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ABSTRACT: Strain engineering can effectively improve the energy band

degeneracy of two-dimensional transition metal dichalcogenides so that they Br - 1153%) e HS,(0%)
exhibit good thermoelectric properties under strain. In this work, we have studied 161 :::::u“_._::::ﬁ;
the phonon, electronic, thermal, and thermoelectric properties of 1T-phase 14} e e
monolayer HfS, with biaxial strain based on first-principles calculations combined "; 2r
with Boltzmann equations. At 0% strain, the results show that the lattice thermal 7, 10F
conductivity of monolayer HfS, is 5.01 W m™' K™' and the electronic thermal 2 s}
conductivities of n-type and p-type doped monolayer HfS, are 2.94 and 0.39 Wm™ & ¢
K™, respectively, when the doping concentration is around S X 10" cm™. The nt
power factors of the n-type and p-type doped monolayer HfS, are different, 29.4 2
and 1.6 mW mK™, respectively. Finally, the maximum ZT value of the n-type 0 PR e, s, e e = |

monolayer HfS, is 1.09, which is higher than 0.09 of the p-type monolayer HfS,. 100200300400 5",:'. “\‘.’;m 700 8009001000
Under biaxial strain, for n-type HIfS,, the lattice thermal conductivity, the electronic

thermal conductivity, and the power factor are 1.55 W m K 144 Wm™! K}, and 22.9 mW mK ™2 at 6% strain, respectively.
Based on the above factor, the ZT value reaches its maximum of 2.29 at 6% strain. For p-type HIfS,, the lattice thermal conductivity
and the electronic thermal conductivity are 1.12 and 1.53 W m™" K" at 7% strain, respectively. Moreover, the power factor is greatly
improved to 29.5 mW mK 2. Finally, the maximum ZT value of the p-type monolayer HfS, is 3.35 at 7% strain. It is obvious that
strain can greatly improve the thermoelectric performance of monolayer HfS,, especially for p-type HfS,. We hope that the research

results can provide data references for future experimental exploration.

1. INTRODUCTION

In recent decades, as the energy crisis and environmental
problems have become increasingly serious, researchers have
begun to turn their attention to the development of high-
efficiency energy.' > Thermoelectric materials have great
potential in waste-heat recovery, reduce §reenhouse gas
emissions, and provide cleaner forms of energy.” Thermoelectric
devices not only have high application potential in aerospace
components and household devices but can also be used in
current integrated circuits to solve the problem of chip heat.”~”
Thermoelectric material is a kind of functional material that can
directly convert thermal energy into electrical energy by carrier
movement in solids.”” The performance of thermoelectric
material is characterized by the dimensionless figure of merit, ZT
= 8*6T/k = S*6T/(k, + k), where S is the Seebeck coefficient, &
is the electronic conductivity, T is the temperature, and « is the
thermal conductivity including both the electronic contribution
(x,) and the lattice thermal conductivity (k).'" At present, the
problem that hinders the large-scale application of thermo-
electric materials is low thermoelectric conversion efficiency
(low ZT value). However, it is very challenging to find suitable
materials with large ZT since the transport coefficients (S, o, k)
are interdependent quantities. Researchers found that band
engineering,”_13 nanostructural engineering,14 and two-dimen-
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sional engineering'® can help enhance the Seebeck coefficient
and reduce the thermal conductivity, thereby effectively
improving the thermoelectric properties of materials.

It has been discovered that various two-dimensional (2D)
materials have higher thermoelectric ZT and also can be widely
used in practical applications. Thus, 2D materials have attracted
much attention due to their unique properties."'*™"* The main
2D thermoelectric materials are Group IV,—VI, compounds,
black phosphorus (BP), nitrides, transition metal dichalcoge-
nides (TMDCs), MXenes, and Xenes.'” > Among the various
2D materials, ZT can be effectively improved by selecting
structural materials with lower thermal conductivity. For
example, metal-shrouded semiconductor TLO (group space
R3m) with a 1T structure has good thermoelectric properties
due to its low thermal conductivity.”’ Likewise, TMDCs have
also attracted much attention due to their relatively high
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electrical conductivity and relatively low thermal conductiv-
ity.'** 2D TMDCs are divided into two kinds of crystal
structures according to the arrangement of the atoms and the
structures: trigonal prismatic (hexagonal, 2H-MoS, type) and
octahedral (tetragonal, 1T-CdI, type). MoS, and WS, are
typical TMDCs with a 2H-MoS, structure. Theoretical
studies”>*° indicated that the maximum ZT value of monolayer
MoS, (monolayer WS,) is 0.58 (0.067) at room temperature,
which is mainly due to the high lattice thermal conductivity.
Compared with the 2H-MoS, structure, the TMDC MX, (M =
Zr, Hf; X = S, Se) with the 1T-Cdl, structure has a much lower
lattice thermal conductivity and a higher ZT value at room
temperature.”” For example, Bera et al. calculated that the ZT of
monolayer HfS, (group space P3m1) is 0.60,” and Singh et al.
reported that the maximum ZT is 0.96.”” Ozbal et al. found that
the ZT of TMDC HIfS, with the 1T-Cdl, structure reached 0.67
at room temperature and increased with increasing temper-
ature.”* This shows that HfS, with the 1T-Cdl, structure is a
kind of 2D thermoelectric material with good performance.

It is worth noting that the thermoelectric properties of
materials are greatly affected by strain in practical applications.
For example, the strain-induced band degeneracy improves the
electronic transport properties, and the phonon dispersion
distortion may decrease k;, both of which result in the
enhancement of ZT.”*° In this paper, first-principles
calculations combined with the Boltzmann transport equation
are used to calculate the thermoelectric properties of monolayer
HfS, at different strains (the strain range from —3 to 7%;
negative numbers represent compressive and positive numbers
represent tensile strain). This not only enriches the research
content of 1T-Cdl, monolayer HfS, thermoelectric perform-
ance but also effectively predicts the changing trend of the
thermoelectric properties of monolayer HfS, under strain. We
hope the research results have importance for guiding the
improvement of material processing in the future.

2. COMPUTATIONAL METHODS

The structural optimization of unstrained and strained
monolayer HfS, with the 1T-Cdl, structure (as shown in Figure
1) in the Vienna ab initio simulation package (VASP) is
performed using generalized gradient approximation (GGA)

Figure 1. (a) Top and (b) side views of monolayer HfS, in the 1T-CdI,
type, where the blue and yellow balls represent the Hf and S atoms,
respectively.
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within Perdew—Burke—Ernzerhof (PBE) formulation ex-
change—correlation interaction on the basis of density func-
tional theory.”' ~>* The plane-wave energy cutoff is chosen as
500 eV, and the Monkhorst—Pack k mesh is 13 X 13 X 1.
Geometrical structures were relaxed until the force on each atom
was less than 0.001 eV-A™". To avoid interaction with periodic
images, a 15 A thick vacuum slab is added in the direction of the
vertical two-dimensional plane.

To obtain lattice thermal transport, we solved the Boltzmann
equation for phonon as implemented in ShengBTE.** The
Phonopy code was used to obtain the phonon dispersions and
second-order interatomic force constants (IFCs).”> The third-
order interatomic force constants are extracted from ShengBTE.
The second-order and third-order interatomic force constants
were calculated using a 3 X 3 X 1 supercell with 5 X 5 X 1k
meshes based on the relaxed unit cell. The lattice thermal
conductivity of monolayer HfS, requires the conversion of the
following formula from the results obtained by ShengBTE

1
Kap = o7r Z Cﬂ/ml&ﬂfz
SH 7 (1)

where S is the surface area; H is determined by Hygg, = hyygs, + 275,

where hygg, is the height difference of the top and the bottom S

atom; and rg is the van der Waals radii of the S atom.*®*”

The electronic thermal conductivity was calculated using the
Wiedemann—Franz law

Kk, = LoT ()

where L is the Lorenz number, and in this work, we use L = 2.45
X 108 P K221

For the calculations of the Seebeck coeflicient and the
electrical conductivity over relaxation time (6/7), we use the
electron Boltzmann transport theory within relaxation time
approximation (RTA) as implemented in the BoltzTrap
software package.38 To obtain accurate transport properties, a
large 51 X S1 X 1 k-point Monkhorst—Pack mesh is used to
calculate the band energies. Finally, the relaxation time (7) is
estimated using the Bardeen—Shockley deformation potential
theory based on the effective mass approximation

_ pm*
€ 3)
_ eh3C2d
# kBTm*de12 (4)

where y, C,p, and E are the carrier mobility, the effective elastic
modulus, and the deformation potential constant, respectively;
m* = h*[0°E/0k*]™! is the effective mass of the carrier; and

* % . : 39,40
mgq = \/m,m, is the average effective mass.

3. RESULTS AND DISCUSSION

3.1. Thermoelectric Properties of Unstrained Mono-
layer HfS,. Table 1 shows the stable crystal structure of
monolayer HfS,, which can be observed to be in good agreement
with the theoretical results in previous reports in the
literature”®*'~* and proves the reliability of our calculations.
Furthermore, the stability of the structure is verified by
calculating the phonon dispersion without an imaginary
frequency (Figure 2a). Finally, the trend graph of lattice thermal
conductivity with temperature is obtained (Figure 2b). More-
over, the K of monolayer HfS, is 5.01 Wm™" K" at 300 K. This

https://doi.org/10.1021/acsomega.1c04286
ACS Omega 2021, 6, 29820—29829


https://pubs.acs.org/doi/10.1021/acsomega.1c04286?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04286?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04286?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04286?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04286?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 1. Lattice Constants (A) from PBE Calculations and
Those in the Literature

method lattice constant
HfS, expt (bulk) 3.631%°
PBE 3.65"
PBE 3.643 (present)
PBE 3.674"
PBEsol 3.64%

is indeed lower than the 8.77 W m™ K™™' reported in a previous
report in the literature for bulk HfS,,** but the results obtained
are higher than the x; of monolayer HfS,, 2.836 Wm™ K, as
reported by Bera et al. and 0.71 W m™ K" as reported by Ozbal
et al.”**® It is worth pointing out that monolayer HfS, has a
much smaller x; compared with MoS, and WS, monolayers.*~*

Figure 3a,b shows the band structure of the monolayer HfS,
by the PBE functional, HSE hybrid functional, and the SOC
effect. The band gaps predicted by the HSE hybrid functional
and the SOC effect are 2.13 and 1.17 eV, respectively, while the
band gap predicted by the PBE functional is 1.31 eV. It is found
that the band gap predicted by the PBE functional is basically
consistent with the theoretical results (1.30 and 1.29 eV)>****
and the latest experiment of HfS, nanosheets (1.30 eV).*
Therefore, for monolayer HfS,, the PBE functional is used as a
calculation method in subsequent research calculations.

The electronic transport coefficients (Seebeck coefficient,
electrical conductivity over relaxation time, power factor over
relaxation time (S*6/7)) and the electronic thermal conductivity
over relaxation time (k,/7) in the range of 0.01—10 X 10" cm™
doping concentration are shown in Figure 4a—d. In Figure 4a,
we show the calculated o/7 as a function of doping
concentration for monolayer HfS,. It was shown that the ¢/7
of p-type doping is slightly larger than that of n-type doping
within a range of doping concentrations less than 7 X 10> cm™.
When the doping concentration is higher than 7 X 10" cm ™2, the
0/t of n-type doping is larger than that of p-type doping. In
Figure 4b, we show the calculated Seebeck coeflicient as a
function of doping concentration for monolayer HfS, We
observe that the value of the Seebeck coefficient decreases first
and then increases slightly with an increase of doping
concentration, and the Seebeck coeflicient of n-type doping is
larger than that of p-type doping.

In Figure 4c, we show the calculated S%6/7 as a function of
doping concentration for monolayer HfS,. The $’6/7 of n-type
doping is larger than that of p-type doping, and with an increase
of doping concentration, the difference increases gradually,
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Figure 3. Band structure of monolayer HfS, calculated by (a) HSE
hybrid functional and (b) SOC effect with a comparison to the PBE
functional.

related to the change of the Seebeck coefficient. Then, we
calculate the k./7. As can be seen from Figure 4d, the /7 of n-
type doping exceeds that of p-type doping at high carrier
concentrations.

To obtain ZT, we must first calculate the relaxation time, as
shown in eqs 3 and 4. The specific parameters and results are
shown in Table 2. Under 0% strain, in the vicinity of the
optimum doping concentration of § X 10'> cm™, we obtained
the power factor and thermal conductivity (x, + k;) of n-type
doping and p-type doping. The power factors are 29.4 and 1.6
mW mK ™2, and the thermal conductivities are 7.95 and 5.5 W
m™' K™, respectively. The results show that the power factor of
n-type doping is much greater than that of p-type doping, and
the thermal conductivity difference between n-type and p-type
doping is not particularly large. Based on this, we can roughly
predict that the maximum value of ZT for n-type should be
higher than that for p-type. Finally, the ZT for unstrained
monolayer HfS, can be determined. At 300 K, the maximum
value of ZT for p-type is 0.09, and that for n-type is 1.09. The
calculated ZT as a function of carrier concentrations is shown in
Figure 5. That is, the thermoelectric properties of n-type doping
are better than those of p-type doping for monolayer HfS, at 0%
strain. Our calculated ZT for p-type is consistent with previous
reports in the literature, 0.13 and 0.26;*° however, that for n-
type is slightly higher than the reported data, 0.6 and 0.67,”* but
is more consistent with 0.96.>

3.2. Thermoelectric Properties of Strained Monolayer
HfS,. A series of in-plane biaxial strains, including compressive
and tensile strain, are applied to monolayer HfS, and are defined
as

. . . . . . — —_— 9
which indicates that the changing trend of S$°¢/7 is mainly &= (a —ap)/a X 100% ©)
20
(a) (b)
ol 18
16
N 8t 14}
= ~
=) T
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g z
] — 3
= ; ~ 6l
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Figure 2. (a) Phonon spectra of monolayer HfS, and (b) the temperature dependence of lattice thermal conductivity of monolayer HfS,.
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Figure 4. Calculated electronic transport coefficients ((a) /7, (b) S, (c) S,0/7, and (d) k./7) as a function of carrier concentration for both p-type and

n-type monolayer HIS,.

Table 2. Effective Mass (m*), Average Effective Mass (m,), Elastic Modulus (C,p,), Deformation Potential Constant (E,), Electron
and Hole Mobility (), and Relaxation Time (z) of Monolayer HfS,

carrier type m* (my) my (my) Cp (Nm™) E (eV) p (em?2 Vs 7 (107 s)
electron HfS, 1.43 4.62 202.72 1.37 364.2 29.7
hole HfS, 1.44 0.44 202.72 133 382 3.1
12 P —— According to previous reports,** the ZA phonon is the main
I heat conduction carrier in HfS,, and the ZA optical gap
Lor : determines the intensity of the scattering. If the ZA optical gap is
i smaller, the scattering between the ZA modes and optical modes
0.8 i is stronger, which may result in a smaller lattice thermal
— E conduc’civity.44 With the increase of biaxial strain from —3 to 7%,
N o6r ' the ZA optical gap decreases. It is reasonable to predict that the
E lattice thermal conductivity decreases with an increase of biaxial
041 ! strain from —3 to 7%. Finally, as can be seen from Figure 7, the
; trend of the lattice thermal conductivity is almost consistent
021 ' with our previous predictions as the biaxial strain changes from
E -3 to 7%.
0.013“ : m(“ - . 0 It is worth noting that we observe a large change in the lattice

N (1013em™2)

Figure 5. Calculated ZT as a function of carrier concentration for both
p-type and n-type monolayer HfS,.

where g, and a are the unstrained and strained cell parameters,
respectively. Biaxial strains ranging from —6 to 10% were
considered. There is an imaginary frequency mode in the
phonon spectrum of monolayer HfS, in the high symmetry
directions under strains of —6 and 10%. Therefore, only the
results of =3, -1, 0, 1, 3, S, 6, and 7% biaxial strains are given as
representative cases. The corresponding phonon spectra are
shown in Figure 6a—h. There is no imaginary frequency mode in
the phonon spectrum of monolayer HfS, in the high symmetry
directions under strain ranging from —3 to 7%. It is proved that
the structure is stable under seven kinds of strain.

29823

thermal conductivity when the strain reaches 5% and above.
Therefore, we explain this phenomenon by analyzing the
changes in phonon group velocity and relaxation times from
Figure 8. From Figure 8a—d, the group velocity of acoustic
modes is basically larger than that of the optical modes, and only
the group velocity of the optical modes between 4 and 8 THz is
greater than that of the acoustic modes. When the strain reaches
5% and more, the group velocity of the acoustic modes is
significantly reduced, while the group velocity of the optical
modes increases. Regardless of the acoustic mode or the optical
mode, their frequencies decrease. Mode-dependent phonon
relaxation times for ZA, LA, TA, and optical modes under
different biaxial strains are shown in Figure 8e—h. The ZA, LA,
TA modes have larger relaxation times than the optical modes,
which indicates that the phonon scattering rate of the acoustic
modes is lower than that of the optical modes. This also shows
that the acoustic mode has a greater contribution to the thermal

https://doi.org/10.1021/acsomega.1c04286
ACS Omega 2021, 6, 29820—29829
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Figure 7. Calculated lattice thermal conductivity of monolayer HfS, as
a function of carrier concentration at different biaxial strains.
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conductivity of the lattice than the optical mode. But regardless
of the acoustic mode or the optical mode, their relaxation times
are significantly reduced when the strain reaches 5% and more.
This shows that the phonon scattering rate increases
significantly when the strain reaches 5% and more. The high
phonon scattering rate and low phonon group velocity also
cause the lattice thermal conductivity to reduce significantly
when the strain reaches 5%.

The calculated electronic structures of monolayer HfS, under
different strains are shown in Figure 9a—h. It is well-known that
strain can modify the band structure. In this paper, we found that
the tensile strain led to an increase in the band gap and a
compressive strain led to a decrease in the band gap. When the
biaxial stress effect is from —3 to 7%, the band gap of the system
increases from 0.9 to 1.83 eV. Furthermore, the energy
difference between valleys I and II (III and IV) is denoted as
AC (AV), namely, AC = E; — E;;, AV = E, — Eyy;, where E; and
E}; denote the two conduction band valleys near the Fermi level,
and Eyy, Epy, and Ey denote the three valence band valleys near
the Fermi level. It is theoretically considered that AV less than a
certain value (compared with kzT, where kj is the Boltzmann

https://doi.org/10.1021/acsomega.1c04286
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Figure 8. Magnitude of the phonon group velocity as a function of frequency in the full BZ under different biaxial strains: (a) 0%, (b) 5%, (c) 6%, and
(d) 7%. Mode-dependent phonon relaxation times for ZA, LA, TA, and optical modes under different biaxial strains: (e) 0%, (f) 5%, (g) 6%, and (h)

7%.

. 3,5,11,13,30
constant) represents the merging of energy levels™>' """ and

affects the thermoelectric properties of the material. The
increase of the degeneracy in the valley is generally helpful to
improve the thermoelectric properties of thermoelectric
materials.””**° This is because the multiple degenerate valleys
increase the effective mass without significantly decreasing the
carrier mobility.”® As can be seen from Figure 10a, AV decreases
with increasing strain and approaches 0 eV at 5% strain. This
shows that the three valleys of the valence band can be regarded
as being effectively converged. In other words, the energy levels
are merged.

Under the action of strain, the lattice constant of the crystal
structure changed and the position of the atom also shifted,
resulting in a change in the characteristics and strength of the
bond between atoms so that the band structure changed. This
can also be observed from the information in Figure 10b of the
partial density of states (PDOS) of monolayer HfS,. The PDOSs
at 0, 5, and 7% strains are calculated and compared as shown in
Figure 10b. It can be seen from Figure 10b that the valance band

29825

is mainly contributed by the 3p orbital of the S atom, and in the
range of energy level from 0 to —1 eV, the PDOS at 5% strain is
obviously greater than the PDOS at 0 and 7% strains. Therefore,
when the biaxial strain is at around 5%, the band of the
monolayer HfS, converges. Finally, the Seebeck coefficient and
the power factor of p-type doping may be the highest at 5%
strain. In the following, it is shown that the Seebeck coeflicient
and the power factor are indeed the largest under the stress of
5%, as shown in Figure 11b,c.

The electron transport coefficients under different strains
were calculated on the basis of the semiclassical Boltzmann
theory. Figure 1la shows the variation of ¢/7 with carrier
concentration under different strains. The 6/7 increases with
increasing carrier concentration. When the biaxial strain changes
from —3 to 7%, the 6/7 decreases, and the p-type conductance
varies greatly with strain, while the n-type conductance varies
little with strain. Moreover, we find that the ¢/7 of n-type is
obviously higher than that of p-type under the same conditions.
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Figure 9. Band structure of monolayer HfS, under different biaxial strains: (a) —3%, (b) —1%, (c) 0%, (d) 1%, () 3%, (f) 5%, (g) 6%, and (h) 7%. The
two conduction band valleys near the Fermi level (0 eV) are denoted by I and IL. The three valence band valleys near the Fermi level are denoted by I11,
IV, and V. AC (AV) represents the energy difference between I and II (III and IV).

Figure 11b shows the variation of S with carrier concentration
under different strains. The overall trend of S decreases with
increasing carrier concentration. For p-type doping, we find that
S increases with the increasing biaxial strain and becomes
maximum at a strain of 5%. For n-type doping, S increases when
the strain changes from —3 to 7%. Figure 11c shows the variation
of $’6/7 with carrier concentration under different strains. For p-
type doping, S’¢/7 increases with the increasing strain and
reaches the maximum value under 5% strain. For n-type doping,
$%6/7 increases monotonically with the increasing strain and
reaches the maximum value under 7% strain. As mentioned
above, the increase of the degeneracy in the valance band valley
is in favor of the increase of S and Sc/7; that is to say, the
increase of S and S%6/7 is accompanied by the decrease of AC
under strain from —3 to 7%, which is consistent with our results
(Figure 11). Now, we have the ratio of the electronic transport
coeficients and the relaxation time, and the effect of relaxation
time cannot be ignored.

Figure 11d shows the variation of k./7 with carrier
concentration under different strains. For both n-type and p-
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type doping, we find that x./7 decreases with the increase of
strain from —3 to 7%, and the k./7 of p-type doping is obviously
smaller than that of n-type doping, especially when the strain is
below 3%.

Table 3 shows the effective mass, average effective mass,
elastic modulus, deformation potential constant, and relaxation
time of monolayer HfS, at =3, —1, 0, 1, 3, 5, 6, and 7% biaxial
strains.

Combining all of the calculated coefficients together, the
variation of the ZT value with carrier concentration is shown in
Figure 12. The ZT value of p-type doping is only 0.09 at 0%
strain. Moreover, we find that the ZT value of p-type doping
changes greatly with the increase of strain. When the strain
increases to 7%, the ZT value reaches 3.35, with a huge
improvement. The ZT value of n-type doping is 1.09 at 0%
strain, which is much higher than that of p-type doping. On
further applying strain to it and on reaching 6% strain, we find
that the ZT value further increased to 2.29. Under biaxial strain,
we find that the ZT value of p-type doping exceeds that of n-type

doping when the strains are at 6 and 7%. The reason for this can
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&l thermal conductivity at 6 and 7% strains. At 6% strain, the
s thermal conductivity of p-type and n-type doping are 3.37 and
= 2.99 W m™' K, respectively. The thermal conductivities of p-
0.0 type and n-type doping are 2.65 and 2.01 W m™' K7},
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3 —Hfs certain range can simultaneously increase S and the power factor
3 % :::‘Z and can also reduce the thermal conductivity. The combined
4 ) ) ) ) - effect of these factors ultimately improves their thermoelectric
_ 3 performance.
= 2 5%
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:i;" ) 4. CONCLUSIONS
= :2 ) . ) ) We have studied the phonon, electronic, thermal, and
4 thermoelectric properties of monolayer HfS, with and without
2 7% biaxial strain based on first-principles calculations combined
Sy with Boltzmann equations. At 0% strain, the results show that
3 the ZT value of n-type HIfS, at the optimal doping concentration
4 ) ) ) ) is 1.09, while the ZT value of p-type HfS, is only 0.09. This
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Figure 10. (a) Band gaps (A) and the energy difference between the
conduction and valance band valleys (AC and AV, respectively) as a
function of the applied biaxial strain. (b) Partial density of states of the
monolayer HfS, at 0, 5, and 7% strains.

be seen from Table 3; the relaxation time of p-type doping is
larger than that of n-type doping, and the difference between the
S$%6/7 of p-type and n-type doping is not significant. Therefore,
the S*6 of p-type doping is higher than that of n-type doping. For

indicates that the thermoelectric performance of n-type HIS, is
much higher than that of p-type HfS, under the condition of 0%
strain. Moreover, the strain can effectively improve the
thermoelectric properties of materials. For n-type, the maximum
ZT value is 2.29 at 6% strain, and for p-type, the maximum ZT
value is 3.35 at 7% strain. This indicates that strain can greatly
improve the thermoelectric performance of single-layer HIfS,,
especially for p-type HfS,.

At the same time, we can also see that when the strain reaches
5%, the energy level degeneracy is the strongest, resulting in the
rapid increase of ZT values for p- and n-type HfS,. That is to say,
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Figure 11. Calculated electronic transport coefficients ((a) 6/7, (b) S, (c) S’°6/7, and (d) k./7) as a function of carrier concentration for both p-type

and n-type monolayer HfS, at different biaxial strains.
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Table 3. Effective Mass (m*), Average Effective Mass (m,), Elastic Modulus (C,p,), Deformation Potential Constant (E,), Electron
and Hole Mobility (), and Relaxation Time (7) of Monolayer HfS, at —3, —1, 0, 1, 3, S, 6, and 7% Biaxial Strains

carrier type m* (mg) my (my) Cop Nm™) E, (eV) u (em2 Vs 7 (107 5)

electron strained (—3%) 1.29 4.07 247.49 1.20 733.5 $3.9
strained (—1%) 1.38 441 218.00 1.15 607.0 477
strained (0%) 143 4.62 202.72 1.37 3642 29.7
strained (1%) 1.41 4.83 187.04 1.14 450.6 36.2
strained (3%) 1.58 537 167.31 113 346.1 311
strained (5%) 1.70 6.12 146.21 1.07 275.1 26.6
strained (6%) 1.76 6.62 135.36 1.01 243.0 243
strained (7%) 1.82 7.20 130.24 1.47 103.1 10.7

hole strained (—3%) 1.45 0.44 247.49 154 35 2.89
strained (—1%) 1.45 0.46 218.00 13.9 362 2.99
strained (0%) 1.44 0.44 202.72 133 382 3.10
strained (1%) 145 048 187.04 12.5 375 3.00
strained (3%) 1.45 0.50 167.31 10.9 43.4 3.58
strained (5%) 1.97 0.87 14621 4.53 88.7 9.95
strained (6%) 1.93 0.86 135.36 2.09 398.4 438
strained (7%) 1.90 0.86 130.24 2.08 393.1 425

4 pipemype Complete contact information is available at:
e e https://pubs.acs.org/10.1021/acsomega.1c04286

——HIS(0%) —— HIS(6%)
—— HIS(1%) — HIS(7%)

%o 1 0.1 0.01 o1 i 10
N 1013em2,

Figure 12. Calculated ZT as a function of carrier concentration for both
p-type and n-type monolayer HfS, at different biaxial strains.

the thermoelectric properties of monolayer HfS, can be
effectively enhanced by band valley engineering. It is hoped
that our work can supplement and improve the two-dimensional
thermoelectric material database, providing suggestions for
future new material design.
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