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ABSTRACT

The temperature dependence of the band-edge excitonic transitions of Cu,ZnSiS, single crystals were
characterized by using polarization-dependent piezoreflectance (PzR) in the temperature range of
10-300K. The PzR 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. The PzR spectra revealed polarization-
dependent ES* and Ef* features for E_Lc and E||c polarization, respectively. Both ES* and Ef* features are
associated with the interband excitonic transitions at I" point and can be explained by crystal-field
splitting of valence band. From a detailed lineshape fit to the PzR spectra, the temperature dependence
of the transition energies and broadening parameters of the band-edge excitons were determined accu-
rately. The temperature dependence of near band-edge excitonic transition energies were analyzed using
Varshni and Bose-Einstein expressions. The temperature dependence of the broadening parameter of
excitonic features also has been studied in terms of a Bose-Einstein equation that contains the electron
(exciton)-longitudinal optical phonon-coupling constant. The parameters that describe the temperature
variation of the excitonic transition energies and broadening parameters were evaluated and discussed.

Optical spectroscopy

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, ternary chalcopyrites and quaternary chalco-
genides have been studied to observe their semiconducting and
optical properties. Cu;ZnSiS, is an indirect semiconductor [1]
which belongs to the family of Cu-based quaternary chalcogenide
compounds, Cuy-II-IV-Vly, crystallizing in the wurtz-stannite
structure with space group Pmn2 [2-4]. The structure of Cu,ZnSiS4
consists of alternating cation layers of mixed Zn and Si atoms which
are separated by layers of Cu atoms. It is therefore derived from an
ordering of the cations of the wurtzite cell. In this compound every
sulfur atom has four nearest neighbor cation atoms (two copper
atoms, one zinc, and a silicon atom) at the corners of the surround-
ing tetrahedron [2-4]. The material is of interest for its nonlinear
optical properties [5,6] and potential for application in the field of
energy, environment and optoelectronics [7,8]. Despite its inter-
esting optical properties and possible applications, up-to-date, the
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theoretical and experimental understanding of the basic properties
of Cu,ZnSiS, is still relatively incomplete [1,9], due to the difficulty
of preparing high quality single crystals.

In this paper, we report a detailed study of the temperature
dependence of the band-edge excitonic transitions of Cu;ZnSiS,
single crystals by using polarization-dependent piezoreflectance
(PzR) in the temperature range between 10 and 300 K. High quality
single crystals of CuZnSiS4 were grown by chemical vapor trans-
port using iodine as the transport agent. PzR has been proven to be
useful in the investigation and characterization of semiconductors
[10-12]. The derivative nature of PzR spectra suppresses uninter-
esting background effects and greatly enhances the precision in
the determination of transition energies. The shaper lineshape as
compared to the conventional optical techniques have enabled us
to achieve a greater resolution and hence to detect weaker fea-
tures. The PzZR measurements were carried out on the as-grown
basal plane with the normal along [210] and the axis ¢ parallel
to the long edge of the crystal platelet. The PzR spectra revealed
polarization-dependent E?* and Eff* features for E_Lc and E||c polar-
ization, respectively. From a detailed lineshape fit, the temperature
dependence of the energies and broadening parameters of the
excitonic transitions near direct band-edge were determined accu-
rately. The parameters that describe the temperature variation of
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Fig. 1. A schematic arrangement of the polarization-dependent PzR measurements.

the excitonic transition energies and broadening parameter were
evaluated and discussed.

2. Experimental

Single crystals of Cu,ZnSiS4 were grown by vapor transport of stoichiometric
amounts of the elements with 5 mg iodine/cm? 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 Cu,ZnSiS4 formed thin, greenish, blade shape up to 10 mm x 1.5 mm
in area and 300 wm in thickness. The orientation of the basal plane was determined
by comparing back-reflection Laue pattern with computer generated Laue plots.
With the X-ray beam normal to the basal plane, the Laue pattern displayed a twofold
asymmetry pattern. Analyzing the symmetry of Laue pattern confirms the formation
of orthorhombic structure and reveals that the normal of the basal plane is [210]
and the long edge of the crystal platelet is parallel to ¢ axis. The full width at half
maximum (FWHM) of the rocking curve (6 scan) in the vicinity of (2 10) normal
peak was determined to be ~0.007°. The small value of FWHM indicates that high
quality single crystals of CuZnSiS4 were grown.

Fig. 1 depicts the schematic arrangement of the polarization-dependent PzR
measurements with polarization configurations of E_Lc and E||c performed on the
as-grown basal plane with the normal along [2 1 0] and c parallel to the long edge of
the crystal platelet. A 150 W xenon arc lamp filtered by a 0.25 m grating monochro-
mator provided the monochromatic light. Model PRH 8020 CASIX Rochon prisms
were employed for polarization-dependent measurements. A model 3378 Hama-
matsu photomultiplier tube was used to detect the transmitted or reflected signals.
The PzR measurements were achieved by gluing the thin (~100 wm) single-crystal
specimens on a 0.15 cm thick lead zirconate titanate piezoelectric transducer driven
by a 300V;nys sinusoidal wave at 200 Hz. The DC output of the reflected signal was
maintained constant by a servomechanism of a variable neutral density filter. Adual-
phase lock-in amplifier was used to measure the detected signals. The entire data
acquisition procedure has been performed under computer control. Multiple scans
over a given photon energy range was programmed until a desired signal-to-noise
level has been obtained. For temperature-dependent measurements, a closed-cycle
cryogenic refrigerator equipped with a digital thermometer controller was used for
the low temperature measurements with a temperature stability of 0.5K or better.

3. Results and discussions

Fig. 2(a) and (b) illustrates the polarization dependence of the
PzR spectra of Cu,ZnSiSy in the vicinity of the direct band-edge at
10 and 300K, respectively. The PzR spectra show redshifts of the
transition energies and lineshape broadening characteristics as the
temperature increases from 10 to 300 K. The results indicate that
feature EY* is observed in E_Lc polarization (open-circles) while fea-
ture Eﬁx only appears in E||c polarization (open-triangles). In order
to determine the transition energies accurately, we have performed
a theoretical lineshape fit. The functional form used in the fitting
procedure corresponds to a first derivative Lorentzian line shape
function of the form [10-13]:
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Fig. 2. The unpolarized (solid-squares), E_Lc polarization (open-circles) and E||c
polarization (open-triangles) PzR spectra of Cu,ZnSiS4 at (a) 10K and (b) 300 K. The
solid lines are the least-squares fits of experimental data to Eq. (1). The obtained
values of the transition energies denoted as E* and Ef* are indicated by the arrows.

where i=_1 or ||, A; and @; are the amplitude and phase of the
lineshape, E; and I'; are, respectively, the energy and broadening
parameter of the interband transitions. For the first derivative func-
tional form, n=2 is appropriate for the excitonic transitions. For My
type three-dimensional critical point interband transitions, n=0.5
is appropriate [12,13]. Our experimental signatures are more con-
sistent with excitonic lineshape. From the spectral characteristics
of the PzR spectra, the features are most probably originating from
the interband excitonic transitions. Shown by the solid curves in
Fig. 2 are the least-squares fits to Eq. (1). Arrows under the curves in
Fig. 2(a) and (b) show the positions of the two interband excitonic
features, E? and Ef* at 10 and 300K, respectively. The obtained
values of E?* and Eﬁx at 10/300K are 3.389+0.003/3.323 +0.005
and 3.482 +0.003/3.413 £0.005 eV, respectively, and are listed in
Table 1. The fitted values of the broadening parameters are also
listed in Table 1. The unpolarized spectrum (solid-squares) can be
regarded as arandom superposition of the spectra withE Lcand E||c
polarizations. The energy difference between the low- and high-
energy transitions represents the crystal-field splitting between the
two levels of the valence band and will be discussed later.

At 10K the broadening parameters for both excitonic features
are ~40 meV and increase to ~60 meV at 300 K. The results imply
that the samples probably have many scattering centers which lead
to the large values of the broadening parameters at low tempera-
ture and thereby dominate the natural intrinsic exciton linewidth
which probably is much narrower. The observation of excitons at
room temperature implies that the exciton binding energy is larger
than 25 meV. When the temperature increases from 10 to 300 K, the
broadening parameters increase by ~kAT, where ATis the temper-
ature difference. This suggests that the exciton binding energy is of
order of several kAT; otherwise, the excitons would become too
broad to be observed. Furthermore, the similar broadening param-
eter of ELc and E||c excitonic features which is ~90meV apart
also suggests a fairly large binding energy of Cu,ZnSiS,4. An esti-
mate of the exciton binding energy may be obtained using the

Table 1
Values of the excitonic transition parameters E*, I",, Ef* and I') of Cu2ZnSiS4
obtained by fitting PzR data to Eq. (1) at 10 and 300 K.

Temperature  ES* (eV) I, (meV) EfX (eV) I’ (meV)
(K)

10 3.389 + 0.003 41+ 4 3.482 + 0.003 37+ 4
300 3.323 £+ 0.005 58 £5 3.413 + 0.005 61 +£5
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Fig. 3. A schematic representation of the plausible assignments for the observed
optical transitions near direct band-edge for Cu,ZnSiSs.

expression for the binding energy of the ground-state exciton [14],
Ep=—(ure*)/2h2e2, where e is the electron charge and ¢ is the
dielectric constant. The index of refraction n may be deduced from
an empirical relation called Moss rule where n*Eg =77 [15]. Take
the value of Eg = 3.05 eV [1], we may then evaluate & ~ n? =5.02. For
a wide band gap semiconductor, a larger effective mass of electron
and hole is expected [16]. Therefore, by assuming that the exciton
reduced mass pr=0.2me, the exciton binding energy is estimated
to be ~110meV. This result agrees well with the previous report
on the orthorhombic CuyZn;_yMnxGeS,4 [17]. Shih et al. reported
a magnetoreflectance study of orthorhombic CuyZn;_yMn,GeSg,
where the results suggest a large exciton binding energy of the
order 100meV [17]. The experimental evidences thus far point
to a general characteristic of the Cu,-1I-IV-VI4 compounds with
orthorhombic structure of having a rather large exciton binding
energy. A more systematic experimentation should be carried out
to verify this property.

Adopting the band-structure calculation of Cu,ZnGeS,4 by Chen
et al. [18], a schematic representation of the plausible assignments
for the observed polarization-dependent PzR spectra of Cu,ZnSiSy
is presented in Fig. 3. The observed near band-edge PzR spectra
are attributed to the direct I" point transitions from the valence
band maximum (VBM) to conduction band minimum (CBM). Con-
struction of this schematic diagram at I" point is based upon two
assumptions. First, the conduction and valence bands are assumed
to be dominated by s-like and p-like, respectively. It is referred from
the crystal structure’s tetrahedral bonding arrangement which
arises from s-p3 hybridization. The degree of p-d hybridizations
is assumed to be small and can be neglected. The s-like and p-
like energy bands involved in the optical transitions shall have
the same symmetry properties as the atomic functions s, p;; and
p.1z. The second assumption is that spin-orbit splitting is much less
than the crystal-filed splitting and thus may be neglected. We infer
this from the PzR spectrum which exhibits one transition for E_Lc
and a distinctly higher transition for E||c. The energy of the transi-
tion depends strongly on the orientation of the polarization with
respect to the crystallographic directions. This suggests that the
orbital angular momentum of the p states is sufficiently quenched
to render the spin-orbit interaction negligible. Thus the splitting
between the E_Lc and E||c levels of the valence band shown in Fig. 3
is attributed solely to the orthorhombic crystalline symmetry of
Cu,ZnSiS, which is described by the space group Pmn2;.

The temperature-dependent PzR spectra of Cu,ZnSiS4 with ELc
and E||c polarizations at 10, 77, 150, 225 and 300K are shown in
Fig. 4. The open-circles and triangles curves are, respectively, the
experimental PzR spectra of E_Lc and E||c polarizations, while the
solid curves are the least-squares fits to Eq. (1). Arrows below the
curves in Fig. 4 show the positions of the two interband excitonic
features. As the general property of most semiconductors, the exci-
tonic transitions in the PzR spectra exhibit a redshift and lineshape
broadening when the temperature is increased.

Fig. 4. The E_Lc polarization (open-circles) and E||c polarization (open-triangles)
PzR spectra of Cu,ZnSiS, at 10, 77, 150, 225 and 300 K. The solid lines are the least-
squares fits of experimental data to Eq. (1). The obtained transition energies are
denoted by arrows.

Fig. 5 shows the fitted data of temperature dependence of the ES*
and Ef* excitonic transition energies. The uncertainties in experi-
mental data are expressed in the form of the representative error
bars. The solid curves in Fig. 4 are the least-squares fits to the
Varshni empirical relationship [19]:

(X,‘Tz
Bi+T’

E®X(T) = E;(0) (2)
where i= 1 or ||, E;(0) is the excitonic transition energy at OK, and
«; and B; are the Varshni coefficients. The constant ¢; is related to
the electron (exciton)-phonon interaction and g; is closely related
to the Debye temperature. The obtained values of E;(0), «; and B;
corresponding to the excitonic transitions for Cu,ZnSiS4 are listed
in Table 2. For comparison purposes the numbers from previous
reports on freestanding wurtzite WZ-GaN [20], GaAs [21], ZB-ZnSe
[22] and ZB-ZnS [23] are listed in Table 2.

The temperature dependence of the interband excitonic tran-
sition energies EY* and Ef* can also be fitted (dashed curve) by
an expression containing the Bose-Einstein occupation factor for
phonon [21,24]:

2(13,'

EI) = B0~ @D =1

(3)

Fig. 5. Dependence on temperature of the excitonic transition energies of
CupZnSiS4. The open-circles and triangles are energies of the ES* and Eﬁ" excitonic
transitions, respectively, with representative error bars. The dashed and solid curves
represent the fit to the Varshni (Eq. (2)) and Bose-Einstein (Eq. (3)) expressions,
respectively.
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Table 2

Values of the Varshni and Bose Einstein parameters of Cu,ZnSiS4 obtained by fitting the temperature dependence data of the E* and Ef* excitonic transition energies to Eqgs.
(2) and (3), respectively. The corresponding values for the freestanding WZ-GaN, GaAs, ZB-ZnSe and ZB-ZnS are also listed for comparison.

Materials Feature E(0) (eV) a (1074 eV/K) B(K) ag (meV) Og (K)

Cu,ZnSiS, Ers 3.390 + 0.003 5+1 380 + 90 80 + 10 370 + 50
Er 3.482 + 0.003 5+1 350 + 100 70 + 10 340 + 50

WZ-GaN? Acx 3.490 + 0.001 104 + 0.8 1100 + 100 75 + 20 350 + 50
IBES 3.500 + 0.001 10.5 £ 0.8 1100 + 100 75 £ 20 350 + 50
cex 3.520 + 0.001 10.6 £ 0.8 1100 + 100 76 + 20 350 + 50

GaAsP Eg 1.517 + 0.008 55+13 225 +174 57 £ 29 240 + 50

ZB-ZnSe® Eg 2.800 + 0.005 73 +1 295 + 35 73+ 4 260 + 10

ZB-ZnS¢ Eg 3.844 6.3 250 73 272

3 Ref. [20].

b Ref. [21].

¢ Ref. [22].

d Ref. [23].

where i=_1 or ||, Ej(0) is the excitonic transition energy at 0K, ag;
represents the strength of the electron (exciton)-phonon interac-
tion, and ®p; corresponds to the average phonon temperature. The
fitted values for E;(0), ag;, and @p; are given in Table 2, and the corre-
sponding values for freestanding WZ-GaN [20], GaAs [21], ZB-ZnSe
[22] and ZB-ZnS [23] are also listed in Table 2 for comparison.

The parameter «; in Eq. (2) can be related to ag; and Op;
in Eq. (3) by taking the high-temperature limit of both expres-
sions, which yields to «; =2ag;/@p;. Comparison of the values
presented in Table 2 shows that this relation is indeed satisfied.
From Eq.(3)itis straightforward to show that the high-temperature
limit of the slope of ES*(T) versus T curve approaches the value
of —2ag;/@p;, The calculated values of —2ag;/Op; for E* and Ef¥
equal to —0.43 and —0.41meV/K for ELc and E||c, respectively,
which agree well with the values of dES*/dT = —0.41 meV/K and
dE{*/dT = —0.37 meV/K obtained from linear extrapolation in the
higher temperature (200-300 K) PzR experimental data.

The fitted values of the broadening parameters of the E?* and
Eﬁx features for Cu,ZnSiS4 with representative error bars are dis-
played in Fig. 6. The temperature dependence of the broadening
parameters of semiconductors can be expressed as [21]:

Tio
[exp(@yo/T) - 1]
where i=_1 or ||, the first term of Eq. (4) represents the broad-
ening invoked from temperature-independent mechanisms, such
as electron-electron interactions, impurity or dislocation, whereas

the second term is caused by the electron (exciton)-longitudinal
optical (LO) phonon (Fréhlich) interaction. The quantity I rep-

I{(T) =T + (4)

Fig. 6. Temperature-dependent broadening parameters of the excitonic features of
CupZnSiS,. The open-circles and triangles are broadening parameters of the E$* and
E* features, respectively, with representative error bars. The solid curves represent
the least-squares fits of the data to Eq. (4).

Table 3

Values of the Iy, I';p and ®;p parameters of Cu,ZnSiS4 obtained by fitting the
temperature dependence of the broadening parameters of the E$* and Ef features
to Eq. (4). For comparison the numbers for GaAs and ZB-ZnSe are listed.

Materials Feature Iy (meV) I'1o (meV) Opo (K)

CuyZnSiSy JEE 4145 55+ 12 440+90
Efx 37+5 65 + 15 4204120

GaAs? Eg 2 20+ 1 417

ZB-ZnSeP Eg 6.5+2.5 24 + 8 360

2 Ref. [25].

b Ref. [22].

resents the strength of the electron (exciton)-LO phonon coupling
while ®;;¢ is the LO phonon temperature [21]. The solid curves in
Fig. 6 are least-squares fits to Eq. (4), which made it possible to eval-
uate Iy, I'jip and ®;;¢ for the excitonic transitions of CuyZnSiSy.
The obtained values of these quantities are listed in Table 3 together
with the numbers for GaAs [25], and ZB-ZnSe [22].

As listed in Table 3, the values of I" g and I"||o for the excitonic
transitions are determined to be approximately 41 and 37 meV,
respectively. The large values of I'jy imply that the sample probably
have many scattering centers such as compositional fluctuations,
alloy scattering, electron—electron interaction, impurity and dislo-
cation etc. From Tables 2 and 3, it can be seen that ®;; o is higher than
®;g. The smaller values ®;3 to the relevant to ®;;o can be caused
by the contribution of the acoustic and optical phonons to the tem-
perature variation of the excitonic gap energy whereby ®;;¢ is due
to the electron (exciton)-LO phonon coupling [21,24]. The values
for the exciton-LO phonon-coupling parameters, I" ;0 and I'|j;o,
obtained by the fit to Eq. (4) are 55 and 65 meV, respectively, which
are considerably larger than those reported for GaAs (20 meV) [25]
and ZnSe (24 meV) [22]. The larger value of I';p might be due to
the much lager average LO phonon in comparison to that of ZnSe
and GaAs. In addition, it is possible that a larger deformation poten-
tial interaction, which may account for a significant fraction of "¢
in addition to the Frohlich interaction, is responsible for the larger
.

4. Summary

The temperature dependence of the band-edge excitonic tran-
sitions of CuyZnSiS, single crystals were characterized by using
polarization-dependent PzR in the temperature range between
of 10 and 300K. The single crystals of Cu,ZnSiS; were grown
by chemical vapor transport technique using iodine as transport
agent. The PzR measurements were carried out on the as-grown
basal plane with the normal along [210] and the ¢ axis parallel
to the long edge of the crystal platelet. The PzR spectra revealed
polarization-dependent E* and Eﬁx features for E_Lc and E||c polar-
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ization, respectively. The splitting of 90 meV between the E_Lc and
E||c levels at the I" point of the valence band may be attributed
solely to the orthorhombic crystalline symmetry of Cu,ZnSiSy
which is described by the space group Pmn2;. From a detailed line-
shape fit to the PzR spectra, the temperature dependence of the
transition energies and broadening parameters of the band-edge
excitons were determined accurately. The temperature depen-
dence of the near band-edge excitonic transition energies has been
analyzed by both Varshni- and Bose-Einstein-type expressions.
The parameters extracted from both expressions by extending into
the high-temperature regime are found to agree reasonably well.
The parameters that describe the temperature dependence of the
broadening function of the band-edge excitonic features have also
been studied. The electron (exciton)-LO phonon-coupling constant,
I'1p, are determined to be considerably larger than that reported
for GaAs and ZnSe. The larger value of 1" o might be due to the much
lager average LO phonon in comparison to that of ZnSe and GaAs. In
addition, it is possible that a larger deformation potential interac-
tion, which may account for a significant fraction of I"; o in addition
to the Frohlich interaction, is responsible for the larger I'jo.
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