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Gallium telluride is a layered material with high photoresponse and is very promising for applications

in optoelectronic devices such as photovoltaic cells or radiation detectors. We analyze how the

properties of thin films of this material scale with its thickness and also study two other proposed

materials with the same crystalline structure whose room-temperature stability we verify. We show

that electronic band gaps up to 2.16 eV can be obtained by stacking up and/or applying perpendicular

electric field to these III-Te monolayers. This form of band gap engineering may be promising for

several technological applications. Published by AIP Publishing. https://doi.org/10.1063/1.5021259

I. INTRODUCTION

The development of the electronic industry heavily

relies on techniques to engineer semiconductors and tune

their properties for specific applications. An important exam-

ple that has already encountered commercial application is

the strained semiconductor technology, in which thin films

of silicon are grown over a substrate—usually SiGe. The

strain produced on silicon due to lattice mismatch results

mostly in an increase in the mobility of electrons and holes

in the material, improving its performance in MOSFETs.1–4

Another example is band gap tuning on perovskites to

improve their performance in solar cells.5–8

In recent years, an even more ambitious strategy has

been sought: designing and synthesizing materials not known

to exist in nature. The unquestionable success of the simula-

tion of properties of matter by means of quantum mechanical

calculations has been promoting a shift in its original aim

from descriptive to becoming a predictive tool (see, for exam-

ple, Ref. 9 and references therein). Allying the vast databases

of material properties with complex computer algorithms to

browse through and group different elements, several initia-

tives across the world intend to design new materials first in

the computer and then synthesize them in the laboratories.

After a new material is drafted from a combination of differ-

ent elements in a given crystalline structure and is predicted

to present optimal properties for a certain application (photo-

voltaics, ion batteries, memristors, etc.), further computer

simulations are needed to verify whether the proposed struc-

ture is stable. Only then, intensive experimental efforts will

be made to try to actually grow the new structure. This inno-

vative approach in materials science, although still incipient,

is expected to play a major role in the near future.

In this work, we combine both strategies—materials

design and engineering—to propose 2D structures for effi-

cient optoelectronic applications. Inspired by a known lay-

ered semiconductor with promising optoelectronic

characteristics—gallium telluride—we investigate how the

properties of III-Te thin films can be tuned. In particular, we

study how the electronic features are modified by the varia-

tions in the amount of layers in the films, as well as by the

application of an external electric field.

GaTe layers can be exfoliated from bulk with the

scotch-tape method,10 intensively applied in graphene obten-

tion.11,12 They can also be synthesized through chemical

vapor deposition (CVD) on mica substrates.13 As one of the

most representative members of the planar low-symmetry

2D materials,14 this semiconductor has won much attention

in the recent years.10,15,16 With a moderate direct band gap

of �1.7 eV, responsible for its high absorption coefficient

and efficient electron-hole pair generation under photoexci-

tation, GaTe has demonstrated to have high photoresponsiv-

ity and small response times in photodetectors. Among its

several possible applications solar cells, radiation detectors

and thermoelectric devices14,17–22 are particularly promising.

For the specific case of radiation detection, the high average

atomic number of GaTe and its densely packed crystal struc-

ture confer it high stopping power for very energetic pho-

tons; that is, its dense electrosphere combined with the

compact atomic structure maximizes the probability of high

energy photons being captured by the material.

We also study these processes in two other materials not

yet synthesized but whose viability we discuss: monolayer

and few layer InTe and TlTe, both with the same atomic

arrangement as GaTe. Because of the much higher average

atomic number, these materials could perform even better

than GaTe in terms of photon absorption, especially high

energy ones. Like GaTe, however, they would retain the pos-

sibility of having their electronic behavior adjusted by

changing the stacking of the layers and by the application of

perpendicular electrical fields.

II. METHODS AND COMPUTATIONAL DETAILS

A. Electronic structure calculations

Calculations were made within the density functional the-

ory (DFT) approach23 using the Vienna Ab-initio Simulation

Package,24,25 with the Projector-Augmented Wave method26a)jimenaolmos@gmail.com
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to represent the interaction between valence electrons and

ions and with an energy cutoff of 425 eV for the selection of

the plane waves. Exchange and correlation are described

through the generalized gradient approximation in the

Perdew-Burke-Ernzerhof (PBE)27 implementation. The first

Brillouin zone was sampled with a 10 � 2 � 1 grid centered

at the C point. Enough vacuum was added in the perpendicu-

lar direction to avoid spurious interaction between periodic

images, and in relaxations, all the atoms were allowed to

move until the individual forces were smaller than 0.01 eV

Å–1. van der Waals interactions were introduced by the DF-

vdW method proposed by Dion et al.,28 in the optB86b-vdW

version.29 As PBE is known to underestimate the electronic

band gap of several semiconductors, we used HSE06 hybrid

functional30 to correct the values for the monolayers.

B. Molecular dynamics

DFT molecular dynamics simulations were performed

with the CP2K open source software.31 The pseudopotentials

of Goedecker, Teter, and Hutter32–34 with 13 electrons for

Ga, In, and Tl and 6 electrons for Te were used. All calcula-

tions were made on 7 � 1 supercells at the C point, with cut-

offs of 5442/680 eV for the finest grid/relative grid for

Gaussian mapping and using DZVP basis functions.35 All

the simulations were done in the canonical ensemble with

velocity rescaling for temperature control. The molecular

dynamics consisted of 10 ps of thermalization, and a produc-

tion run of 20 ps afterwards, with a reduction in the velocity

rescaling by a factor of 10. Short NPT simulations were per-

formed as well to validate the results.

III. RESULTS AND DISCUSSION

Gallium telluride monolayer has been obtained and

characterized experimentally.10,13 Parameter free computer

simulations confirm that this structure is thermodynamically

stable, as well as InTe and TlTe monolayers with the same

atomic arrangement as GaTe, which have not been experi-

mentally achieved yet.36 The formation energies of these

systems can be estimated as

Ef ¼
EIII�Te � 12EIIIbulk

� 12ETebulk

24
: (1)

In this equation, EIII�Te is the total energy of the system,

EIIIbulk
and ETebulk

are the energies of single atoms in the most

stable bulk phase. We show the results for the three mono-

layers in Table I. The dynamic stability of these systems can

also be estimated through analysis of phonon modes. We

have not found negative phonon frequencies in the simulated

spectra of neither one of these three monolayers. With these

data, we conclude that all of them are viable structures.

On the other hand, it is possible to define the formation

energy of a 2D material relative to the bulk ground-state

phase as

DEf ¼
E2D

N2D
� E3D

N2D
; (2)

where E2D and E3D are the total energies of the 2D and 3D

structures, respectively, and N2D and N3D are the numbers of

atoms in the 2D and 3D unit cells.37 In the case of GaTe, the

reference 3D structure is the most stable monoclinic layered

bulk. We obtain a value of 61 meV/atom. By definition, a

positive energy means that the 2D structure is less stable

than the 3D one, and the smaller this energy, the more proba-

ble it can be formed. The obtained value is in the order of

previous results for different 2D systems.38 For the cases of

InTe and TlTe, we obtain DEf equal to -30 meV/at and

187 meV/at, respectively. The reason why the 2D structure

of InTe is more stable than the 3D structure is that the bulk

with this stoichiometry is unstable (it decomposes to In4Te3

and In7Te10). 2D TlTe has the largest formation energy with

respect to the 3D bulk and is less likely to be formed.

One question that arises is whether these materials in the

proposed structures are stable at room temperature, espe-

cially TlTe, which has a quite small (still negative) formation

energy, as indicated in Table I. This is an important point for

real technological applications. For this reason, we have

studied the thermal stability of the monolayers; that is, we

observe their structural parameters when increasing the tem-

perature, at constant volume. We performed molecular

dynamics simulations at two different temperatures: 300 and

500 K. The radial distribution function g(r) (for III-Te, III-

III, and Te-Te pairs), at both scenarios, is shown in Fig. 1.

g(r) at 0 K is also shown as a reference. For GaTe and InTe,

there are not significant changes between the two thermal

conditions, meaning that they should remain stable at typical

operational setups. However, for TlTe a liquid phase is

observed already at 500 K, and this fact could represent a dif-

ficulty for some above-room-temperature technological

applications.

Even though bidimensional systems could release the

strain in the other direction, one should also perform NPT

simulations in order to check that the main conclusions are

valid. In the supplementary material, we present data which

confirm that the NVT results are correct.

In order to aid experimentalists trying to synthesize

these monolayers, in Fig. 2 we simulate the power spectra of

these three 2D materials at 300 K. As expected due to the dif-

ferences in masses, GaTe shows vibrational modes at higher

frequencies, while TlTe should not present any absorption

above 150 cm–1. As previously mentioned, no negative fre-

quencies are expected for any of the monolayers.

Given that GaTe, InTe, and TlTe are shown to be stable

and solid at room temperature, we investigated their elec-

tronic properties. We found that the band gap is direct for the

three systems, diminishing as the atomic number of the

TABLE I. III-Te monolayers properties. Data show formation energy per

atom [from Eq. (1)] and electronic band gap: without and with SOC using

PBE functional, and without SOC using HSE06 hybrid functionals.

Material

Ef

(eV/at)

Eg � PBE

(eV)

Eg w SOC � PBE

(eV)

Eg � HSE06

(eV)

GaTe �0.371 1.46 1.38 2.16

InTe �0.340 1.39 1.27 1.99

TlTe �0.061 0.68 0.53 1.06
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cation increases, as indicated in Table I. In Fig. 3, we show

the atomic structure, first Brillouin zone, band structures,

band alignment with respect to vacuum, and the imaginary

part of the dielectric constant for the three materials. The

inclusion of spin orbit coupling (SOC) in the calculations

practically does not modify the results. As can be deduced

from the dielectric constants, the optical absorption of the

monolayers covers a wide range of radiation (between 1 to

5 eV, approximately).

One may ask about whether any of these monolayers fit

in type II topological insulators (TIs). Type II TIs are not

limited to the honeycomb lattice, which is clearly not the

case for the III-Te monolayers we are investigating here. For

type II TIs, the mechanism is band inversion and parities

exchange at time-reversal symmetry points.39 To reveal the

topological class of these insulators, we calculated the z2

invariant by performing full-relativistic calculations and

using the Z2Pack,40 which follows the method proposed by

Soluyanov and Vanderbilt.41 We found that the materials are

trivial insulators with z2¼ 0.

Monolayers are the smallest building blocks for hetero-

structures formation, and that is why studying their proper-

ties is of great importance. However, in some technological

applications III-Te multilayers are more likely to be present

in the device instead of monolayers. This could happen due

to experimental limitations, for example, or as a strategy to

maximize the radiation absorption. In any case, it is interest-

ing to study how the properties of the materials change as

they get thicker. With this purpose, we have simulated III-Te

films with 2 to 5 layers. For all the systems, the energy band

gap decreases as the size of the film increases, as expected.

In the cases of GaTe and InTe, the direct character of the

band gap is conserved up to 5 layers, while for TlTe, the gap

becomes indirect already for the bilayer. This may result in

the loss of efficiency for light absorption near the band gap

for this material. The values of the band gaps are listed in

Table II.

As the system grows the absorption is expected to

increase, improving the efficiency of the device. In Fig. 4,

the imaginary part of the dielectric constant in the xx direc-

tion is shown for the three materials. In general, the absorp-

tion increases with the film’s thickness, while the

wavelength of the maximum remains almost constant. It is

interesting to note that in the case of TlTe, there are two

maxima for optical absorption: one around 2.5 eV, in the vis-

ible part of the spectrum, and the other around 5 eV. This is

due to the existence of an intrinsic unoccupied intermediate

FIG. 1. Radial distribution function

(g(r)) for III-Te monolayers at 300

(continuous black) and 500 (dashed

red) K. The 0 K condition (dotted

black) is shown as a reference.

FIG. 2. Power spectra for III-Te monolayers at 300 K.
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band separating the valence band (VB) maximum from

another unoccupied band at higher energies. The existence

of two band gaps could improve radiation absorption when

the material is applied in technological devices, such as solar

cells. This is due to an increase in the range of the spectrum

that they can absorb; photons with insufficient energy to

pump electrons from the valence band to the conduction

band can use this intermediate band to generate an

electron–hole pair.42,43

The interlayer energy per atom for a system containing

n layers can be calculated as

Eint ¼
EIII�Ten

� nEIII�Te

N
; (3)

where EIII�Ten
is the energy of the III-Te multilayer, EIII�Te is

the energy of the monolayer, and N is the number of atoms in

the system. This interlayer energy increases as the systems

grow, and the interaction is the strongest for TlTe (see Table

II). This could be explained by the atomic charges on each

material. For the case of TlTe, the tellurium ions have a

charge of ��0.2 e, while Te ions on GaTe and InTe have a

charge of ��0.4 e. Since in all cases Te atoms are on the

outer side of the layer, the smaller charge observed on TlTe

relative to these two latter structures indicates less interlayer

repulsion. In fact, the interlayer distance for TlTe is shorter

than for GaTe and InTe. Our results, then, suggest that the

exfoliation energy in these systems is on the order of tens of

meV, meaning that the obtention of single or few monolayers

is feasible with relative ease experimentally (Table II).

As mentioned before, Eg decreases as the number of

layers increases. We can predict how the band gap of a sys-

tem with n layers scales using the following equation:

Eg ¼ E0 þ
a

nb
; (4)

where a and b are constants. The monolayer does not fit in this

trend, probably due to the lack of interlayer coupling.44 We

thus expect it to be followed by III-Te systems from 2 to n
layers. As the thickness of the film goes to infinity, Eg in Eq. (4)

tends to E0. Therefore, E0 in the case of GaTe coincides with

the material’s bulk (n!1) band gap. For layered InTe and

TlTe thin films, E0 is simply the asymptotic limit of the curves

with no physical meaning, since the corresponding bulk phases

do not exist in principle. In Fig. 5(a), we show the energy band

FIG. 3. III-Te monolayers properties (a) top view of GaTe; in black, a unit cell is delimited; (b) side view of all III-Te monolayers; pink: Ga atoms; green: In;

red: Tl; blue: Te (c) first Brillouin zone (d) band alignment with respect to vacuum (within the PBE approximation); (e) electronic band structures; (f) imagi-

nary part of the dielectric constants as a function of energy.

TABLE II. Structural and electronic properties of III-Te multilayers. Values

show the interlayer energy per atom and the energy band gaps.

GaTe InTe TlTe

n Eint (eV/at) Eg (eV) Eint (eV/at) Eg (eV) Eint (eV/at) Eg (eV)

2 �0.037 1.25 �0.041 1.13 �0.051 0.35

3 �0.049 1.12 �0.055 1.02 �0.069 0.17

4 �0.056 1.07 �0.063 0.96 �0.078 0.05

5 �0.059 1.04 �0.067 0.92 �0.084 0.03
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gaps for III-Te systems with 2 to 5 layers, as well as the fitting

made according to Eq. (4). See Table III for fitted constants.

Finally, in addition to the stacking layers of material,

another way to tune the electronic band gap of a semicon-

ductor is through the application of an external electric field.

This method is more effective in thin films. The possibility

to tune the band gap of materials via the application of a

transverse electric field could be interesting in several imple-

mentations of devices composed by different materials. For

example, a single LED color could be changed by the appli-

cation of the electric field. Another example would be in

radiation detectors. One important factor for noise that

impairs the accurate measurement, and thus the identification

of the source of radiation, is called Fano noise.45 This is

related to the low statistics of absorbed photons, an effect

that increases as the band gap increases relative to the energy

of the incoming radiation. On the other hand, small band

gaps introduce other sources of loss, such as dark or leakage

current. Thus, modulating the band gap of the material in a

radiation detection device by the application of an electric

field could enable it to be used in medical applications, detect-

ing X-rays, in astronomical applications and even in national

defense, detecting materials producing gamma radiation.

We have simulated a single monolayer of each material

during the application of a perpendicular electric field of increas-

ing intensity. As can be observed in Fig. 5(b), for InTe and

TlTe, when increasing the field the band gap decreases slowly at

first but starts to decay faster for larger electric fields. In the case

of GaTe, the band gap reduction is faster, and the system

becomes metallic already at 0.8 eV/Å. To try to understand these

different behaviors, we have analyzed the changes produced by

the applied electric field from two different approaches: (i) ana-

lyzing the electronic levels and (ii) studying the spatial charge

distribution before and after electric field application.

(i) First we note that in the cases of InTe and TlTe, there

exists a pseudo-gap in the conduction band (CB).

This gap is more clear in the case of TlTe (indeed, we

say that it has an intermediate band), but it still can be

spotted in InTe, although less separated from the

upper levels. Also, the character of the levels at the

band edges are different: For GaTe and InTe, the top

of the valence band (VB) is mainly pTe while the bot-

tom of the CB is mainly sGa/sIn, while for the case of

TlTe, both the top of the VB and the bottom of the

CB are mainly pTe (see supplementary material). In

addition, from the DOS we can clearly see how the

density of levels associated with the edge states

decreases when the atomic number of the cation

increases. This may explain the higher response of

GaTe relative to InTe and even more so to TlTe when

a perpendicular electric field is applied.

FIG. 4. III-Te multilayers. (a) Schematic representation of a 5L GaTe 10 � 2 supercell; color code according to Fig. 3 (b) imaginary part of the dielectric con-

stant in the xx direction for 1 to 5 layers. The visible part of the spectrum is depicted.

FIG. 5. Energy band gaps. (a) Eg as a

function of the number of layers; the

dotted lines are the fittings made

according to Eq. (4); (b) Eg for a

monolayer under the effect of different

perpendicular electric fields.
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(ii) The second analysis is based on the spatial distribu-

tion of the charge density. Taking a look at the charge

density difference (please see the supplementary

material) for the three monolayers before and after

the field is applied, we observe two different behav-

iors: For InTe and TlTe, the field creates charge sepa-

ration, accumulating electrons on Te at the bottom

of the monolayer while decreasing the charge on

the other Te atoms (Te is always in the external

part of the monolayer), while for GaTe, the electric

field accumulates charge on both borders of the

monolayer.

The differences observed between GaTe and InTe/TlTe

may be a combination of the energetic localization of the

levels both, at the valence and conduction band, and the spa-

tial arrangement of charges when the field is applied.

If we extrapolate the band gap versus electric field

curves, we can predict a breakdown voltage for each mono-

layer: �0.8 for GaTe, �6.5 for InTe, and more than 7.0 for

TlTe. Application of electric fields has been found to induce

topological phases in 2D materials.46 In the case of GaTe,

we observe a band inversion on the last occupied levels, yet

the parity is conserved, so no topological phase is achieved

for these systems.

As can be extracted from Fig. 5, the band gaps of III-Te

mono- and multilayers can be tuned, ranging from metals to

1.46 eV bandgap semiconductors, depending on the chosen

material, the number of layers, and the applied external elec-

tric field. This could be a promising way to engineer the

proper band gap for each particular purpose. It is worth men-

tioning that hybrid 2D materials can be created by stacking

different III-Te monolayers one on top of each other,

increasing the possibilities for the implementation of III-Te

materials in optoelectronic devices.

IV. CONCLUSIONS

III-Te mono- and multilayers are highly photoresponsive

materials and thus very promising for applications in opto-

electronic devices. We have shown that InTe and TlTe

monolayers with the structure GaTe, although not synthe-

sized yet, are thermodynamically and dynamically stable and

solid at room temperature. The monolayers could also be

stacked forming thicker films, presenting different optical

and electronic properties, tailored for specific applications

and presenting a wide range of energy band gaps. We have

also demonstrated that the application of a perpendicular

electric fields in these materials allow the obtention of band

gaps that span an interval between 0.00 and 1.46 eV, cover-

ing a wide range of the radiation spectrum. These findings

open the possibility to integrate these materials in several

forms and combinations in technological devices, such as

solar cells and radiation detectors.

SUPPLEMENTARY MATERIAL

See supplementary material for electronic band struc-

tures, charge density differences, and DOS for the cases with

an external electric field. In addition, selected snapshots and

cell parameters extracted from the NPT molecular dynamics

simulations.
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