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ABSTRACT: Using semiclassical Boltzmann transport theory and density 3.0 278
functional formalism, we have systematically studied the thermoelectric
performance of layered GeAs,. The figure of merit, ZT value, of this layered 2.5
structure is found to be 2.78 along the out-of-plane direction, with optimal carrier
concentration at 800 K. Analysis of the charge density difference and phonon
transport properties allows us to attribute such exceptional thermoelectric
properties to strong interlayer interaction between the adjacent layers where
quasicovalent bonding is responsible for the enhanced electrical conductivity,
while the layered structure accounts for the suppressed lattice thermal
conductivity. This study highlights the potential of layered crystals for highly

efficient thermoelectric materials.

B INTRODUCTION

Layered materials have attracted considerable attention due to
their unique properties.' > In specific cases, the ability to
extract individual layers has also made it possible to explore the
effect of nanostructures on their electronic,*™® magnetic, and
optical properties.” The interlayer coupling can either be weak
van der Waals (vdW) such as in graphite or sizable
quasicovalent bonding such as in black phosphorus,®™"
PtS,,'* and PtSe,.”” The latter exhibits strong layer-dependent
electronic®'” and vibrational properties.'"”'> For example,
platinum disulfide (PtS,) has been reported to possess a nearly
isotropic in-plane and out-of-plane mechanical interlayer
coupling due to quasicovalent bonding formed by strong
orbital hybridization of interlayer sulfur atoms.'> Similarly, the
well-known direct to indirect band gap transition in MoS, arises
from the Coulomb repulsion between the sulfur atoms in
adjacent layers.'”"> These results imply that strong quasicova-
lent bonding, rather than pure vdW force, is primarily
responsible for some of the distinctive electronic'®™'® and
mechanical properties'”’ of these materials.

On the other hand, the interface between adjacent layers in
layered structures generates a large phonon anharmonicity,
leading to dissipative phonon transport and ultralow intrinsic
lattice thermal conductivity between the adjacent layers. Such
characteristics enable layered materials to have great potential
as highly efficient thermoelectric materials. Unfortunately, due
to the absence of effective bonding in conventional vdW
layered materials, the electrical conductivity ¢ is usually low
between the adjacent layers. Thus, if we can find some special
layered material with strong interlayer coupling such as
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quasicovalent bonding, then it may be possible to achieve a
high ZT value in such materials.

In this work, we focus on such a layered material, germanium
diarsenide (GeAs,). Because of its small vertical interlayer
spacing (~1 A), the interlayer interactions are not vdW-like
and, thus, are not negligible. As a result, we expect that GeAs,
may exhibit some novel transport properties. We note that
GeAs, was recently predicted to be a promising candidate
material for both n- and p-type thermoelectric systems, based
upon a semiempirical descriptor fgz.>' However, the optimal
ZT values and the details of the direction-dependent transport
properties are still not understood. Here, we systematically
study the thermoelectric properties of GeAs, including its
Seebeck coeflicient, electrical conductivity, thermal conductiv-
ity, and figure of merit, ZT. We find the optimal ZT value to be
2.78 along the out-of-plane direction, with the electron doping
concentration of ~3 X 10 cm™ at 800 K. This result
demonstrates that strong interlayer interactions play an
important role in thermoelectric properties.

B COMPUTATIONAL METHODS

Our first-principles calculations are carried out using density functional
theory (DFT) and generalized gradient approximation (GGA) for
exchange-correlation potential as given by Perdew—Burke—Ernzerhof
(PBE).”> The projector augmented wave (PAW) method imple-
mented in the Vienna ab initio simulation package (VASP)* is used
with an energy cutoff of 400 eV for the plane-wave basis. The
Monkhorst—Pack k-point mesh of 5 X 4 X 14 is used to sample the
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Figure 1. (a) Front, (b) side, and (c) top views of the fully optimized geometry of GeAs, crystal in a 3 X 2 X 3 supercell. (d) Optimized GeAs,
structure with the As—As atomic distances and the interlayer spacing. The green tetrahedra and black dashed rectangles correspond to the building

blocks and the primitive cells of bulk GeAs,, respectively.

irreducible Brillouin zone. The energy convergence threshold is set to
107 eV. In optimizing the structure, van der Waals interactions are
taken into account using the semiempirical correction of Grimme.****
Both the cell shape and volume are fully optimized, and all of the
atoms are allowed to relax until the maximal Hellmann—Feynman
force acting on each atom is less than 0.01 eV/A.

To calculate the electrical conductivity ¢ and the Seebeck coefficient
S, the Boltzmann transport equation (BTE) is solved, combined with
the single parabolic band (SPB) model*** for the relaxation time 7.
Since an accurate description of band gap is critical to predict the
performance of thermoelectric materials, the electronic band structure
is calculated using the Tran—Blaha modified Becke—Johnson (TB-
mB]) exchange potential,>**® which is especially designed for
obtaining a band gap closer to the experimental result and has been
widely applied to other systems.”” " The energy-dependent electrical
conductivity ¢ and Seebeck coeflicient S are calculated as

=& [e®Ey (k)[ i (k)]
W
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where Q is the volume of the unit cell, 1(%) represents relaxation time,
u(E) = %Vgé‘;is the group velocity, & is the Fermi energy, and f° is
the Fermi—Dirac distribution function. The lattice thermal con-
ductivity xi,, is calculated by exactly solving the linearized phonon BTE
combined with an iterative approach to determine phonon relaxation
time.*>** The microscopic description of ki, along the a-direction is
given as the sum of contributions over all the phonon modes A(q, j)
with the wave vector q and branch index j, namely,
Ka = ﬁzzm) Caa it Heres Cug iy nd Ty are
respectively, the specific heat contribution, phonon group velocity, and
phonon relaxation time of every phonon mode 4(q, j). N, is the
number of sampled q points in the Brillouin zone, and V'is the volume
of the unit cell. The harmonic and anharmonic interatomic force
constants are obtained using 3 X 1 X 4 and 2 X 2 X 4 supercells as
inputs to the phonon BTE for calculating k.. The cutoff radius of 4 A
is chosen to ensure accuracy of our calculations. The translation
invariance conditions are imposed on the force constants. The
electronic thermal conductivity , is calculated using the Wiedemann—
Franz law, k, = LoT, where L is the Lorenz constant, and is set to 1.5 X
10 W Q K2, which is adequate for some semiconductors.****

B RESULTS AND DISCUSSION

Structure Optimization. Bulk GeAs, possesses Pbam
symmetry (D3, 55) and adopts a layered orthorhombic crystal
structure consisting of 8 Ge and 16 As atoms in the primitive
unit cell. The crystal structure of GeAs,, given in Figure 1,
shows that the GeAs, layers are stacked against each other
along the b-axis. The optimized lattice constants are a = 10.153
A, b=14.841 A, and ¢ = 3.707 A, respectlvely, and are in good
agreement with experimental results.”**” The building block of
GeAs,, marked with green tetrahedra, is composed of one Ge
atom tetrahedrally bonded to its nearest four As atoms. Two
adjacent tetrahedra are bonded together, forming the quasi-
one-dimensional structure via the zigzag As—As covalent chains
(marked with a blue solid box) along the c-axis in Figure lc.
Meanwhile, they are connected with each other through As—Ge
covalent bonds after rotating about the g-axis. In addition, we
note that each layer is terminated by As atoms with the shortest
As—As distance of 3.08 A. The vertical interlayer spacing is 1.02
A, as shown in Figure 1d, which is much smaller than that in
many other layered materials such as bulk black phosphorus
(327 A)* and platinum disulfide (2.54 A)."

Energy Band Structure. Figure 2 shows the electronic
band structure of GeAs,, which is semiconducting with an
indirect band gap of 0.96 eV calculated at the TB-mBJ level.
This is close to the experimental optical gap (~1.06 eV).** Two
distinctive features can be observed: The edges of the valence
bands yield several hole pockets, labeled as VBM, VB2, VB3,
and VB4; they are nearly energetically degenerate with an
energy difference less than 0.16 eV. This is similar to that of
other well-known thermoelectric materials such as PbTe (0.15
eV)*” and SnSe (0.15 €V).**~** These hole pockets with large
density of states (DOS) were found to lead to an enhanced
Seebeck coefficient.”” Meanwhile, the edges of conduction
bands (CBs), labeled as CBM and CB2, exhibit a “pudding-
mold-like” shape, which has been found to be favorable for
thermoelectric performance.*>**

Electronic Transport Coefficients. We next study the
Seebeck coefficient (S) of GeAs,. Since the melting point of
bulk GeAs, is about 1000 K,** we choose 300 and 800 K as
typical temperatures for thermoelectric calculations. Figure 3a
shows the calculated S as a function of carrier concentration for
p- and n-type GeAs, at 300 and 800 K, respectively. The
Seebeck coefficient S decreases significantly with increasing
carrier concentration for both p- and n-type GeAs, due to the
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Figure 2. Calculated band structure of bulk GeAs, crystal using the
TB-mBJ functional. Several hole (electron) pockets are marked by
different color points (lines). The VB(M) and CB(M) stand for the
valence band (maximum) and conduction band (minimum),
respectively.

bipolar conduction effect.’” The S of p-type GeAs, exhibits
anisotropy at 300 K (S, > S, > S,), and the largest value of
~400 pV/K appears along the b-axis because of the large
density of states effective mass mj,. However, S, decreases
significantly with increasing hole concentration, and then
becomes smaller than S, and S, when hole concentration is
larger than 1 X 10! cm™, indicating that other heavy bands
might contribute to carrier transport along the in-plane rather
than the out-of-plane direction.” Similar behavior is also
observed at 800 K in p-type GeAs,. In contrast, at 300 K, the S
of n-type GeAs, is insensitive to the directions in the region of

low carrier concentration, and is quite small as compared to
that of its p-type counterpart, especially for electron
concentrations below 4 X 10*° cm™ due to the smaller mi,,.
When temperature increases to 800 K, S, becomes larger than
S, and S, respectively, in the whole range of carrier
concentration and reaches the largest value of 550 uV/K at
electron concentration of 5.4 X 10" cm™. A different trend of
S for the p- and n-type GeAs, crystals results from different
shapes of their band edges. A similar behavior is also observed
in SnSe.*

To calculate the electrical conductivity o, relaxation time 7 is
required as the output value in BoltzTraP code®’ is o/z.
However, determining 7 is difficult because it depends on both
temperature and carrier concentration. An approximate
constant relaxation time of 10 fs, which has been used in
some recent studies,44‘48_51 causes severe limitations in
quantifying their ZT value. In our present study, the single
parabolic band model (SPB) is used to obtain reliable 7z, which
has been successfully applied to predict ZT values in many
thermoelectric materials.*”**™>* We calculate the energy-
dependent relaxation time 7(E) by using 7(E) = 7,E’, where s
is related to specific scattering mechanism, and is set as —1/2,
because the predominant scattering in the low energy region
mainly comes from the coupling between the free carriers and
the acoustic phonons. In addition, according to Bardeen and
Shockley’s theory,™ the acoustic phonon scattering in the long
wavelength limit is modeled by the deformation potential (DP),
in which the scattering matrix element takes the form

I 2
Mk, K = B

and the deformation potential constant, respectively.”*” Thus,

, where C; and E; are the elastic constant
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Figure 3. Calculated electronic transport properties of p-type and n-type GeAs, as a function of carrier concentration along three axes at 300 K (---)
and 800 K (—): (a) Seebeck coefficient S, (b) average relaxation time 7 as a function of temperature and carrier concentration for both electrons and

holes, (c) electrical conductivity 6, and (d) power factor (PF).
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Table 1. Effective Mass m*, Elastic Constant C;, and Deformation Potential Constant E; Obtained from First-Principles

Calculations Used for the SPB Model

m* (m,) E; (eV) Ci (Gpa)
carrier a b c a b c a b c
hole (h) 0.20 0.84 0.44 13.62 9.35 8.80 23.06 55.22 100.64
electron (e) 0.34 0.15 0.46 6.85 9.93 7.62 23.06 55.22 100.64
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Figure 4. Spatial distribution of wave functions for the (a) VBM and CBM illustrated in the ab-planes using an isosurface of 0.025 e A. (b)
Calculated charge density difference, where the regions of electron excess and electron deficiency are marked by gray and pink, respectively, and the
interlayer regions are marked by the red rectangles. (c) Calculated binding energy E and its derivatives VE of bilayer GeAs, as a function of the
interlayer distance. The value of the first red dot (out—of—range) is 0.60 eV/atom/A.

the acoustic phonon scattering-limited relaxation time 7, is
given by
W, 1

= 8773 kBT (2m*)3/2E12 (3)

To

where h is the Planck constant and m™* is the single valley
density of states effective mass.”* The calculated m*, C;, and E,
are given in Table 1. The variation of 7 with carrier
concentration at 300 and 800 K is plotted in Figure 3b. We
note that 7 varies over a large range from 2 to 13 fs. This
behavior seems reasonable because the scattering of carriers
occurs more frequently at higher temperatures and carrier
concentrations, as is the case with layered GeSe.” In addition,
the electron relaxation time is more than 2 times larger than the
hole relaxation time, due to the smaller effective mass and
deformation potential constant.

Inserting the relaxation time to /7, we obtain ¢ as a function
of carrier concentration at 300 and 800 K. The results are given
in Figure 3c. Anisotropic ¢ is observed for p-type GeAs, at 300
K, as a result of different hole effective masses along the a, b,
and c¢ axes. However, this anisotropy is not obvious at 800 K in
the region of low hole concentration (lower than 5 X 10%

cm™?). For n-type GeAs,, 6 shows larger magnitudes than that
of its p-type counterpart due to the much larger 7. An
interesting feature occurs in n-type GeAs,: 6}, namely, the out-
of-plane electrical conductivity, is even larger than the in-plane
values (6, and 6,) at both 300 and 800 K.

To ascertain the strength and nature of the interlayer
interaction in GeAs,, we first calculate the wave functions for
the VBM and CBM to visualize the orbital overlap between the
atoms. These are shown in Figure 4a. Interestingly, a reversed
bonding feature is observed; namely, the VBM and CBM
exhibit antibonding and bonding states, respectively, indicating
the existence of strong electronic hybridization of the lone pair
electrons of the terminal As atoms between the adjacent
layers."”

Next, we calculate the charge density difference, and observe
a significant charge redistribution in GeAs,. The electron
deficiency between the adjacent layers of GeAs, confirms its
covalent bonding character of the interlayer interaction (see
Figure 4b). The calculated binding energy and its derivatives of
bilayer GeAs,, shown in Figure 4c, are quite large compared to
that of graphene'® and bilayer MoS,."" Moreover, the binding
energy of GeAs, (~0.1 eV/atom) at its equilibrium state is
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Figure S. (a) Calculated lattice thermal conductivity ki, and (b) electronic thermal conductivity k. along the three axes. (c) Calculated phonon
dispersion and (d) variation of three-phonon scattering rates of each scattering mode with the frequency of GeAs,.

much larger than that of black phosphorus (~0.08 eV/atom)’
and PtS, (0.05 eV/atom),”® which are found to possess a strong
interlayer interaction. In addition, the vertical interlayer spacing
of GeAs, (1.02 A) is much smaller than those of PtS, (2.54 A)
and black phosphorus (3.27 A). All of these features imply that
the interlayer interaction of GeAs, is associated with the
quasicovalent bonding, rather than pure vdW forces, thus
providing channels for electron transport, which gives
reasonable explanation for the large o,

Considering that S (o) decreases (increases) with carrier
concentration, we further calculate the power factor (S%0),
which represents the coupling effects between S and o, for
optimizing thermoelectric performance. The results are
displayed in Figure 3d. The power factor initially increases
and then decreases with increasing carrier concentration since
doping generally favors ¢ over S. It exhibits similar dependence
on carrier concentration and direction for both p-type and n-
type GeAs, at different temperatures. However, n-type GeAs,
possesses a significantly larger power factor than its p-type
counterpart because of the relatively large electrical con-
ductivity. The highest value of p-type GeAs, is 0.55 (0.50)
mW/mK? along the b (c)-direction at 300 (800) K with the
concentration of ~1 X 10%° (3 X 10*°) cm™. On the other
hand, for n-type GeAs,, the optimal power factor of 4.5 mW/
mK? along the c-axis with electron concentration of ~1 X 10!
cm™ arises from the strong zigzag As—As covalent chains.
Similarly, power factors of ~4.2 mW/mK?* arise with a lower
carrier concentration ~2 X 10* cm™ along the b-direction.
Such high values of the power factors are comparable to those
of typical thermoelectric materials, such as SnSe (~4 mW/
mK?)*" and PbTe (~2.5 mW/mK?).*’

Thermal Transport Coefficients. As mentioned above,
thermal conductivity is also crucial to the ZT value. Thus, we
calculate both the lattice conductivity, ki, and electronic

conductivity, k.. As shown in Figure Sa, a low out-of-plane «;, of
1.42 (0.53) W/mK is obtained at 300 K (800 K), due to strong
anharmonicity between the interlayers. Meanwhile, the in-plane
Kiw K,y and K, are calculated to be 2.33 (0.87) and 19.16 (7.28)
W/mK at 300 K (800 K), respectively, leading to a much larger
anisotropy ratio (k./k,) of 6.55 (8.37) as compared to that of
other anisotropy crystals such as SnSe (~1)** and phosphorene
(3.44).°° To understand this large anisotropy, we calculate the
phonon dispersion, which contains detailed information on the
vibrational states.’’ The results are shown in Figure Sc, where
the two transverse acoustic phonon scattering branches (TA
and TA’) are plotted in green and red lines, respectively; the
longitudinal acoustic phonon modes (LA) are plotted in blue
lines, and all other optical branches are plotted in purple. On
the basis of the phonon dispersion, the phonon velocity V, and
the longitudinal Debye temperature ® are evaluated and given
in Table 2. Although the V, values of three acoustic branches

Table 2. Calculated Phonon Velocity V, and Longitudinal
Debye Temperature © for Three Acoustic Branches

Vq (km/s) 0 (K)
direction TA TA’ LA TA TA' LA
I'—X (a-axis) 14.28 19.93 17.48 38.21 38.22 51.04
=Y (b-axis) 1658  22.55 2002 2282 2484 2931
-7 (caxis) 4864 2311 3194 9482 9502  99.82

are similar along the ['—X (a-axis) and I'=Y (b-axis) directions,
the TA and LA modes exhibit much larger V, along the '=Z
(c-axis) direction than that along the other two directions.
Besides, the ©, is significantly larger than the ®, and ©,. These
two features indicate that . is much larger than x, and k. In
addition, the optical branches are relatively localized along the
I'-X and I'-Y directions, while they are much more dispersive
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Figure 6. Calculated figure of merit ZT along the three axes for (a) p-type and (b) n-type GeAs, as a function of carrier concentration at 300 and

800 K.

and even comparable to those of acoustic branches along the
I'=Z direction, especially below 4 THz. Thus, V, of the optical
branches along the I'=Z direction is larger than that along the
other two directions, resulting in a large anisotropy of K.
Meanwhile, the low frequency optical branches also make a
considerable contribution to kj,, because of their large V.

To verify the above analysis, we further calculate the
frequency-dependent three-phonon scattering rates. The results
are shown in Figure 5d. In accordance with the phonon gap, a
remarkable scattering gap is observed between 4 and 6 THz.
Note that the scattering rates of the acoustic branches and
optical branches are comparable, especially at low frequency.
Thus, both of these branches make a large contribution to i,
as discussed before. Additionally, the calculated electronic
thermal conductivity k. has a trend similar to that of 6, and the
value of k, is much smaller than that of ky,,, as seen in Figure Sb.

Dimensionless Figure of Merit ZT. With all the transport
properties available, the figures of merit, ZTs, for p- and n-type
GeAs, as a function of carrier concentration at 300 and 800 K
can be determined. The results are plotted in Figure 6a,b,
respectively. The significant increase in ZT values at elevated
temperature mainly stems from the decreased value of k... The
electron doping is superior to hole doping due to a relatively
large 7. A moderate peak value of ZT (0.46) in n-type GeAs, is
obtained at 300 K. Because of ultralow intrinsic &, and
exceptionally high o, the ZT value increases with temperature,
and a satisfactory ZT value of 2.78 is achieved along the b-axis
with electron doping concentration of ~3 X 10*° cm™ at 800
K. Therefore, the layered GeAs, has great potential for
thermoelectric applications.

It is worth mentioning that the deformation potential theory
adopted in our calculations is based on the scattering process
between the electron and longitudinal acoustic phonon,”
which can provide a good prediction for ZT peaks at high
temperature, because the acoustic phonon scattering is
predominant in such conditions (like 800 K).“*~°° However,
it may lead to an overestimate of room-temperature ZT values,
because the optical and acoustic phonon scattering contribute
comparably at room temperature in some cases.”

Bl CONCLUSIONS

Using semiclassical Boltzmann transport theory, in combination
with first-principles calculations, we have systematically studied
the intrinsic thermoelectric properties of layered bulk GeAs, by
focusing on its Seebeck coeflicient, electrical conductivity, and
thermal conductivity. Our results show that a large power factor

of 3.8 (4.2) mW/mK?* can be achieved with electron doping
along the out-of-plane direction at 300 (800) K due to the
strong interlayer interaction, where quasicovalent bonding is
formed by the unpaired electrons of As atoms. A low out-of-
plane lattice thermal conductivity x;, of 1.42 (0.53) W/mK is
obtained at 300 K (800 K) because of strong anharmonicity
between the adjacent layers. Due to the ultralow intrinsic lattice
thermal conductivity and the exceptional large electrical
conductivity, a maximum ZT value of 0.46 (2.78) is obtained
with optimal electron doping at 300 (800) K. Our study
suggests that the layered GeAs, is a promising material for
thermoelectric applications, and may operate at intermediate
temperatures. It will be worthwhile to study similar layered
materials.
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