment with Vegard’s law'*/. The solid and dashed
lines are linear fitted results for the experimental da-
ta''*). The calculated lattice constants are overestima-
ted by ~1% , which is within the typical DFT error.
The ratio of ¢/2a equates ~1. 0 with the variation of
S concentration. Because the covalence radius of S
(0.102nm) is smaller than that of Se (0.117nm)"™,
the lattice constants decrease as S concentration in-
creases,as expected in Culn(S,Se,-,),.
3.2.2 Density of states

The total and atom-projected partial density of
states of Culn (S,Se;-, ), (x = 0.5) are plotted in
Fig. 5. The lowest states from — 14 to — 11leV origi-
nate mainly from Se4s and S3s. The states ranging
from — 6.45 to — 2.50eV are mainly composed of
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Fig.5 Total DOS and atom-projected partial DOS of Culn-

(S.Se;-,)2(x=0.5) The Fermi level is set to zero.
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Fig. 6
Culn (S,Se;-, ), versus x

Calculated and experimental™ energy band gaps of
The calculated and experimental
band gap are denoted by H and @ . respectively. The solid and
dashed lines are the fitted curves for calculated and experimen-
tal band gaps.respectively.

In5s, Sedp, S3p, and Cu3d with a small mixing of
In5p. The states whose range is from —2.50 to 0. 0eV
are mainly composed of Cu3d, Sedp, and S3p. The
conduction bands originate mainly from In5s, In5p,
Seds,and Se4p with a small mixing of S3s and S3p.
3.2.3 Band gap broadening

The calculated and experimental band gaps of
Culn(S,Se,-, ), versus the S concentration are given
in Fig. 6. The calculation shows that the band gap of
Culn(S,Se;-, ), broadens as the S-doping concentra-
tion increases, which agrees with the experiment re-
sult'®.

Figure 6 shows that the calculated band gaps are
significantly smaller than the experiment values, due
to the GGA error. However, the increasing trend of
the band gap for Culn(S,Se;-,), as x increases is con-
sistent with that of the experiment.

It is easy to raise the question of how the lattice
volume plays a role in the band gap broadening since
the chemical properties of S and Se are very similar.
We calculate the band gap of CulnS, [ E," (CulnS,) ]
with the lattice constants of CulnSe,, and the band
gap of CulnSe, [E,” (CulnSe,) ] with the lattice con-
stants of CulnS,. The calculated band gaps and bond
lengths are listed in Table 2. The table shows that the
calculated energy band gap E,” (CulnS,) is 0. 298¢V,
smaller than that of ideal CulnSe, (0.469¢V); and
E,” (CulnSe,) is 0. 776eV, greater than that of ideal

Table 2 Energy band gap and bond length of CulnSe;.
CulnSe, * (using the lattice constants of CulnS, ), CulnS,,
CulnS; " (using the lattice constants of CulnSe,) and CulnSeS
E,/eV ~ Cu-S/nm Cu-Se/nm In-S/nm  In-Se/nm
CulnSe; 0.469 - 0.2430 - 0.2645
CulnSe; *  0.776 - 0.2289 - 0.2540
CulnS; 0.600 0.2309 - 0.2516 -
CulnS; * 0.298 0.2451 - 0.2620 -
CulnSeS  0.510 0.2296 0.2431 0.2542 0.2616
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Fig.7 Electron density difference in the (110) plane for Culn(S,Se;-, ), at x = 0.5 [(a)
for plane containing S; (b) for plane containing Se].CulnS, (¢) and CulnSe, (d),CulnS, (e)
with CulnSe, lattice,and CulnSe, (f) with CulnS, lattice

CulnS; (0. 600eV) . The band gap change with respect
to the lattice volume is consistent with the experimen-
tal observed pressure dependence of band gaps in
CulnSe,"*’. This indicates that the structure of the
compound has the dominant influence on energy band
gap broadening. The energy band gap broadens as the
bond length decreases. The isovalent S substitution re-
duces the lattice volume of CIS, which pressures the
Cu—Se—In bonds. The bond length of In—Se (In—
S) in CulnSSe is shorter (longer) than that in ideal
CulnSe, (CulnS, ), but longer (shorter) than that in
CulnSe, * (CulnS, " ). However, the bond length of
Cu—Se (Cu—S) in CulnSSe is longer (shorter) than
that in both ideal CulnSe, (CulnS,) and CulnSe; "
(CulnS; " ). This may be due to the slightly greater
difference between bond strength of Cu—Se and Cu—
S in comparison with the difference between In—Se
and In—S®. The bond length of Cu—S is shorter than
that of Cu—Se in the equilibrium state, which means
that the covalent bonds of Cu—S are stronger than
those of Cu—Se,decreasing the lattice volume. So the
band gap of Culn(S,Se;-,), compound increases as
the S concentration increases.

To further understand the effect of S-doping in
CulnSe; , the electron density difference, i. e., the
difference between the alloy charge density and the
superposition of atomic charge density, for Culn
(S,Se,- ). is plotted in Fig. 7. Figures 7 (a) and 7(b)
show the bonds of the Cu—S—In—Se—Cu in Culn-
SSe. Figures 7 (c¢) and 7(d) show the electron density
difference for CulnS, and CulnSe, , respectively, and

Figures 7 (e) and 7 (f) for CulnS, with lattice con-
stants of CulnSe,,and CulnSe, with lattice constants
of CulnS; . respectively. Comparing Figs.7 (a) and 7
(b) sthe electron overlap of Cu—S—In bonds is high-
er than that of Cu—Se—1In. The covalent bond of S—
Cu and S—In are slightly stronger than that of Se—
Cu and Se—In, respectively. The bond length of S—
Cu (0.2296nm) and S—In (0.2542nm) are shorter
than that of Se—Cu (0.2431nm) and Se—In
(0.2616nm) , correspondingly. When the lattice vol-
ume decreases, the covalent bond becomes stronger
and the band gap increases. We find that when the
lattice constants of CulnSe, and CulnS, are equal, the
covalent bond of S—Cu is stronger than that of Se—
Cu,but the band gap of CulnSe, is greater than that
of CulnS,. Figure 7 shows that the electron overlap on
Cu—S and Cu—Se has no significant changes in Culn-
SSe compared with their ideal pure case. However,the
electron overlap on In—Se increases slightly in Culn-
SSe with respect to ideal CulnSe, (c. f. Figs. 7 (b) and
7(d)) , while the electron overlap on the In—S bond
decreases slightly (c.f. Figs. 7(a) and 7(c¢)). This is in
consistent with the corresponding bond length chan-
ges. As a result, the energy band gap of CulnSSe be-
comes greater than that of CulnSe, (although less than
that of CulnS,, as expected), and it will broaden as

@ The calculated total energies for CuSe, CuS, InSe, and InS are
—7.54,-8.28, - 7.17,and — 7.75eV per molecule unit, respectively.
Here the P63/MMC.P63/MMC,R3M,and P21/N are adopted for CuSe,

CuS,InSe,and InS compounds,respectively.
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Fig.8 PDOS of Culn(S,Se; ,), near Fermi level for x =0,

0.25,0.50,0.75 and 1 The Fermi level is set to zero.

the concentration of S increases.

According to the experiment,the VBM of CIS is
233meV higher than that of CulnS, and the CBM of
CIS is 214meV lower than that of CulnS,™ . In order
to understand the band gap changes from electronic
structure, the PDOS of Culn(S,Se;-,), near the Fermi
level for x = 0,0.25,0.50,075,and 1 are plotted in
Fig. 8,respectively. The figure shows that when x in-
creases,the hybridized Se4p and S3p states move clos-
er to the Cu3d states, which means the p-d repulsion
becomes stronger. But the energy of the p states in-
creases from S to Se.so the anion p states decrease as
x increases, which results in a higher VBM in
CulnSe,?"’. Figure 8 also shows that the s states in
CBs near the Fermi level get closer to the p states as x
increases. The position of CBM shifts upward when Se
atoms are replaced by more S atoms due to the in-
creasing s level energy from Se to S™7/.

4 Summary

In summary,we have investigated the equilibrium
crystal structure and electronic structure of Culn-
(S,Se;-,), by first-principles calculations. The calcu-
lated lattice volume and trend of band gap for Culn-
(S,Se;-, ), are in excellent agreement with experi-
mental observation. We demonstrate that the change
of lattice volume plays a significant role in the band
gap broadening of Culn(S,Se,-,),. We found that the
In—Se bond length decreases in Culn(S,Se,-,), while
the bond length of Cu—Se has no remarkable chan-
ges. The CBM shifts upward due to the higher energy
of S3s than that of the Seds state, while the VBM
shifts downward due to the higher energy of the Sedp
state than that of the S3p state. As a result,the energy
gap broadens in Culn(S,Se,-,), as x increases.
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