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ABSTRACT: In line with the classic phonon-glass electron-crystal (PGEC) T T T

paradigm, semiconducting and semimetallic multinary compounds remain %91 %%%%W 17°

the cornerstone of the state-of-the-art thermoelectric materials. By contrast, A
elemental PGEC is very rare. In this work, we report a thermoelectric study %, 6000 - ensie stain {15

of monolayer a-Te by first-principles calculations and solving the parameter- N‘>E I
free Boltzmann transport equation. It is found that monolayer a-Te possesses &, | 1L 110 N
high electron mobility (about 2500 cm® V™! s7') at room temperature due to 3 '
small effective mass, low phonon frequencies, and thus a restricted phase =

2000 1t {05

space for electron—phonon scattering. In monolayer a-Te, the electrons near
the conduction band edge are mainly scattered by the heavily populated
quadratically dispersing out-of-plane acoustic (ZA) phonon modes. The
thermoelectric figure of merit (ZT) for n-type monolayer a-Te is 0.55 at 300
K and 1.46 at 700 K. Notably, tensile strain stiffens the ZA modes, yielding a
linear energy-momentum dispersion relation and the removal of the diverging thermal population of ZA phonons. Consequently, the
electron mobility is enhanced. At a 4% tensile strain, the electron mobility can reach up to 8000 cm* V™! s™! at room temperature
while the thermal conductivity is almost unaffected, yielding a state-of-the-art ZT value of 0.94 and 2.03 in n-type monolayer a-Te at
300 and 700 K, respectively. For completeness, the thermoelectric study of p-type monolayer a-Te is also conducted. These results
beckon further experiments toward high-performance a-Te-based thermoelectric materials via doping, alloying, and compositing.

KEYWORDS: high mobility, thermoelectric, 2D material, strain effect, Te
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1. INTRODUCTION singularities in the density of states, and phonon dispersion
. 4,5 .
relation due to quantum confinement.”” The size effects can
make a material with reduced dimensionality so distinct from
material is gauged by its dimensionless figure of merit, 1t.s bu!k Cpur%terpart that ~the mate'rlal WIFh reduced
ST 1 dimensionality is treated as a new material despite the same
ZT = P " where o, S, k, and k; are the electrical composition and the crystal structure.
conductivity, Seebeck coefficient, electronic thermal conduc- Specifically, two-dimensional (2D) materials have attracted
tivity, and lattice thermal conductivity, respectively. Toward tr.emenflouS. interests from the point of view of r.educed
high ZT values, the materials must simultaneously possess low dimensionality as they can be cleaved or made r.mnosmed. In
total thermal conductivity k (k = k, + &) along with high the field of TE material research, 2D materials such as
- Re of. . . 6,7
electrical conductivity and a high Seebeck coefficient in line transxtlf)n met..al dlchalcoger}ldes (TMDs)™" have demonstr;x—
with the phonon-glass electron-crystal (PGEC) paradigm. ted their promise by possessing a large power factor (PF = 6S°)
Though there is no known upper limit for ZT, most state-of- comparable with the state-of-the-art bulk TE materials. On the
) o ags .
the-art TE materials have their peak ZT values between 2 and other hand, TMDs often have thermal conductivities, too high
3 due to the adverse interdependence among {o, S, K.}; for good thermoelectrics. In parallel with the experimental
L 2 . study, theoretical calculations, typically involved with sim-
optimizing one property generally degrades others.” Hence, TE e o )
material research is a delicate game of trade-offs and synergy.’ plifications on an electronic band structure and a scattering

To ease the adversely interdependent {o, S, .}, besides the

Broader application of thermoelectrics calls for high-perform-
ance thermoelectric (TE) materials; the performance of a TE

EEAPPLI

classic PGEC approach, one notable approach is pursuing high Received: June 9, 2020
ZT values in the material systems with reduced dimensionality Accepted:  September 1, 2020
by means of classical and quantum size effects. The classical Published: September 1, 2020

size effects are related to the limitation of the phonon mean-
free path via scattering, while the quantum size effects arise
from the change in the electronic band structure, e.g.,
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rate, have been carried out to explore the TE promise of many
2D materials including MX, (M = Mo, W; X = S, Se),*™"’
MCO, (M = Ti, Zr, Hf),"" TiS,,'> ZrS,"* TiS;,"* black
phosphorene,'* PAXY (X, Y = S, Se, Te),'”"” and Bi,Te,X (X
=S, Se, Te),18 to name a few. The results of these calculations
do not yield ZT values above unity due to a low power factor
and/or high thermal conductivity. Recently, promisingly high
ZT values are predicted in emerging 2D materials, such as
PbIz,19 KAgSe,20 and pentasilicene.21 Nonetheless, the
phenomenological models with simplifications generally lack
enough predictive power. Hence, there is a demanding need
for first-principles (parameter-free) calculations of the
performance of TE materials.

From the computation perspective, the materials to be
modeled would be structurally simple enough so the results are
reliable yet thermoelectrically good enough so the results are of
immediate practical implication. Elemental Te is such a
material. Recently, Lin et al.*” reported polycrystalline bulk
Te as a good TE material with ZT up to 1.0 at 600 K. ZT = 1.0
is regarded as the benchmark for practical TE materials. This
discovery is ground breaking in that most known good TE
materials are multinary semiconductors or semimetals, whereas
Te is elemental. On the other hand, the experimental results of
Te are derived from polycrystalline samples, which does not
fully reflect the thermoelectric potential of Te, given its
anisotropic crystal structure. Hence, inspired by the reduced
dimensionality approach mentioned above and in the light of
the layered crystal structure of Te, the intrinsic TE perform-
ance of monolayer Te needs to be studied.

To this end, Zhu et al.>* predicted that monolayer Te could
possess two semiconductor phases, named a-Te and f-Te
using density functional theory (DFT) calculations. The a-Te
phase is stable, whereas f-Te is metastable.”> The authors also
pointed out that monolayer a-Te could be readily obtained via
a thickness-dependent structural phase transition along the
[001] direction of the trigonal bulk Te, whereas the f-Te
phase could be derived by the structural relaxation when the
bulk helical chain structure is truncated along the equivalent
[010] or [100] direction. So far, only the -Te phase has been
experimentally obtained using molecular beam epitaxy growth
on a highly oriented pyrolytic graphite (HOPG) substrate™***
and a graphene/6H-SiC substrate.”> The interactions from the
substrate during Te growth prevent f-Te from transforming
into a more stable a phase. Nonetheless, when grown on a
substrate that is more chemically bounded (yet not too strong)
than HOPG and graphene/6H-SiC substrate, a-Te is
expected.””

Regarding the thermoelectric performance of monolayer Te,
previous studies showed that k;, of a- and f-Te are lower than
10 W m™! K! above room temperature,”* >* much smaller
than that of monolayer TMDs.””*" Nonetheless, the studies of
full thermoelectric transport properties are scarce. The
electrical transport properties in previous studies are estimated
based on a roughly constant relaxation time,”””* which in real
life depends on carrier modes, carrier concentrations, and
temperatures. Therefore, more accurate study is highly desired.
To accurately calculate the electrical transport properties, first-
principles calculations have not been made possible until
recently by solving the Boltzmann transport equations (BTE)
with scattering limited by the electron—phonon interactions
obtained from DFT and density functional perturbation theory
(DFPT).*' ° Electron—phonon interactions are typically the
dominant mechanism at an elevated temperature, where the

ZT value peaks. In this work, we calculate full thermoelectric
transport properties along with ZT of the monolayer a-Te
from first principles and parameter-free BTE. Considering the
fact that the monolayer Te is grown on a substrate, mismatch
in the lattice constants could result in strain, either
compressive or tensile; the strain effect is studied.

2. METHODOLOGY

In an external electric field E, the electron distribution is
deviated from the equilibrium, whereas the scattering tends to
restore the equilibrium. The steady state is described by the
BTE as

_ B Y
h ok

+ J'scatt(fnk) =0 (1)
where 7 is the reduced Plank constant, e is the elemental
charge, and f, is the distribution of an electron state at a wave
vector k with a band index n. For weak E, the electron
distribution deviates only slightly from the equilibrium; thus,
we can expand f, around the equilibrium Fermi—Dirac
distribution, f%, and keep only the linear terms in E, as™*

of°
f zfr?k + EE'Fnk[—a nk]
Cnk ()

where €, is the electron energy. Then, when the scattering is
limited by electron—phonon coupling, the BTE can be
linearized as™*

_ mk+q
Fnk = VnkTnk + Tk Z Wnk,q_p Fnk+q
aapgm (©)

where W;ﬁ;}‘} is the transition probability by absorbing or

emitting a phonon with a wave vector q and a mode index p,
34

as

mk+q __ 2_7[ mk+q)2 0 0
Wikep = 7 lgnk,qpl X [(ng, +fmk+q)

0 0
3(eq + haog, — €,14) + (1 + ng, — karq)

5(€nk - hwqp - €mk+q)] (4)

and 7, is the relaxation time calculated from

1 K+
T_ - Z W:ll(l qpq
nk  qgpgm ()

where ngp is the Bose—Einstein distribution for a phonon, @y,

is the phonon frequency, g¥ ,.q is the electron—phonon
coupling strength,®"°

mk+q __

1
gnk,qp - \/@ <l//mk+q|aV’-lI’h//nk>

(6)

where 0V, is the perturbation of self-consistent potential due
to lattice vibration, and vy, is the electronic wavefunction.

F,i can be obtained by iteratively solving eq 3,”* then f, is
known. From the current density expression

se
J=0E = ankvnk

VNk nk (7)

the electrical conductivity is calculated as®>***”
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Figure 1. (a) Top and side views of the crystal structure of monolayer a-Te with the primitive cell indicated by the red dashed lines. (b) Electronic
band structure with (red) and without (gray) the spin-orbital coupling effect along high symmetry directions of reciprocal space shown in the inset.
The electronic energy versus the wave vector for the (c) conduction band and the (d) valence band around the band edge. (e) Phonon dispersion

including spin-orbital coupling along high symmetry directions.

0
_ 562 afnk
6= nank -
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where s is the number of carriers per state, V is the volume of
the unit cell, Ny is the k meshes of the first Brillouin zone. The
mobility can be obtained by dividing the electrical conductivity
by the carrier concentration n,, as

c
A=
en

e )

with nc:ws\rkznk nok for the n-type system and

n = VN;ank (1 —ffk) for the p-type system. The Seebeck
7

coefficient can also be calculated from®

oS = Z (e e )v, E af’?k
- nk — Sf)Vaktnk| T 5
ka nk aenk (10>

and the electronic thermal conductivity is obtained by’

S 2 df :k 2
K, = Z (e — €0) v Ey e | ToS
nk €”k (11)

where T is the temperature and €; is the chemical potential.
The lattice thermal conductivity is calculated in an
analogous framework of BTE for phonons, as®**’

0

1 ong,

Ky, = W Z fla)qpvququ

q g (12)

where N is the number q grids, v, is the phonon group

velocity, and Fg, is phonon mean-free displacement, which is
obtained from an iterative solution of BTE.**

In this work, the DFT and DFPT calculations were carried

out in the Quantum ESPRESSO package'® using full-

relativistic norm-conserving pseudopotentials with local

density approximation (LDA) exchange—correlation func-
tional."" Figure la shows the crystal structure of monolayer
a-Te in the Cartesian space, which adopts a trigonal P3m1
(#164) space group. The relaxed lattice constant is a = 4.14 A,
in agreement with the literature data.”>*” In a side view, there
are three Te atomic planes, with a distance between the upper
and lower atomic planes of d = 3.60 A. The crystal structure is
not mirror symmetrized with respect to the middle atomic
plane. The vacuum space perpendicular to the atomic plane
was fixed to be 20 A to eliminate the interactions between
layers. For the properties normalized by volume, an effective
thickness of 7.72 A was adopted, as known as the distance
between surface Te atomic planes plus the van der Waals radii
of a Te atom.”” The electron energy, phonon dispersion, and
electron—phonon coupling were initially calculated on 8 X 8 X
1k and 8 X 8 X 1 q grids. To calculate electrical transport
properties, Wannier function interpolation was employed as
implemented in EPW package.36 To calculate k, the third-
order anharmonic interatomic force constants were calculated
using a 4 X 4 X 1 supercell with 3 X 3 X 1 k sampling, and a
force cutoft distance of 0.6 nm was employed. The ShengBTE
package® was used for iteratively solving the phonon BTE."
Considering the melting point of bulk Te is about 723 K, the
thermoelectric properties of monolayer a-Te are discussed
between 300 and 700 K. Here, we focus on the bulk transport
properties of a-Te, a 2D hexagonal lattice structure with
infinite in-plane extension. The isotropy of in-plane bulk
transport properties is guaranteed by the lattice symmetry. The
impact of zigzag and armchair configurations, which may yield
directional transport properties in nanoribbons, is thus not
relevant in this work. Thus, the electrical and thermal transport
properties of monolayer @-Te in the basal plane are regarded as
scalars hereafter.

https://dx.doi.org/10.1021/acsami.0c10236
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Figure 2. (a) Intrinsic electron and hole mobilities of a-Te as a function of temperatures. (b) Electron and hole scattering rates at room
temperature, and the (c, d) corresponding decoupled scattering contributed from different phonon modes for electrons and holes, respectively. (e)
Lattice thermal conductivity and the room-temperature phonon lifetimes of different modes.

3. RESULTS AND DISCUSSION

3.1. Mobility and Lattice Thermal Conductivity. The
calculated band structure of a-Te with the spin-orbit coupling
(SOC) considered is shown in Figure 1b. As shown, the SOC
significantly alters the band structure. Since the electrical
transport properties are markedly affected by the band
structure,®>* the SOC must be included to achieve high
accuracy for the calculated mobility. @-Te has an indirect band
gap, about 0.37 eV, with the conduction band minimum
(CBM) located at I" and the valence band maximum (VBM)
located in the I'=M line and its equivalent positions in the first
Brillouin zone. Since LDA underestimates the band | gap, the
GW correction was employed using YAMBO code,** and the
band gap is opened up to 0.69 eV (cf. Figure Sl in the
Supporting Information), only a little smaller than the previous
calculation (0.75 eV)*? using VASP* with HSE06 functional*®
including SOC. The real band gap is 10 times larger than
thermalization energy below 700 K, i.e., 10kzT ~ 0.60 eV, thus
the bipolar effect is negligible in the electncal transport.*”**
Therefore, the electron and hole transports were calculated
using conduction and valence bands separately, with chemical
potential manually shifted with respect to CBM and VBM,
respectively.

The band structure is flatter near the VBM compared to that
near the CBM, suggesting a larger effective mass for VBM. In
previous studies, the valence and conduction bands around
band edges were treated as isotropic.”””” However, we found
that such isotropy is oversimplified for holes. As seen in the
energy-momentum contours of Figure 1c,d, the CBM edge is
indeed isotropic with an effective mass of 0.10m,, in agreement
with previous results.””*” However, the VBM edge is strongly
anisotropic, with m} = 0.39m, and m} = 0.17m, when fitting
the valley in the I'=M line along the x and y directions.
Previous studies only fitted the hole effective mass along the
I'-M line, ie, m;,", and reported similar values.”*” 1t is
important to note that despite the anisotropic shape of each
hole pocket, and thus anisotropic hole effective masses along
the x and y axes, as shown in Figure 1d, the hole transport

43904

properties are isotropic in the basal plane due to the crystal
lattice symmetry embodied in the space group P3m1 (#164) of
a-Te. Figure le shows the phonon dispersion of a-Te. The
maximum phonon frequency corresponds to an energy of 23
meV, smaller than most of the 2D materials® ' due to the
heavy atomic mass of Te, but is comparable to other low
systems.'®~'® The low phonon frequency renders a low Debye
temperature for a-Te.

To calculate the carrier mobility, the q grids were
interpolated to 120 X 120 X 1 for phonons, whereas the k
grids were interpolated to 360 X 360 X 1 and 120 X 120 X 1
for electrons and holes, respectively, which are enough to
ensure the convergence (cf. Figure S2 in the Supporting
Information). The calculated intrinsic electron and hole
mobilities of a-Te at different temperatures are plotted in
Figure 2a. Remarkably, the room-temperature electron
mobility reaches as high as 2500 cm® V™! 57!, outperforming
many other 2D materials such as TMDs,>** InSe,*° black
phosphorene,*”*" and antimony.”> Meanwhile, this electron
mobility is about two orders of magnitude larger than the hole
mobility, which is only about 30 cm® V™' s7' at room
temperature. This tallies with the usual situation that materials
have hi ggh mobility for only one type of carrier, such as Si, 35,43

SiC,”* GaN,”* InSe,”’ and so on. We note that the
estlmatlons based on a simplified phenomenological model
with isotropic parabolic bands and acoustic deformation
potentials correctly give a high electron mobility (~2100
em® V71 71> This is expected because the electron
transport at low temperatures with a low carrier concentration
is mainly governed by the low-energy electrons in the I' valley,
reasonably described by the isotropic parabolic relation.
Nonetheless, the deformation potential model is crude,
which completely ignores the nonparabolicity of the band
structure, the mode- and temperature-dependences of
electron—phonon scattering, to name a few. For instance,
using the acoustic deformation potential model, the electron
mobility of monolayer MoS, is either overestimated by twice>
or underestimated by half*® as compared to the first-principles

https://dx.doi.org/10.1021/acsami.0c10236
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calculations.”* It can be seen that the hole mobility of a-Te is
overestimated (~1700 cm? V™! s71)***” by about two orders
of magnitude.

The remarkably smaller hole mobility as compared to the
electron is due to the heavier effective mass, which results in
not only a smaller group velocity but also much stronger
scattering rates. As shown in Figure 2b, the scattering rates of
electrons at room temperature are much lower than those of
holes, except in a narrow neighborhood of 0.4 eV. The
scattering rates of electrons are also lower than that of MoS,,**
InSe,”’ and black phosphorene.”’ This is a combined
consequence of a small effective mass and a low Debye
temperature. The electron—phonon scattering process requires
energy and momentum conservations between electrons and
phonons. Generally, the closer the difference in the energy
scale between the electron and the phonon, the more easily the
conservation criteria can be satisfied. The characteristic energy
scale of electrons (on the Fermi level) is on the order of eV,
while the counterpart of phonons varies between 1 and 100
meV. A lower Debye temperature generally corresponds to
lower phonon energies, thus a larger energy difference between
electrons and phonons and a smaller scattering phase space. In
this case, the scattering rates are expected to be small and
favors the electrical conductivity. By looking into the
decomposed contribution to the scattering rates from out-of-
plane acoustic (ZA), transverse acoustic (TA), longitudinal
acoustic (LA), and optical (OP) phonons in Figure 2¢,d, we
can see that the ZA and OP phonons contribute the most at
relatively low energies, while the contribution of TA and LA
increases as the energy increases. Unlike MoS, but as in
silicene and stanene,”” >’ ZA contributes significantly to the
scattering, which originates from the broken mirror symmetry
of the crystal structure.’” For 2D systems with mirror
symmetry, the ZA phonons have purely out-of-plane polar-
ization vectors and the in-plane Bloch waves are mirror
symmetric; therefore, the electrons and ZA phonons are
decoupled to the first order and the coupling matrix elements
vanish. On the other hand, in buckled 2D systems, where the
mirror symmetry is broken, the cancelation no longer applies.

The temperature-dependent k; of a-Te was calculated, as
shown in Figure 2e, with a value of 4.2 W m™ K! at 300 K
and 1.8 Wm™! K™! at 700 K, which are about half smaller than
the values reported by Gao et al.”” We have carefully checked
the convergence of k (cf. Figures S3 and S4 in the Supporting
Information), and found that the calculated x; would be
overestimated if the computational parameters especially the
scalebroad used in ShengBTE package®® are insufficient for the
convergence. k; of monolayer a-Te is much smaller than
monolayer TMDs,””*° black phoshperene,’’ InSe,’” but close
to the recently reported thermoelectric monolayer of Bi,Te,X
(X =S, Se, Te),'® -Te,”® and organic (NiC,S,),."* The low &y,
is due to a low Debye temperature, which susggests a small
group velocity and small phonon lifetimes.*** &y is mainly
contributed by phonons with a relaxation time below 100 ps at
room temperature, as shown in the inset of Figure 2e, which is
smaller than the monolayer TMDs,* InSe,®> and ﬂ-Te.26 The
acoustic phonons, of which the frequency is smaller than 10
meV, contribute more than 70% of x; above room temper-
ature.

3.2. Thermoelectric Figure of Merit. The high electron
mobility and low lattice thermal conductivity are key
ingredients for high ZT. The carrier concentration dependence
of ZT was calculated at a number of temperatures and is shown

in Figure 3. It can be seen that a-Te indeed exhibits high ZT,
up to 1.46 at 700 K under an electron concentration of 1 X

I n-type
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Figure 3. Thermoelectric ZT of n- and p-type a-Te as a function of
carrier concentrations and temperatures.

10" cm™ in the case of n-type a-Te. As temperature
decreases, the maximum ZT is reduced. However, at 300 K,
it is still as large as 0.55 at an electron concentration of 5 X
18'8 cm™. The ZT of p-type a-Te was also calculated, which is
much smaller than the n-type counterpart at the same carrier
concentration because of the much lower hole mobility.
Nonetheless, as the hole concentration increases to $ X 10%°
cm™3, the maximum ZT of p-type a-Te can reach 0.86 at 700
K, whereas the highest room-temperature value is about 0.25 at
a hole concentration of 2.5 X 10 cm™. It is also found that
the optimal carrier concentrations of unstrained a-Te are (S—
10) X 10'® cm™ for the n-type and (2.5—5) X 10*° cm™ for
the p-type a-Te over the whole temperature range of 300—700
K.

Figure 4 provides the individual thermoelectric properties of
n- and p-type a-Te as a function of carrier concentrations at
300 and 700 K. For an n-type system, in Figure 4ab, as
electron concentration increases, S decreases while ¢ and k,
increase; consequently, the PF and ZT have a peak shape as
the function of carrier concentrations. At 300 K, S and o at the
optimal concentration of ZT are 218 uV K™ and 1943 S cm™,
respectively, producing remarkably high PF of 92 yW cm™
K2 As temperature increases, S is slightly increased while o is
significantly reduced, and thus the PF is decreased. At 700 K,
the PF at the optimal carrier concentration of ZT is
approximately reduced by half to SO gW cm™ K™% The
decrease of PF arises from a slight increase of S to 227 uV K™
and a strong decline of ¢ to 973 S cm™. The corresponding «,
is also reduced from 0.8 Wm™ K™ at 300 K to 0.6 Wm™' K™
700 K; combined with the reduced kj, the total thermal
conductivity is reduced by half. As shown in Figure 4¢,d, the
thermoelectric properties of p-type a-Te exhibits similar
concentration dependence and temperature dependence as
their n-type counterparts. Specifically, at the optical carrier
concentration of ZT, the PF of p-type a-Te are 39 and 30 yW
cm™! K72 at 300 and 700 K, respectively, which are about half
smaller than that of n-type a-Te. Smaller PF of a p-type system
leads to lower ZT. It is noted that at the optimal carrier
concentration, the total thermal conductivity is mainly
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contributed by phonons. For instance, about 85 and 75%
thermal conductivity is contributed by x; at 300 and 700 K,
respectively, for both n- and p-type systems.

3.3. Strain Effects. Strain, which cannot be avoided in
realistic samples, has important influence on the transport
properties. It has been reported that the thermoelectric
performance of monolayer ZrS,, TiS,, and InSe can be
enhanced by tensile strain.'>'%% Therefore, we also studied
the tensile strain effect on the properties of a-Te for 1, 2, 3,
and 4% strains. Figure Sa shows the tensile strain effect on
electron and hole mobilities. It can be seen that the electron
mobilities increase significantly, which reach up to 8000 cm?
V! s7! at room temperature above 2% strain. As temperature
increases to 700 K, the enhancement of electron mobility by
tensile strain is reduced, but still more than doubled as
compared to an unstrained system, from 630 to 1515 cm* V™!
s71. Tt is also found that the electron mobilities under 2, 3, and
4% strains are almost identical, indicating that strain effect gets
marginal above 2% strain.

The tensile strain effect on mobility can be understood from
the variations of the band structures (Figures S5—S7 in the
Supporting Information) and the scattering rates, as shown in
Figure Sb,c. It is found that the electron effective mass is only
slightly reduced. For an unstrained system, the ZA phonons
dominate the scattering of electrons at low energies as
compared to other phonon modes, partially because of the
divergent thermal population of the quadratic ZA phonons.*’
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Upon strain, the ZA phonons get stiffened, and the dispersion
changes from quadratic to linear (Figure S8 in the Supporting
Information). Consequently, the thermal population of the
quadratic ZA phonons is significantly reduced. Therefore, the
scattering rates by ZA phonons decrease by more than one
order of magnitude at 2, 3, and 4% strains. For a given electron
state, smaller effective mass means fewer electron states
available for phonon scattering in the momentum space. The
small scattering phase space corresponds to a small scattering
rate. The scattering rates by TA, LA, and OP phonons are
almost unchanged, implying the weak effect from the change of
electron effective mass. Therefore, the significant enhancement
of electron mobility stems from the great decrease of electron—
ZA phonons scattering. As for holes, we found that the tensile
strain also reduces the scattering rates by ZA phonons, but
increases the scattering rates by other phonons (Figure S9 in
the Supporting Information) due to the equivalently increased
hole effective mass. Since the ZA phonons scattering is not
dominant for holes, the total scattering rates of holes are
increased. As a result, the hole mobilities under tensile strains
decrease slightly, for instance, from 30 to 23 cm® V™' s by 4%
strain at room temperature. Unlike electron mobilities, the
change of k caused by tensile strain is also not strong. At room
temperature, k; first increases from 4.2 to 5.7 W m™' K™ with
2% strain and decreases again to 43 W m™' K™ at 4% strain,
which is a result of the complicated change of mode-dependent
phonon group velocity and phonon lifetime.
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The effect of compressive strain is also studied. It is found
that —1% compressive strain has limited effects on the
electronic band structure near the band edges (Figure SS in
the Supporting Information), but results in imaginary
frequencies of ZA phonons near the I' point (Figure S8 in
the Supporting Information). Imaginary frequencies are not
allowed in the calculations of electron—phonon coupling; with
the imaginary ZA modes manually removed, the resulting
electron mobility is significantly enhanced, while the hole
mobility is much less affected (Figure S10 in the Supporting
Information). Although the physical meaning is discounted
because imaginary phonon modes do not exist in real life
materials, these results attest to the vital role of the coupling
between electrons and the ZA modes in relation to the electron
mobility (Figure S11 in the Supporting Information). In short,
any strain-induced change to the ZA phonon modes would
drastically impact the electron mobility. It should be noted that
the strain effect on carrier mobility has a different origin in
monolayer a-Te and bulk GaN. Poncé et al.>* reported that the
hole mobility of bulk GaN can be significantly increased by
both tensile and compressive strains due to the upshift of the
light split-off hole band. These results showcased the efficacy of
strain in tuning the electronic band structure of materials with
multiple bands close in energy but differing in the effective
mass. By contrast, the electronic bands of a-Te are well
separated in energy and the strain effect is limited. Rather, the
strain effect of electron mobility in a-Te is governed by the
strain effect of the ZA phonon modes and the resulting change
of electron—phonon scattering.

The noticeably increased electron mobility portends
significant increase of ¢ and k. in a n-type system, whereas S
is only weakly affected since it is mainly determined by the
band structure;’” as a consequence, loosely speaking, the
overall trend of PF is increased (Figure S12 in the Supporting
Information). As discussed above, k is dominated by k that is
less changed upon strain. The ZT of n-type a-Te is generally
enhanced by the tensile strain, as shown in Figure 6a. The
optimal concentration of n-type a-Te varies only slightly with
1—4% tensile strain in the range of (2.5—7.5) X 10"® cm™ over
the temperature range of 300—700 K. By contrast, o and PF of
p-type a-Te are decreased by tensile strain (Figure S13 in the
Supporting Information), in consistence with the reduced hole
mobility, and the ZT becomes worse, as shown in Figure 6b.
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The optimal concentration of p-type a-Te is also weakly
affected by the tensile strain in the range of (2.5—5) X 10%
cm™ over the temperature range of 300—700 K. Figure 6¢
shows the maximum ZT under different strains and temper-
atures for n- and p-type a-Te. The maximum ZT of the n-type
system increases first at 1% strain due to the increase of o, but
decreases at 2 and 3% strains due to the increase of k;. When
the strain increases up to 4%, the ZT increases again because k,
reduces to the level of no strain. At room temperature, the
enhanced ZT is 0.94. When temperature increases to 700 K,
the optimal ZT can be as high as 2.03, which is comparable
with the famous bulk thermoelectric SnSe at close temper-
atures.”*®” In contrast, it is found that the ZT of a p-type
system is decreased by tensile strain due to its deteriorated
hole transport properties. From the concentration and
temperature dependences of the calculated ZT of 4% strained
n-type a-Te, it is found that the ZT can be larger than unity
over a wide electron concentration and temperature ranges,
promising realistic applications. The thermoelectric ZT of n-
type a-Te is much better than previously estimated -Te* due
to its much smaller effective mass and the promising strain
effect.

4. CONCLUSIONS

In summary, the intrinsic electrical and thermal transport
properties of monolayer a-Te were studied based on
parameter-free first-principles calculations and solving the
electron—phonon-limited Boltzmann transport equation. It is
found that a-Te has ultrahigh electron mobility despite hole
mobility that is two orders of magnitude lower. The room-
temperature electron and hole mobilities are 2500 and 30 cm?
V™! 57! respectively. Because of the absence of mirror
symmetry in the crystal structure, the heavily populated out-
of-plane acoustic (ZA) phonons play a key role in the
scattering of a charge carrier. Meanwhile, the lattice thermal
conductivity of a-Te is lower than many previously reported
monolayer materials due to its low phonon frequency and
short phonon lifetime. Above room temperature, the lattice
thermal conductivity is lower than 4.2 W m~! K7L As a result,
monolayer a-Te displays good thermoelectric performance;
the ZT value reaches 1.46 and 0.86 at 700 K for pristine n- and
p-type systems, respectively, while the room-temperature
counterparts are 0.55 and 0.25. Notably, the tensile strain
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significantly enhances the ZT of an n-type system mainly due
to strain-induced linear dispersion of ZA modes and the
resulting suppressed carrier scattering by ZA modes. The peak
ZT values are enhanced to 0.94 and 2.03 by a 4% tensile strain
at 300 and 700 K, respectively. By contrast, strain degrades the
thermoelectric performance of p-type monolayer a-Te. These
results are expected to promote the experimental study of
monolayer a-Te via doping, alloying, and compositing.
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