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Polarization-dependent absorption characterization of Cu2ZnSiQ4 (Q = S, Se) quaternary single crystal
compound semiconductors were carried out in the temperature range of 10–300 K. The absorption mea-
surements were performed on the as grown basal plane with the normal along [2 1 0] and the axis c
parallel to the long edge of the crystal platelet. A significant shift towards lower energy was observed
in the absorption spectra of E⊥c polarization with respect to those corresponding to E‖c polarization.
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A comprehensive analysis of the absorption spectra revealed that the absorption edges of the studied
crystals are indirect allowed transitions. A schematic representation of the plausible assignments for
the observed near band edge optical transitions for Cu2ZnSiQ4 was proposed. The variation of the indi-
rect transition energies with temperature were analyzed by Varshni and Bose–Einstein expressions. The
parameters that describe the temperature dependence of the indirect transition energies with different
polarizations were evaluated and discussed.
ptical properties
ptical spectroscopy

. Introduction

Cu2ZnSiQ4 (Q = S, Se) belong to the family of Cu-based quater-
ary chalcogenide compounds, Cu2-II-IV-VI4, crystallizing in the
urtz-stannite structure with space group Pmn21 [1–3]. The struc-

ure of Cu2ZnSiQ4 consists of alternating cation layers of mixed Zn
nd Si atoms separated by layers of Cu atoms. It is therefore derived
rom an ordering of the cations of the wurtzite cell. In these com-
ounds each sulfur/selinium atom has four nearest neighbor cation
toms (two copper atoms, one zinc atom, and a silicon atom) at the
orners of the surrounding tetrahedron [1–3]. These materials are
f interest for its nonlinear optical properties [4,5] and potential
or high-temperature thermoelectric [6] and optoelectronics [7]
pplications. Despite their interesting optical and thermoelectric
roperties, and possible applications, up-to-date, only a few studies

ave been reported concerning the basic properties of Cu2ZnSiQ4,
ue to the difficulty of preparing suitable size, compositionally
omogeneous and high purity single crystals. Among those studies,
ome discrepancies have been reported [8,9].

∗ Corresponding author. Tel.: +886 2 27376385; fax: +886 2 27376424.
E-mail address: ysh@mail.ntust.edu.tw (Y.S. Huang).

1 Present address: Institute of Applied Physics, Academy of Sciences of Moldova,
hisinau MD 2028, Republic of Moldova.

925-8388/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.01.169
© 2011 Elsevier B.V. All rights reserved.

In this paper, we report on a detailed polarization-dependent
optical-absorption study of Cu2ZnSiS4 and Cu2ZnSiSe4 single crys-
tals over the temperature range from 10 to 300 K. High quality
single crystals of Cu2ZnSiS4 and Cu2ZnSiSe4 were grown by chem-
ical vapor transport using iodine as the transport agent. The
absorption measurements were carried out on the as grown basal
plane with the normal along [2 1 0] and the axis c parallel to
the long edge of the crystal platelet. Analysis of the absorption
curves revealed that the interband transitions in Cu2ZnSiS4 and
Cu2ZnSiSe4 are indirect and their band gaps are polarization depen-
dent. The polarization-dependent energy gaps of these materials
at various temperatures were determined and their tempera-
ture dependences were analyzed by the Varshni equation [10]
and an expression containing the Bose–Einstein occupation factor
for phonons [11]. The parameters that describe the temperature
dependence of band gaps were evaluated and discussed.

2. Experimental

Single crystals of Cu2ZnSiS4 and Cu2ZnSiSe4 were grown by vapor transport
of stoichiometric amounts of the elements with 5 mg iodine/cm3 as the transport

agent. Optimum crystal growth was achieved with the charge zone maintained at
850 ◦C and the growth zone at 800 ◦C. The transport process was carried out for
a period of 14 days. Single crystals Cu2ZnSiS4 (Cu2ZnSiSe4) formed thin, greenish
(orange), blade shape up to 10 mm × 1.5 mm (20 mm × 1.0 mm) in area and 300
(100) �m in thickness. The orientation of the basal plane was determined by com-
paring back-reflection Laue pattern with computer generated Laue plots. With the
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http://www.sciencedirect.com/science/journal/09258388
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ig. 1. A schematic arrangement of the polarization-dependent absorption mea-
urements on Cu2ZnSiQ4 compound semiconductors.

-ray beam normal to the basal plane, the Laue pattern displayed a twofold asym-
etry pattern (see Fig. 1). Analyzing the symmetry of Laue pattern confirms the

ormation of orthorhombic structure and reveal that the normal of the basal plane
s [2 1 0] and the long-edge of the crystal platelet is parallel to c-axis.

For the transmittance measurements, single crystals with a thickness of about
00 �m were used. Plate-shaped crystals were selected and mounted on a copper
ample holder. Fig. 1 depicts the schematic arrangement of the polarization-
ependent transmittance measurements with polarization configurations of E⊥c
nd E‖c performed on the as grown basal plane with the normal along [2 1 0]
nd c parallel to the long edge of the crystal platelet. A 150 W xenon arc
amp filtered by a 0.25 m grating monochromator provided the source for opti-
al measurements. Model PRH 8020 CASIX Rochon prisms were employed for
olarization dependent measurements. An UV enhanced Si detector was used
o detect the transmitted or reflected signals. Measurements of the reflectiv-
ty and transmission at near-normal incidence configuration with chopped light

ere carried out. For temperature dependent measurements, a closed-cycle cryo-
enic refrigerator equipped with a digital thermometer controller was used for
he low temperature measurements with a temperature stability of 0.5 K or
etter.

. Results and discussion

The transmittance of Cu2ZnSiS4 and Cu2ZnSiSe4 were measured
t near-normal incidence. The absorption coefficient ˛ was deter-
ined from the transmittance Tr by taking into account the spectral

ependence of the reflectance R using the relation [12]:

r = (1 − R)2e−˛d

1 − R2e−2˛d
(1)

q. (1) assumes multiple reflections within the sample, but that
hey add incoherently due to sample inhomogeneity or a suffi-
iently large spread of the incident angles. Since ˛d is large for the
ample crystals, the second term in the denominator of Eq. (1) can
e neglected.

Fig. 2 displays the absorption coefficient ˛ as a function of pho-
on energy, as determined Cu2ZnSiS4 and Cu2ZnSiSe4, at (a) 10 and
b) 300 K. The dash-dotted curves in Fig. 2 correspond to the E‖c
olarization, while the solid curves represent E⊥c polarization. It

s noted that a significant shift towards lower energy for the E⊥c
olarization is observed as compared to the E‖c polarization. The
olarization dependence of the transmittance curves provides con-
lusive evidence that both optical absorption edges are associated
ith the interband transitions from different origins. Detailed the-

retical study of the anisotropic optical properties in the basal

lane with the normal along [2 1 0] of Cu2ZnSiS4 and Cu2ZnSiSe4

s needed and is at present beyond the scope of this work. As is
enerally expected, the absorption edge shifted towards higher
nergies as the temperature of the sample is lowered from 300
o 10 K. Analysis of the experimental data showed that the absorp-
Fig. 2. The E⊥c polarization and E‖c polarization absorption spectra of Cu2ZnSiS4

and Cu2ZnSiSe4 at (a) 10 and (b) 300 K. The dash-dotted curves in correspond to the
E‖c polarization, while the solid curves represent E⊥c polarization.

tion coefficient ˛ to be proportional to (h� − Eg)n with n ≈ 2. This
suggests an indirect allowed transition for these materials.

A more complete analysis, taking into accounts both the absorp-
tion and emission phonons, is given as follows. For an indirect
allowed transition, the absorption coefficient ˛ for a single-phonon
process can be expressed as [13]:

˛h� = A(h� − Eg + Ep)2

exp(Ep/kT) − 1
+ B(h� − Eg − Ep)2

1 − exp(−Ep/kT)
(2)

where h� is the energy of the incident photon, Eg is the band gap,
Ep is the energy of the phonon assisting the transition, and A and B
are constants. The first term on the right-hand side of Eq. (2) cor-
responds to an absorption of a photon and a phonon, whereas the
second term corresponds to an absorption of a photon and emis-
sion of a phonon which contributes only when h� ≥ Eg + Ep. There
is a large residual absorption at photon energies below the absorp-
tion edge. The large values of the absorption coefficient ˛ below the
absorption edge of Cu2ZnSiS4 and Cu2ZnSiSe4 most probably indi-
cate the existence of impurities or defects in the materials. At this
point, we have not considered in detail the effect of these impurity
or defect states. For simplicity, in our present study, the residual
absorption is assumed to be a constant and subtracted out for the
evaluation of the band gap Eg and phonon energy Ep. The data of
Cu2ZnSiS4 and Cu2ZnSiSe4 at different temperatures were then fit-
ted to Eq. (2). Representative results are shown in Figs. 3 and 4
for Cu2ZnSiS4 and Cu2ZnSiSe4, respectively, where the open-circles
and triangles are representative experimental points deduced from
E⊥c and E‖c polarizations absorption spectra and the solid lines are
fitted to Eq. (2). The obtained values of the indirect band gaps and
phonon energies at 10 and 300 K are listed in Table 1. The results
strongly indicate that Cu2ZnSiS4 and Cu2ZnSiSe4 are indirect transi-
tion semiconductors, in which E⊥c polarization exhibits a smaller
band gap and a single phonon makes important contributions in
assisting the indirect transitions. The nonuniform thicknesses and
unsmooth sample surfaces will cause some deviations of the inci-
dent angles from the normal direction, resulting in some variations
in the absorption spectra. Differing values of Eg and Ep could be

obtained by fitting a different energy range, i.e. by inclusion or
exclusion of some points at lower or higher photon energies. From
this selective omission of data, an error of the order ±0.01 eV
(±0.02 eV) and ±5 (±5) meV can be deduced for the determina-
tion of Eg and Ep, respectively, at 10 (300) K. Fitting data on different
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Table 1
Values of the indirect transition energies Eind

g⊥ and Eind
g‖ and phonon energy Ep of Cu2ZnSiS4 and Cu2ZnSiSe4 obtained by fitting absorption data to Eq. (2) at 10 and 300 K.

Materials Temperature (K) Eind
g⊥ (eV) Ep (meV) Eind

g|| (eV) Ep (meV)

Cu2ZnSiS4 10 3.00 ± 0.01 30 ± 5 3.10 ± 0.01 30 ± 5
300 2.94 ± 0.02 30 ± 5 3.04 ± 0.02 30 ± 5

Cu2ZnSiSe4 10 2.15 ± 0.01 20 ± 5 2.20 ± 0.01 20 ± 5
300 2.08 ± 0.02 20 ± 5 2.14 ± 0.02 20 ± 5
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ig. 3. Plots (˛h�)1/2 as a function of the photon energy at different temperatures
anging from 10 to 300 K for E⊥c polarization (open circles) and E‖c polarization
open triangles) for Cu2ZnSiS4.

amples give similar parameters, even though there are differences
n the absorption spectra due to differences in sample thicknesses.

As listed in Table 1, the indirect gaps for E⊥c (E‖c) polarization
enoted as Eind

g⊥ (Eind
g‖ ) and phonon energy Ep at room tempera-

ure, are, respectively, determined to be 2.94 ± 0.02 (3.04 ± 0.02) eV
nd 30 ± 5 meV for Cu2ZnSiS4 and 2.08 ± 0.02 (2.14 ± 0.02) eV and
0 ± 5 meV for Cu2ZnSiSe4. It is noticed that the values for Eind

g‖
re larger than those of Eind

g⊥ , and are similar to Eind
g determined

rom the absorption data of the unpolarized incident light. It is
lso noted that the difference between Eind

g‖ and Eind
g⊥ for Cu2ZnSiS4

100 meV) is much larger than that of Cu2ZnSiSe4 (60 meV). Our

alues differ slightly from previous published works [8,9]. The first
vailable data, 3.25 eV for Cu2ZnSiS4 and 2.33 eV for Cu2ZnSiSe4
ere obtained by Schleich and Wold [8] from transmittance
easurements. From optical-absorption measurements, Yao et al.

ig. 4. Plots (˛h�)1/2 as a function of the photon energy at different temperatures
anging from 10 to 300 K for E⊥c polarization (open-circles) and E‖c polarization
open-triangles) for Cu2ZnSiSe4.
Fig. 5. A schematic representation of the plausible assignments for the observed
optical transitions near indirect band edge for Cu2ZnSiQ4 compound semiconduc-
tors.

[9] determined the indirect optical band gaps of Cu2ZnSiS4 and
Cu2ZnSiSe4 to be 3.04(2) eV and 2.20(2) eV, respectively.

In order to understand the obtained experimental results, a band
diagram near the band edge is needed. Recently Chen et al reported
a band-structure calculation on a family of wurtzite-derived poly-
types of kesterite and stannite I2-II-IV-VI4 quaternary chalcogenide
semiconductors [14]. From their calculation, the following results
were shown: (i) I2-II-IV-VI4 semiconductors have usually direct
band gaps at the � point, (ii) the top of the valence band is mainly
the antibonding component of the p–d hybridization between the
group-VI anion and group-I cation, (iii) the bottom of the conduc-
tion band is mainly the antibonding component of the s–s and s–p
hybridization [15], except for those containing Si, the group-I and
-II cations also have significant contribution to the bottom of the
conduction band as well as Si and group-VI anion.

Adopting the band-structure calculation by Chen et al. [14]
and our previous reported piezoreflectance spectra of Cu2ZnSiS4
[16,17] which exhibit a lower transition feature for E⊥c polarization
and a distinctly higher transition for E‖c polarization, a schematic
representation of the plausible assignments for the observed near
band edge optical transitions for Cu2ZnSiQ4 is presented in Fig. 5.
The energy of the transition depends strongly on the orientation
of the polarization with respect to the crystallographic directions.
Thus the difference between the E⊥c and E‖c levels of the valence
band shown in Fig. 5 is attributed solely to the crystal field split-
ting for orthorhombic crystalline symmetry of Cu2ZnSiQ4 which is
described by the space group Pmn21.

Plotted in Fig. 6 are the temperature variations of the
polarization-dependent indirect energy gaps of Cu2ZnSiS4 and
Cu2ZnSiSe4 with representative error bars. A least-squares fit (the
solid line) to the Varshni semiempirical relationship [10]:
Eind
gi

(T) = Eind
gi

(0) − aiT
2

T + bi
(3)

yields parameters as given in Table 2. Here i = ⊥, ‖; Eind
gi

(0) is the indi-
rect band gap at 0 K; ai and bi are constants referred to as Varshni
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Table 2
Values of the Varshni and Bose–Einstein parameters of Cu2ZnSiS4 and Cu2ZnSiSe4 obtained by fitting the temperature-dependent data of indirect transition energies Eind

g⊥ and

Eind
g‖ to Eqs. (3) and (4), respectively. The corresponding values for the direct excitonic transition energies of Cu2ZnSiS4 as well as indirect band gaps of Si, GaP, 4H-SiC are also

listed for comparison.

Materials Feature E(0) (eV) a (10−4 eV/K) b (K) aB (meV) �B (K)

Cu2ZnSiS4 Eind
g⊥

a 2.99 ± 0.01 4 ± 1 350 ± 150 60 ± 10 350 ± 40
Eind

g‖
a 3.10 ± 0.01 4 ± 1 290 ± 140 60 ± 10 330 ± 50

Cu2ZnSiSe4 Eind
g⊥

a 2.15 ± 0.01 5 ± 1 270 ± 100 50 ± 10 250 ± 50
Eind

g‖
a 2.20 ± 0.01 4 ± 1 260 ± 120 45 ± 10 300 ± 50

Cu2ZnSiS4 Eex
⊥

b 3.390 ± 0.003 5 ± 1 380 ± 90 80 ± 10 370 ± 50
Eex

||
b 3.481 ± 0.003 5 ± 1 350 ± 100 70 ± 10 340 ± 50

Si Eind
g 1.17c 4.7c 636c 19d 296d

GaP Eind
g 2.338e 6.2e 460e 73d 506d

4H-SiC Eind
g 3.267f 3.2f 565f

a Present work.
b Ref. [17].
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c Ref. [18].
d Ref. [21].
e Ref. [19].
f Ref. [20].

oefficients. The constant ai is related to the electron–phonon
nteraction and bi is closely related to the Debye temperature.
he obtained values of bi for Cu2ZnSiSe4 are found to be smaller
han that of Cu2ZnSiS4 may indicate that the Debye temperature
or selenium contented compound is lower than that of sulfur
ne. For comparison purposes, we have also listed numbers for
he polarization-dependent direct band edge excitonic-transition
nergies of Cu2ZnSiS4 [17] and the indirect band edge of Si [18],
aP [19] and 4HSiC [20] in Table 2.

The temperature dependence of the indirect band edge transi-
ion energies Eind

g⊥ and Eind
g‖ can also be fitted (dash-dotted curve) by

n expression containing the Bose–Einstein occupation factor for
honon [11]:

ind
gi (T) = Eind

gi (0) − 2aBi

[exp(�Bi/T) − 1]
(4)
here i = ⊥ or ‖, Eind
gi

(0) is the indirect band gap at 0 K, aBi rep-
esents the strength of the electron–phonon interaction, and �Bi
orresponds to the average phonon temperature. The fitted values
or Eind

gi
(0), aBi, and �Bi are given in Table 2, and the corresponding

ig. 6. Temperature dependence of the indirect gaps of Cu2ZnSiS4 and Cu2ZnSiSe4.
he experimental results have been determined by fit of the absorption data to Eq.
2). The open-circles and triangles are energies of Eind

g⊥ and Eind
g‖ indirect transitions,

espectively, with representative error bars. The solid and dash-dotted curves rep-
esent the calculated dependency according the Varshni (Eq. (3)) and Bose–Einstein
Eq. (4)) expressions, respectively.
values for the polarization-dependent direct band edge excitonic-
transition energies of Cu2ZnSiS4 [17], and the numbers deduced
from the expression proposed by O’Donnel and Chen [21] for
indirect band edge of Si and GaP are also listed in Table 2 for com-
parison. The fitted values of average phonon temperature of �Bi
for Cu2ZnSiS4 are found to be larger than that of Cu2ZnSiSe4. If we
assume the force constants of S and Se contented compounds are
similar, the difference of �Bi may be attributed mainly to the mass
difference between S and Se, where the heavier element, i.e. Se,
yields a lower phonon temperature.

The parameter ai in Eq. (3) can be related to aBi and �Bi in
Eq. (4) by taking the high-temperature limit of both expressions,
which yields to ai ≈ 2aBi/�Bi. Comparison of the values presented
in Table 2 shows that this relation is indeed satisfied. From Eq.
(4) it is straightforward to show that the high temperature limit
of the slope of Eind

gi
(T) versus T curve approaches the value of

−2aBi/�Bi, The calculated values of −2aBi/�Bi for Eind
g⊥ and Eind

g‖
equal to −0.34 (0.40) and −0.36 (0.30) meV/K for E⊥c and E‖c,
respectively, which agree reasonably with the values of dEind

g⊥ /dT =
−0.32(0.35) meV/K and dEind

g‖ /dT = −0.31(0.27) meV/K obtained
from linear extrapolation in the higher temperature (200–300 K)
absorption experimental data for Cu2ZnSiS4 (Cu2ZnSiSe4).

4. Summary

The temperature dependence of the indirect band-edge
transitions of single crystals Cu2ZnSiS4 and Cu2ZnSiSe4 were
characterized by using polarization-dependent absorption mea-
surements in the temperature range between 10 and 300 K. The
single crystals of Cu2ZnSiS4 and Cu2ZnSiSe4 were grown by chem-
ical vapor transport technique using iodine as transport agent. The
absorption measurements were carried out on the as-grown basal
plane with the normal along [2 1 0] and the c axis parallel to the long
edge of the crystal platelet. A comprehensive analysis of the absorp-
tion spectra revealed polarization-dependent anisotropic indirect
band gaps of Eind

g⊥ and Eind
g‖ for E⊥c and E‖c polarization, respectively.

A schematic representation of the plausible assignments for the
observed near band edge optical transitions for Cu2ZnSiQ4 was pre-
sented. The differences of the indirect band gaps Eind

g⊥ and Eind
g‖ are
attributed mainly due to the crystal field splitting at the � point of
the valence band. The splitting for Cu2ZnSiS4 is found to be larger
than that of Cu2ZnSiSe4. In addition, the temperature dependence
of the indirect band gaps has been analyzed by both Varshni- and
Bose–Einstein-type expressions. The parameters extracted from
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