
MRS Advances © 2020 Materials Research Society. This is an Open Access article,

distributed under the terms of the Creative Commons Attribution-NonCommercial-

ShareAlike licence (http://creativecommons.org/licenses/by-ncsa/4.0/), which permits

non-commercial re-use, distribution, and reproduction in any medium, provided the same

Creative Commons licence is included and the original work is properly cited.

The written permission of Cambridge University Press must be obtained for commercial

re-use. 

DOI: 10.1557/adv.2020.186
 

 

Anisotropic Optical Properties of 2D Silicon 
Telluride 

Romakanta Bhattarai,1 Jiyang Chen,1 Thang B. Hoang,1 Jingbiao Cui,2 and Xiao Shen1  

1
Department of Physics and Materials Science, University of Memphis, Memphis, TN 38152, USA 

2
Department of Physics, University of North Texas, Denton, TX 76201, USA 

ABSTRACT
 

Silicon telluride (Si2Te3) is a silicon-based 2D chalcogenide with potential applications in 

optoelectronics. It has a unique crystal structure where Si atoms form Si-Si dimers to occupy 

the “metal” sites. In this paper, we report an ab initio computational study of its optical 
dielectric properties using the GW approximation and the Bethe-Salpeter equation (BSE). 

Strong in-plane optical anisotropy is discovered. The imaginary part of the dielectric constant 

in the direction parallel to the Si-Si dimers is found to be much lower than that perpendicular 

to the dimers. The optical measurement of the absorption spectra of 2D Si2Te3 nanoplates 

shows modulation of the absorption coefficient under 90-degree rotation, confirming the 

computational results. We show the optical anisotropy originates from the particular 

compositions of the wavefunctions in the valence and conduction bands. Because it is 

associated with the Si dimer orientation, the in-plane optical anisotropy can potentially be 

dynamically controlled by electrical field and strain, which may be useful for new device 

design. In addition, BSE calculations reduce GW quasiparticle band gap by 0.3 eV in bulk 

and 0.6 eV in monolayer, indicating a large excitonic effect in Si2Te3. Furthermore, including 

electron-hole interaction in bulk calculations significantly reduces the imaginary part of the 

dielectric constant in the out-of-plane direction, suggesting strong interlayer exciton effect in 

Si2Te3 multilayers. 

INTRODUCTION  

Since the last decade, two-dimensional materials have drawn a lot of interest in 

potential applications and fundamental sciences. Many 2D materials: graphene [1-3], 
transition-metal dichalcogenides such as MoS2 [4], phosphorene [5,6], and more have 

been fabricated, and the investigations revealed interesting properties different from their 
bulk forms. Among the many properties of 2D materials, the optical properties are 
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particularity notable, as the low dimensionality significantly reduces dielectric screening, 

thus greatly enhancing the exciton binding energies [7]. As a result, 2D materials have 
attracted significant attention for optoelectronics. Moreover, in-plane optical anisotropy 

in 2D materials such as phosphorene [8], group IV mono-chalcogenides [9], ReS2 [10], 
GaTe [11], and Td WTe2 [12] offers an additional degree of freedom for device design 

and have potentials in angle-dependent optical and optoelectronic applications [13,14]. It 
is also proposed that the dielectric anisotropy in two-dimensional SnO and SnSe 

monolayers can be utilized so that one can use a linearly polarized laser pulse to drive a 
phase transition in these materials [15]. 

 Silicon telluride (Si2Te3) is a silicon-based layered material that is recently 
made into 2D multilayers[16]. This material has a peculiar crystal structure: the Si atoms 

form Si-Si dimers to fill 2/3 of the allowed “metal” sites between the Te layers [17, 18]. 
There are four possible orientations of each Si-Si dimers, three in-plane, and one out-of-

plane. The rotation of a Si-Si dimer has an activation energy of 1 eV and can happen at 
room temperature [19]. The Si-Si dimer orientation adds an additional internal degree of 

freedom that is unique in this material. The optical properties of Si2Te3 have been 
experimentally investigated for potential applications in optoelectronics. 

Photoluminescence measurements show that the band gap emission was observed below 
90 K, and the defect emission was observed at room temperature [20]. The relaxation of 

photocarriers also exhibits strong temperature dependence, possible related to the Si-Si 
dimer dynamics [21]. However, there are no theoretical calculations of the optical 

constants of Si2Te3 nor experimental measurement of the optical anisotropy. It was also 
demonstrated that the optoelectronic properties of the materials can be tuned by doping 

and intercalation [22]. For practical applications, Si2Te3 offers an additional advantage as 
it can be potentially compatible with the Si technology that is prevalent in the industry 

[16].  
In this paper, we report a combined computational and experimental study of 

the optical properties of  2D Si2Te3. Using ab-initio many-body GW approximation and 
Bethe-Salpeter equation (BSE), we obtain the dielectric constants of bulk and monolayer 

of Si2Te3. The results show strong in-plane optical anisotropy in Si2Te3. The imaginary 

part of the dielectric constant in the direction parallel to the Si-Si dimers is significantly 
smaller than the value perpendicular to the dimer. This effect is due to the compositions 

of the valence and conduction bands. Experiments verify the existence of the optical 
anisotropy. Because the anisotropy is determined by the Si dimer orientation, it can 

potentially be dynamically controlled by electrical field and strain, which may be useful 
for new device design. We also find that including electron-hole interaction reduces the 

quasiparticle band gap by 0.3 eV in bulk and 0.6 eV in a monolayer, indicating a large 
excitonic effect in Si2Te3. In addition, including electron-hole interaction in bulk 

calculations significantly reduces the imaginary part of the dielectric constant in the out-
of-plane direction, indicating strong interlayer excitons in this material.  

THEORETICAL DETAILS  

The calculations of the optical dielectric constants are carried out in three steps. 
In the first step, we perform standard density functional theory (DFT) calculations using 

the Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional under generalized 
gradient approximation (GGA) [23]. The pseudopotential used throughout the calculation 

was constructed under the projected augmented wave (PAW) method [24]. The 
electronic convergence is achieved when the energy difference between two successive 

steps is less than 10
-9

 eV. The atomic positions are fully relaxed until the energy 
difference between two successive steps is less than 10

-8
 eV. The integration over the 

Brillouin zone was performed with a grid of 3 3 3 k-point grid centered at  . Static and 
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frequency-dependent dielectric constants are calculated by the DFT method, including 

the local field effect. In the second step, we carry out many-body calculations using the 
GW approximation [25,26] that includes the quasiparticle correction to the DFT Kohn-

Sham states [27]. In the GW approximation, the electronic self-energy is approximated 
by a product of single-particle Green’s function (G) and the screened Coulomb potential 
(W). In this work, single-shot GW (G0W0) calculations are performed. The calculation is 
done using 248 bands to take into account enough unoccupied bands. In the final step, we 

carry out calculations based on the Bethe-Salpeter equation (BSE) [28-30], which 
includes the electron-hole interaction (excitonic effect) that is absent in DFT and GW 

approaches. All the calculations were performed using the VASP (Vienna Ab initio 
Simulation Package) code [31]. 

The calculations are carried out for both bulk and monolayer of Si2Te3. Figure 1 
shows the structural model of bulk Si2Te3 used in the calculations. This structure 

corresponds to the ground state of Si2Te3, where all the Si-Si dimers are oriented in the 
same direction to lower the total energy of the system [19]. Although  Si2Te3, like many 

other 2D chalcogenides, has a hexagonal-like lattice due to the packing of Te atoms, the 
primitive unit cell of the ground state structure is actually triclinic because the two in-

plane lattice vectors, a1 and a2, do not have the same length, as one of them is parallel to 
the Si-Si dimer and the other is not. Each bulk unit cell contains two vertically stacked 

monolayers. The primitive unit cell contains 8 Si atoms (4 Si-Si dimers) and 12 Te 
atoms. We choose the y-axis to be along the direction of the Si-Si dimer. The bulk Si2Te3 

consists of a periodic repeating of such unit cell along the crystal axis in the out-of-plane 
direction. 

 

Figure 1. Top and side view of bulk Si2Te3. Si and Te atoms are in blue and tan color, respectively. The x- 

and y-axes are perpendicular and parallel to the Si dimers, respectively. The y-axis is aligned with the 

crystal axis a1. 
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EXPERIMENTAL DETAILS 

Reflection measurements are introduced to probe the optical property of 
individual Si2Te3 nanoplates. The nanoplates were synthesized in a tube furnace (MTI 

1200X) by using tellurium (30 mesh, 99.997%, Aldrich) and silicon powders (325 mesh, 
99%, Aldrich) as source materials. Te and Si powders were placed in a ceramic crucible 

and loaded into the high-temperature tube furnace. Si substrate was placed downstream 
of the gas flow in a quartz tube. The substrate was kept at 652 °C while the source 

materials were heated to 850 °C during growth. High purity N2 was used as the carrier 
gas with a flow rate of 20 sccm. The furnace was heated at a rate of 20 °C/min and 

maintained at 850 °C for Si2Te3 nanoplate growth for 5 min. After growth, the tube 

furnace was accelerated cool down to room temperature in 20 minutes by gradually 
opening the lid of the furnace. 

The polarized reflection measurement was carried out at low temperature to 
reduce the thermal effect in the sample, i.e. the thermal quenching of the excitonic states. 

The sample was cooled down to 7 K in a vacuum chamber of an optical cryostat. In this 
measurement, the incident light source was from a Xenon arc lamp which produced a 

broad spectrum from 300 to 1000 nm. The non-polarized incident light was focused onto 
a single Si2Te3 nanoplate by a 20× objective lens. The polarized reflection spectrum was 

collected by the same objective lens and analysed by a linear polarizer (Thorlabs, 
LPVISC100-MP2), dispersed by a spectrometer (Horiba iHR550) and then detected by a 

charge-coupled-device.   

THEORETICAL RESULTS  

First, we calculate the static dielectric constants of Si2Te3 and check them 

against available experimental data obtained at room temperature. We need to note that a 
sample of Si2Te3 at the room temperature will contain a number of domains of Si-Si 

dimers in all three possible in-plane directions with equal possibility. Within each 
domain, there will be a large number of horizontally misaligned dimers and a small 

number (1%) of vertically misaligned dimers [19]. The measured dielectric constants at 
room temperature can be approximated by a mole-fraction average of all domains with 

different horizontal orientations. This average also takes into account the horizontally 
misaligned dimers within each domain, as they can be viewed as nanoscale domains 

themselves. Such an average is equivalent to taking the average value of    and   . The 

contributions from vertically misaligned dimers can be neglected since their population 
(mole-fraction) is small.   

The static dielectric constants from DFT calculations are   ( )      ,   ( )      , and   ( )      . Taken an average of   ( ) and   ( ), we obtain the in-

plane dielectric constant   ( )      . This value, along with   ( )      , are in 

agreement with the experimental values of   ( )          and   ( )          

[32]. It is interesting to note that the energy density in an electric field is 
     , the ~20% 

difference between   ( ) and    ( ) suggests that the energy in an electric field is lower 

when it is applied along the Si-Si dimer direction. As Si-Si dimer rotation has an 
activation energy of 1 eV and thus can happen at room temperature, under strong electric 

field, the dimers may align with the applied electric field to reduce the energy of the 
field. Therefore, a large electrical field may be used as a method to control the dimer 

alignment and alter the resulting optical anisotropy, which is discussed below. In 
addition to electrical field, a mechanical strain can also promote the alignment of Si 

dimers and control the optical anisotropy. 
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Figure 2 shows the imaginary part of the frequency-dependent dielectric 

constants of bulk Si2Te3 from DFT, GW, and BSE methods. The electron energy loss 

function Im(− / )  from calculations agrees well with experiments and further confirms 
the validity of the model and the methods (see Supplemental Information). From the 

DFT calculations, we deduce a band gap of 1.45 eV. From the GW calculations, we find 
the quasi-particle band gap to be 2.24 eV, much higher than the DFT result. From the 

BSE calculations, we obtain an excitonic band gap of 1.95 eV. The results suggest that 

the exciton binding energy is about 0.3 eV in bulk Si2Te3. Figure 3 shows the results of 
monolayer Si2Te3. The quasi-particle band gap from GW calculation is 2.85 eV, which is 

higher than the bulk value.  From the BSE calculations, we obtain an excitonic band gap 
of 2.24 eV, suggesting a large exciton binding energy of 0.6 eV in monolayer Si2Te3.  

Strong anisotropy in the frequency-dependent dielectric constants is observed in 

both bulk and monolayer. From BSE calculations of bulk Si2Te3, the maximum Im(  ) is 
observed at 3.3 eV of photon energy, with a peak value of 13.0 (Figure 2a). Meanwhile, 

the maximum Im(  ) is observed at a similar photon energy, with a peak value of 8.5 

(Figure 2b).  The results indicate that Si2Te3 is highly anisotropy in the optical regime. 

The fact that Im(  ) is significantly larger than Im(  ) in optical regime is also observed 

in DFT and GW calculations, and in the case of 2D monolayers as well (Figure 3). The 

theoretical prediction of optical anisotropy is confirmed by the experimental results as 
described below. 

 

 

Figure 2.  Imaginary part of the dielectric constant of bulk Si2Te3 along (a) x, (b) y, and (c) z-axes using 

three approaches (DFT, GW and BSE). The x- and y-axes are perpendicular and parallel to the Si dimers, 

respectively. The y-axis is aligned with the crystal axis a1.  

EXPERIMENTAL RESULTS  

A typical reflection spectrum of a single Si2Te3 nanoplate is shown in Figure 4a. 
The inset shows a scanning electron microscope image of the nanoplate. The reflection 

spectrum was normalized using the formula:                         . Here    ,      and        are 

the reflection spectra from nanoplate, silicon substrate and camera noise. The reflection 
spectrum of a single Si2Te3 nanoplate shows two interesting features. First, below the 
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wavelength of 521 nm the normalized reflection value   was smaller than 1. This 
indicates that below the wavelength of 521 nm the incident photons were absorbed by the 

nanoplate. This observation hints an idea that the band gap of Si2Te3 nanoplate at 7 K is 
near 2.38 eV or 521 nm, and the photons above this energy will be absorbed. The 

inferred bandgap of 2.38 eV at 7 K in the Si2Te3 nanoplate is consistent with a previous 
reported value of 2.34 eV at 4.2 K for bulk Si2Te3 [32]. The absorbed photons then 

promote electrons from the valence band to the conduction band or other defect centres 

to form excitonic states, and these subsequently annihilate to emit photons. Secondly, 

above the wavelength 521 nm the normalized reflection value   was greater than 1, 
which indicates additional light was emitted from the nanoplate. It is very likely that the 

emitted light, such as photoluminescence resulted from the absorption at energy larger 
than the band gap and followed by a re-emission process. For instance, a high energy 

photon is absorbed to promote an electron to an excited state, which can then relaxed or 
scattered with defects or phonons before going back to the ground state and emit a 

photon at lower energy. This is consistent with previous observations that Si2Te3 has a 

complicated defect/surface states that can result in photoluminescence emission in the 
600-900 nm range [20,21].  The intensity plot for each polarized reflection at 500 nm is 

shown in Figure 4b. The minimum intensities of reflection spectra at various polarizer 

angles show a cosine-like dependence. We observe the highest reflection at 22  and the 

lowest reflection at 112 , and the pattern is repeated by 180 . This result confirms an 

anisotropic optical absorption of Si2Te3, which is the result of the asymmetry in the 
dielectric constants. 

 

 

 

Figure 3. Imaginary part of the dielectric constant of monolayer Si2Te3 along (a) x, (b) y, axes using three 

approaches (DFT, GW and BSE). The x- and y-axis are perpendicular and parallel to the Si dimers, 

respectively. 
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Figure 4. Reflection spectrum of a Si2Te3 nanoplate at 7 K (a) and the reflection intensity at different 

polarization angles from 0° to 360° (b). Inset of (a) is SEM image of the nanoplate.  

DISCUSSION  

The observed optical anisotropy in Si2Te3 can be understood from the specific 

composition of the conduction and valence bands. In Figure 5, we show the wave 
functions of the conduction band minimum (CBM) and valence band maximum (VBM) 

in bulk Si2Te3. The oscillation strength under electric field in x or y-direction is 

proportional to  ⟨   | |   ⟩. As can be seen in Figure 5a, the VBM contains the Te 5p 
orbitals, one of which is marked as point 1. Meanwhile, for CBM (Figure 5c), the Si 2s 

orbitals are part of the wave function as marked as point 2 and 3. Under an electric dipole 

perturbation in the x-direction, this orbital at point 1 in VBM will expand horizontally 
and have a larger overlap with wave function at 2 and 3 CBM, resulting in a large 

oscillation strength. For electric dipole perturbation in the y-direction, the enhancement 
of the oscillation strength is not significant. 

 

Figure 5. Top view (a) and side view (b) of the module-squared wavefunctions at VBM of bulk Si2Te3. 

Top view (c) and side view (d) of the module-squared wavefunctions at CBM. Each bulk unit cell 

contains two layers of Si2Te3, only one layer is shown here for clarity. The x- and y-axes are 

perpendicular and parallel to the Si dimers, respectively. The y-axis is aligned with the crystal axis a1.  
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Figure 2c shows an additional intriguing feature: the imaginary part of the 

dielectric constant in the vertical direction, Im(  ) , is significantly smaller in BSE 
calculations than in DFT and GW calculations. This result indicates that the electron-hole 
interaction has a strong effect on the spectra of the quasi-electron and the quasi-hole 

when their wavevectors differ in the z-direction, which suggests a strong interlayer 
excitonic effect [33,34] in the optical properties of Si2Te3 multilayers. The strong 

interlayer excitonic effect can be understood from the particular compositions of the 

wave functions at the CBM and VBM as well. As shown in Figure 5, the VBM consists 
of Te 5p orbitals and the bonding orbitals of Si atoms, while the CBM of Si2Te3 consists 

of the Te 5p orbitals and the anti-bonding orbitals on Si atoms. From the side views of 
the wave functions (Figure 5b and 5d), it is obvious that both CBM and VBM contain Te 

5p orbitals that extend into the space between the Si2Te3 layers. Therefore, the wave 
function of an electron in one layer and that of a hole in an adjacent layer can be closely 

spaced. The close proximity leads to large Coulombic interactions and naturally strong 
interlayer excitonic effect.  

 CONCLUSIONS 

In this paper we report a combined computational and experimental study of the 
optical dielectric properties of Si2Te3. Computational results from the GW and BSE 

approaches suggest that the material exhibits strong optical anisotropy. The imaginary 
part of the dielectric constant in the direction parallel to the Si-Si dimers is much smaller 

compared to the direction perpendicular to the dimer. The anisotropy is verified by 
experimental data. The optical anisotropy can potentially be dynamically controlled by 

electric field or strain, which may be useful for applications. The electron-hole 
interaction reduces the quasiparticle band gap by 0.3 eV in bulk and 0.6 eV in the case of 

a monolayer, indicating a large excitonic effect in Si2Te3. Besides, BSE calculation 
significantly reduces the imaginary part of the dielectric constant of bulk Si2Te3 in the 

out-of-plane direction, suggesting a strong Coulombic interaction in the case of interlayer 
excitons. 
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