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The quaternary semiconductor Cu2ZnSnS4 (CZTS) has attracted a lot of attention as a possible

absorber material for solar cells due to its direct bandgap and high absorption coefficient. In this

study, photovoltaic CZTS nanocrystalline film with a grain size of about 10 nm has been grown

on a c-plane sapphire substrate by radio-frequency magnetron sputtering. With increasing the

temperature from 86 to 323 K, the A1 phonon mode shows a red shift of about 9 cm�1 due to

the combined effects of thermal expansion and the anharmonic coupling to the other phonons.

Optical and electronic properties of the CZTS film have been investigated by transmittance

spectra in the temperature range of 8–300 K. Near-infrared-ultraviolet dielectric functions have

been extracted with the Tauc–Lorentz dispersion model. The fundamental band gap E0, and

higher-energy critical points E1 and E2 are located at 1.5, 3.6, and 4.2 eV, respectively. Owing to

the influences of electron–phonon interaction and the lattice expansion, the three interband

transitions present a red shift trend with increasing temperature. It was found that the absorption

coefficient in the visible region increases due to the modifications of electronic band structures.

The detailed study of the optical properties of CZTS film can provide an experimental basis for

CZTS-based solar cell applications.

1 Introduction

High efficiencies combined with the potential for low cost and

large scale production make the studied technology a serious

candidate for finally penetrating the photovoltaic market.1

Recently, the quaternary semiconductor Cu2ZnSnS4 (CZTS),

whose crystal structure and optical properties are similar to

those of Cu(In,Ga)Se2, has attracted considerable attention

for its technological applications in photovoltaic devices.2–4

With the advantages of a near-optimal band gap (B1.5 eV),5

high absorption coefficient (4104 cm�1),6 earth-abundant

elements, and low cost, CZTS has been considered as one of

the most promising photovoltaic absorber materials. Much

effort has been made on the investigations of the diverse

properties of CZTS.5–8 Recently, Persson reported the electronic

and optical properties of CZTS and Cu2ZnSnSe4 (CZTSe), and

found that CZTS has a larger band gap but a lower high frequency

dielectric constant.5 Gunawan et al. investigated the temperature

dependent electrical characteristics of the Cu2ZnSn(S,Se)4
solar cell and found that the device has very low minority

carrier lifetimes, and high series resistance at low temperature.9

Moreover, it was reported that the CZTS solar cell with a high

power conversion efficiency of up to 6.8% has been achieved

by thermal evaporation and sputtering.10 Also, Todorov et al.

reported a record of 9.66% conversion efficiency for the

Cu2ZnSn(S,Se)4-based solar cell using the spin-coating

method.3 According to the photon balance calculations of

Shockley–Queisser, CZTS is expected to have a theoretical

efficiency of more than 30%.11 Although the above concept

has already been accepted, the critical issue is to answer how

the electronic band structure and optical absorption of CZTS

layer are from the experimental viewpoint. In order to further

improve the optoelectronic device performance, it is necessary

to understand more about the physical properties and under-

laying mechanism of CZTS material as a solar cell absorber

layer.

As of now, most of the studies have focused on the structure

and electrical properties of CZTS.4,12,13 It should be empha-

sized that the optical properties of the absorber materials play

an important role in determining the efficiency of photovoltaic

devices. Although the optical and transport properties have

been theoretically studied,5,14 there are few experimental

investigations on interband electronic transition of CZTS

materials, especially for the ultraviolet-infrared dielectric func-

tions. The singularities in the imaginary part of dielectric

functions can be assigned to the specific interband transitions.

On the other hand, the optical band gap (OBG) is one of
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the fundamentally and technologically important characteris-

tics for solar cell applications. One crucial factor of solar cells

is the mismatch of their absorption to the terrestrial solar

spectrum, and an optimal band gap can enhance the number

of photons absorbed. Moreover, the temperature dependence

of the OBG from the interband transitions can provide

important information about the electron–phonon inter-

actions and collective excitations of semiconductors. In recent

experiments, the OBG values of the CZTSe compound are

scattered from about 1.0 eV to 1.5 eV using the linear extra-

polation method.15 It is well-known that films can be depo-

sited directly on diversified substrates and are expected to yield

better sensitivity and faster responses than the equivalent bulk

single crystal. Therefore, the temperature-dependent OBG of

CZTS film should be thoroughly studied in order to exploit its

potential applications in photovoltaic devices. Note that

optical transmittance spectroscopy is widely accepted and applied

in the case of transparent substrates, which can determine the

absorption edge, optical constants, and OBG. Furthermore, the

Raman scattering spectral technique can provide some invaluable

information on the structure, phase purity, chemical composition,

and lattice dynamics. Correspondingly, it can distinguish the

stannite or kesterite structures from other secondary phases that

are formed during CZTS growth.

In this paper, the optical properties of the CZTS film have

been investigated by Raman scattering and transmittance

spectral techniques. The temperature dependent OBG and

dielectric functions have been extracted by fitting the trans-

mittance spectra with the dispersion model. The effects from

temperature on the phonon modes and electronic band struc-

tures of the CZTS film have been discussed in detail.

2 Experimental details

2.1 Fabrication of the CZTS film

The CZTS film was prepared by radio-frequency (RF) magnetron

sputtering deposition in an argon atmosphere (1.6 Pa). The

double-side polished c-plane sapphire substrate, which was

selected for the ultraviolet transmittance measurements, was

ultrasonically cleaned in acetone, distilled water, and ethanol,

and dried in a nitrogen gas stream before being put into the

vacuum chamber. The CZTS target with a diameter of 50 mm

was obtained using a conventional solid-state reaction sintering

of highly pure cuprous sulfide (Cu2S), zinc sulfide (ZnS), tin

bisulfide (SnS2), and sulfur (S) powders. The substrate was

rotated at 10 rpm to ensure uniformity of film deposition. The

target was presputtered for several minutes to clean their

surfaces. After the deposition, the film was annealed at 400 1C

in an argon atmosphere for 1 h.

2.2 XRD, AFM, Raman scattering and transmittance spectra

measurements

The crystalline structure of the CZTS film was analyzed by

X-ray diffraction (XRD) using CuKa radiation (D/MAX-2550 V,

Rigaku Co.). The surface morphology was investigated by

atomic force microscopy (AFM) with the contacting mode in

areas of 2 � 2 mm2 (Digital Instruments Dimension 3100,

Veeco). Temperature-dependent Raman scattering experiments

were carried out by a Jobin-Yvon LabRAM HR 800 micro-

Raman spectrometer and a THMSE 600 heating/cooling stage

(Linkam Scientific Instruments) in the temperature range from

86 to 323 K. The set-point stability is better than 0.5 K. A laser

with a wavelength of 488 nm was used as the excitation source

with a power of 20 mW and the spectral resolution was better

than 1 cm�1. The laser beam was focused through a 50�
microscope with a numerical aperture of 0.35 and a working

distance of 18 mm. An air-cooled charge coupled device

(CCD) was used to collect the scattered signal dispersed on

1800 grooves/mm grating. The normal-incident transmittance

spectra of the CZTS film were recorded by a double beam

ultraviolet-infrared spectrophotometer (PerkinElmer Lambda

950) at the photon energy from 0.5 to 6.5 eV (190–2650 nm)

with a spectral resolution of 2 nm. The film was mounted into

a closed cycle refrigerator system (Janis SHI-4-1), where the

temperature can be varied from 8 to 300 K. Note that the

temperature dependent transmittance experiment of the sap-

phire substrate was carried out under the same conditions for

deriving its dielectric function. To eliminate the effects from

the windows of the cryostat, the transmittance spectra of the

quartz windows were also recorded at the corresponding

temperature.

3 Results and discussions

3.1 Structural and morphology characterizations

Fig. 1(a) shows the XRD pattern of the CZTS film. There are

the diffraction peaks (112), (200), (211), (220), and (312)

(PDF#26-0575). It indicates that the film is polycrystalline

and exhibits the single kesterite phase. The (112)-oriented

growth is observed to be dominant for the CZTS film.

According to Scherrer’s equation, the grain size is estimated

to be about 10 nm from the (112) diffraction peak. Fig. 1(b)

shows the AFM morphology of the CZTS film. The AFM

image shows a smooth surface with uniform island-like topo-

graphy and the surface roughness of about 3 nm is much

Fig. 1 (a) The X-ray diffraction pattern of the CZTS film at room

temperature. (b) The AFM three-dimensional image. (c) Raman

scattering spectra at 86 K. Note that the Lorentzian multipeak fitting

is given by the solid lines. (d) Experimental (dot lines) and best fit

(solid lines) transmittance spectra of the CZTS film at 8 and 300 K,

respectively. The horizontal coordinate is the logarithmic unit to

enlarge the transparent region.
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smaller than that prepared by pulsed laser deposition.7 From

the results of AFM and XRD, it can be concluded that the film

has a nanocrystalline growth pattern.

3.2 Lattice vibrations

The kesterite phase of CZTS has a space group of I%4, which

consists of a ccp array of S atoms, with metal atoms occupying

one half of the tetrahedral voids. For the kesterite phase

materials, the group analysis predicts 21 optical phonon

modes:16–18 (GRaman = 3A1 + 6B + 6E1 + 6E2). Here, B,

E1, and E2 modes are infrared-active, while A1, B, E1, and E2

modes are Raman-active modes. Fig. 1(c) displays the Raman

scattering spectrum of the CZTS film at 86 K. In order to

determine the peak positions of the phonon modes, a curve

fitting of the Raman spectrum in the wavenumber range of

100–500 cm�1 was carried out. The Lorentzian multipeak

fitting including three peak and shoulder structures at about

105, 263, and 340 cm�1 is required to describe the profile

satisfactorily. These peak positions are close to the previously

published results for the kesterite phase of CZTS.19–21 The

strongest peak can be attributed to the A1 symmetry of

kesterite CZTS.21 The A1 phonon mode is pure anion mode,

which corresponds to the vibration of S atoms surrounded by

motionless neighboring atoms.22 Furthermore, the XRD and

Raman results indicate the absence of phase separation and

formation of binary phases within the experimental detection

errors.

In order to observe the temperature effects on the lattice

vibrations of the CZTS film, Raman spectra were collected in

the temperature range from 86 K to 323 K and are shown in

Fig. 2(a). It can be found that the A1 phonon mode is strongly

affected by the temperature. As we know, the evolution of

phonon frequency and relative intensity with respect to

temperature can provide further valuable insights regarding the

anharmonicity of vibration. Fig. 2(b) presents the temperature

dependence of the A1 phonon frequency and the linearly fitting

result. With increasing the temperature, the A1 phonon

frequency linearly decreases from about 340 to 331 cm�1.

It suggests that the total red shift value of the phonon

frequency is about 9 cm�1, which is slightly larger than that

reported by Sarswat et al. (4 cm�1).18 The fact that the A1

phonon frequency shifts toward the lower energy side with the

temperature can be ascribed to the combined effects of thermal

expansion and the anharmonic coupling to other phonons.23,24

In order to further characterize the variation of the phonon

mode, the relative intensity of the A1 Raman line after back-

ground signal subtraction is exhibited in Fig. 2(c). One can

observe that the intensity of the vibration mode linearly

decreases with increasing the temperature. This may be

ascribed to the structural effects and lattice thermal effects,

which result in the reduction of the vibration strength in

S atoms surrounded by motionless neighboring atoms with

the temperature.

3.3 Theoretical consideration for transmittance spectra

It is a challenge to simulate the transmittance spectrum of a

semiconductor film in a wider photon energy region because

there is a stronger parameter correlation if a complicated dielectric

function model is applied. The inverse synthesis method is

based on a phenomenological model fitted to the experimental

results. The complex dielectric functions (e = er + iei) of the
CZTS film can be expressed using three Tauc–Lorentz (TL)

oscillator model:25,26

erðEÞ ¼ e1 þ
2

p
P

Z 1
0

xeiðEÞ
x2 � E2

dx ð1Þ

eiðEÞ ¼
X2
m¼0

AmEpmGmðE � EtmÞ2

ðE2 � E2
pmÞ

2 þ G2
mE

2

1

E
ð2Þ

where eN is the high frequency dielectric constant, P is the

Cauchy principal part of the integral, E is the incident photon

energy, Am, Epm, Gm, and Etm are the amplitude, peak position

energy, broadening term, and Tauc gap energy of the mth

oscillator, respectively.

The best-fit parameter values in eqn (1) and (2) can be found

using a Levenberg–Marquardt algorithm, which is an efficient

non-linear calculation method for many parameter fittings.27

In the method, the fitted parameters are independent of each

other and their standard errors are from the experimental

uncertainty. The best-fit model is chosen by optimizing

simultaneously the comparison between the experimental

and calculated spectra, unbiased estimator for the difference

between them, physical likelihood of the solution, 90% confi-

dence limits on each fitting parameter, and correlation coeffi-

cient matrix describing the degree of interdependence between

the parameters. The fitting is a process of minimizing error

function with the optimized values of the fitting parameters. In

addition, the dielectric function of the substrate should be

required in order to model the transmittance spectra of the

CZTS/sapphire multilayer structures.

As an example, the experimental and fitted transmittance

spectra of the CZTS film at 8 and 300 K are shown in Fig. 1(d)

with the dotted and solid lines, respectively. The interference

oscillation patterns (due to the finite thickness of the film) can

be observed at the photon energy below 1.5 eV, indicating that

Fig. 2 (a) Raman spectra of the CZTS film with increasing temperatures

from 86 K to 323 K. The dashed arrow is used to guide the eyes, which

shows the variations of the peak position and relative intensity for the

A1 phonon mode with the temperature. (b) The A1 phonon frequency

variation as a function of temperature. (c) The temperature dependence

of relative Raman scattering intensity for the A1 phonon mode.
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the film is transparent in this region. Note that the absorption

edge shifts toward a lower energy side with the temperature.

It indicates that the OBG decreases with increasing the

temperature and has a negative temperature coefficient.

A good agreement is obtained between the experimental and

calculated spectra in the entirely measured photon energy

range, especially near the fundamental band gap region. The

dielectric functions of the CZTS film can be uniquely deter-

mined by fitting the model function to the experimental data.

The fitted parameter values at 8 K, 150 K, and 300 K are

summarized in Table 1. It can be observed that the parameter A

increases while the parameters Ep and Et decreases with the

temperature. The thickness of the CZTS film is estimated to

909 � 1 nm by fitting the transmittance spectra recorded

at room temperature (RT). Note that the high frequency

dielectric constant eN is calculated to be 2.34 at RT. The

value is slightly less than that of the theoretical prediction,

which could be attributed to a low packing density and

polycrystalline structure of the CZTS film.5

3.4 Dielectric functions

Fig. 3(a) shows the evaluated dielectric functions of the kesterite

CZTS film at 8, 150, and 300 K, respectively. The real part er
increases with the photon energy and approaches the maximum,

then decreases with further increasing photon energy. For the

imaginary part ei, the experimental result is in good agreement

with that reported theoretically in the visible spectral range.28

However, the ei displays a peak in the photon energy range of

3–4 eV. The number of optical transition is related to the

physical properties of the CZTS film. Based on the theoretical

calculations and experimental observations, three transitions

at the photon energy from ultraviolet to near-infrared and the

assignments are widely acceptable. For the present CZTS film,

there are three thresholds in the ei spectra, located at about 1.5,

3.6, and 4.2 eV, respectively. With increasing the photon

energy, the transitions are labeled as E0, E1, and E2 in order.

With increasing the temperature, both the real part er and

imaginary part ei shift toward a lower energy side. This is

because the electronic orbital hybridization, band splitting,

and atom interaction are strongly affected by the temperature,

which results in the modification of electronic band structures.

At the photon energy of 1.5 eV, the er value was approximately

varied from 5.345 to 5.396 for the temperature varied in the

range of 8–300 K, which suggests that the refractive index n

correspondingly increases from 2.312 to 2.323.

3.5 Electronic band structures and interband transitions

We will try to explain the three interband transitions according

to the calculated density of states.14,29 Fig. 3(b) shows the

schematic diagram of the electronic band component and

electronic transitions in the CZTS film. For the kesterite

CZTS, the valence band (VB) is mainly made up of the

antibonding component of the hybridization between Cu-3d

states and S-3p states (Cu-3d/S-3p*).5,14,29 Furthermore, the

Cu-3d states are split into eg and t2g orbitals in the tetrahedral

crystal field, which hybridize with S-3p states to create a lower

and higher VB.14 On the other hand, the Sn-5s and S-3p states

hybridize (Sn-5s/S-3p) resulting in an occupied bonding state

about 8 eV below the top of the VB, and an antibonding state

(Sn-5s/S-3p*) making up the conduction band (CB).14 The

Sn-5p, Zn-4s, and Cu-4s orbitals are hybridized with S-3p,

with the bonding states deep in the VB (below the Cu-3d/S-3p

VB), and the antibonding states above the first Sn-5s/S-3p CB,

acting as the second CB.5,14

Based on the theoretical calculations and experimental

observations, the E1 feature can be assigned to the transition

from Cu-3d(t2g)/S-3p* states to Sn-5p/Zn-4s/Cu-4s/S-3p*

states at the G point. It suggests that the E1 transition

corresponds to the electron transition between VB and the

second CB. However, the E2 assignment could be more

complicated due to different origins from the theoretical

investigations.5,14,29 For example, the E2 peak can be attri-

buted to the transition from Cu-3d(e2g)/S-3p* states to Sn-5s/

S-3p* states or to the transition from Cu-3d(t2g)/S-3p* states

to Sn-5p/Zn-4s/Cu-4s/S-3p* states. Nevertheless, the calcu-

lated energies for both the transitions are much closer to the

experimental data of about 4.2 eV.

It may be inaccurate to determine the OBG by the conven-

tional linear extrapolated method owing to the small shift

of the absorption edge and selected experimental range.30

Fortunately, the OBG with the temperature can be directly

determined by theoretical fitting to the transmittance spectra

Table 1 The Tauc–Lorentz parameter values of the CZTS film are
determined from the simulation of transmittance spectra in Fig. 1(d) at
8, 150, and 300 K, respectively. Note that the eN is estimated to be
2.34 taken from the fitting result at room temperature

Oscillator Parameters 8 K 150 K 300 K

m = 0 A0 9.81 9.81 9.83
Ep0 1.51 1.51 1.49
G0 0.60 0.60 0.60
Et0 1.42 1.42 1.41

m = 1 A1 20.1 20.1 20.2
Ep1 3.58 3.58 3.54
G1 0.85 0.85 0.85
Et1 1.40 1.40 1.39

m = 2 A2 4.96 4.96 4.99
Ep2 4.27 4.26 4.19
G2 2.89 2.89 2.88
Et2 0.77 0.77 0.76

Fig. 3 (a) Real (er) and imaginary (ei) parts of the dielectric functions
for the CZTS film at 8, 150, and 300 K, respectively. The arrows

indicate the energy positions of the electronic transitions. The solid

lines and dot lines represent er and ei, respectively. (b) The schematic

diagram of electronic band structure and corresponding electronic

transitions in the CZTS film.
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with the TL model. The E0 transition could be related to the

direct band gap at the G points in the Brillouin zone. There-

fore, the parameter E0 should be a response to a transition

from the Cu-3d(t2g)/S-3p* states to the Sn-5s/S-3p* states. The

E0 transition energy is estimated to be 1.486 eV at RT, and the

value is similar to that derived by the experimental and

theoretical observations.5,31 As can be seen in Fig. 4(a), the

OBG energy decreases from 1.510 eV to 1.486 eV, corre-

sponding to increasing the temperature from 8 to 300 K.

For most semiconductors, the temperature dependence of

the direct band gap, determined from the absorption edges,

can be described by the Bose–Einstein model:32,33

EðTÞ ¼ E0ð0Þ �
2aB

expðYB=TÞ � 1
ð3Þ

where, E0(0) is the OBG at 0 K, aB is the strength of the

coupling interaction,YB� �hn/kB is the characteristic temperature

representing the effective phonon energy on the temperature

scale, and T is the experimental temperature. In principle, the

agreement between the experimental and theoretical data is

good with the model. The E0(0) value is estimated to be about

1.510 eV. The parameters aB and Y in eqn (3) are 56 meV and

523 K, respectively. The electron–phonon interaction and the

lattice thermal expansion are responsible for the band gap

narrowing with the temperature. In particular, the electron–

phonon interaction, which includes the contributions from

both acoustic as well as optical phonons, is usually the

dominating one.34–36 Note that the total energy shift of the

E0 transition is 23 meV, which indicates that band gap of

the CZTS film is remarkably stable with the temperature.

In contrast, the power conversion efficiency and the dark

resistance of Cu2ZnSn(S,Se) solar cells are extremely sensitive

to the temperature.9 Therefore, one can conclude that the

temperature effect on the OBG is rather small and could be

neglected in the solar cell applications.

Fig. 4(b) and (c) show the temperature dependence of the E1

and E2 electronic transitions, respectively. With increasing the

temperature, the E1 transition energy shifts from 3.582 to 3.542 eV,

while the obtained value of the E2 transition is varied between

4.267 and 4.193 eV. The total energy shifts of the E1 and E2

transitions are 40 and 74 meV, respectively. The total energy

shift of the E2 transition is larger than that of the low level

energy transitions. It indicates that the temperature has a

greater effect on the higher level electronic transition. Note

that both the variation trend of the E1 and E2 transition energy

also can be described by the Bose–Einstein model, as can be

seen in Fig. 4(b) and (c). Correspondingly, the band gap

energy narrowing coefficient (b = dE0/dT) of the kesterite

CZTS film is calculated to be �1.66 � 10�4 eV K�1, which

agrees with the results for most semiconductors reported.33

The negative b value indicates that the relative position of the

valence band and the conduction band shifts with increasing

the temperature.

3.6 Absorption coefficient

For absorber layer materials, the absorption coefficient

(a = 4pk/l) is one of the most important parameters for their

photovoltaic applications. To clarify the properties, the

absorption coefficient of the CZTS film at 8 and 300 K are

presented in Fig. 4(d). The order of magnitude is calculated to

be about 105 cm�1 in the visible light region, which is similar to

the values obtained theoretically and experimentally.5,37 The

large value of the absorption coefficient is an advantage for the

band-edge absorption efficiency in CZTS-based solar cells.

Considering the energy region absorbed by the solar cell is

typically less than 3 eV,14 the E1 and E2 electronic transitions

make a tiny contribution to the absorption. Therefore, the

most relevant transition for photovoltaic applications is

the electron excitation from the Cu-3d(t2g)/S-3p* band to the

Sn-5s/S-3p* band (see Fig. 3). The inset of Fig. 4(d) shows the

variation trend of absorption coefficient with the temperature

at the photon energy of 2.5 eV. It indicates that the a value

increases from 5.89 � 104 to 6.25 � 104 cm�1, corresponding

to increasing the temperature from 8 to 300 K. The phenomena

could be attributed to the decrease of the electronic transition

energy with the temperature, which results in more photons

being absorbed.

Due to the similarity between the photovoltaic CZTS and

CZTSe compounds, it is interesting to make a comparison of

the optical response behavior. Now, one can safely conclude

that the CZTS material has a direct band gap of about 1.5 eV

at RT. Compared to the CZTSe, the present CZTS has an

obvious advantage in solar cell devices. It was reported from

the first principles calculations that the chemical potential

range for the CZTS formation without the secondary phases

is very small.8,29 Therefore, it is necessary to avoid the

formation of ZnS precipitates to fabricate the CZTS com-

pound. As we know, ZnS has a wide band gap energy of about

3.5 eV at RT.38 From the above XRD and Raman analysis

(see Fig. 1), the ZnS impurity phase does not exist in the

present CZTS film, as compared to the reported results.21

Otherwise, the band gap will increase and the case is similar to

the ZnSe appearance in the CZTSe material.39 That is to say,

the OBG value of the CZTS film is intrinsic by studying the

high quality material, which confirms the theoretical data and

clarifies the argument. On the other hand, the longitudinal

Fig. 4 The temperature dependence of electronic transition energies

of (a) E0, (b) E1, and (c) E2, respectively. The solid curves are the fitting

results with the Bose–Einstein model. (d) The absorption coefficient of

the CZTS film at 8 and 300 K, respectively. The inset shows the

variation trend of the absorption coefficient with the temperature at

the photon energy of 2.5 eV.
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optical (LO) phonon energy of the CZTS film is estimated to

about 41 meV observed by Raman scattering spectra, which is

slightly smaller than that from the CZTSe film (28 meV).40 It

indicates that the phonon replicas and excitonic effect become

stronger in the CZTS film. To clarify the phenomena, the

photoluminescence experiments at low temperature are requi-

site to analyze the temperature quenching. Nevertheless, the

present investigations provide a critical judgment on the band

gap and higher-energy electronic transitions of the CZTS

material, which are helpful to optimize CZTS-based photo-

voltaic devices.

4 Conclusions

In summary, the A1 phonon frequency of the kesterite CZTS

film from Raman spectra linearly decreases from about 340 to

331 cm�1 with increasing the temperature from 86 to 323 K.

The dielectric functions, optical band gap, and interband

electronic transitions of the film have been investigated using

ultraviolet-infrared transmittance spectra in the temperature

range of 8–300 K. There are three electronic transitions, which

can be readily assigned to the transitions from the Cu-3d(t2g)/

S-3p* states to the Sn-5s/S-3p* states, Cu-3d(t2g)/S-3p* states

to Sn-5p/Zn-4s/Cu-4s/S-3p* states, and Cu-3d(e2g)/S-3p* states

to Sn-5s/S-3p* states, respectively. The optical band gap is

estimated to be about 1.486 eV at room temperature and has

a negative temperature coefficient.
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