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Motivated by the recent study of inspiring thermoelectric properties in bulk SnSe [Zhao et al., Nature,
2014, 508, 373] and the experimental synthesis of SnSe sheets [Chen et al., J. Am. Chem. Soc., 2013, 135,
1213], we have carried out systematic calculations for a single-layered SnSe sheet focusing on its stability,
electronic structure and thermoelectric properties by using density functional theory combined with
Boltzmann transport theory. We have found that the sheet is dynamically and thermally stable with a band
gap of 1.28 eV, and the figure of merit (ZT) reaches 3.27 (2.76) along the armchair (zigzag) direction with
optimal n-type carrier concentration, which is enhanced nearly 7 times compared to its bulk counterpart
at 700 K due to quantum confinement effect. Furthermore, we designed four types of thermoelectric
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couples by assembling single-layered SnSe sheets with different transport directions and doping types,
and found that their efficiencies are all above 13%, which are higher than those of thermoelectric couples
made of commercial bulk Bi;Tes (7%—-8%), suggesting the great potential of single-layered SnSe sheets for
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Introduction

The performance of thermoelectric materials is typically quan-
tified by the dimensionless figure of merit defined as ZT =
(S*6/K)T, where T, S, o, and « are the working temperature (in
Kelvin), Seebeck coefficient, electrical conductivity, and
thermal conductivity, respectively. The thermal conductivity
is composed of both electronic (k.) and lattice (k) contri-
butions, viz. k = ke + k. However, the correlation and coupling
among these physical parameters make it extremely difficult to
improve the ZT value up to 3, which is the common research
target for thermoelectric communities and considered to be
essential for commercial utilization." For instance, in the
power factor %, the effect of the carrier concentration on the
Seebeck coefficient and electrical conductivity is opposite: the
reduction of the carrier concentration increases the Seebeck
coefficient, but meanwhile results in lower electrical conduc-
tivity, and vice versa. Several approaches have been proposed to
enhance the ZT value of bulk materials, such as modifying the
band structure by doping heteroatoms® or distorting the
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lattice® to enhance the Seebeck coefficient; alloying® or intro-
ducing layered structures® to reduce lattice thermal conduc-
tivity. Nevertheless, the methods referred above all have
limitations such as “alloying limits”,® thus slow progress has
been made in increasing the ZT value.

Another effective way to improve Z7 is nanostructuring.
Initially the investigations on 2D nanostructured thermo-
electric materials were inspired by the prediction made by Hicks
and Dresselhaus”® in 1993 that the quantum confinement
effect of electronic carriers in low-dimensional materials can
dramatically enhance the power factor over that of their bulk
counterparts. For example, it was demonstrated that nano-
structuring of bulk Bi,Te; can improve the ZT value thirteen-
fold. Such enhancement could be attributed to the sharp
peaks in the electronic density of states (DOS) near the Fermi
energy which improve electrical conductivity and impose asym-
metry between holes and electrons transport, thus leading to a
large Seebeck coefficient. Since then intensive attention has
been paid to nanostructured materials and great progress has
been made over the past two decades for many systems includ-
ing Bi,Te;/Sb,Te;,° PbTe/Ag,Te,'® and silicon nanowires."

Here we focus on SnSe, a typical metal chalcogenide with a
layered structure and a narrow band gap. Recently, ultralow
thermal conductivity (<0.25 W m™ K™') and high thermo-
electric figure of merit (2.6 + 0.3) at T = 935 K along the specific
axis in bulk SnSe crystals have been reported by Zhao et al.,'?
showing that high thermoelectric performance can be realized
in a simple compound with advantages of chemical stability,
non-toxicity and earth abundance. Meanwhile, considerable

This journal is © The Royal Society of Chemistry 2015


www.rsc.org/nanoscale
http://crossmark.crossref.org/dialog/?doi=10.1039/c5nr03813h&domain=pdf&date_stamp=2015-09-18
http://dx.doi.org/10.1039/C5NR03813H
http://pubs.rsc.org/en/journals/journal/NR
http://pubs.rsc.org/en/journals/journal/NR?issueid=NR007038

Published on 25 August 2015. Downloaded by Beijing University on 20/06/2016 08:36:27.

Nanoscale

attention has been paid to the thermoelectric properties of
polycrystalline SnSe."®° In addition to bulk phases, nano-
structured SnSe has also been intensively studied and bears
broad applications in the fields of solar cells,*" supercapaci-
tors,?* anodes for lithium-ion batteries,*® and infrared opto-
electronic devices.”® For instance, a single-crystalline SnSe
nanosheet with four-atomic thickness was synthesized for the
first time in 2013,>® a phase-controlled method to synthesize
SnSe nanosheets was proposed,”” thin films of Cd,Sn;_,Se
with the compositions controlled by electrodeposition tech-
niques were successfully synthesized.*® Since the thermoelec-
tric performance of materials can be enhanced by reducing
dimensionality, we are curious about whether a single-layered
SnSe sheet can display a high ZT value. Theoretically, it has
been found that a single-layered SnSe sheet exhibits low for-
mation energy (about 200 meV per atom)*” due to the inter-
layer weak van der Waals force and strong covalent bonds
within each layer. So it could be easy to extract a single-layered
SnSe sheet from the layered bulk material without any sub-
strates. Although the structural stability of a single-layered
SnSe sheet has been discussed,*® its thermoelectric perform-
ance has not yet been studied. Therefore it is highly desirable
to explore the thermal stability, electronic and phononic pro-
perties, and thermoelectric performance of single-layered SnSe
sheets.

Based on first-principles calculations combined with Boltz-
mann transport theory, we have systematically studied the
single-layered SnSe sheet focusing on its dynamical and
thermal stabilities, Seebeck coefficient, electrical conductivity,
thermal conductivity, and figure of merit (ZT). At 700 K, the
peak ZT value of the single-layered SnSe sheet reaches 3.27,
enhanced nearly 7 times compared to its bulk phase at the
same temperature.

In practical applications, thermoelectric materials are
widely used for heat-electricity conversion or refrigeration.>®
To this end, semiconducting thermoelectric materials of
different doping types are usually assembled into devices such
as thermoelectric couples or coolers. We further demonstrate
that a single-layered SnSe sheet with different doping types
can be assembled into thermoelectric devices, and both the
zigzag and armchair directions are suitable for the transport
to achieve high efficiency.

Computational methods

We start by relaxing the atomic structure and calculating an
electronic structure of the single-layered SnSe sheet using the
density functional theory (DFT) and projector augmented wave
(PAW) method as implemented in the Vienna Ab initio Simu-
lation Package (VASP).*° Perdew-Burke-Ernzerhof (PBE) func-
tional within generalized gradient approximation (GGA)*' is
used to treat the electronic exchange-correlation interaction.
The accurate band gap is also calculated using the Heyd-
Scuseria-Ernzerhof (HSE06)** functional for better assessment
of the electrical properties. The kinetic energy cutoff of wave
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functions is set to be 400 eV, and a Monkhorst-Pack k-mesh of
15 x 15 x 1 is used to sample the Brillouin Zone (BZ) for inte-
grations in reciprocal space. A large vacuum space of at least
16.33 A is used to hinder the interactions between periodic
layers arising from the employed periodic boundary con-
ditions. All atomic positions are fully optimized without any
symmetry constraint until the maximal Hellmann-Feynman
forces are smaller than 107 eV A",

After investigating the basic structural stability and elec-
tronic properties of the single-layered SnSe sheet, we studied
its thermoelectric properties including electronic transport
properties by solving the semi-classical Boltzmann transport
equation within the constant relaxation time approximation as
implemented in the BoltzTraP** program, as well as lattice
thermal conductivity evaluated from self-consistently calcu-
lated phonon lifetimes as implemented in the ShengBTE*
code. Such a combined method has been applied to calculate
the thermoelectric properties of many materials and yields sat-
isfactory accuracy and predictive power.>>3°

We computed the second-order harmonic interatomic force
constants (IFCs) using 5 x 5 x 1 supercells generated by using
the Phonopy’” package, and third-order anharmonic IFCs®®
using 4 x 4 x 1 supercells created by using the ShengBTE**
code focusing on the phonon-phonon Umklapp process. All
the required atomic forces were obtained from DFT calcu-
lations performed by using VASP. Considering both symmetry
and calculation accuracy some important parameters includ-
ing an appropriate cutoff radius of 6.5 A (up to 21% nearest
neighbors), a scale broad®® of 1.0 and a k-mesh of 30 x 30 x 1
are selected. Details of the convergence test can be found in
the ESI.f In addition, considering the long-range Coulomb
interactions, the dielectric parameters of the system including
a set of Born effective charge and the dielectric tensor in the
infinite-frequency limit are involved.

Results and discussion

Bulk SnSe has two structurally similar phases, namely, the low
temperature Pnma phase and the high temperature Cmcm
phase, and both of them consist of weakly bound identical
layers. Therefore, we computationally peel a single layer from
the low temperature Pnma bulk structure and fully relax it. As
shown in Fig. 1, the optimized configuration of the single-
layered SnSe sheet possesses Pm2;n symmetry (layer group no.
32) with an orthogonal lattice, which is lower than that of its
bulk counterpart due to the lack of inversion symmetry. The
single-layered SnSe has a highly puckered honeycomb struc-
ture, similar to that of the recently synthesized monolayer
black phosphorus (phosphorene).’® We thereby denote the
zigzag and armchair directions (Fig. 1a) in the nanosheet fol-
lowing previous studies on phosphorene. The obtained lattice
constants are quite close, with the values of 4.307 A and
4.362 A respectively along the zigzag and armchair directions,
which are in reasonable agreement with the previous
literature.”®
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Fig. 1 (a) Top view and (b) side view of optimized atomic configuration
of the single-layered SnSe sheet. The perspective view is given in (c).
The shadow marked in yellow dashed lines denotes a unit cell contain-
ing 4 atoms: blue and red balls represent Sn and Se atoms, respectively.
The zigzag and armchair directions are indicated in (a).

To confirm the dynamical stability of the single-layered
SnSe, phonon dispersion is calculated in the framework of the
density functional perturbation theory.*" The results are
plotted in Fig. 2a. The longitudinal acoustic (LA) branch and
the transversal acoustic (TA) branch have linear dispersions as
the wave vector approaches I' point, whereas the out-of-plane
ZA branch exhibits a parabolic dispersion due to the rapid
decay of transversal forces.*”> No appreciable imaginary modes
are found in the first Brillouin zone, suggesting that the
single-layered SnSe is dynamically stable.

To further study its thermal stability at finite-temperature,
we performed ab initio molecular dynamics (MD) simulations
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Fig. 2
(0, 0,0),Y(0,1/2,0), M(1/2,1/2, 0), and X (1/2, 0, 0). (b) Energy fluctuation
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at different temperatures (from 300 K to 900 K) using the cano-
nical (NVT) ensemble. A 4 x 4 x 1 supercell is constructed to
simulate the 2D sheet for minimizing the constraint induced
by periodicity. We found that the geometry of the single-
layered structure remains nearly intact and the total energies
remain almost invariant after heating for more than 10 pico-
seconds at typical temperatures. Therefore, the single-layered
SnSe sheet is thermally stable in a wide temperature range
from 300 K to 900 K. However, the layered structure starts
decomposing when heated to 1000 K, and the total energy no
longer remains invariant during simulations. Therefore, we
conclude that the single-layered SnSe sheet at least can sustain
temperature as high as 900 K. The simulated results at 700 K
are given in Fig. 2b, and all the others are provided in Fig. S3
in the ESL.¥ We also looked at the bond length variance during
the MD simulations. The details can be found in Table S1 in
the ESL{ It is well known that the bulk SnSe undergoes a
phase transition from a lower symmetry (space group Pnma
#62) phase to a higher symmetry (space group Cmcm #63)
phase at around 750-800 K. We assumed that the single-
layered SnSe sheet may also experience a similar phase tran-
sition to other possible allotropes upon heating like bulk SnSe.
However, the phase transition is beyond the scope of this
study. Thus we only concentrated on the medium-high temp-
erature range (300-700 K), and chose 700 K as a typical temp-
erature to perform the thermoelectric calculations.

Next we calculate the electronic band structure of the
single-layered SnSe sheet, which is closely related to the
Seebeck coefficient and electrical conductivity. The calculated
band structure of the single-layered SnSe sheet and its corres-
ponding total DOS are plotted in Fig. 3. At the GGA-PBE level,
the single-layered SnSe is predicted to be a quasi-direct-band-
gap semiconductor with a band gap of 0.914 eV. The band gap
size is much larger than that of the bulk SnSe (0.39 eV for
Pnma phase and 0.61 eV for Cmcm phase, calculated using PBE
functional'®) due to the weak interaction between the layers.
The valance band maximum (VBM) is located on the I'-Y path,
while there exists two energetically nearly degenerate conduc-

(b)

T T T T
0 1000 2000 3000 4000 5000
Time(fs)

(@) Phonon dispersion band structure along the high symmetric k-point path in the first Brillouin zone. The high symmetry k points are:

with respect to time in ab initio molecular dynamics simulations at 700 K.
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Fig. 3 Electronic band structure of the single-layered SnSe based on
PBE (blue dashed line) and HSEQO6 (red solid line) functionals and the
corresponding density of states (DOS). The Fermi energy level is shift to
OeV.

tion band minimums (CBMs), one is on the I'-Y path, and the
other is on the I'-X path. Considering the underestimation of
band gaps in conventional DFT calculations, we repeat the
above calculation using the HSE06 functional with 25% Fock
exchange to predict a more accurate band gap, which is crucial
to thermoelectric properties especially at elevated tempera-
tures.*® Although the band dispersion obtained by using the
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HSEO06 functional is similar to that obtained by using the PBE
functional, the band gap increases to 1.28 eV. Such band gap
size is significantly larger than previously studied narrow gap
metal chalcogenides (like Bi,Te;) and can effectively overcome
the high temperature bipolar conduction problem which may
degrade the thermoelectric performance.’® We can also see
from the band structure that both the valence and conduction
bands have a typical characteristic named “pudding mold” pro-
posed by Kuroki and Arita,*> namely, a peculiar shape of the
band contains a flat portion with some corrugations at the top
(bottom) while sharply bends into a highly dispersive portion
below (above) resulting in multiple Fermi surfaces, which is in
favor of a high Seebeck coefficient and electrical conductivity.
To examine the ability of producing voltage from the temp-
erature difference in a circuit, the Seebeck coefficient of the
single-layered SnSe as a function of chemical potential (u) at
different temperatures is calculated by solving the Boltzmann
Transport Equation (BTE) using the BoltzTraP code and
plotted in Fig. 4a and b. The coefficient varies dramatically
with chemical potential, indicating that an optimal carrier
concentration is beneficial to achieve efficient thermoelectric
performance. The Seebeck coefficient degrades rapidly with
elevated temperature due to a bipolar conduction effect or the
excitation of carriers with both positive and negative charges
suggesting an increasing inverse Hall coefficient.** The peak
value of the Seebeck coefficient of the n-type single-layered
SnSe at room temperature along the zigzag (armchair) direc-
tion is 2150 pv K (2080 pv K™ '), while that of the p-type
single-layer is 2160 pV K" (2200 pV K™ '), which are enhanced
nearly four times as compared with that of the bulk SnSe.
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Fig. 4 Calculated electronic transport parameters as a function of chemical potential at different temperatures along the zigzag (left column) and
armchair (right column) directions: (a) and (b) Seebeck coefficient, (c) and (d) electrical conductivity, (e) and (f) power factor.
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Even at high temperature (700 K), the peak value in the zigzag
(armchair) direction also reaches 921 pv K™ (898 pv K ) for
the p-type doping, and 938 pv K™ (945 pv K™ %) for the n-type
doping, which are about three-fold larger than that of the bulk
SnSe. This remarkable enhancement can be ascribed to the
quantum confinement effect which induces sharp DOS peaks
near the Fermi energy.

Within the semi-classical Boltzmann transport theory, the
electrical conductivity o can be estimated only if the electron
relaxation time 7 is given. Actually, the BoltzTraP*>® code only
outputs a ratio o/r in form of nine individual components of
the conductivity tensor. The “in-plane” electrical conductivity
from the experiment along the zigzag and armchair directions
at room temperature was reported to be nearly 10 S em™*.*°
Using the average value of the diagonal components of o/r at
the experiment conductivity, we determine that the relaxation
time is 7 = 2.93 x 10™'* s, which is within the reasonable
range.’® Such method has been implemented to estimate the
relaxation time in many other materials.*>*” The electrical
conductivity is acquired when we insert the relaxation time
into each component of o/z. The calculated electrical conduc-
tivity as a function of chemical potential u at different temp-
eratures is plotted in Fig. 4c and d. Unlike the Seebeck
coefficient the electric conductivity is less sensitive to tempera-
ture. Quite large electrical conductivity is achieved with
increasing p. However, S always reaches a peak value near the
Fermi energy (smaller ), so the better trade-off between the
Seebeck coefficient and electrical conductivity resulting in
high power factor is critical for good thermoelectric perform-
ance. This can be easily explained using the DOS: because elec-
trons and holes have opposite signs in the Seebeck coefficient,
actually the absolute Seebeck coefficient which means average
energy transported by the carriers is what we measured in the
experiment or calculated in theory. Considering only the car-
riers near the Fermi energy level have contributions to the con-
duction process at finite temperature, when the Fermi level is
close to the band edge through appropriate doping, the DOS
becomes asymmetric with respect to the Fermi level, namely,
different numbers of states are available for carrier transport
on both sides of the Fermi level, thus resulting in a large
absolute Seebeck coefficient. At the same time, the high DOS
near Fermi energy provides large enough electrical conduc-
tivity. Consequently, the power factor (S%6) of the single-layered
SnSe shown in Fig. 4e and f is larger than that of usual thermo-
electric materials.

We next study the thermal conductivity of the single-layered
SnSe. In non-degenerate semiconductors, both electrons and
phonons contribute substantially to the total thermal conduc-
tivity. This is different from the situation in metals or degener-
ate semiconductors where electronic contribution to thermal
conductivity is negligible. The electrical conductivity o is tied
to electrical thermal conductivity k. through an important
relationship known as Wiedemann-Franz law,*® namely, &, =
LoT, where L is the Lorenz number. In the special case of non-
degenerate semiconductors limited by phonon scattering,*
L is approximately 1.5 x 10~® W Q K. Consequently, the k.-T
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curves (Fig. 5a) exhibit similar trends to . The intrinsic lattice
thermal conductivity of the single-layered SnSe sheet at
different temperatures is estimated using the ShengBTE** code
based on the phonon Boltzmann transport equation. The
temperature dependence of axial lattice thermal conductivity
is shown in Fig. 5c. The fitted line well satisfies the relation-

. 1 A o
ship « oc - as presented in Fig. 5d, indicating that anharmo-

nic phonon-phonon interactions are dominant in the phonon
scattering mechanism,*® the detailed discussion can be found
in the ESL} The values along the zigzag (2.5 W m™" K™') and
armchair directions (2.02 W m~" K™') at room temperature are
not only nearly isotropic but also lower than those of many
synthetic two dimensional (2D) nanostructures, such as mono-
layered MoS, (26.2 W m™" K™"),°° graphene (~2000 W m™"
K™"),>' and phosphorene (83.5 W m™ K™, 24.3 Wm™' K™"),>*
especially comparable to those state-of-the-art thermoelectric
materials such as Bi,Te; (1.5 W m™' K™') and PbTe (2.01 W
m~" K').>* The low intrinsic thermal conductivity is a com-
bined consequence of the heavy constituent elements and the
low atomic coordination, which led to low frequency optical
branches overlapping with the acoustic branches seen clearly
from the phonon spectrum. So we believe that the optical
branches carry a similar amount of heat as acoustic modes.
Actually, at room temperature, the contributions to thermal
conductivity of three acoustic branches (ZA, TA, LA) along the
zigzag direction are respectively 30%, 22%, 15.8%, while along
the armchair direction these values are 32.8%, 18.4%, 15.6%.
On the other hand, the quasi-acoustic branches have commen-
surate total contributions: 32.2% along the zigzag direction
and 33.2% along the armchair direction, which resembles the
case of bulk WS,.>> We additionally found that the single-
layered SnSe sheet has a character of soft modes which means
low Debye temperature and small sound velocities. These soft
modes are the symbol of weak interatomic bonds related to
strong anharmonicity leading to lower thermal conductivity.
For example, along the armchair direction, the Debye tempera-
tures of the two linear acoustic branches (TA, LA) are 137 and
151 K, respectively, and the corresponding sound velocities are
1906 and 3545 m s~', which are much smaller than many
other 2D materials. To better understand the origin of the low
thermal conductivity, the mode Griineisen parameter (y) of the
acoustic modes is calculated to quantify the extent of anhar-
monicity. The results are presented in Fig. S4 in the ESI.{ The
average Griineisen parameter along the zigzag and armchair
directions is 1.65 and 2.03, respectively, which is comparable
with PbTe (1.96)°* and AgSbTe, (2.05).>* However, it should be
mentioned that the calculated thermal conductivity of the
single-layered SnSe sheet is slightly larger than that of the bulk
SnSe,'* which possibly originates from the following reasons:
(1) the calculated value usually exceeds the experimentally
measured value because the latter contains other scattering
sources such as boundary, defect, and impurity; (2) the single-
layered SnSe sheet loses the distorted SnSe, polyhedra struc-
ture while maintaining the zigzag accordion-like geometry of
slabs, which weakens the anharmonicity of the single-layered

This journal is © The Royal Society of Chemistry 2015
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SnSe sheet because both the two parts play vital roles in
decreasing x; according to Zhao et al.’* A similar phenomenon
has been reported in phosphorene.*

With all the transport coefficients available, the ZT value of
the single-layered SnSe sheet as a function of chemical poten-
tial at different temperatures is obtained as shown in Fig. 6.
We can see that the ZT values increase with elevated tempera-
tures along both the zigzag and armchair directions. At 700 K,
the ZT values reach the maximum 2.47 at chemical potential
u=—-0.62 eV and 2.76 at chemical potential x = 0.575 eV along

the zigzag direction. Meanwhile, the maximal ZT values of
2.51 and 3.27 along the armchair direction are observed at u =
—0.63 eV and p = 0.54 eV, respectively. The ZT values calculated
in this work approach commercial demands, indicating great
potential of the single-layered SnSe sheet as a 2D high per-
formance thermoelectric material.

Although the calculated ZT values are intriguing, a discre-
pancy may exist between the DFT calculations and experi-
ments. It is well known that DFT calculations usually
overestimate the Z7 values as compared to the experimental
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Fig. 6 Figure of merit (ZT) of the single-layered SnSe as a function of the chemical potential at different temperatures along (a) the zigzag and (b)
the armchair direction.

This journal is © The Royal Society of Chemistry 2015 Nanoscale, 2015, 7, 15962-15970 | 15967


http://dx.doi.org/10.1039/C5NR03813H

Published on 25 August 2015. Downloaded by Beijing University on 20/06/2016 08:36:27.

Paper

results. In our calculations, the possible reasons to cause such
discrepancy are: the constant relaxation time approximation
adopted when calculating the electrical conductivity and the
neglect of some scattering processes when calculating the
thermal conductivity. More precisely: the relaxation time is
direction-dependent and varies with temperature and carrier
concentration in real systems. Moreover, the same relaxation
time is used for electrons and holes when considering a
similar carrier scattering process. This simplest approximation
is effective and reasonable to some extent, while also limits
the accuracy of prediction inevitably. Considering the accessi-
bility of experimental data, we used the relaxation time esti-
mated at low temperature. Indeed, with the temperature
elevated, the relaxation time might become shorter as the
carrier concentration increases. In this sense the electrical con-
ductivity may be overestimated, while for the thermal conduc-
tivity, only the three-phonon scattering rates and isotopic
impurity scattering rates are considered during our calcu-
lations. Actually, there are many other scattering processes in
real systems such as point defect scattering, grain boundary
scattering, and dislocation scattering that also have some
influence on thermal conductivity, most likely reducing the
thermal conductivity. In this sense, our calculated thermal
conductivity of the single-layered SnSe may have been over-
estimated. Therefore, the errors introduced from the over-
estimation of electrical and thermal conductivities may cancel
out to some extent. Consequently, our calculated ZT values
would be in reasonable agreement with the experimental data.

So far, we have theoretically predicted the enhanced thermo-
electric power of the single-layered SnSe sheet and eluci-
dated its microscopic origin by studying its vibrational and
electronic properties. We then discuss its implementation in
devices. Generally, thermoelectrics are used in two ways: the
Seebeck effect which directly converses heat into electricity can
be applied in thermoelectric couples for power generation;
while the Peltier effect which adsorbs heat at the electrified
junctions can be used for refrigeration. Here, we concentrate
on the performance of the single-layered SnSe sheet in power
generation, namely, heat-electricity conversion.

Although the ZT value is widely used to evaluate the pre-
liminary thermoelectric properties of a material, in devices it
is necessary to directly access its performance by considering
the energy conversion efficiency. The efficiency of a thermo-
electric material (called a thermoelectric segment when in-
corporated into a thermoelectric device) is defined as n = 7.,
where 1. = (T, — T.)/Ty, (where Ty, and T, represent the tempera-
ture of the heat resource and cold side) is the Carnot
efficiency, and 7, is the reduced efficiency.”® Two factors can
influence the total energy conversion efficiency. The first is the
temperature difference (AT = T}, — T.) which determines the
upper-limit efficiency of a Carnot engine. The upper limit of
the AT is limited by thermal stability of the thermoelectric.
The second is the relative current density u = J/kVT where J is
the electric current density. It has been demonstrated that 7,
reaches the maximum value only if u is equal to the compatibi-
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ing the transport directions and doping types, there are four

types of single-layered SnSe-based segments, namely, Zp, Zn,
Ap, and An, where Z and A refer to the zigzag and armchair
direction, n and p represent n-type and p-type doping, respect-
ively. The calculated compatibility factors of the four thermo-
electric segments are shown in Fig. 7a. It is encouraging that
the compatibility factors are almost in the range of 3 to 5 V"
over the whole operating temperature range (300 K-700 K),
implying that these four thermoelectric materials are
well matched with the above conditions. Furthermore, the
s-T curve is fairly flat, manifesting that each thermoelectric
material possesses the preferable self-compatibility, which pro-
vides a good chance to assemble single-layered SnSe sheets into
a segmented thermoelectric couples is illustrated in Fig. 7b. In
such a thermoelectric couple, the two segments are “electrically
in series and thermally in parallel”, hence the total efficiency
will significantly decrease if the compatibility factors differ more
than 2 times between different thermoelectric segments. It is
noteworthy that the difference in compatibility factors between
the doped SnSe sheets and other popular thermoelectric
materials, such as p-type TAGS (s = 2.5-4), CeFe,Sby, (s ~ 3),”° n-
type PbTe (s = 4-1.5), CoSb; (s ~ 2),>” is within “the factor of 27,
therefore single-layered SnSe sheets might be assembled with all
of them to form a segmented device with high performance.

For simplicity, we consider here a thermoelectric couple
composed of the two single layered SnSe segments with
different doping types. Four combinations can be involved:
ZpZn, ApAn, ZpAn, and ZnAp. The ideal dimensionless Z.T of
a thermoelectric couple assembled by the p- and n-type thermo-
electric segments can be calculated through the expression
S 5T (Sp- S0)’T

¢ Kepe  (Kkp + Kn)(/’p + Pn)
four thermoelectric couples are presented in Fig. 7c.

The ideal maximum efficiency (i) characterizes the ability
of thermoelectric couple conversion between electricity and
heat directly. We evaluate four kinds of segmented thermo-
electric couples using the simple equation®®

V1+ZT -1
n=n —
‘V1+4ZT +T.)Th

In our calculations T, is set at 300 K and Tj, varies from
300 K to 700 K. Here we assume that the relative current
density is equal to the compatibility factor (¥ = s) in each
stage. The results plotted in Fig. 7d indicate that the total
efficiency n reaches 16.46% (ZnZp), 17.03% (AnAp), 15.04%
(zpAn), and 13.97% (ZnAp), respectively, when temperature
difference is 400 K (7, = 700 K). Such magnitudes are higher
than previously reported efficiencies in thermoelectric couples
made of commercial bulk Bi,Te;.>*

At present, it is still challenging to implement 2D materials
in real modules. However, single-layered material based
devices have now become achievable*®>*® and such kinds of
thermoelectric modules are possible in principle.

lity factor, s, which is defined as s = Consider-

.22 The calculated Z.Ts for the
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Fig. 7 (a) Compatibility factor s of four single-layered SnSe based thermoelectric segments. (b) Schematic illustration of a thermoelectric couple
comprising a p-type (left) and an n-type (right) segment. (c) Z.T of four types of thermoelectric couples: ZpZn, ApAn, ZpAn, and ZnAp; and (d) the

corresponding ideal maximum efficiency.

Conclusions

We have used DFT combined with semi-classical BTE to assess
the intrinsic thermoelectric capabilities of a single-layered
SnSe sheet for the first time, and found that the power factor
of the single-layered SnSe is significantly enhanced compared
to the bulk SnSe due to strong quantum confinement effect.
Meanwhile, the ultralow intrinsic thermal conductivity of
2.57 Wm™ ' K (zigzag)/2.02 W m ™" K™ (armchair) evaluated at
room temperature is close to the typical thermal conductivity
of good thermoelectric materials (x < 2 W m™" K™'). The
optimal direction is the armchair direction, which reveals the
highest ZT value of 3.27 (at 700 K) when the system is n-type
doped with an appropriate concentration, which is 7 times
higher than that of the bulk SnSe at the same temperature. In
addition, the four types of single-layered SnSe not only exhibit
suitable compatibility factors with many other practical
materials but also have self-compatibility, thus providing good
opportunity to be assembled as effective thermoelectric
couples. The ideal maximum efficiencies of the four thermo-
electric couples are 16.46% (ZnZp), 17.03% (AnAp), 15.04%
(zpAn), and 13.97% (ZnAp) respectively under appropriate
operating temperature, higher than the efficiency of commer-
cially used bulk Bi,Te;. We demonstrated that the single-
layered SnSe is a promising thermoelectric material that could
be applied in nanoscale thermoelectric devices such as thermo-
electric couples. We expect the advent of nanotechnology will
facilitate the integration of nanostructured SnSe into thermo-
electric devices for practical applications.

This journal is © The Royal Society of Chemistry 2015
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