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ABSTRACT: A majority of the electricity currently generated
is regrettably lost as heat. Engineering high-efficiency thermo-
electric materials which can convert waste heat back into
electricity is therefore vital for reducing our energy fingerprint.
ZT, a dimensionless figure of merit, acts as a beacon of
promising thermoelectric materials. However, engineering
materials with large ZT values is practically challenging,
since maximizing ZT requires optimizing many interdepend-
ent material properties. Motivated by recent studies on bulk
indium selenide that suggest it may have favorable thermo-
electric properties, here we present the thermoelectric
properties of monolayer indium selenide in the presence of
uniaxial strain using first-principles calculations conjoined with
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semiclassical Boltzmann transport theory. Our calculations indicate that conduction band convergence occurs at a compressive
strain of —6% along the zigzag direction and results in an enhancement of ZT for p-type indium selenide at room temperature.
Further enhancements occur at —7% as the valence bands similarly converge, reaching a maximum ZT value of 0.46, which is
one of the largest monolayer InSe figures of merit recorded to date at room temperature. The importance of strain is directly
reflected by the enhanced transport coeflicients observed at strains nearing those which give rise to the band degeneracies we
observe. Our studies demonstrate that strain-induced transitions can play a key role in the engineering of promising

thermoelectric materials.

B INTRODUCTION

Thermoelectric materials, those that convert heat into
electricity, have been intensely studied in recent decades
with the aim of improving the cooling and power generation
efficiency of electronic equipment.'~* Solar energy devices, for
example, are only able to generate electricity in response to the
50—60% of the sun’s radiation that lies within the visible and
ultraviolet portions of the spectrum using conventional
semiconductor-based systems; thermoelectric devices, mean-
while, are able to convert much of the remaining 40—50% of
radiation, largely infrared, into electricity.” Coupling of
photovoltaic and thermoelectric devices would therefore vastly
increase the range of accessible solar radiation for energy
conversion. Regular assessments of national energy generation,
consumption, and waste further demonstrate thermoelectric
devices’ practicality and importance, as over 60% of generated
electricity is “rejected” as waste heat."”

The performance of thermoelectric materials is governed by
the dimensionless figure of merit defined as
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where S is the thermoelectric power (Seebeck coefficient), T is
the absolute temperature, ¢ is the electrical conductivity, and
K, (Kph) is the electronic (lattice) thermal conductivi‘cy.l’z’6_8
ZT is the pivotal parameter in determining the efficiency, #, of
a thermoelectric device:
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ZT,, is the average value of ZT across reservoir temperatures
and carrier concentration (holes and electrons) and T, and T;,
are the temperatures of the cold and hot reservoirs.">™"
Maximizing the efficiency of a thermoelectric “engine”
therefore requires maximizing ZT. For instance, a thermo-
electric power conversion device with a ZT,, of 3 operating
between 300 and 800 K, would operate at about 60% of the
Carnot efficiency. At present, many thermoelectric devices for
room-temperature applications are still struggling to reach even
this efficiency. Engineering novel materials that improve upon
ZT at favorable operating temperatures is thus necessary to
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reach a level of efficiency worthwhile for global scale energy
applications.

Engineering thermoelectrics, however, holds a crucial caveat:
optimization of three interdependent parameters in the figure
of merit, which is a nontrivial task. Due to this, identifying
structural and electronic characteristics of materials that
promote larger values of ZT is fundamentally challenging.
Material exploration therefore tends to involve individual
adjustments to geometry and/or electronic band structure (via
stress, doping, etc.), in the hopes of finding larger S or ¢ and
smaller k; band degeneracies and flexible lattice structures are
signatures of potentially high ZT materials.

When optimizing the ZT parameters of a material, another
important factor must be considered: semiconductor character,
or the type (and size) of the material’s band gap. Band gaps are
required to allow for “engine” action as a thermoelectric
device, demonstrated by current practical thermoelectric
materials almost invariably being semiconductors.” Zero band
gap (conductor) systems and large band gap (insulating)
systems are therefore intrinsically disadvantaged as work
engines for thermoelectric energy conversion. Reducing the
dimensionality of non-semi-conducting bulk systems, however,
does open up their possible use; ab initio work on leading 2D
materials and their bulk (3D) counterparts demonstrates that
band gaps typically increase as the number of layers in 3D is
decreased towards the monolayer limit.'"'

Strides in material expeditions for better ZT have begun to
bear fruit; bismuth telluride (Bi,Te;) and its alloys (e.g,
BiSbTe),"”'® lead telluride (PbTe),'” ' and tin selenide
(SnSe)**** have recently been identified as high ZT materials
whose figures of merit exceed the previous ZT barrier of
unity.'” These materials’ impressively large ZT,,,, values of 1.6
(alloys: 1.4—1.8), 2.2, and 2.6, respectively, were attained by
reducing thermal conductivity values, primarily by leveraging
materials with inherently small &’s. Nevertheless, these
materials (excluding Bi,Te; and some alloys) often achieve
their highest ZT values at high T (>700 K) and incorgorate
environmentally unfriendly and toxic heavy elements.””***®
Current thermoelectric material prospects are therefore in dire
need of enhanced room-temperature ZT's to satisfy commercial
need.

In the quest for higher ZT values, attention has recently
turned to low-dimensional materials. For instance, in bismuth-
telluride alloys, thermal conductivity was reduced via nano-
structuringm_28 to engineer larger ZT values. However, certain
restrictions appear with reduced dimensionality in thermo-
electric applications. Although inclusion of nanostructures
reduces thermal conductivity in bulk alloys, the quantum
confinement of 2D systems often instead results in an
increased thermal conductivity over bulk (3D),'**™*' thus
making it seem like the most likely outcome is for 2D materials
to have lower ZT values than their 3D counterparts.

In spite of this, one of the most promising aspects of 2D
materials is their tunability via chemical modification (doping/
defects), strain, and stacking, which enables the engineering of
semiconductor and thermoelectric features (e.g, desirable
band gaps or high electron mobility).””~>* Furthermore, some
2D structures exhibit large band gaps or increased carrier
mobilities, which may overall magnify their ZT values. One
way of inducing such effects is by applying a strain. For
instance, 2D layered phosphorene under tensile strain was
found to be an indirect, medium band gap semiconductor
exhibiting large ZT values and therefore a promising potential

thermoelectric material.*>*® Groups III and IV post-transition

metal chalcogenides have also garnered attention because of
their semiconducting character. In particular, recent work has
focused on electronic/photonic properties and tunability of
gallium and indium sulfide/selenide systems and related
alloys.””~*

One transition metal chalcogenide ripe for engineering
improved ZT values is indium selenide. 3D InSe exhibits a ZT
of 1.48 at 705 K in large part due to its exceptionally low lattice
thermal conductivity (Kph ~ 0.74 W m~' K71).**" Motivated
by improvements to ZT realized in other materials by reducing
dimensionality, few-layer InSe was recently synthesized and
was found to possess a large carrier mobility (>10° cm?® V™!
s7') and substantial elasticity at room temperature.’>>
Moreover, InSe holds the promise of becoming a critical
component in opto-/photoelectronic devices™ and catalysts,>*
owing to its band gap in the visible regime, active electronic
edge states, and ambient stability.”*~>® Additionally, InSe 2D
flakes are readily synthesized via liquid-phase exfoliation,>*
foregoing the need for substrate growth or precursor synthesis
(common drawbacks of alternative methods such as chemical
vapor deposition), while minimizing processing time. Alto-
gether, these facts continue to support 2D InSe as a particularly
promising strain-tunable thermoelectric material awaiting
further exploration.

In the present work, we study the thermoelectric properties
of uniaxially strained f-InSe using the generalized gradient
approximation (GGA)>” within density functional theory
(DFT) in Quantum ESPRESSO (QE)’**” and by solvin%
the Boltzmann Transport Equation (BTE) with BoltzTrap®
and ShengBTE.’" Our uniaxial compression study explores a
unique set of anisotropic properties previously unexplored in
the literature,® revealing stark directional discrepancies in
monolayer #-InSe’s transport phenomena that may be useful in
future thermoelectric applications. Throughout this work, we
apply this uniaxial strain along the zigzag direction. We
demonstrate that a band convergence within the conduction
bands occurs at a uniaxial compressive strain of —6%, around
which a significant enhancement of ZT is observed in p-type
InSe at room temperature. As uniaxial strain is further applied,
valence bands also begin to merge and thus further increase ZT
to a maximum of 0.46. We furthermore investigate the
temperature and carrier concentration dependencies of InSe’s
transport coefficients in the presence of strain and discuss their
relationship with the band convergence we observe. Our
results demonstrate the utility of strain engineering for
designing the highly efficient thermoelectric materials of the
future.

B METHODS

We carried out first-principles calculations using the GGA in
DFT with the Quantum ESPRESSO program.”®****** The
calculations were 7performed using the Perdew—Burke—
Ernzerhof (PBE)® exchange-correlation functional with
GBRV Ultra-Soft Pseudopotentials (USPP).*® The Brillouin
zone integrations were carried out using a 10 X 10 X 1 k-point
mesh with a plane-wave kinetic energy cutoff of 45 Ry and a
charge density cutoff energy of 540 Ry in the self-consistent
calculation. A 40 X 40 X 1 k-point grid was used for calculating
the electronic density of states (DOS) in the non-self-
consistent calculation. We have used the Methfessel-Paxton
(MP) smearing method®® with a smearing width of 0.01 Ry to
compute band structures and densities of states. Computa-
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tional results for the electronic properties of B-InSe were
obtained without spin polarization or spin orbit coupling.

In order to remove spurious interactions between layers, we
used a vacuum spacing of 30 A along the ¢ axis. The 2D InSe
primitive unit used, shown in Figure 1, exhibits a hexagonal

(b)

armchair

Figure 1. Crystal structure of monolayer f-InSe: (a) side view,
illustrating the monolayer configuration; (b) top view, elucidating the
hexagonal unit cell character. As indicated in the red (solid line) inset
of (b), indium is denoted in purple-gray and selenium in orange. The
unit cell geometry, lattice parameter (a,), and the direction along
which the compressive strain was applied are depicted using the
dashed blue diamond. Average bond distances and angles are denoted
in angstroms and degrees, respectively, with 6 = 118.9°.

crystal structure. Formation of the monolayer is generated by
repeating the Se—In—In—Se unit in the xy plane, resulting in
the recognizable honeycomb lattice (Figure la,b).

Thermoelectric transport coeflicients such as the Seebeck
coeflicient, electrical conductivity, and electronic contribution
to the thermal conductivity were obtained with BoltzTrap’s
smooth Fourier expansion method of solving the BTE under
the relaxation time approximation (RTA) in terms of carrier
concentration.”’ We estimate the strain dependence of the
effective mass, m*, and the relaxation time, 7, for both hole and
electron carriers.

Using BoltzTrap, the properties S, 6/7, and k./7 were each
computed as a function of carrier concentration and temper-
ature for each compressive strain. In order to extract transport
coeflicients from BoltzTrap for complete ZT calculations, we
must separately calculate the relaxation time, 7 = (m*)u/e,
where m* is the effective mass:

m* = hz( 90°E(k) )_1
ok* 3)

and p is the electron mobility, determined from deformation
potential theory (DPT) based on the effective mass
approximation:35’67_69
2en*C*P
/,l - —_——-
3k T lm*IPE; (4)

In the above, C?° = (0°E;/05)/S, is the elastic modulus for
layered two-dimensional systems and E; = 0g,/00 is the
deformation constant, with § describing the applied strain, S is
the area of the system, and Er (g,) is the total (band-edge)
energy.

To obtain the lattice thermal conductivity, the calculation of
both second-order (i.e., harmonic) and third-order (i.e.,
anharmonic) interatomic force constants (IFC) is required.
All calculations associated with the coupling between atoms
were performed within DFT and density-functional perturba-
tion theory (DFPT) using the QE package. A 12 X12 X 1 g-
point grid (6 X 6 X 1 supercells of I'-point only) was used for
calculating the harmonic (anharmonic) IFCs. Interactions
between fifth-nearest neighbors corresponding to 220 different
configurations for the hexagonal supercell in our work were
taken into account for the anharmonic IFCs. Phonon BTE
calculations were conducted using ShengBTE,m’70 including
the Python code thirdorder.py for convenient reconstruction of
the entire IFC matrix for use in QE,”" and used to predict
material properties as well as the lattice thermal conductivity
using ab initio results as inputs.

B RESULTS AND DISCUSSION

Electronic Structure Calculations. As a first step toward
determining the thermoelectric properties of f-InSe, we
employed DFT using the Perdew—Burke—Ernzerhof (PBE)>’
functional to obtain f-InSe’s geometry and band structure
under compressive strains ranging from 0 to —7%. (All of the
work reported herein refers to the 3 phase of InSe.) f-InSe was
chosen because of its anticipated stability.”> All compressive
strains were exerted along the zigzag direction, as depicted in
Figure 1. In the absence of strain, we obtained a lattice
constant of 3.998 A, an In—Se (In—In) bond length of 2.673 A
(2.821 A), and an Se—In—In bond angle of 118.9° (see Figure
1). Table 1 presents our computed band gaps, all indirect with
a 1.51 eV gap at 0% strain. All of these values are in strong
agreement with those presented in previous DFT/PBE
studies.””*

Table 1. Band Gap, E,, Effective Mass (mg (mf)), and
Relaxation Time (7, (1)) for Electrons (Holes) in the
Presence of Strain, §, up to —7% at T = 300 K“

S (%) m¥/my 7, (107*5) mi¥/my 7, (107 5) E, (eV)

0 0.185 9.274 2.065 86.36 1.51
-1 0.184 9.343 2.100 84.90 1.56
-2 0.185 9.302 2.140 83.33 1.62
-3 0.187 9.214 1.939 91.97 1.67
—4 0.191 9.024 1.868 95.45 1.72
=5 0.190 9.071 1.764 101.11 1.77
—6 0.192 8.958 1.632 109.23 1.82
-7 0.194 8.844 1.478 120.67 1.86

“Here, mj is the electron rest mass. All calculations were performed at
the PBE level.

As also clear from Table 1, band gaps grow with increased
compressive strain. This is as expected when compared with
other 2D materials; phosphorene’s band gap, for instance, also
increases with increased strain.”> InSe’s band gap ranges from
1.51 to 1.86 eV over the —=7% compression, reminiscent of the
change in the band gap from the 1.4 eV observed in bulk InSe
to the 2.6 eV observed in monolayer InSe,”> which further

exemplifies InSe’s tunability.
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Figure 2. Band structure of an InSe monolayer under compressive strain. Top: entire k-path band structure as a function of compressive strain.
Bottom: expanded '—M—K region of the conduction band (blue box), illustrating band convergence. Second lowest conduction band highlighted
in red. Inset (green box) illustrates valence band convergence around I point.

It is important to note our reason for selecting a GGA-PBE
functional rather than various forms of hybrid functionals. For
transport phenomena, band curvature is vital as it captures
properties such as reduced mass to calculate electron mobility.
Band gap values are less pivotal, as we sample across the gap to
include both valence and conductance bands regardless, in
order to capture the curvature for transport properties. GGA-
PBE is known to underestimate the band gap of similar
materials, unlike certain hybrid functionals (e.g, HSEO06);
however, the band curvature between functionals has not been
observed to substantially change. DFT studies of InSe, in
particular, are able to use a simple scissoring correction to
adjust the band gap of GGA-PBE to coincide with hybrid
functional band gap results, essentially matching the band
diagrams generated by the hybrid functional alone because the
curvature remains consistent.”” In essence, despite GGA-PBE’s
underestimation of the band gap, we are able to reliably
calculate transport properties at a more reasonable computa-
tional cost because of the sufficiently accurate curvature GGA
yields.

More interesting than how the band gaps change is how the
full band structures presented in Figure 2 vary with
compressive strain. Close inspection of the conduction bands
in the region between the I' and M points reveals a band
convergence at the M point. As the compressive strain is
increased to —6%, the second lowest conduction band (LCB)
becomes equivalent in energy to the 0% compression LCB at
the M point. Upon surpassing —6% compression, the higher
energy band across the rest of the k-point path replaces the
original LCB at the M point. Despite these changes, excitation
still occurs indirectly from a point between the valence I" and
M points to the conduction I'" point, but the LCB state has
switched at the M point. Altogether, the switching of the
conduction band minimum state with a higher energy state

through strain resulted in band convergence and an overall
increase of the band gap.

The valence bands undergo notable shifts in energy in
response to increased compressive strain as well. Also at —6%
strain, but at the I' point, we observe the second and third
highest valence bands increase in energy, closing the energy
gap between the highest energy valence band (see inset of
Figure 2). A flattening of these three bands from the I point
toward the M point (and K point) drastically increases the
number of available states near the Fermi level, which likely
improves the p-type conductivity of monolayer InSe under
strains greater than —6% due to the dominance of hole carriers
in the valence bands.

Relaxation Time. In this work, we consider the relaxation
time for both holes and electrons. Although caution was taken
in calculating 7 by using dense k-point sampling and curvature
fitting, it is important to note that errors in our estimates may
arise from inaccuracies within DFT calculations of the band
structures, as well as inaccuracies in the way in which those
bands were fit to estimate reduced masses.

Our calculations estimate the elastic modulus, C*°, for InSe
to be 85.46 N/m, which is somewhat smaller than values
previously reported for phosphorene (~106 N/m),”> MoS,
(~120 N/m),”* and graphene (~342 N/m),”* but within
expectations. The InSe deformation constant, E,, is found to be
6.334 eV for electrons and 0.622 eV for holes. The previously
estimated value of E; in monolayer phosphorene is 3.98 eV for
electrons,® thus also placing our estimates within the expected
range for 2D material deformation constants.

Table 1 summarizes the relaxation times and effective
masses in InSe for both holes and electrons in the presence of
strains up to —7% at room temperature (T = 300 K). As can be
seen in Table 1, both the effective masses and relaxation times
for p-type (hole carrier) InSe are almost 1 order of magnitude
larger than those for n-type (electron carrier) InSe. This
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Figure 3. Thermoelectric transport properties of p-type InSe along the zigzag (left) and armchair (right) directions as a function of hole
concentration in the presence of uniaxial strains at T = 300 K. From top to bottom: (a) Seebeck coefficient, (b) electrical conductivity, (c)

electronic thermal conductivity, and (d) power factor.

Transport Coefficients - Zigzag - T = 300 K- N type 0 Transport Coefficients - Armchair - T = 300 K - N type

] 1
T T . T T
1010 1011 1012 1012 1010 1011 1012 1013
Electron Concentration (cm™2), ne Electron Concentration (cm™2), ne

Figure 4. Thermoelectric transport properties of n-type InSe along the zigzag (left) and armchair (right) directions as a function of electron
concentration in the presence of uniaxial strains at T = 300 K. From top to bottom: (a) Seebeck coefficient, (b) electrical conductivity, (c)

electronic thermal conductivity, and (d) power factor.

suggests that p-type InSe is preferential for thermoelectric Transport Coefficients. Analysis of InSe’s transport
coefficients further reveals the complex nature of optimizing

applications, because larger effective masses usually correlate
ZT, as given by eq 1, for real-world applications. In order to

with enhanced electrical conduction, likely leading to larger ensure that our simulations correspond to realizable materials,
values of ZT. we restrict our carrier concentrations (both electron and hole)
25441 DOI: 10.1021/acs.jpcc.9b05681
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to lie in a range between 10" and 10" cm™, as observed in

other 2D materials. Figures 3 and 4 summarize the
thermoelectric transport properties of p- and n-type InSe in
both the zigzag and armchair directions as functions of the hole
and electron concentrations, in the presence of uniaxial strain
at room temperature (300 K). For more details, please see the
Supporting Information.

As can be seen in Figures 3a and 4a for both the zigzag and
armchair directions, the Seebeck coefficient is positive for p-
type InSe and negative for n-type InSe, both assuming a power
law dependence on carrier density. Even though the Seebeck
coefficient’s magnitude decreases as a function of both the hole
and electron carrier densities (Figures 3a and 4a), the electrical
conductivity (Figures 3b and 4b), and electronic thermal
conductivity (Figures 3c and 4c) increase over the entire
carrier density range: 10" < ny, < 3 X 10" for holes and 10" <
n, < 10" for electrons.

As depicted in both panels of Figure 3a, p-type InSe’s
Seebeck coeflicient changes minimally with strain both in the
zigzag and armchair directions. The Seebeck coeflicient along
the zigzag direction undergoes a maximum 36 uV/K decline
over the range of compression studied (a 4.7% reduction
overall), while the Seebeck coefficient along the armchair
direction undergoes less than a 20 ¢V/K decline over the same
range (about 2% reduction). N-type InSe’s Seebeck coefficient
changes even less, exhibiting a maximum decrease of 5 yV/K
(<1%). These results demonstrate that the Seebeck coefficient
has a small to negligible effect on the changes to ZT that we
observe upon compressing InSe.

As expected, the electrical conductivity ¢ of hole carriers in
both panels of Figure 3b is almost 1 order of magnitude larger
than that of the electron carriers in both panels of Figure 4b.
This is because the largest effective masses, which lead to the
largest conductivities, were associated with the highest valence
band whose electrical properties are dominated by holes (see
Table 1). Most of the significant differences in transport
properties occur between a hole carrier concentration of 10"
and 10" in p-type InSe and an electron carrier concentration
around 10" in n-type InSe.

Both ¢ and k, increase much more significantly than the
Seebeck coefficient for p-type InSe. ¢ in the zigzag direction
increases from 1 X 10° to 3 X 10° Q' m™' (a 25—100% gain),
while ¢ in the armchair direction increases by a factor of 1 X
10° Q7' m™" at a hole concentration of 10" cm™ (a 25% gain)
with increasing compressive strain. Increases in ¢ more than
compensate for decreases in the Seebeck coeflicient across the
hole concentration range. k. in the zigzag and armchair
directions for p-type InSe increases by about 20 Wm™' K™ (a
50% gain). k.'s relative increase is similar to o’s relative
increase, but its overall change in magnitude is much smaller
and thus ultimately only negligibly impacts ZT.

Both electrical conductivity (both panels in Figure 3b) and
electronic thermal conductivity (both panels in Figure 3c) in p-
type InSe continue to increase under strains up to —7%,
revealing minimal dependence upon band phenomena. The ¢
of p-type InSe continues to increase, compensating for the
simultaneous increase of its k., beyond the band convergent
strain of —6%, while the ¢ and k., of n-type InSe decrease
(albeit at a much smaller rate) until —6% compression. The
electrical conductivity of p-type InSe continues to increase
beyond —6% compression because of the emergence of
additional band degeneracies in the valence band, which is
dominated by hole carriers, around —7% (see Figure 2).

In contrast, the electrical conductivity of n-type InSe
decreases as a function of strain, and remains roughly constant
beyond —6%, at which point the previously degenerate
conduction bands cross. N-type InSe’s ¢ and k. change by
less than 1% under uniaxial compression, and thus have a
negligible impact on ZT. It should nevertheless be observed
that uniaxial strain impacts ¢ and k., in opposite ways: As
compressive strain increases, n-type ¢ and «, values decrease,
whereas p-type ¢ and k, values increase. The inverse nature of
these changes with respect to doping type will result in
opposing effects on ZT.

Prior to calculating ZT, the numerator (which excludes both
the electronic and lattice thermal conductivities) is calculated
as a preliminary assessment of material promise; this quantity
is commonly referred to as the power factor (PF). In Figures 3
and 4, plot (d) shows PF results for p- and n-type InSe. The
PF for p-type (n-type) InSe has a peak at around n;, ~ 10 (n,
~ 10'%), which are carrier concentrations that have previously
been shown to be attainable within 2D thermoelectric
materials.

Our results show that the effect of strain on p-type InSe is
remarkable, resulting in a nearly 2-fold magnification of the
power factor, even though no significant changes were
observed in n-type InSe. The optimal PF is obtained at the
maximal strain in the zigzag direction (—7%) and nearer the
band convergent strain in the armchair direction (around
—6%). In order to assess the full impact of these individual
properties on both p- or n-type InSe’s ZT value, however, we
must also consider the lattice thermal conductivity.

In Figure S, we present the lattice thermal conductivity of
InSe, Kyh without strain as a function of temperature, T. Kph

T T T T T
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K (Wm'K™)
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Figure S. Lattice thermal conductivity, k,;, of InSe as a function of
temperature, T, on a 300 X 300 X 1 g-point grid. The inset shows &,
at T = 300 K as a function of N with N X N X 1 g-point grids.

decreases with increasing T and shows 1/T dependence at high
temperatures. As shown in the inset of Figure S, k,;, converges
for N > 270, where N represents the g-point grid size, which
supports our use of a large g-point grid. We find that the
calculated kyy, is 27.79 W m~' K" at T = 300 K using a g-point
grid of 300 X 300 X 1, which is within range of previous
estimates.*®’® However, other studies have shown that Kph
depends on sample size. In general, as sample size decreases,
Koh decreases because there is less material through which heat
can disperse, and in the bulk, there tend to be more grain
boundaries which further inhibit a material’s ability to
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Figure 6. Dimensionless figure of merits, ZT, as a function of carrier concentrations in the presence of uniaxial strains at T = 300 K for p-type (left)
and n-type (right) InSe along the zigzag (top) and armchair (bottom) directions.

distribute thermal energy. In fact, nanoscale samples have been
predicted to reduce k;, by more than half,*® implying that our
Kpn estimates may be viewed as upper bounds to the true
values; therefore, our ZT estimates are lower bounds for
monolayer InSe.

Figure of Merit, ZT. In Figure 6, we summarize the strain
dependence of ZT with respect to hole and electron carrier
densities in both the zigzag and armchair directions. We obtain
a maximum p-type ZT value of 0.46 at —7% strain at 300 K for
hole carriers along the zigzag direction, and a maximum of 0.41
at —5% strain for hole carriers along the armchair direction
(Figure 6ab, respectively). While the p-type power factor
increases by a factor of 2 with strain, after changes in ,;, were
taken into consideration, the p-type ZT ultimately changes by
a factor of 1/3 (a 30% increase from relaxed InSe). The n-type
ZT values only reach 0.026 in the zigzag direction and 0.029
along the armchair direction and were thus an order of
magnitude smaller than the p-type ZT values. Figure S6 more
explicitly illustrates this dramatic difference between carrier
type ZT values. Overall, these results demonstrate that p-type
InSe exhibits superior performance compared to its n-type
counterpart and is more susceptible to tuning via compressive
strain engineering.

These ZT zigzag and armchair direction maxima coincide
with the valence and conduction band convergence phenom-
ena described earlier. The p-type InSe’s maximum ZT occurs
at —7% strain, in the vicinity of the conduction band
convergence at the M point we observe at —6% strain and
the valence band degeneracy that emerges at the I' point
between —6 and —7% strain (see Figure 2). Because ZT
achieves its maximum at the strains at which band convergence
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occurs, our ZT results reinforce the idea that materials that
exhibit band convergence may be most useful for thermo-
electric engineering.7 -7

In Tables 2 and 3, we summarize the carrier concentrations
that maximized ZT in different directions for varying strains.

Table 2. Hole Concentrations (n,) in Both the Zigzag (zz)
and Armchair (ac) Directions That Maximize the InSe ZT
in the Presence of up to —7% Strain, §, at T = 300 K*

5 (%)  n® (10" cm™2) ZTi ne (10" ecm™2) ZTR
0 5.923 0.3679 5.923 0.3679
-1 6.209 0.3666 6.209 0.3801
-2 6.452 0.3637 7.845 0.3839
-3 5.719 0.3850 7.001 0.4075
—4 5.275 0.3905 6.478 0.4126
-5 4204 0.4005 7.721 0.4134
-6 4312 0.4169 6.468 0.4107
-7 3.909 0.4563 7.067 0.4128

“Minima and maxima are given in bold.

The carrier concentration that maximizes ZT steadily declines
for all strains, echoing the Seebeck coeflicient’s reduction
overall and a reduced ability to utilize larger concentrations of
hole carriers.

The ZT values for p-type InSe predicted by our first-
principles calculations were within range of those predicted
analytically for low-dimensional InSe,* but only when InSe is
strained. Without strain, ZT reaches a maximum of 0.37 along
the zigzag direction; with strain, this value increases to 0.46. To
place these room-temperature ZT values in context, copper
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Table 3. Electron Concentrations (n,) in Both the Zigzag
(zz) and Armchair (ac) Direction That Maximize the InSe
ZT in the Presence of up to —7% Strain, §, at T = 300 K*

& (%)  n® (10" cm™) ZTox n (10" cm™2) ZTr

0 3.165 0.01099 3.165 0.01099
-1 2.947 0.01850 2.947 0.01886
-2 2411 0.02196 2411 0.02272
-3 2.145 0.02621 2.145 0.02844
—4 1.718 0.02522 1.718 0.02826
-5 1.236 0.02542 1.236 0.02891
-6 1.038 0.02465 1.038 0.02843
-7 1.048 0.02433 1.048 0.02832

“Minima and maxima are given in bold.

sulfide alloys fluctuate around a ZT of 0.2, and even promising
bismuth alloys such as BiCuSeO vary around a ZT of only
0.5.°"% Our predicted ZT values, both strained and un-
strained, are therefore reasonable to anticipate in future
experiments on monolayer f-InSe.

B CONCLUSION

In conclusion, we have studied the directional thermoelectric
properties of monolayer InSe under strain as a function of both
hole and electron carrier densities using first-principles
simulations conjoined with BTE calculations. Our numerical
results suggest that p-type InSe is superior to n-type InSe,
manifesting ZT values an order of magnitude larger over a
wide range of compressive uniaxial strains. Our calculations
demonstrate a band convergence at the M point under a strain
of —6%, at which point a significant magnification occurs;
transport coefficients lead to a 2-fold increase in the PF and a
30% increase overall in the room temperature ZT for p-type
InSe. Beyond the band convergent strain of —6%, valence
bands also begin to merge, causing the p-type o to continue to
grow and resulting in further ZT increases. The importance of
strain is directly reflected by the enhanced power factor and p-
type o in all directions around the band degenerate strain. Our
studies demonstrate that strain engineering is a viable pathway
to engineering band structure and transport coeflicients, which
is vital for realizing improved thermoelectric materials.

Other materials in this family of indium chalcogenide
monolayers, such as InS or InTe, were also examined during
our selection of which alloy to explore for thermoelectric
merit; however, we did not observe a band convergence for InS
as we did with InSe, which would have also promised some
enhancement of transport properties. In our preliminary
studies, InTe was observed to manifest the indicative band
convergences; however, InSe is more experimentally acces-
sible®>** and therefore more relevant. Significant research has
already gone into the thermoelectric properties of the gallium
chalcogenides.***

Given the approximations inherent within any computa-
tional treatments of materials, experimental efforts aimed at
establishing the ranges of realizable carrier concentrations,
strains, thermal conductivities, and ZTs would be welcome.
We particularly invite experimental measurements of k,, for
monolayer InSe, as such measurements would resolve literature
discrepancies. One further possible step would be measure-
ment of InSe’s k,;, under strain, which would be beneficial for
demonstrating whether uniaxially broken symmetry also results
in reduced k,, values, as was observed in recent work by Vega-

Flick et al,*” or in enhanced Ky, Values as observed by Meng et
al®

In order to perform these measurements, researchers will
have to synthesize monolayer InSe flakes in sufficient
abundance. This remains a challenge, especially for strain
studies, as many flakes decompose within several days when
exposed to air at ambient conditions; few-layer InSe is
significantly more stable.*” Recently, liquid-phase exfoliation
techniques have improved the abundance and expedience of
synthesizing InSe monolayers,54 promising sufficient quantity
for strain testing in the future. An additional challenge will be
developing the appropriate methodology and equipment to
apply uniaxial strain to an InSe monolayer. Cantilever,”
substrate,”’ and suspension”” techniques have been applied to
graphene, and hydrostatic pressurization®® has been applied to
MoS, to achieve the strains described here. These techniques
await adaptation to InSe monolayers.
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