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Abstract: Electronic, optical, and thermoelectric properties of germanium tellurides (GeTe) were
investigated through a series of first-principles calculations of band structures, absorption coefficients,
and thermoelectric transport coefficients. We consider bulk GeTe to consist of cubic and rthombohedral
phases, while the two-dimensional (2D) GeTe monolayers can form as a 2D puckered or buckled
honeycomb crystals. All of the GeTe variants in the bulk and monolayer shapes are excellent light
absorbers in a wide frequency range: (1) bulk cubic GeTe in the near-infrared regime, (2) bulk
rhombohedral GeTe and puckered monolayer GeTe in the visible-light regime, and (3) buckled
monolayer GeTe in the ultraviolet regime. We also found specifically that the buckled monolayer
GeTe exhibits remarkable thermoelectric performance compared to the other GeTe phases due to a
combination of electronic band convergence, a moderately wide band gap, and unique 2D density of
states from the quantum confinement effect.

Keywords: group-IV tellurides; germanium telluride; electronic properties; optical properties;
thermoelectric properties; first-principles calculation

1. Introduction

Growing worldwide demand for energy and environmental impact associated with
conventional energy sources is at the base of a probable energy crisis soon. This situation
is well known as the economy, energy, and environment (“3E”) trilemma [1]. Petroleum
will become increasingly expensive and scarce, while we have felt the climatic effects of
the massive use of all fossil fuels. At present, we should not abandon any existing energy
sources, especially the renewable ones or wasted ones. Freely available solar energy in
the environment and the waste heat given off by engines and machines are examples of
energy sources that we can convert to electrical power. For such energy conversions, we
need materials that are excellent at absorbing light [2] and also efficient in transforming
heat directly to electricity [3].

Of many functional materials, group-IV-VI compounds have been used for a long time
in optoelectronic and thermoelectric devices due to their optimal band gaps from narrow
to moderate sizes. The most utilized group-VI element in the group-IV-VI compounds is
tellurium (Te), which thus forms a class of group-1V tellurides, consisting of GeTe, SnTe,
and PbTe. Bulk GeTe, in particular, is well-known for its ferroelectricity and phase-changing
characteristics [4-6], where changing temperature can give a transition of GeTe from the
rhombohedral lattice (in the literature also referred to as a-GeTe) to the cubic lattice (-
GeTe). The phase change affects the optical response so that GeTe can be used for optical
data storage [7,8]. In addition to its excellent optical properties, under certain conditions
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and depending on sample quality, bulk GeTe has recently emerged as one of the world
record holders for the most efficient thermoelectrics [9,10] with the figure of merit close to
the commercial thermoelectric material Bi,Tes.

On the other hand, nanotechnology and miniaturization have become more popu-
lar in recent years, with the spirit of good-old Feynman’s quotes [11], “There is plenty
of room at the bottom,” which have inspired generations of scientists to explore low-
dimensional-materials for practical usages. Simply saying, when something gets smaller,
its physical properties become distinct from the bulk one. The two-dimensional materials,
in particular, attracted significant attention when Geim and Novoselov [12] successfully ob-
tained graphene from the mechanical exfoliation of graphite in 2004 because many unique
properties of graphene, such as high carrier mobility and quantum Hall effect [13,14],
are not found in graphite. Since then, we have witnessed rapid developments of other
two-dimensional (2D) materials, such as 2D phosphorene [15], 2D transition metal dichalco-
genides (TMDs) [16], and 2D group-III monochalcogenides [17]. Therefore, it is natural to
continue exploration of more 2D materials, especially in the class of group-1V tellurides
which already have excellent properties in their bulk forms.

In this work, by using first-principles density functional theory (DFT) approach, we
focus on investigating the electronic, optical, and thermoelectric properties of GeTe mono-
layers and compare the properties with those of bulk GeTe. All these GeTe phases are
dynamically stable according to the literature, e.g., Reference [18] for cubic and rhom-
bohedral GeTe, Reference [19] for puckered GeTe, and Reference [20] for buckled GeTe.
There have also been earlier DFT calculations for the electronic band structures of GeTe
monolayers in the puckered lattice [19,21-23] and buckled lattice [23,24], but the results
seem to be inconsistent with a recent experiment [25]. In Reference [25], Zhang et al. only
observed buckled GeTe thin films in argon and oxygen environments with band gaps of
about 1.89-2.08 eV, while References [23,24] obtained band gaps of about 2.35 eV. The 0.3 eV
difference is quite remarkable, and it may affect the other physical properties that are sensi-
tive to the band gap. We decided to recalculate the electronic band structures and look for
the best agreement with the available experimental data. From the reliable calculations of
the band structures, we can confidently evaluate the optical and thermoelectric properties
of GeTe in all of its possible phases without worrying about overrating these materials.
Besides checking the consistency of the published literature, as a unique finding in this
work, we show the potential of buckled GeTe monolayer as a thermoelectric material.

2. Computational Methods

We computed the electronic structures of bulk and monolayer GeTe using the input of
optimized geometry from the DFT simulation as implemented in the Quantum ESPRESSO
package [26]. Having the calculated data of electronic structures, which consist of the
energy dispersion and wave functions, we could proceed to obtain the dielectric function
within the independent particle and dipole approximation, from which we calculated
the absorption coefficient. We finally calculated the thermoelectric transport coefficients,
i.e., the Seebeck coefficient, electrical conductivity, and thermal conductivity, within the
Boltzmann transport theory [27] and constant relaxation time approximation [28,29]. In the
following subsections, we give a brief description of the parameters and formulas used in
this study.

2.1. DFT Parameters

We show the lattice structures of bulk and monolayer GeTe in Figure 1. We considered
bulk GeTe to form in two phases, i.e., the cubic and rhombohedral lattices as shown
in Figure la, while monolayer GeTe may have formed as the puckered and buckled
honeycomb lattices as shown in Figure 1b. From their top view, the puckered and buckled
GeTe can be imagined as the reduction of cubic and rhombohedral lattices in two dimension,
respectively. Note that although puckered and buckled GeTe are considered monolayers,
they still have sizable thicknesses due to their buckling heights. From our calculations,
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the thicknesses of puckered and buckled GeTe are 3.049 A and 1.556 A, respectively.
In Table 1, we list the optimized lattice constants for bulk and monolayer GeTe along with
some reference data.

(a) Bulk (b) Monolayer

Cubic Rhombohedral Puckered Buckled

Top view

A LI SN

Side view

Figure 1. Lattice structures of (a) bulk and (b) monolayer GeTe. Bulk GeTe consists of cubic and rhombohedral lattices,
while monolayer GeTe consists of puckered and buckled honeycomb lattices. The structural models are visualized by using
VESTA [30].

Table 1. Lattice constants (in A) of bulk and monolayer GeTe. The lattice constants (g, b, c) and angles
(«, B, 7) are in accordance to the illustrations in Figure 1.

GeTe Structure This Work Reference Data
cubic (bulk) a=>b=c=4.370, 4.178 [31], 4.228 [5], 4.281 [32]
= f =y =60.00°
rhombohedral (bulk) a=>b=c=4249, 4.230 [20], 4.260 [31], 4.246 [5]
a=p=y=5785°
puckered (monolayer) (a=4.238, b =4.382) (4.273,4.472) [19]
buckled (monolayer) a=>b=23961 3.950 [33], 3.955 [34], 3.960 [20,24]

To achieve the convergence in the DFT simulation while considering a reasonable
calculation time, we set the kinetic energy cutoff for the wave function in this work to 50 Ry
and the convergence threshold for successive iteration as low as 10~? Ry. The electronic
wave vectors k in the Brillouin zone are sampled using the Monkhorst-Pack scheme [35]
with quite dense 32 x 32 x 32 and 48 x 48 x 1 k-point grids for the bulk and monolayer
GeTe, respectively. We employ the optimized norm-conserving Vanderbilt (ONCV) pseu-
dopotentials [36,37] along with the generalized gradient approximation (GGA) [38] for the
exchange-correlation energy functionals. We show later in Section 3.1 that such a choice
of pseudopotentials and functionals can already approach experimental band gaps of
bulk and monolayer GeTe [9,25]. For complementary information, we also checked the
bandgap calculation using the commonly used Heyd-Scuseria-Ernzerhof (HSE) hybrid
functional [39].

2.2. Optical Coefficients

The Quantum ESPRESSO package natively supports the less expensive (yet also
less accurate) calculation of complex dielectric function, ¢(w), within the independent
particle and dipole approximation [40]. The calculation outputs are the real part &1 (w) and
imaginary part € (w) of the dielectric function, where w is the photon frequency. With the
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calculated results of €1 (w) and €;(w), the absorption coefficient a(w) can be obtained using
the following formula [41]:

M

where c is the speed of light in vacuum. The absorption coefficient is generally direction
dependent, and it can be expressed in terms of a second rank tensor, a;j. In this work, we
consider linearly polarized light with polarization direction along each axis of Cartesian
coordinates, so that only the diagonal matrix elements (index xx, yy, and zz for the x-, y-,
and z-axes, respectively) are discussed in Section 3.2.

It is worth noting that a more accurate (and computationally costly) approach to
the optical spectra calculation is the GW method, which takes into account the electron-
hole interaction [42]. However, since we are interested in the qualitative comparison
between optical spectra of the bulk and monolayer GeTe to judge their possible absorption
performance, it is sufficient to consider the independent particle and dipole approximation.
For GeTe, the relative absorption coefficients calculated using this approach should not be
much different from that calculated with the GW method [22].

2.3. Thermoelectric Transport Coefficients

Within the Boltzmann transport theory and constant relaxation time approximation,
we can calculate the Seebeck coefficient S, electrical conductivity ¢, and electronic part of
thermal conductivity «. using the following formulas [28,29]:

14
o= e*Ly, 3)
and
1 L2
K€:T<£2L:(1))/ (4)

where e is the fundamental electron charge, f(E) is the Fermi-Dirac distribution function,
Er is the Fermi energy, and T is the absolute temperature. In Equations (2)-(4), L is
known as the thermoelectric integral related to the transport distribution function [27].
The integral is expressed as:

L= [ rotg(e) (- 55 ) (E - Ep)E, 6)

where g(E) is the DOS and 7 is the relaxation time constant. The integration was performed
numerically by considering that the energy dispersion E is a function of discrete electronic
wave vectors k from the DFT calculation. Moreover, in the above formulation, for sim-
plicity, we already averaged the transport coefficients so that we no longer deal with the
direction-dependent indices in the tensorial forms as in the case of absorption coefficient.
In other words, the above formulation is equivalent to calculating one third of each trace
of S, 0, and x. tensors. We noticed that GeTe may possess small anisotropic transport
features [9,21,22], where a particular transport axis gives slightly larger coefficients than
the others; however, we preferred to focus our attention to the average comparison of the
thermoelectric properties of bulk and monolayer GeTe at certain temperatures to identify
which form of GeTe has the best thermoelectric performance.
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3. Results and Discussion

In this section, we firstly discuss the electronic band structures of bulk and monolayer
GeTe by highlighting two approaches: the ONCV-GGA [36,37] and HSE [39] methods for
the band gap calculations. We find that the use of ONCV pseudopotentials with GGA
functionals already reasonably describes the experimental band gaps of GeTe. Therefore,
we take the resulted energy dispersion and wave function data from the ONCV-GGA
method as the main ingredient to obtain the optical and thermoelectric properties of GeTe.

3.1. Electronic Band Structures

We show the electronic band structures of bulk and monolayer GeTe in Figure 2 within
the ONCV-GGA method. The energy dispersion is plotted along selected high-symmetry
points in the Brillouin zone of each GeTe phase. All the phases exhibit semiconducting
properties as indicated by the band gap values in Table 2.

According to Figure 2a and Table 2 (within the ONCV-GGA method), we can see that
cubic GeTe possesses a direct gap of about 0.38 eV at the L point, while rhombohedral
GeTe in Figure 1b is an indirect-gap semiconductor with a band gap of about 0.57 eV and
the valence band maximum located along the I'-M path. There have been various reports
on the electronic properties of bulk GeTe [4,6,9,20,43-45], but the gaps calculated with the
ONCV-GGA method reasonably agree with the literature values, which are about 0.1-0.4 eV
for the cubic phase and of about 0.3-0.6 eV for the rhombohedral phase. It should be noted
that bulk GeTe is well known as a phase-changing material with the transition temperature
of about 700 K [6,9,10,19], below (above) which bulk GeTe assumes the rhombohedral
(cubic) phase. Therefore, in Section 3.3, when discussing the thermoelectric performance,
we will set temperatures below and above the transition temperature for the relevant
phases of GeTe.

Cubic (b) Rhombohedral

T/

A

Puckered

S

DOS

DOS K M r K DOS

Figure 2. Energy dispersion and density of states (DOS) of (a) bulk cubic, (b) bulk rhombohedral, (c) puckered monolayer,

and (d) buckled monolayer GeTe. The DOS is expressed in arbitrary units for clarity since we do not need the details of the

number of states per energy.

In the case of monolayer GeTe, as shown in Figure 2a,c, the puckered and buckled
honeycomb lattices have different features of band structures. The puckered monolayer
GeTe is characterized by about four conduction band minima along the I'-X-S-Y-T path
with very small energy difference among them and one valence band maximum on the
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Y-T" path. Accordingly, we carefully consider the puckered monolayer GeTe as an indirect-
or a quasidirect-gap semiconductor with gap of 0.90 eV, in good agreement with a previous
study by the optPBE-vdW method, which is a kind of GGA variation [19]. Our calculations
also suggest that buckled monolayer GeTe is an indirect-gap semiconductor with band gap
of about 1.81 eV, which is consistent with prior studies when they do not include the HSE
correction [20,24,33,34]. The indirect gap for the buckled GeTe is due to the valence band
maximum at the I point and the conduction band minimum along the I'-M path. We also
observe significant changes in the DOS from the bulk phases to the monolayers, in which
typical 2D van Hove singularities emerge in the conduction band of puckered GeTe and
valence band of buckled GeTe. In contrast to bulk GeTe, the experimental measurements for
the band gaps of monolayer GeTe are still scarce. To date, we only found an experimental
work by Zhang et al. [25] in 2020. Through X-ray photoelectron spectroscopy, they observed
the band gap of buckled GeTe in the range of 1.89-2.08 eV and suggested the monolayer
GeTe to be in the form of buckled lattice.

Table 2. Calculated band gaps of bulk (cubic and rhombohedral) and monolayer (puckered and
buckled) GeTe using the ONCV-GGA and HSE methods.

Method Cubic Rhombohedral Puckered Buckled
ONCV-GGA 0.38 0.57 0.90 1.81
HSE 0.60 1.08 1.30 2.60

As shown in Table 2, we also found that the HSE method, which is actually intended
to correct the exchange-correlation term [39], highly overestimates the band gaps of GeTe
in all forms, whether bulk or monolayer. Although the use of the HSE method has recently
become a trend in many papers of first-principles calculations, especially for obtaining
optical spectra, we discourage its usage for the GeTe simulation. Unfortunately, some
earlier first-principles studies on monolayer GeTe already used the HSE method for inves-
tigating the optical properties of buckled GeTe (e.g., Reference [24] in 2018) and for the
thermoelectric properties of puckered GeTe (e.g., Reference [21] in 2020). Our present work
takes this opportunity to emphasize that not all band gap values should be “corrected” by
the HSE method if the calculated values by a less expensive method already reproduce the
experimental data.

3.2. Absorption Spectra

In Figure 3, we show the absorption coefficients calculated using Equation (1). Al-
though not so obvious from Figure 3a—c, we confirm that cubic GeTe is isotropic with
&xx = &yy = &zz. On the other hand, rhombohedral GeTe is anistropic with ayy # ayy = az;.
This result is consistent with an earlier simulation by Singh [6] for optical properties of bulk
cubic and rhombohedral GeTe. Both of Singh’s and present works indicate that bulk cubic
GeTe is an excellent near-infrared light absorber, as is clear from the presence of a strong
peak below 1.61 eV, which is the lower boundary of the visible-light regime. On the other
hand, reducing the symmetry to the rhombohedral phase at lower temperatures makes
bulk GeTe better at absorbing higher-frequency light.

In the present work, what is interesting is that when we transform GeTe to the mono-
layer phases, we observe multiple distinct peaks for puckered GeTe in the frequency range
of visible light and for buckled GeTe in the frequency range of ultraviolet light. The val-
ues of absorption coefficients themselves are not much different, keeping the orders of
magnitude as high as 10® cm 1, which is better than most of low-dimensional solar-cell
materials for the visible light [46]. However, it is clear that either puckered or buckled
GeTe has stronger absorption coefficient peaks than their bulk counterparts. We notice
that, within the same approximation, the monolayer GeTe has better absorption than the
celebrated monolayer transition metal dichalcogenides [47] in the visible-light regime by
almost one order of magnitude. The monolayer phases also exhibit moderate anisotropy
in absorption coefficients for the in-plane polarization direction. Regardless, in the near-
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ay, (106 cm™1)

infrared to the ultraviolet regime, the absorption coefficients for all of the GeTe variants
in all directions of the linearly polarized light stay within 1-2 x 10 cm~!. Comparing
the joint DOS in Figure 3d with the absorption coefficients, it is interesting to see that
only in buckled GeTe, the JDOS contributes strongly to the absorption coefficient in the
visible-light regime. This feature can be traced back to the presence of stronger van Hove
singularity in buckled GeTe than in the puckered GeTe, while the bulk GeTe phases do not
possess any van Hove singularity.

Infrared Visible-light Ultraviolet (b) Infrared Visible-light Ultraviolet
T T T T
| --++ Cubic —- Puckered ] 3f + Cubic —- Puckered ]
I == Rhombohedral — Buckled fn I == Rhombohedral — Buckled
| | |
€
(v]
o
o
=)
>
ts>‘

T Il
| ==+ Cubic —- Puckered f [ +==+ Cubic
I == Rhombohedral — Buckled l —~ 2| == Rhombohedral
i I % | —+ Puckered
B I ~ | Buckled
k1 o
il 2
B i ...’.:-_'--;-,..-‘,.__.‘__hn""\ ¥ 4 8 ' I
L (o) L
L K ,l - |
L o
L “;l’ F
et T ; 0
0 1 2 3 4 5 0 3

Photon Energy (eV)

Photon Energy (eV)

Figure 3. Optical properties of bulk and monolayer GeTe. Panels (a—c) give the absorption coefficients for light polarization
along the x-, y-, and z-axes. Panel (d) shows the joint density of states. Two vertical lines at 1.61 eV and 3.10 are the borders
of the visible-light regime. Below 1.61 eV (above 3.10 eV) is the infrared (ultraviolet) regime.

3.3. Thermoelectric Properties

Before discussing the thermoelectric transport coefficients of bulk and monolayer
GeTe, we briefly explain the assessment of the performance of a thermoelectric material.
The thermoelectric performance is usually assessed by two indicators: (1) power factor
(PF), which is related to how much power the material outputs, and (2) dimensionless
figure of merit (ZT), which is related to the efficiency of thermoelectric energy conversion.
The formulas for PF and ZT are

PF = S0 (6)
and PE

where « is the total thermal conductivity containing the electronic part x, and lattice
part x; (originating from collective atomic motions known as phonons). According to
Equations (2) and (3), with the help of Equation (5), we can scale both S and ¢ by the
relaxation time constant 7. The choice of T thus strongly determines the value of PF. Some
researchers often deliberately set a “magic” T = 10~!* s to justify that power factor of a
material being larger or smaller than the others, but such an approach is actually too rough.
We cannot evaluate PF properly unless we know the correct value of 7, which is usually
obtained from electrical transport measurements. When we insist on discussing the overall
performance of the thermoelectric performance without the knowledge of 7, it is better to
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omit the lattice thermal conductivity, i.e., x; = 0, and define the most ideal ZT that only
contains the electronic thermal conductivity as follows:
S%0
2Te=—— ®)
In Figure 4, we show the thermoelectric transport coefficients along with ZT, of bulk
and monolayer GeTe. By considering that in bulk GeTe we have a phase transition at
around 700 K between the cubic and rhombohedral phases, we decided to use two different
temperature values for evaluating the thermoelectric coefficients and performance. Since
the cubic (rthombohedral) phase is stable above (below) the transition temperature [9,10],
we set the evaluation temperature slightly far from 700 K. We conjecture that monolayer
GeTe may also have such a phase transition. In this case, the buckled monolayer is expected
to be present at higher temperature than the pucked monolayer due to the nature of the
hexagonal lattice. Therefore, we set T = 900 K for cubic GeTe and buckled GeTe, while for
rhombohedral GeTe and puckered GeTe, we set T = 500 K.

(8) 1.2 e 1 (B) 2.4
[ =+=+ cubic, T =900 K ] [ =+++ cubic, T =900 K
== rhombohedral, T = 500 K [ == rhombohedral, T = 500 K
L A- | —+ puckered, T =500 K 1 - [ —- puckered, T =500 K
0.6 /7 Al — buckied, T=900k Y1 1.8 F— buckied, T =900k
— L ./// E A
X Sl c
> .ﬂ--’-_—-""'/-‘ |—|\ —————
E O O o~ 1 2 N
- o
n 2
-0.6f S
-1 P R . I - I
1.0 -05 00 05 1.0 0.0
() 4.8 ——r—— (d) 6.0 ——————————
=+ cubic, T =900 K ] | ==*+ cubic, T=900K
'a == rhombohedral, T = 500 K - == rhombohedral, T = 500 K
. X —+ puckered, T = 500 K ] | = puckered, T = 500 K
~ 3.6 —— buckled, T = 900K ] 4.5 | — buckled, T =900 K -
E r
o 241 - 1
—~
o [
= i
L 1.2k . -
- S B
o] ENSTS B X
x EANJ S \
0.0 LT, e S
-1.0 -0.5 0.0 0.5 0.5 1.0
Fermi Energy (eV) Fermi Energy (eV)

Figure 4. Thermoelectric properties of bulk and monolayer GeTe calculated from band structure information: (a) Seebeck
coefficient, (b) electrical conductivity, (c) electronic thermal conductivity, and (d) ideal figure of merit. Note that the electrical
conductivity and electronic thermal conductivity are scaled by relaxation time constant 7. Considering a possible phase
transition at T = 700 K, we set two different values of temperature: T = 900 K for bulk cubic and monolayer buckled GeTe;
and T = 500 K for bulk rhombohedral and monolayer puckered GeTe.

With the above consideration, we can compare thermoelectric properties of bulk
GeTe and monolayer GeTe one by one according to the temperature groups. As shown in
Figure 4a, at 900 K, the maximum Seebeck coefficient of bulk cubic GeTe is about 0.2 mV /K,
while the maximum Seebeck coefficient of the the puckered GeTe monolayer is about
0.9 mV/K. Since the Seebeck coefficient is roughly proportional to the band gap, the huge
increase in the maximum Seebeck coefficient from bulk cubic to puckered monolayer is
expected for the increase in the band gap from 0.38 to 1.81 eV. We obtain a similar behavior
for the comparison between Seebeck coefficients of the bulk rhombohedral and puckered
monolayer at 500 K. The difference in Seebeck coefficients is now smaller because of the
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smaller difference between the rhombohedral gap (0.57 eV) and puckered gap (0.90 eV),
as previously given in Table 2.

Next, in Figure 4b,c, we show the calculated results of electrical conductivity and
electronic thermal conductivity, both of which are scaled by 7. Now, we see that the smaller
gap materials generally have larger conductivities. Therefore, we can expect the peaks of
ZT, to appeatr, as shown in Figure 4d, due to the trade off between the Seebeck coefficient
and both electrical and (electronic) thermal conductivities. However, the tendency of the
increase in ZT, as we increase the band gap (from bulk cubic to buckled monolayer) is
similar to the increase in the Seebeck coefficient because we can see in Figure 2 for the energy
dispersion relations that there are several conduction band minima and valence band
maxima at different k points that can contribute to the thermoelectric transport. This kind of
“semidegenerate” bands are known as the phenomenon of band convergence, which is often
beneficial for thermoelectrics [48,49]. Bulk GeTe, especially in the rhombohedral phase,
has already been famous for possessing the band convergence [9,10], but probably almost
none of the literature mention this possibility as the origin of the excellent thermoelectric
performance of monolayer GeTe. In other words, the band convergence can still persist in
monolayer GeTe.

It should also be noted that the GeTe monolayers (both puckered and buckled forms)
have a larger maximum ZT, in the n-type doping area (more positive Fermi energy) than
in the p-type regime (more negative Fermi energy), while the situations in bulk GeTe,
especially in rhombohedral phase, are opposite. Again, the phenomena are related to the
band convergence, whether it is more prominent in the valence bands or in the conduction
bands. The buckled GeTe monolayer interestingly has the largest ZT, among others GeTe
phases with the maximum ZT, of about 5.4 in the n-type regime. To our knowledge, this
striking thermoelectric performance of buckled GeTe monolayer is not yet reported in the
literature. Although buckled GeTe is a realistic GeTe monolayer that has already been
synthesized experimentally [25], another theoretical work calculated the thermoelectric
properties of puckered GeTe instead [21]. Interestingly, Reference [21] seems to use the
“full power” of Boltzmann transport theory to obtain not only the electronic structure-
dependent thermoelectric properties but also the lattice thermal conductivity of a puckered
GeTe monolayer. At T = 500 K for puckered GeTe, Reference [21] reported the maximum
ZT (not ZT) of about 1.2, while the maximum ZT, (not ZT) at the same temperature from
our calculation is about 3.9. We can thus use the the ratio of ZT to the ZT, of the puckered
GeTe monolayer to estimate the realistic maximum ZT of the buckled GeTe monolayer as

12
ZT = 39 54~ 1.6, )
which is very excellent for the high-temperature 2D thermoelectrics.

Furthermore, we can attribute the enhancement of ZT in the GeTe monolayers to the
quantum confinement effect [50], especially by analyzing the confinement length L (of
2D materials) relative to the so-called thermal wavelength A (of the bulk materials) [51].
The thermal wavelength is expressed as

| 27h?

where 11 is the reduced Planck’s constant, kg is the Boltzmann’s constant, and m* is the
effective mass around the band maxima or minima. Calculated using the available data
of effective mass [9], we obtain A of rhombohedral GeTe in the range of 4.13-21.52 nm,
while A of cubic GeTe in the range of 3.61-21.52 nm. The thicknesses, which correspond
to L, of both puckered GeTe (3.049 A) and buckled GeTe (1.556 A) are already from one
to two orders of magnitudes smaller than the thermal wavelength. Therefore, the strong
enhancement in ZT, for the GeTe monolayers is well anticipated.
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4. Conclusions

GeTe in the forms of cubic (bulk), rthombohedral (bulk), puckered (monolayer),
and buckled (monolayer) lattices overall exhibits excellent absorption and thermoelec-
tric performance. For the photon frequency in the near-infrared to the ultraviolet regime,
the absorption coefficients for all directions of the linearly polarized light stay within
1-2 x 10® cm ™!, which is better than the absorption in most solar-cell materials. The ab-
sorption coefficients for the in-plane direction of the GeTe monolayers, in particular, have
larger values than those of the bulk GeTe phases. As for thermoelectric properties, the GeTe
monolayers also give better performance than their bulk counterparts with ZT > 1 theoret-
ically due to the survival of the band convergence, larger band gaps (for larger Seebeck
coefficients), and quantum confinement effect, which gives a unique DOS for providing
more available states of electronic conduction.
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