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and stannite structures are investigated using first-principles calculations. The critical points in the opti-
cal spectra are assigned to the interband transitions according to the calculated band structures. The
trends in the variation of the electronic and optical properties are discussed with respect to the crystal
structure and the anion atomic number. Our calculated properties, such as, lattice constants, optical tran-
sitions, refractive index and dielectric constants are compared to the available experimental data and
good agreement is obtained.
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1. Introduction

The I,-II-IV-VI, series of quaternary chalcogenide semiconduc-
tors have been of broad interest for their potential applications as
photovoltaic absorbers [1-5], optoelectronic and thermoelectric
materials [6-8]. For instance, Cu,ZnSnS, based thin film solar cells
have reached a conversion efficiency over 6.7% [4]. Recently, a non-
vacuum, slurry-based coating method and particle-based deposi-
tion, enabled the fabrication of Cu,ZnSn(S, Se), devices with over
9.6% efficiency [6]. Compared to the conventional Culn;_,Ga,Se;
absorbers, Cu,ZnSnS,; and Cu,ZnSnSe, compounds only contain
abundant, inexpensive and nontoxic elements and their band gaps
are close to 1.5 eV, which is ideal for solar cell applications.

The wide applications increase the interest of studying many
other members in the I,-1I-IV-VI4 family, such as, the Ge-com-
pounds: Cu,ZnGeS,, CuyZnGeSe, and CuyZnGeTe,. In experiment,
the physical properties [9-13], such as, crystal orderings and lat-
tice constants of these compounds have been studied using X-ray
diffraction method. Transmission [14] and absorption measure-
ments [15] are conducted to study the band gaps. Recently, the
optical constants of Cu,ZnGeS,4 have been reported by ellipsometry
measurements [16]. In theoretical work, the structural and elec-
tronic properties of some compounds have been studied using
first-principles calculations [17,18]. However, the optical

* Corresponding author. Tel.: +1 19732209362.
E-mail address: dc74@njit.edu (D. Chen).

0925-8388/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jallcom.2013.06.048

properties of these compounds have not been systematically
addressed yet.

In this paper, we investigate the electronic and optical proper-
ties of CuyZnGeX, (X =S, Se and Te) quaternary compounds in
tetragonal kesterite-type (KS) structure (space group I4) and stan-
nite-type (ST) structure (space group I42m) [19], through first-
principles calculations within density functional theory (DFT).
We first calculate the electronic structures and density of states be-
cause it is known that the structures in the optical spectra are di-
rectly related to the band structure of the material itself. Then, we
present the optical properties, including the dielectric function,
refractive index, optical reflectivity and absorption spectra. The
trends in the variation of the electronic and optical properties with
the crystal structure and the group VI anion atomic number are ex-
plored qualitatively.

2. Computational method

The calculations are performed with the Cambridge serial total energy package
(CASTEP) code, which is based on the density functional theory using a plane-wave
pseudopotential method [20,21]. We use the generalized gradient approximation
(GGA) in the scheme of Perdew-Burke-Ernzerhof (PBE) to describe the ex-
change-correlation functional [22]. The ion-electron interaction is modeled by
Vanderbilt ultrasoft pseudopotential [23]. We choose the energy cutoff to be
400 eV, and the Brillouin-zone sampling mesh parameters for the k-point set is
5x 5 x 5 for all the cases. The total energy is converged to 1 x 1076 eV/atom in
the self-consistent calculation. In the structural optimization process, the energy
change, maximum force, maximum stress and the maximum displacement toler-
ances are set to be 2 x 10> eV/atom, 0.05 eV/A, 0.2 GPa, and 0.001 A, respectively.
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Table 1
Calculated lattice constant a and ¢, band gap before and after correction Egm, E,, critical point threshold energy Eq14 and E;, and static optical constants. Experimental data Refs.
[9-16] are listed for comparison, whereas “—*“ means no experimental data are currently available.
CuyZnGeS, CuyZnGeSey CuyZnGeTey
KS ST EXp. KS ST Exp. KS ST EXp.
a(A) 5.264 5328 5.270, 5.342 5.602 5.583 5.606, 5.610 6.102 6.094 5.954, 5.999
c(A) 10.843 10.741 10.509, 10.516, 10.540 11.259 11.325 11.04 12.126 12.220 11.848, 11.918
EEGA (eV) 0.76 0.47 - 0.06 -0.22 - -0.24 —-0.50 -
Eg (eV) 243 2.14 2.15,2.28,2.04 1.60 132 1.63,1.52, 1.29 0.81 0.55 -
Eia (eV) 2.99 2.66 2.85,2.87,2.88 2.35 1.838 - 1.139 0.659 -
Eqip (eV) 4.10 3.83 4.03, 4.28, 4.34 3.58 3.171 - 2.214 1.793 -
no 2.58 2.61 - 2.90 3.00 - 3.73 423 -
&0 6.68 6.80 - 8.25 9.01 - 13.89 17.93 -
€0 0.48 0.49 0.47, 049, 0.76 0.51 0.53 - 0.50 0.54 -

3. Results and discussion

The calculated properties of Cu,ZnGeS,, Cu,ZnGeSe, and Cu,.
ZnGeTe, of KS and ST structures are listed in Table 1. Together
listed are the available experimental values for comparison. We
noticed that many of the experimental reports [9-13] on these
compounds claim that the synthesized samples have ST structure.
For example, Parasyuk and co-workers [11,13] synthesized Cu,.
ZnGeS,, CuyZnGeSe,; and CuyZnGeTe, samples from high-purity
elements and determined their crystal constants by X-ray diffrac-
tion. They claim that all the three samples crystallize in the ST
structure. However, the calculation finds that KS is the ground
state structure due to the lower formation energy. It is believed
that this discrepancy arises from the fact that the experimental
synthesis of the compounds is not carried out at equilibrium con-
ditions. In fact, more recent experiments have found that the I,-II-
IV-VI, compounds favor KS as the ground state structure which
support the theoretical prediction [3,24]. We find that our calcu-
lated structural parameter ¢/2a is in general larger than unity, for
ST structure, while the experimental values [11,13] show that it
is less than unity. We believe that this discrepancy between the
experiments and our calculations is caused by the fact that the
similarity of Cu and Zn atoms leads to the cation disorder in their
experimental structures. Because the atomic numbers of Cu, Zn
and Ge are close in the periodic table, experimentally, it is very dif-
ficult to detect the cation disorder by X-ray diffraction. In fact, the
partial cation disorder has been observed in Cu,ZnSnS, sample in-
stead by a recent neutron-diffraction measurement [3].

It has been shown that the quaternary Cu,ZnGeX, compounds
can be obtained through cation mutation of their II-VI analogs
[18]. For example, by mutating two Zn atoms in zincblende ZnSe
to Cu and Ga atom, one can obtain CuGaSe; in chalcopyrite and
CA structures. Further mutation of two Ga atoms in CuGaSe, to
Zn and Ge atoms will form Cu,ZnGeSe4 in KS and ST structures.
As listed in Table 1, GGA underestimates the band gap values for
all the compounds. This is because of the fact that GGA does not
consider the existence of a derivative discontinuity of the energy
with respect to the number of electrons [25,26]. However, for a
group of similar compounds, such as, ZnX, CuGaX, and Cu,ZnGeXy,
this derivative discontinuity term are almost the same [25,26].
Therefore, the band gap error, i.e., the difference between GGA cal-
culated and experimental band gap values, shall be similar for a
group of similar compounds. For example, the GGA calculated
and experimental [27] band gaps are 2.09 and 3.76 eV, respectively
for ZnS while they are 0.78 and 2.45 eV, respectively for CuGas,.
Therefore, the band gap error is 1.67 eV for ZnS which is the same
as the band gap error for CuGas,. Since ZnS, CuGaS, and Cu,ZnGeS,
are similar compounds, the band gap error should also be 1.67 eV
for Cu,ZnGeS, and it can be used to correct the GGA calculated va-
lue. For example, the corrected band gap for KS-Cu,ZnGeS, is

2.43 eV, as listed in Table 1, which is the GGA calculated value of
0.76 eV plus the band gap error 1.67 eV. Using this systematic cor-
rection, all the band gaps of Cu,ZnGeX, in KS and ST structures
have been corrected. Considering the experimental uncertainty,
this correction is expected to be reliable within 0.15 eV.

The band structures for the three compounds in KS structure are
shown along the T(Z) - I" — N(A) lines in Fig. 1. We find that the
band structures of all the compounds are rather comparable. The
lowest conduction band (CB) is a sole band at about 1-3 eV. This
is very characteristic for I,-11-IV-VI, family and it is also different
from that chalcopyrite CIGS and CIGSe compounds which have
overlapping conduction bands [19]. The calculations indicate that
the band gap decreases with the increasing anion atomic numbers
[28]. For example, the band gap is 2.43 eV for KS-Cu,ZnGeS, com-
pared to 1.60eV for KS-Cu,ZnGeSe; and 0.81eV for KS-Cu,.
ZnGeTe,. This is because the valence band maximum (VBM) is
composed of hybridized Cu 3d and group VI p states. The shallower
atomic level of heavy anion atom results in higher VBM states,
therefore smaller band gaps. Comparison of the band structures
between KS and ST structures shows that band gaps of the KS
structure are in general larger than those of ST structure. This is
due to the fact that the KS structure has larger anion displace-
ments. For example, the anion displacement in Cu,ZnGeSe,4 system
is 0.2542 for KS structure compared to 0.2479 for ST structure [17].
The band gaps of these compounds range from 0.55 to 2.43 eV, cov-

KS-Cu,ZnGeS, KS-Cu,ZnGeSe, KS-CuZZnGeTe ;

Energy (eV)

Wavelength (2r/a)

Fig. 1. Calculated band structure along the high-symmetry lines in the first
Brillouin zone,: T(Z): 2x/a(0, 0, 0.5) — I":27/a(0, 0, 0) - N(A):2x/a (0.5, 0.5, 0.5), for
CuyZnGeS,, CuyZnGeSe, and Cu,ZnGeTey in KS structure.
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ering a wide range of solar spectra. In particular, Cu,ZnSnSey4, with
band gap values of 1.60 eV for KS and 1.32 eV for ST structure, is a
potential candidate for photovoltaic applications.

The density of states (DOS) of Cu,ZnGeS, in KS and ST struc-
tures, Cu,ZnGeSe4 and Cu,ZnGeTe, in KS structure are shown in
Fig. 2. From the calculated DOS, it can be clearly seen that the
DOS of the KS and ST structures are quite similar. The upper VB
DOS contains mainly the hybridization between p states from the
anion atoms and 3d state from Cu atoms while the lower CB DOS
consists mainly of the hybridization between cation s states and
anion p states. Comparing the DOS between different structures
and compounds, we find that: (i) the valence band width of KS
structure is slightly narrower than that of the ST counterpart. This
is because the KS structure has longer Cu-X (X=S, Se and Te)
bonds and hence larger anion displacement than the correspond-
ing ST structure. Therefore, the hybridization between Cu 3d state
and anion p state is weaker in the KS structure, leading to a nar-
rower band width; (ii) analyzing the band structure in Fig. 1 to-
gether with the DOS in Fig. 2 shows that the lowest solo
conduction band is derived from the Ge 4s and anion p states.
The conduction band shifts to the lower energy when the anion
atomic number increases from S to Te; (iii) in the valence band re-
gion, from —6 eV to —2.5 eV, there are bonding states consisting of
anion p states hybridized with Cu 3d state. From —2.5eV to 0 eV,
there are anti-bonding states consisting of anion p states hybrid-
ized with Cu 3d state. The overlapping (at around —2.5eV) be-
tween the p-d bonding and anti-bonding states increases when
the group VI anion atomic number increases from S to Te.

Fig. 3 gives the dielectric function ¢(w) = ¢1(w) + iex(w) of all the
three compounds in KS and ST structures. Overall, the three com-
pounds show similar dielectric functions over a broad range of en-
ergy. The main difference is that the spectrum shifts to lower
energy region when the anion atomic number increases. In the
lower energy region, the spectrum of Cu,ZnGeTe, compound is
above the other two materials while the spectrum of Cu,ZnGeS,
compound is above the others in the higher energy region. The
spectra exhibit some critical point (CP) structures Ea, E;p labeled
in Fig. 3 and listed in Table 1. The E;4 and E;g energy thresholds
can be attributed to transitions at the high CPs N(A) and T(Z) of

the first Brillouin zone. According to the band structures in Fig. 1,
we find E;5 and E;p are 2.99 and 4.10 eV for KS-Cu,ZnGeS, while
a recent ellipsometry measurement [16] shows 2.85-2.88 eV for
Eia and 4.03-4.34 eV for Ep, as listed in Table 1. Our calculated re-
sults are in good agreement with the experimental values. It is also
interesting to analyze the shift of the spectrum as a function of the
anion atomic number in the three compounds. As it has been sta-
ted, the conduction band is derived from the hybridization of the
Ge 4s and anion p states. When the anion atomic number increases
(e.g. S —» Se — Te), the Ge-X hybridization becomes higher which
shifts downward the CBM, and hence the spectrum moves toward
the lower energy regime.

The optical complex refractive index i1 = n + ik that are of inter-
est for the design of optoelectronic devices can be computed from
dielectric functions [29]. Fig. 4 presents the energy dependent n
and k values of all the three compounds in KS and ST phases. In
experiment, n and k of Cu,ZnGeS, in the energy range from 1.4
to 4.7 eV are reported [16]. Our calculated results are in good ac-
cord with the experimental values. For example, our calculated n
at energy 1.4 eV is 2.68 compared to the corresponding 2.65 from
experiment. The peak values from experiment at energy range of
2.4-2.9¢eV is 3.02 compared to our calculated 2.97-3.18 in Fig. 4.
We find that the static refractive index (ng in Table 1) increases
from sulfide to telluride compound and increases from KS to ST
structure.

In Fig. 5, we present the calculated results of the absorption
coefficient « and normal incident reflectivity R for all the cases,
which represent the linear optical response from the VBs to the
lowest CBs. Due to the fact that the absorption and reflectivity
are obtained from the dielectric function [29], all the compounds
in this study have similar absorption spectra, although with differ-
ent energy for the onset to absorption (i.e., the band gap energy). It
is found that the Cu,ZnGeS; compound has large band-edge
absorption coefficient (about 5 x 10*cm™!). At a given photon
energy, the Cu,ZnGeTe, compound has the largest absorption coef-
ficient while the Cu,ZnGeS; compound has the smallest value.
Comparison with the calculated spectra of other materials
[19,30] shows that the absorption coefficient of Cu,ZnGeX, is
smaller than that of Cu,ZnSnX, and Cu,ZnTiX, has the largest

-
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Fig. 2. The partial and total DOS of Cu,ZnGeS, in KS and ST structures, Cu,ZnGeSe,4 and Cu,ZnGeTe, in KS structure.
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Fig. 3. The dielectric function &(w) = &1(w) + iez(w) of CuZnGeS,, CuZnGeSe, and Cu,ZnGeTe, in KS and ST structures. The left panels represent the real part ¢;(w) and the

right panels represent the imaginary part ¢ (). The optical transitions E;4 and E;p are labeled in the &(w) spectra.
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Fig. 4. The complex refractive index of Cu,ZnGeS,, Cu,ZnGeSe, and Cu,ZnGeTe, in KS and ST structures. The left panels represent the refractive index n and the right panels
represent the extinction coefficient k.

absorption coefficient. This might indicates that the compounds
with heavier group IV elements should have higher light transfor-
mation efficiency. It is noticed that, at energy range of 1.5-4.0 eV,

the reflectivity and absorption coefficient decreases for all the
compounds. We find this energy region corresponds to the gap be-
tween the lowest solo CB and the upper CBs of the band structures
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Fig. 5. The normal incident reflectivity and absorption coefficient of Cu,ZnGeS,, Cu,ZnGeSe, and Cu,ZnGeTe, in KS and ST structures. The left panels represent the reflectivity
R and the right panels represent the absorption coefficient o (cm™!). The absorption coefficient is plotted in logarithm scale.

in Fig. 1. Since the upper CBs do not contribute to the optical
absorption in the low energy regime. This conduction band gap is
a disadvantage for the band-edge absorption efficiency in KS and
ST structures.

4. Conclusion

In conclusion, using first-principles density functional methods,
we have studied the electronic and optical properties of Cu,.
ZnGeS,, CuyZnGeSe, and Cu,ZnGeTe, in KS and ST structures. Band
structures and optical spectra such as the dielectric function,
refractive index, absorption coefficient and reflectivity have been
determined. We find that the conduction band shifts downward
and the overlapping between p-d bonding and anti-bonding states
in the valence band increases when the system changes from Cu,_
ZnGeS, to CuyZnGeSe, and then Cu,ZnGeTey. Some critical points
in the optical spectra are assigned to the interband transitions
according to the calculated band structures. The electronic struc-
tures and optical spectra are rather similar in shape for all the com-
pounds. When anion atomic number increases from S to Te, the
optical spectra shift to the low energy regime. A good agreement
between our calculated results and the experimental data has been
obtained.
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