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The goal of this work is to investigate the influence of mechanical deformation on the electronic and
thermoelectric properties of ZrSs monolayers. We employ density functional theory (DFT) calculations at
the hybrid HSEOG level to evaluate the response of the electronic band gap and mobilities, as well as the
thermopower, the electrical conductivity, the phononic and electronic contributions to the thermal
conductivity, and the heat capacity. Direct examination of the electronic band structures reveals that the
band gap can be increased by up to 17% under uniaxial strain, reaching a maximum value of 2.32 eV. We
also detect large variations in the electrical conductivity, which is multiplied by 3.40 under a 4%
compression, but much smaller changes in the Seebeck coefficient. The effects of mechanical
deformation on thermal transport are even more significant, with a nearly five-fold reduction of the
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rsc.li/nanoscale-advances the thermoelectric figure of merit of strained ZrSs could be doubled with respect to the unstrained material.

phononic contributions to the thermal conductivity, respec-
tively. Thus, new monolayer trichalcogenide nanosheets

1 Introduction
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Strain engineering is an emerging field that tries to optimize the
performance of materials,”* and in particular, of 2D
compounds such as graphene,** arsenene and phosphorene,®
molybdenum disulphide® or titanium disulphide”® for partic-
ular applications through the use of mechanical deformations.
Strain engineering can be also applied to transition metal tri-
chalcogenides®'® (MX; with M = Ti, Zr, or Hf and X = S, Se, or
Te), which have recently attracted significant attention due to
their narrow band gaps between 1.0 and 2.0 eV (ref. 11) that
render their nanosheets suitable not only for optical and elec-
tronic applications,* but also as building blocks in thermo-
electric devices."** For thermoelectric applications, the ongoing
efforts to increase their efficiency must target their dimen-
sionless figure of merit, z7, defined as

A (1)

Kel + Kph

where S is the thermopower or Seebeck coefficient, ¢ is the
electrical conductivity, and k. and «pj, are the electronic and
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produced by chemical vapour deposition or multilayers ob-
tained by mechanical exfoliation are designed to exhibit higher
Seebeck coefficients and electrical conductivities and lower the
thermal conductivities. Once these two-dimensional nano-
structures are built, their power factor ¢S> can be further opti-
mised through applied strain, given that their electronic
structures near the Fermi level are influenced by the stretching
or shrinking of the molecular bonds.'*** At the same time,
displacing atoms from their original equilibrium positions
alters their interactions, and hence the phonon dispersions*®
and the anharmonic force constants, which can lead to signif-
icant changes in the lattice thermal conductivity.

Another feature to be considered with a view to maximising
the thermoelectric efficiency of layered trichalcogenides is the
anisotropy of their thermal and electronic properties. For
instance, in a recent work'” we have shown that the thermal
conductivity of TiS; monolayers and bilayers is highly depen-
dent on the in-plane direction, with values at 300 K of 8.85 W
m~ ' K" in the x-direction and 13.56 Wm ™" K" along the y-axis
(the reference system is the same used here for ZrS; and illus-
trated in Fig. 1). Moreover, under a 7% compression the elec-
trical conductivity of TiS; monolayers, and therefore their power
factor, can nearly double in value with respect to the unde-
formed case.’® Apart from TiS;, little is known about the ther-
moelectric potential of other trichalcogenides. A recent study
has compared the thermoelectric performances of the bulk
phase and a monolayer of zirconium trisulphide (ZrS;),"
showing that the thermoelectric properties of the latter are

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Ball-and-stick representation of the ZrSs monolayer, with
sulphur atoms depicted in blue and zirconium atoms in green.

anisotropic, a feature also exhibited by TiS; in a number of
experimental and theoretical studies.'**** However, it is not
clear if and how the interplay of anisotropy and strain can be
harnessed to optimise the conversion of heat into electricity in
ZrS; monolayers.

The goal of this work is thus to evaluate how the thermo-
electric properties of zirconium trisulphide monolayers behave
under strain. We use total energy first-principles calculations to
obtain electronic and thermal properties such as electronic
mobilities and band gaps, Seebeck coefficients, and electrical
and thermal conductivities for a number of strains applied
either uniaxially or biaxially to ZrS; nanosheets. Those nano-
sheets are represented as a vacuum gap in contact with a unit
cell whose atomic structure is optimised within density func-
tional theory (DFT). We employ plane waves to represent the
electronic wave functions, and the generalised gradient
approximation (GGA) to the exchange and correlation energies
as a starting point. We then recalculate the electronic structure
using the hybrid exchange-correlation functional HSEO06,*
which corrects the underestimated electronic band gap of the
GGA calculation and substantially improves the agreement with
the experimental values reported for ZrS; nanostructures.
Moreover, we compute the thermal properties of ZrS; mono-
layers with a similarly fully ab initio approach starting from the
relaxed atomic structure, paying attention to dynamical
stability. ZrS; is an n-type®® semiconductor with a direct optical
band gap of (2.02 £+ 0.02) eV, as measured in multilayered
samples with an average thickness of (37 £+ 2) nm.>* Previous
measurements,* performed on single-crystal nanostructures
10 mm in length, 1 mm in width, and a few microns in thick-
ness, showed that this material has an outstanding thermo-
power of —850 uV K~ ' measured at 300 K, with an electrical
conductivity of 15 (Q ¢cm)™" and an electron mobility of 25.98
em® V7' s7' for a charge carrier concentration of 4.5 x 10'®
electrons per cm®. Those measurements correspond to
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transport along the atomic chains, ie., the direction repre-
sented as the y axis in Fig. 1. A few years later, the electrical
properties of ZrS; crystals on a WSe, substrate at 289 K were
reported as ¢ = 0.038 (Q cm) ' and u = 10.3 em* V' ' 57" at
a concentration of 2.33 x 10'® e~ per em’* along with
a maximum Hall mobility of 29.1 ecm® V™' s™" at 144 K. More
recently, suspended plates of ZrS; yielded an electron mobility
of 1132.9 ecm® V- ' s7' and an electrical conductivity of 0.12 (Q
cm) ' at a concentration of 0.66 x 10" electrons per cm®.>® In
this case, the suspended samples were fixed with silver paste on
four contacts, which highlights to the key role of the substrate
employed in the mobility measurements. We use those values
as a reference to validate our calculations.

After this introduction, this manuscript is organised as
follows. In Sec. 2, we detail the methodology employed to
compute the charge mobilities, effective masses, Seebeck coef-
ficients and other relevant thermoelectric quantities of ZrS;
monolayers under uniaxial and biaxial deformation. Next, in
Sec. 3 we study the influence of stretching and compression on
the electronic and thermal transport properties of the mono-
layer and evaluate the resulting figure of merit in order to detect
the best strategies to increase the thermoelectric efficiency of
those nanostructures. Finally, Sec. 4 presents our main findings
and their implications for future work.

2 Theoretical methods

We use the Vienna Ab initio Simulation Package*—*° (VASP) to
relax the positions and cell parameters of the ZrS; monolayer
models. Those are initially represented as a unit cell belonging
to the P2,/m space group, as shown in Fig. 1. Reciprocal space
integrations are performed using a mesh of 10 x 14 x 1 k points
centred at the I' point. The geometry relaxation is carried out
with thresholds of 1 x 107% eV nm™" for the forces and 1 x
107°
problem. These rather stringent thresholds are chosen so as to
clearly identify those deformations that lead to imaginary
phonon frequencies, i.e., to mechanical instability. We use the
generalised gradient approximation to the exchange and
correlation potential in the form proposed by Perdew, Burke,
and Ernzerhof** (PBE) and the projector-augmented wave
method (PAW) to account for the core electrons.**** The valence
orbitals are expanded on a plane-wave basis with an energy
cutoff of 350 eV. This value is chosen after a convergence test of
the total energy with respect to this parameter. Long-range van
der Waals forces are included using Grimme's zero-damping
DFT-D3 scheme.** We include a vacuum layer of 1.4 nm to
minimize the artifacts introduced by the periodic boundary
conditions.

Once the geometry of the ZrS; monolayer is relaxed, we
obtain the following values for the moduli of the lattice vectors:
a = 0.512 nm and » = 0.363 nm. We then apply uniaxial and
biaxial strains from —4.0% to 7.0% along the x and/or y direc-
tions in increases of 1%, keeping the lattice vector along the z
axis, i.e. the vacuum layer thickness, constant. In this range of
strains we always find exclusively real phonon frequencies,
which points to the dynamical stability of the strained systems

eV for the self-consistent solution of the electronic
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investigated. For uniaxial strains exerted along the x (or y)
direction, the cell is allowed to adjust along the y (or x) axis, thus
enabling a straightforward calculation of the in-plane compo-
nents of the Poisson's ratio. We then employ the HSE06 func-
tional** to obtain the electronic structure of the optimised
structures, from which we can obtain more reliable thermo-
electric transport properties using the BoltzTraP code.*® This
code uses semiclassical Boltzmann theory under the uniform
single-mode relaxation time approximation, and therefore the
results for the electrical conductivity and the electronic contri-
bution to the thermal conductivity are proportional to that
parameter. The carriers' relaxation time is defined as

wim;

T = Ie : ’ (2)
using Bardeen and Shockley's deformation potential theory.**
The mobility along the i-th direction (u;) is estimated using the
expression

2 KG

M= = 7*”22 (3)

3 kBT(m ) El,i
for a uniaxial or biaxial strain ¢;, where E, ; is the deformation
constant of Bardeen and Shockley's theory and Cj; is the relevant
elastic constant for each deformation. E; ; is calculated as the
variation of the valence band maximum for holes and conduc-
tion band minimum for electrons with respect to the vacuum
level vs. the strain. The elastic constants are obtained using the
expression

1 FE

Ci= — ot 4
VS e 4)

where Ey is the total energy per unit cell from the simulation
and A, is the area per unit cell of the unstrained monolayer. The
elastic and deformation constants are determined from a series
of PBE simulations where the monolayer is placed under strains
from —2.0% to 2.0% in increases of 0.5% along the two in-plane
directions. The effective mass is determined from the disper-

sion relation for the [th band using the parabolic
approximation
E(k) = Eoy(k) + (h2 / 2m;1) (ki — ko), (5)

where E, /(k;) is the energy band maximum or minimum, m;l is
the effective mass for holes if we fit for the valence band
maximum and electrons for the conduction band minimum,
and k;, is the wave vector at the position of those extrema. We
carefully checked that the band gap is direct for all strains
between —4.0% and 7.0%; thus, the fit is performed around the
I point along the x and y directions in reciprocal space.

We now describe the workflow employed to calculate the
thermal transport properties of ZrS; monolayers. We use the
almaBTE®” package, which needs matrices of second- and third-
order interatomic force constants (IFCs) from supercells. These
force constants are obtained with VASP using the same
computational parameters described above with the exception
of the reciprocal-space integration grid, which now consists
only of the I' point for each one of the displaced supercell
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configurations. Those configurations are generated by repli-
cating the unit cell 4 x 5 times with Phonopy®® and thirdor-
der.py.*® A cutoff of 0.44 nm (ie., up to the seventh nearest
neighbors) is chosen for the third-order calculation. Due to the
periodic boundary conditions and the corresponding break-
down of continuous rotation symmetry, the phonon frequencies
of 2D systems calculated using this method are known to
include numerical errors that can lead to the appearance of
artifactual imaginary acoustic frequencies near I'.'***** There-
fore, we need to apply a correction** to enforce the rotational
symmetry in our calculations. After this correction is applied,
analysis of the phonon dispersion curves for all strains applied
reveals that the structure becomes unstable for uniaxial and
biaxial compressive strains higher than 4%, with non-negligible
negative acoustic frequencies near I

We also computed the Born effective charges in order to
include the non-analytic corrections that, in 3D systems, result
in a splitting of the transverse and longitudinal optical phonon
branches at the I' point. However, recent theoretical and
experimental studies have shown that such a splitting is sup-
pressed in 2D materials because of the fundamentally different
physics of polar 2D vs. 3D systems regarding the effect of the
dipole-dipole interactions.****

Once all force constants are computed, we use them as
inputs to solve the Boltzmann Transport Equation (BTE) self-
consistently*” and obtain the lattice thermal conductivity as

ki = Kiz =K > _filfi+1)(w;) visFp, (6)
A A

where i and j are Cartesian directions (x or y), K; ' = kg T°QN, kg
is Boltzmann's constant, % is the Planck constant, Q the unit cell
volume (excluding the vacuum layer), and N the number of q
points used to sample the Brillouin zone. The summation in
eqn (6) runs over all sampled phonon modes ; each mode has
a frequency v, and a group velocity v, and at thermal equilib-
rium at temperature T its occupancy follows the Bose-Einstein
distribution f;. F;, is first initialized to 7,v;,, where 1, is the
lifetime of mode A within the relaxation time approximation
(RTA). Starting from this guess, the solution is then obtained
recursively and Fj, takes the general form t;(v;; + 4;;), where
the correction 4; captures the changes in the occupancies
associated to deviations from the RTA.***” Phonon scattering
due to isotopic disorder is also included under the Tamura
approximation,* considering the natural distributions of Zr
and S isotopes.

3 Results and discussion
3.1 Electron mobilities

Tables 1 and 2 summarize the values of the elastic constants C
of the monolayers, the deformation potential constants Ej, the
effective masses m", the mobilities u, and the relaxation times t
of holes and electrons in the x and y directions, calculated for
undeformed monolayers using HSE06. Our electron mobilities
overestimate the experimental values,*?*?® a phenomenon also
reported in other trichalcogenides such in TiS;."”***' This
discrepancy can, a priori, be attributed to different sets of

This journal is © The Royal Society of Chemistry 2020
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Table 1 Elastic constants C (eV A~2), deformation potential constants
E; (eV), effective masses m™ (in units of the electron mass mj),
mobilities u (cm? V! s73), and relaxation times z (fs) of holes and
electrons obtained after applying strains in the x (e,) and y (e,) direc-
tions, calculated using the HSEO6 functional, for undeformed
monolayers

Strain Carrier C E; m I T

Ex Hole 5.48 —1.03 —0.54 4038.27 1235.28
& Hole 8.09 —7.16 —0.97 37.90 20.97
Ex Electron 5.48 0.39 1.65 3004.82 2826.12
£ Electron 8.09 3.43 0.29 1810.53 302.45

Y

Table 2 Elastic constants C (eV A=2), deformation potential constants
E1 (eV), effective masses m" (in units of the electron mass myg),
mobilities ¢ (cm? V™! s73), and relaxation times z (fs) of holes and
electrons obtained after applying biaxial (e,) deformations, calculated
using the HSEO6 functional, for undeformed monolayers

*

Strain Carrier C E; m n T

&p Hole 15.81 —8.04 —0.54 192.31 58.83
&p Hole 15.81 4.36 —0.97 199.18 110.24
&p Electron 15.81 —8.04 1.65 20.34 19.13
&b Electron 15.81 4.36 0.29 2186.61 365.27

factors, like an inaccurate determination of the mobility or the
different conditions at which measurements and simulations
are made.

Regarding the calculation of mobility from DFT using eqn
(3), the disagreement may be caused by an incorrect calculation
of the effective mass m" or of the constant E, from deformation
potential theory (or both) or by limitations of the formalism
itself versus a more detailed treatment of electron-phonon
scattering. However, it seems reasonable to assume that the
HSEO06 functional likely reproduces the shape of the conduction
band in reciprocal space fairly well for two reasons. First, we

24 F .
22 :
20 F ]

1o :

Egap (V)

16 | ]
1.4 F ]

12 F

P IR U S NS S NS RS

-4 -2 0 2 4 6 8
Strain (%)

Fig. 2 Electronic band gaps Eg,p, calculated using the HSEO6 func-
tional, as a function of the uniaxial strains, (e,) and (e,), and the biaxial
strain, (ep).

This journal is © The Royal Society of Chemistry 2020

View Article Online

Nanoscale Advances

find a very good agreement of the experimental optical and
electronic band gaps; second, our hole effective masses are in
excellent agreement with the values of —0.87 (£0.09) m, along
the x axis and —0.49 (+0.20) m,. along the y axis recently
measured on ZrS; nano-whiskers using nanospot angle resolved
photoemission spectroscopy (nanoARPES).*

If we analyse the conditions at which simulations and
experiments are carried out, we find the following factors that
can be responsible for the disagreement: first, the ZrS; samples
in the experiments are multilayers rather than the monolayer
we model with DFT; second, these samples can contain crys-
tallographic defects or surface impurities as well as slightly
different compositions that deviate from their ideal stoichi-
ometry; and third, the samples were measured with different
substrates. The first cause can be expected to have only a minor
impact because the band gap of the experimental multilayer® is
very similar to that reported in the bulk'® and computed for the
monolayer in this work. The second factor is likely to play
a more significant role since the presence of crystallographic
defects cannot be completely ruled out. Moreover, the stoichi-
ometry of exfoliated ZrS; layers has been reported to differ from
the ideal ratio S/Zr = 3/1, which might a priori produce relevant
changes in the electronic structure. Additionally, a strong
influence is also exerted by the substrate employed to encap-
sulate the sample in the laboratory setup. For instance, the data
provided in ref. 23 and 25 differs from that published in ref. 26.
The first study used samples suspended on four gold contacts,
while the second work employed WSe, as a substrate, and the

2 T T T T T T
@ x-direction —e—
o 15 y-direction —*— 7]
E Y ]
o
5
0.5 ]
0 1 1 1 1 1 1
4 -2 0 2 4 6 8
£x (%)
2 T T T T T T
(b)
15 b
<
£ af 1
5
0.5 b
O 1 1 1 1 1 1
-4 -2 0 2 4 6 8
gy (%)
2 T T T T T T
(c)
15 b
e
W
I 1f ]
@
=
0.5 ]
O 1 1 1 1 1 1
-4 -2 0 2 4 6 8
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Fig. 3 Electronic mobilities vs. uniaxial strains using the HSEO06
functional along the x (a) and y (b) directions and biaxial strains (c).
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third fixed the samples with four silver contacts. Since silver is
the best conductor among the three materials, it is to be ex-
pected that the highest mobility be recorded with this material.

3.2 Band gaps

For the purposes of work, we determine the electronic band gap
as the difference between the conduction band minimum and
valence band maximum for the PBE and HSEO06 functionals.
This formulation yields band gaps of 1.09 eV for PBE and
1.99 eV for HSE06. Since HSEO06 is able to provide an excellent
agreement with the experimental optical band gap, we stick to
HSE06 when calculating the properties necessary to obtain the
figure of merit for ZrS; under strain. Fig. 2 shows that the HSE06
band gap responds anisotropically to mechanical stress: on the
one hand, it only decreases slightly when compression and
stretching are applied in the x direction (i.e., perpendicular to
the chains), with changes smaller than 4% for ¢, = —4%; on the
other hand, it gets narrowed by —24.9%, down to 1.49 eV, under
a strain &, = —4%, and grows with increasingly positive ¢, up to
2.33 eV, which represents a widening by 17.30%. The behavior
under biaxial deformation is similar to the response to ¢, alone,
suggesting that the latter drives the former.

Another crucial electronic property in n-type
conductors, such as ZrS;, is the electron mobility, which
dictates how fast an electron can move through the lattice, in
effective terms, under the effect of an electric field. In this study,
we are interested in quantifying the values of the electron
mobility and its anisotropy, but also how much it varies with
mechanical deformation. Fig. 3 shows a strong growth of wu,
with increasing e, and a slower increase of u, with increasing e,.
In contrast, u, decreases with increasing e, and w, decreases
with increasing e,. Therefore, the mobility increases under
perpendicular strains but is reduced under parallel uniaxial
deformations. The enhancements upon compressions of 4%
are 51.73% along the x axis and 45.00% along the y axis, while
the correspondent percentual reductions upon 7% stretching
are 49.70% and 51.49%. For the biaxial cases, both components
of the mobility decrease with increasing strain, which corre-
sponds to the widening the band gap as shown in Fig. 2.

semi-

3.3 Electronic transport properties

We now discuss the variations of the Seebeck coefficient and the
electrical conductivity with strain. Fig. 4 shows the values of the
thermopower S, in the range of concentrations between 10'*
and 10°° electrons per cm®, which is wide enough to cover the
range of values reported in the experiments reported in ref. 23,
25 and 26. The variations in both components (S, and S,) with
respect to all three strains ¢, ¢,, and ¢, are shown in Fig. S1 in
the ESI.} In all cases, the absolute values of the thermopower
decrease with increasing electron concentration following the
Mott relation® that predicts § o n~*>. At a concentration of 2.19
x 10" electron per cm?, the principal components of the See-
beck coefficient tensor are S, = —785.56 uV K ' and S, =
—783.18 pV K ' at, which compare fairly well with the —850 puv
K" at the same concentration measured on nanowhiskers and
reported in ref. 23. Moreover, the thermopower seems quite
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insensitive to mechanical deformations, with only minor
differences (within 2%) for most of the concentrations. Only at
very low concentrations of 10'* electrons per cm® do we find that
the thermopower increases significantly.

We now discuss how we choose the relaxation times neces-
sary to obtain numerical values of the electrical conductivity.
Our DFT workflow, based on band deformation potentials,
predicts electron relaxation times 7, ppr = 2825.12 fs and 7y prr
= 302.45 fs, whereas if we accept the experimental mobility
reported in ref. 26, pex, = 1132.9 cm® V' 577, and plug it into
eqn (2), we obtain the corresponding relaxation times 7, prr.exp
= 2826.12 fs and 7, pprexp = 302.45 fs, which in turn yield
electrical conductivities at 0.66 x 10'* e™ per em® of 0y prr-exp =
0.46 (Q cm) ! and 0y prr-exp = 0.17 (Q cm) ™. Note that the latter
is in excellent agreement with the 0.12 (Q cm) ™" reported in ref.
26. We therefore opt for this approach, which is justified in view
of the inability of the theoretical calculations to capture the
complex experimental conditions in terms of substrate, defects,
grain boundaries and other kind of lattice imperfection.

Note though that experimental data can also be taken to
calculate electron mobilities following the method proposed in
ref. 51. This method starts by setting the experimental Seebeck
coefficient S(T;u) as an input to determine the reduced chemical
potential neg from its definition in BoltzTraP

. kg 2+ A Fig ("Ieﬂ‘) _

S(T;u) = — o 7
( l’L) q 1+ 2 Fx(neff) Nefr ()

where u is the chemical potential, A = 1/2 is the scattering
exponent, g is —e for electrons and +e for holes, negr = (w — Ep)/
kgT with Ey, being the valence band maximum for holes and the
conduction band minimum for electrons, and F;.; are the
Fermi functions given by

* elde
Fi(n) = L Tre (8)

In our case, we use the Seebeck coefficient component S, =
—850 pv K reported in ref. 23; in eqn (7) to find a reduced
chemical potential of ne¢ = —9.74. We then plug this value in
the following expression

ms(T; B 2
L(M) Fip(negr) )

mTik) = 50 e

with an electron concentration 7 = 1.01 x 10'® e~ per cm? given
by our BoltzTraP calculations at 300 K for the unstrained case
and determine an effective mass m" = 1.85m,, where m, is the
electron rest mass (=9.11 x 10~*" kg). This value is 8.04 higher
than that we find using deformation potential theory (0.23m,).
Then, if we insert the BoltzTraP's effective mass in eqn (3), the
electron mobility is u, = 45.64 cm® V' s™! and, in turn,
a relaxation time 7, = 48.02 fs. The electron mobility is now in
the same order of magnitude with the experimental value of
25.79 em® V™' s7'. Therefore, this procedure yields a more
accurate estimation of electron mobilities and relaxation times
provided that the in-plane Seebeck coefficients are measured. In
our case, only the y-component is known of the Seebeck

This journal is © The Royal Society of Chemistry 2020
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coefficient, which precludes using the method as we need to
value along the x-axis, from which we can determine the relax-
ation times in both directions.

Having chosen appropriate relaxation times, we now illus-
trate the characteristic response of the electrical conductivity
with respect to electron concentration and strain. The response
of the in-plane component oy, vs. ¢, is depicted in Fig. 5, and all
combinations of in-plane components o, and o, vs. &, ¢, and ¢,
are shown in Fig. S2.1 For uniaxial strains, each component
experiences higher changes when the compression is parallel to
the mechanical deformation. For instance the component o,
increases by a factor of 2.87 with an ¢, of —4% and by 3.40 with
an ¢, of —4%, and the component g, by 2.27 under an ¢, of —4%,
at 0.66 x 10"® electron per cm®. Therefore, these enhancements
evidence not only the possibility of improving the electronic
transport by narrowing the band gap but also by increasing
electron mobility. Specifically, the most remarkable improve-
ments in electrical conductivity are detected when the electron
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Fig. 5 Effect of electron concentration on the directional electrical
conductivity o, when strain is applied in the y direction of ZrS3
monolayers.
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mobility grows by nearly 50% upon 4% compression of the
monolayer.

3.4 Thermal transport properties

As a transition from electronic to thermal properties, we now
examine the response of the electronic contribution . to the
thermal conductivity calculated with BoltzTraP under defor-
mations. Here we are interested in reducing this contribution to
improve the figure of merit. The reduction in k. occurs under
tensile deformations that widen the band gap, and thus
diminish the electrical conductivity. The decrease of the elec-
trical conductivity causes a reduction in k. according to the
Wiedemann-Franz law

Keg = LaT, (10)
where L is the Lorentz number, nominally equal to L = 7w*ks?/3¢>
= 2.45 x 10°®* W Q K> but which takes different values for
semiconductors.*

Fig. 6 and S31 show that strains applied along the x and y
axes induce a similar response of the components «z and ¥ to
those exhibited by their electrical conductivity counterparts, i.e.,
shrinking the ZrS; nanosheet results in an enhancement of
thermal transport by electrons, whereas stretching it reduces
the amount of heat carried by these particles. Note that for
concentrations higher than 10" electrons per cm?®, the heat
transferred by electrons is comparable to that carried by
phonons, as we show next. For instance, for the undeformed
case, ki requires a concentration of 1.20 x 10" electron per
em?® to reach a value of 1.15 W m™' K, while «¥ requires
a concentration of 5.75 x 107 electron per cm”.

We now analyse the effects of deforming ZrS; on phonon
transport. We first show in Fig. 7 how the phonon dispersion
curves change under biaxial strains of —4% and 7%. In partic-
ular, we draw the lowest-lying branches between I' = [0.0, 0.0,
0.0] and Y = [0.125, 0.0, 0.0] to illustrate how these curves
change near the zone centre when the rotational symmetry is
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Fig. 6 Effect of the electron concentration on the directional elec-
tronic contribution to the thermal conductivity ke, when strain is
applied in the y direction.
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restored, as described above. The results underscore the
importance of this correction since, going by the raw results of
the phononic calculations, a pocket of negative frequencies
forms which would point to the presence of mechanical insta-
bilities. Those disappear when the proper correction is applied
and would also look unlikely in view of the fact (see Fig. S4t)
that we are working in the elastic regime, with perpendicular
deformations in x and y created in the monolayer as a response
to the correspondent strain exerted in y and x that follow
a linear relationship. As a result, we can extract the Poisson's
ratios v,, = 0.12 and v, = 0.18. The correction is also important
to obtain reasonable the lattice thermal
conductivity.'®*?

We then plot the components kpp, v and Kpp yy, of the thermal
conductivity tensor (as calculated from the corrected force
constants) in Fig. 8 to illustrate their different responses to
uniaxial and biaxial stresses. When the monolayer is
compressed by —4% along the x axis, both components
decrease, down to 56.75% for kpp, . and 82.25% for kpp ,, with
respect to their zero-strain values of 18.65 W m ™" K™ ' along the
x-axis and 35.12 W m~' K ' along the y-axis. Meanwhile,
a tensile ¢, has no significant effect on either in-plane conduc-
tivity. Along the y-axis, both components decrease with
increasing strain, down to 7.49% of the original value for kpp, x
and 19.20% of the no-strain value for xpp,, with & = —4%.
Nonetheless, the most significant effects are seen under biaxial
strains e,: a compression of 7% causes both conductivities to
decrease by 49.62% for kpnx and 74.93% for kpp,,, and
a compression e, = 4% decreases Kpp, xx by 30.05% and kpp 5, by
34.28%. We note that the thermal transport along the x

values of

This journal is © The Royal Society of Chemistry 2020
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Fig.9 Effect of electron concentration on the directional power factor (S%¢), (a and c) when strain is applied in the x direction and (Sza)y (band d)

in the y direction and in both axes (e and f) of ZrSs monolayers.

direction is enhanced for intermediate stretching as kppxx
increases by a factor of 1.29 with ¢, = 1% and 1.70 for with ¢, =
4%.

Since our study is intended to find those cases in which the
figure of merit can be enhanced due to a reduction in the
thermal transport, we now perform a deeper analysis of how
strain reduces the thermal conductivity at 4% compression and
at 7% stretching. According to eqn (6), changes in the thermal
conductivity must be correlated to variations in the frequencies,
group velocities or lifetimes of phonons. We show in Tables S1-
S47 that the group velocities of the six lowest-lying branches (as
a sample of the modes that carry most of the heat) vary signif-
icantly near I" for uniaxial and biaxial deformations. However,

not all of these group velocities are reduced upon compression.
Therefore, we make a modal decomposition of the thermal
conductivities (see Fig. S6 and S77 for details) and find that the
lower frequencies contribute less when the monolayer is shrunk
by 4%. Additionally, we show in Fig. S61 that heat capacities can
be enhanced by a factor of up to 1.07 with &, = —4%, decreasing
with increasing strain in both uniaxial and biaxial scenarios.

3.5 Thermoelectric efficiency: power factor and figure of
merit

Finally, once all the thermal and charge transport properties are
calculated, we analyse the behavior of the power factor $%¢ and
the figure of merit. The former describes the maximum amount
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Fig.10 Effect of electron concentration on the directional figure of merit (zT) (a and c) at 300 K when strain is applied in the x direction and (zT) (b

and d) in the y direction and in both axes (e and f) of ZrSs monolayers.
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of electrical power generated by a temperature difference AT,
while the latter gives an idea of the efficiency of this conversion.
Fig. 9 illustrates the behaviour of the power factor with strain.
We predict that the generation of power is significantly
enhanced only for a few values of the strain. In particular, (S%¢),
is maximum for ¢, and ¢, equal to —4%, and to a lower extent
($%0), is maximized by an ¢, equal to —4%. As we have recently
observed for TiS; monolayers,"”” the behaviour of the power
factor is driven by changes in the electrical conductivity caused
by the widening of the electronic band gap under stretching.
A similar picture is also exhibited by the figure of merit in
Fig. 10, with the addition now that the component (z7), is also
enhanced under &, = &, = —4% as a result of depressed thermal
transport caused by a shrinking of the monolayer. Although the
absolute values of $’¢ and zT depend on the choice of the
relaxation time, our calculations predict that compression is
successful at increasing the maximum value of zT with respect
to the case with no stress applied on the atomic structure. In
particular, the maximum (z7), increases from 0.55 with 1.10 x
10" electron per cm® under no strain to 0.69 with 6.72 x 10'®
electron per cm® under a compressive strain ¢, = —4% and to
0.69 with 5.06 x 10'® electron per cm® and &, = —4%, repre-
senting improvements of nearly 25% in both cases. A more
striking result is obtained for the maximum (zT),, which grows
from 0.25 with 1.66 x 10" electron per cm® under no defor-
mation to 0.47 with 1.05 x 10" electron per cm® applying &, =
—4% and to 0.52 at 9.96 x 10'° electron per cm?®, representing
a rise of 86.06% and 107.00%, respectively. Based on these
relative results, our DFT methodology is able to suggest a recipe
to produce substantial improvements in the thermoelectric
efficiency of ZrS; due mostly to the reduction of the phonon
thermal transport but also to a higher electrical conductivity.

4 Conclusions

In summary, we have calculated the electronic and thermal
transport properties of ZrS; monolayers under uniaxial and
biaxial strains between —4.0% and 7.0% using first-principles
calculations based on density functional theory and the
hybrid functional HSE06. Our results indicate that the elec-
tronic band gap decreases substantially when compressing in
the y-direction or in both directions simultaneously. For
instance, in the former case the band gap can be reduced by
25%, from 1.98 to 1.49 eV, by shrinking the lattice by 4%. They
also suggest that the band gap behaves similarly under biaxial
stresses to the situation with uniaxial strain along the y-axis.
Furthermore, we analyse the influence of mechanical strain on
the electron mobilities by using deformation potential theory,
which allows us to determine the electron relaxation times. Our
calculations predict small changes in the Seebeck coefficient as
metallic behaviour emerges, since the band gap is still present
even for the tightest compressions. In contrast, the electrical
conductivity exhibits higher variations upon shrinking of the
monolayer with, for instance, its component ¢, growing by up to
a factor of 3.40 under a biaxial compression of —4%, evidencing
a relationship between an improvement of the electronic
transport and the electron mobility. Furthermore, we have
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evaluated the electronic contribution to the thermal conduc-
tivity and determined that, even though it can be tuned through
strain, its values require a doping level of at least 10" electron
per cm® to compete with thermal transport by phonons.
Meanwhile, the phononic contribution to the thermal conduc-
tivity shows a strong dependence on the direction and intensity
of the mechanical applied. This contribution is highly aniso-
tropic, with absolute values of the in-plane components of kph xx
=18.65Wm 'K 'and kph,, = 35.12Wm ' K ' at 300 K. We
have found that the most successful strategy to reduce these
values is to apply biaxial compressions of 4% and tensions of
7%. Finally, our predicted figure of merit at 300 K can be
enhanced by 86.06% along the x-axis and 107.00% in the y-
direction under a unidirectional compression of 4% along x.
Overall, our calculations suggest that using strain to engi-
neer the band gap and, more generally, the thermoelectric
behaviour of a monolayer requires careful consideration of the
direction along which deformation is applied. We note that
possible buckling under compressive strain is outside the scope
of this study, although the lack of imaginary phonon frequen-
cies in our calculations suggests that the shrinkages that we
propose should be achievable without inducing buckling.
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