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The optical properties of Tl4InGa3S8 layered single crystals have been

studied by means of transmission and reflection measurements in the wave-

length region between 400 and 1100 nm. The analysis of the room tempera-

ture absorption data revealed the presence of both optical indirect and direct

transitions with band gap energies of 2.40 and 2.61 eV, respectively. Trans-

mission measurements carried out in the temperature range of 10–300 K

revealed the rate of change of the indirect band gap with temperature as

γ = −6.0× 10−4 eV/K. The absolute zero value of the band gap energy was

obtained as Egi(0) = 2.52 eV. The dispersion of the refractive index is dis-

cussed in terms of the Wemple–DiDomenico single-effective-oscillator model.

The refractive index dispersion parameters: oscillator energy, dispersion en-

ergy, oscillator strength, and zero-frequency refractive index were found to

be 5.07 eV, 26.67 eV, 8.82× 1013 m−2, and 2.50, respectively.

PACS numbers: 78.20.Ci, 78.40.–q, 78.40.Fy

1. Introduction

Tl4InGa3S8 is the compound that belongs to the layered semiconductors
group. This crystal is formed from TlGaS2 crystal replacing a quarter of gallium
atoms by indium atoms [1, 2]. The crystal lattice has two-dimensional layers
arranged parallel to the (001) plane. The bonding between Tl and S atoms in
Tl4InGa3S8 is of an interlayer type whereas the bonding between (In)Ga and S is
of an intralayer type.

Optical and photoelectrical properties of TlGaS2 crystals were studied in
Refs. [3–8]. The fundamental absorption edges are formed by indirect and direct
transitions with Egi = 2.38 eV and Egd = 2.53 eV [3]. A high photosensitiv-
ity in the visible range of spectra, high birefringence in conjunction with a wide
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transparency range of 0.5–14 µm make these crystals useful for optoelectronic
applications [8]. Previously, we studied the optical properties of the Tl2InGaS4

crystals [9]. The analysis of the room temperature absorption data revealed the
presence of both optical indirect and direct transitions with band gap energies of
2.35 and 2.54 eV, respectively. From transmission measurements carried out in
the temperature range of 10–300 K, the rate of change of the indirect band gap
with temperature was found to be γ = −4.70× 10−4 eV/K.

The purpose of this study is to present the optical constants of Tl4InGa3S8

crystal in the wavelength range of 400–1100 nm. The room temperature reflectance
and transmittance data is analyzed to identify the refractive index, oscillator en-
ergy and strength, dispersion energy, zero-frequency dielectric constant, and refrac-
tive index. The determination of these optical constants is expected to widespread
the available physical information. The rate of change of the indirect band gap
with temperature is evaluated from temperature dependence of transmission spec-
tra in 10–300 K range.

2. Experimental details

Single crystals of Tl4InGa3S8 were grown by the Bridgman method from sto-
ichiometric melt of starting materials. The resulting ingots (green-yellow in color)
showed good optical quality and freshly cleaved surfaces were mirror-like. The
chemical composition of Tl4InGa3S8 crystals, shown in Fig. 1, was determined
by energy dispersive spectroscopic analysis (EDSA) using JSM-6400 Electron Mi-
croscope. The composition of the studied samples (Tl:In:Ga:S) was estimated as
26.1:6.1:19.0:48.8, respectively. Moreover, EDSA indicates that carbon, oxygen,
and silicon impurities are present in Tl4InGa3S8 crystals.

Fig. 1. Energy dispersive spectroscopic analysis of Tl4InGa3S8 crystal.
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Transmission and reflection measurements were carried out in the 400–
1100 nm wavelength region with a Shimadzu UV-1201 model spectrophotome-
ter by using 20 W halogen lamp, holographic grating, and silicon photodiode. For
room temperature reflection experiments we used the specular reflectance measure-
ment attachment with 5◦ incident angle. The resolution of the spectrophotometer
was 5 nm. An Advanced Research Systems, Model CSW-202 closed-cycle helium
cryostat was used to cool the sample from room temperature down to 10 K.

3. Results and discussion

For Tl4InGa3S8 single crystals, the transmittance (T ) and reflectivity (R)
spectra were measured in 400–1100 nm wavelength (λ) range (Fig. 2). The reflec-
tivity of the material with refractive index n and absorption coefficient α is given
by [10]:

R =
(n− 1)2 +

(
aλ
4π

)2

(n + 1)2 +
(

aλ
4π

)2 . (1)

The transmittance is represented by the expression

T =
(1−R)2 exp(−αd)
1−R2 exp(−2αd)

, (2)

where d is the sample thickness. By using these relations, n and α can be deter-
mined from the measurements of reflectivity and transmittance.

Fig. 2. The spectral dependence of transmittance and reflectivity for Tl4InGa3S8 crys-

tal at T = 300 K.

The reflectivity is measured using specimens with natural cleavage planes
and a thickness such that αd À 1. The sample is then reduced in thickness
(by repeated cleaving using transparent adhesive tape) until it is convenient for
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transmission measurements. The thickness is determined using transmission in-
terference fringes at wavelength slightly longer than the intrinsic absorption edge,
i.e., in a region with relatively high transmission (Fig. 2). For this purpose, the
long wavelength value of the refractive index n = 2.52, obtained from the reflection
measurements was used. In most cases the sample thickness was about 10 µm for
room temperature transmission measurements.

The dependence of absorption coefficient on photon energy is analyzed in
the high absorption regions to obtain the detailed information about the energy
band gaps. The absorption coefficient α and photon energy can be related by [10]:

(αhν) = A(hν − Eg)p. (3)
In this equation, A is a constant that depends on the transition probability and p

is an index that characterizes the optical absorption process and it is theoretically
equal to 2 and 1/2 for indirect and direct allowed transitions, respectively.

Fig. 3. The variation of absorption coefficient as a function of photon energy at T =

300 K. Insets 1 and 2 represent the dependences of (αhν)1/2 and (αhν)2 on photon

energy, respectively.

Figure 3 shows the calculated room temperature absorption coefficient α for
Tl4InGa3S8 crystal in the photon energy range 2.40–2.85 eV. It was revealed that
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α changes from 200 to 4230 cm−1 with increasing photon energy from 2.40 to
2.85 eV. Analysis of the experimental data shows that the absorption coefficient
is proportional to (hν − Eg)p with p = 2 and 1/2 for ranges 2.50–2.65 eV and
2.68–2.85 eV, respectively. Insets 1 and 2 of Fig. 3 display the dependences of
(αhν)1/2 and (αhν)2 on photon energy hν, respectively. The circles are the ex-
perimental data that were fitted to a linear equation (the solid lines) for finding
the band gaps. The linear dependences were observed for the relations (αhν)1/2

and (αhν)2 versus hν. This suggests the realization of indirect and direct al-
lowed transitions for Tl4InGa3S8 crystal over the ranges 2.50–2.65 eV and 2.68–
2.85 eV, respectively. The extrapolations of the straight lines down to (αhν)1/2 = 0
and (αhν)2 = 0 give the values of indirect and direct band gap energies Egi =
2.40± 0.02 eV and Egd = 2.61± 0.02 eV, respectively.

Figure 4 shows the transmission spectra for Tl4InGa3S8 crystal registered in
the temperature range of 10–300 K. Since the thin layered samples were very frag-
ile, they broke into pieces at low temperatures. Therefore, the low-temperature
measurements were carried out on thick samples (about 350 µm). As a conse-
quence, we were able to analyze the temperature dependence of indirect energy
band gap (Egi) only. Technical reasons did not allow a direct measurement of the
reflection at low temperatures. Therefore, for the calculation of absorption coef-
ficient α, the spectral dependence of room temperature reflectivity was uniformly
shifted in energy according to the blue shift of the absorption edge.

Fig. 4. The spectral dependence of transmittance for Tl4InGa3S8 crystal in the tem-

perature range of 10–300 K. Inset: the indirect band gap energy as a function of tem-

perature. The solid line represents the fit using Eq. (4).

The obtained value of indirect transition energy gap decreases with increasing
temperature as illustrated in the inset of Fig. 4. Namely, it shifts from 2.51 to
2.41 eV as temperature increases from 10 to 300 K. The temperature dependence
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of the energy band gap can be represented by the relation [10]:

Egi(T ) = Egi(0) +
γT 2

T + β
, (4)

where Egi(0) is the absolute zero value of the band gap, γ = dE gi/dT is the rate
of change of the band gap with temperature and β is approximately the Debye
temperature. The data of the Egi − T dependence (inset of Fig. 4) were fitted
using Eq. (4). The fitting is represented by the solid line that revealed the fitting
parameters as Egi(0) = 2.52 eV, γ = −6.0× 10−4 eV/K and β = 190 K. It should
be noted that the Debye temperature for Tl4InGa3S8 crystal was found to be
β = 183 K estimated by Lindemann’s melting rule [11].

The refractive index n as a function of wavelength, calculated using Eqs. (1)
and (2), is shown in Fig. 5. The refractive index in the energy region of hν < Eg

Fig. 5. The dependence of refractive index on the wavelength for Tl4InGa3S8 crystal.

Inset: Plot of (n2 − 1)−1 versus (hν)2. The solid line represents the fit using Eq. (5).

gradually decreases from 2.73 to 2.52 with increasing wavelength in the range
555–1100 nm. The long wavelength value of refractive index is consistent with the
values 2.7 (λ = 800 nm), 2.6 (λ = 1100 nm), and 2.6 (λ = 1100 nm) reported for
TlInS2 [12], TlGaS2 [13], and Tl2InGaS4 [9] single crystals, respectively.

The dispersive refractive index data in hν < Eg range were analyzed accord-
ing to the single-effective-oscillator model proposed by Wemple and DiDomenico
[14, 15]. This model was successfully applied to the experimental data for the
ternary TlGaSe2 and TlGaS2 layered crystals [16, 13]. The refractive index is
related to photon energy through the relationship

n2(hν) = 1 +
EsoEd

E2
so − (hν)2

, (5)

where Eso is the single oscillator energy and Ed is the dispersion energy. Plotting
(n2 − 1)−1 versus (hν)2 allows the determination of the oscillator parameters by
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fitting a linear function to the lower energy range (1.15–2.24 eV). The fitting of
the above reported function is presented in the inset of Fig. 5. The zero-frequency
refractive index n0 is estimated from Eq. (5), i.e. according to the expression
n2

0 = 1 + Ed/Eso.
The values of the parameters Eso and Ed were calculated from the slope and

the intersection with y-axis of the straight line (inset of Fig. 5) as 5.07 eV and
26.67 eV, respectively. Moreover, the values of zero-frequency dielectric constant
ε0 = n2

0 = 6.26 and refractive index n0 = 2.50 were evaluated by means of Eq. (5).
The oscillator energy Eso is an “average” gap energy and, to fair approximation,
it is associated empirically with the lowest direct band gap Egd by the relation
Eso ≈ 2Egd [17–20]. The ratio Eso/Egd for Tl4InGa3S8 crystal determined in this
study was found to be 1.94.

The refractive index n can also be analyzed to determine the oscillator
strength Sso for Tl4InGa3S8 crystal. The refractive index is represented by a
single Sellmeier oscillator at low energies [21]:

n2
0 − 1

n2 − 1
= 1−

(
λso

λ

)2

, (6)

where λso is the oscillator wavelength. Rearranging Eq. (6) gives [18]:

(n2 − 1)−1 =
1

Ssoλ2
so

− 1
Ssoλ2

. (7)

Here, Sso = (n2
0 − 1)/λ2

so. The values of Sso and λso calculated from (n2 − 1)−1

versus λ−2 plot were found to be 8.82×1013 m−2 (135.67 eV2) and 2.44×10−7 m,
respectively. The obtained value of oscillator strength is of the same order as those
obtained for ZnS, ZnSe, Ag2S, GeSe2, and TlGaS2 crystals [15, 22, 19, 13].

4. Conclusions

The optical transmission and reflection of Tl4InGa3S8 crystals were mea-
sured over the 400 and 1100 nm spectral region in order to derive the absorption
coefficient and refractive index. The analysis of the room temperature absorption
data revealed the coexistence of indirect and direct transitions in Tl4InGa3S8 crys-
tals with energy band gaps of 2.40 and 2.61 eV, respectively. The absorption edge
was observed to shift toward lower energy values as temperature increases from
10 to 300 K. The data were used to calculate the indirect energy band gap of the
crystal as a function of temperature. The rate of the change of the indirect band
gap with temperature was estimated as γ = −6.0× 10−4 eV/K. The absolute zero
value of the band gap energy was found to be Egi(0) = 2.52 eV. The refractive in-
dex dispersion data were analyzed using the Wemple–DiDomenico single-effective-
oscillator model. As a result, the oscillator energy, dispersion energy, oscillator
strength, and zero-frequency refractive index were determined.
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