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TOPICAL REVIEW — 2D materials: physics and device applications

Thermal properties of two-dimensional materials*
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Two-dimensional (2D) materials, such as graphene, phosphorene, and transition metal dichalcogenides (e.g., MoS,
and WS;), have attracted a great deal of attention recently due to their extraordinary structural, mechanical, and physical
properties. In particular, 2D materials have shown great potential for thermal management and thermoelectric energy
generation. In this article, we review the recent advances in the study of thermal properties of 2D materials. We first review
some important aspects in thermal conductivity of graphene and discuss the possibility to enhance the ultra-high thermal
conductivity of graphene. Next, we discuss thermal conductivity of MoS; and the new strategy for thermal management
of MoS; device. Subsequently, we discuss the anisotropic thermal properties of phosphorene. Finally, we review the
application of 2D materials in thermal devices, including thermal rectifier and thermal modulator.
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1. Introduction

Two-dimensional (2D) materials, including graphene,
transition metal dichalcogenides (e. g., MoS; and WS, ), black
and blue phosphorenes, and h-BN, have attracted extensive at-
tention in recent years. The extraordinary structural, mechan-
ical, and physical properties of 2D materials make this family
of materials of great interest in both fundamental science and
engineering applications.!!! Due to their excellent mechanical
characteristics, these materials are promising for applications
in ubiquitous electronics, flexible displays, smart health diag-
nostics, and wearable computing. For example, single-layer
MoS; is a semiconductor with a large band gap and has been
regarded as a promising candidate for field effect transistor
applications with high on/off ratio and high mobility.[>** By
improving sample quality and adopting the appropriate elec-
trode material, the low temperature carrier mobility can be
improved significantly.’’) Furthermore, by depositing atop a
high-dielectric layer, the carrier scattering due to charged im-
purity is significantly suppressed, therefore a high room tem-
perature mobility which is close to the theoretically predicted
phonon-limited intrinsic value was realized experimentally.°]
With these breakthroughs, 2D materials based integrated cir-
cuits (ICs) are highly expected in the near future.

The rapid growth in ICs demands a faster switching
speed, larger number of transistors, and higher integration
density.!”! With the clock frequency increasing, the power con-
sumption in ICs rapidly climb, which is becoming crucial for
ICs because the enhanced local temperature causes degrada-
tion in device performance. Furthermore, owing to the atomic
thickness of 2D devices, the localized Joule heating in the con-
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fined volume of an ultrathin channel can induce more crucial
issues in device reliability and performance. The common way
for heat transfer is via lattice thermal conduction, which can be
governed by Fourier’s law J = —xVT, where J is the heat flux
density in the system, VT is the temperature gradient, and K is
the thermal conductivity. Obviously, it is important to under-
stand the thermal properties of 2D materials.

Moreover, understanding of the thermal characteristic
also directly relates to one important application of 2D mate-
rials, i.e., thermoelectric energy conversion and cooling. Usu-
ally, a non-dimensionalized figure of merit ZT, defined by
Z= SZT", is employed to evaluate the efficiency of thermal-to-
electric energy conversion.!®! In nanomaterials, the electrical
conductivity and electron contribution to the Seebeck coeffi-
cient are similar to those of bulk materials, but there is a re-
markable reduction in thermal conductivity due to the strong
boundary inelastic scattering of phonons, ! indicating that the
electrical and thermal conductivities can be decoupled. This
has led to the idea of using low-dimensional nanomaterials as
a promising candidate to achieve high ZT values. Therefore,
the thermal conductivity of 2D materials plays critical role to
determine their thermoelectric performance.

In this article, we would like to give a review on the re-
cent advances in the study of thermal properties of 2D materi-
als, from both the experimental and theoretical points of view.
The rest of this article is organized as follows: Section 2 intro-
duces the thermal properties of graphene; Section 3 discusses
the thermal properties of MoS; and related systems, including
the new strategy for thermal management of MoS, devices;
Section 4 discusses the remarkably anisotropic thermal prop-
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erty of monolayer phosphorene; Section 5 is devoted to the
discussion of novel thermal devices based on 2D materials. In
Section 6, we present the conclusions and brief outlook.

So far there exist a number of articles and studies on dif-
ferent aspects of thermal and thermoelectric properties of 2D
systems. For comprehensive reviews on thermal properties of
nanomaterials, please refer to Refs. [10]-{14]. For anomalous
heat transport in low-dimensional systems from the viewpoint
of fundamental statistical physics, see Refs. [15]-{16]. Due to
the limit of length, we mainly address one of the most funda-
mental issues here, i.e., the fundamental thermal properties of
2D materials.

2. Thermal properties of graphene
2.1. Various effect on thermal conductivity

Graphene and other carbon-based nanomaterials have
attracted great research attention due to their high ther-

17-191 various effects on thermal con-

mal conductivity.!
ductivity of graphene have been studied, including size
effect,?0-27] substrate effect,?®-33 isotopic doping,**! sur-

face functionalization, 35! strain, 424
[49-51]

vacancy, *08] and
edge configurations.

The thermal conductivity of graphene results from a com-
bination of the various effects aforementioned, that is, bound-
ary, mass disorder, structural defect, and interface. These dif-
ferent scattering mechanisms manifest themselves as the dom-
inant ones only in a certain range of frequency regimes. For in-
stance, high frequency phonons are sensitive to mass disorder
and vacancy scattering, while low frequency phonons experi-

ence little scattering from point defects. On the other side, the
contributions from low frequency phonons to thermal conduc-
tivity are grossly suppressed by boundary scattering. In a real
sample, there exist multiple scattering mechanisms at the same
time. For example, for a graphene nanoribbon with mass dis-
order, there are scatterings from both boundary and point de-
fect, thus the thermal conductivity is determined by the com-
bined effects of these two scattering mechanisms. In graphene
nanoribbon, as the high frequency phonon participation ratio
is already grossly suppressed by the edge scattering,** the
isotopic scattering can only induce a much weaker phonon
localization effect than that in carbon nanotubes with the
same density of isotope. Therefore, although isotopic doping
can reduce thermal conductivity of both graphene nanoribbon
and carbon nanotube, the reduction behavior is much slower
in graphene nanoribbon than that in carbon nanotube: ther-
mal conductivity of graphene nanoribbon is reduced by 12%
around the '3C concentration of 5%, while the reduction is
25% in carbon nanotube. Similar to the phononic engineering
proposed to control thermal conductivity of quantum well>?!
and nanowires,>>34 this concept is also applicable to manip-
ulate thermal conductivity of 2D materials.

The effects of various scattering factors are summarized
in Table 1. According to the concept of phononic engineering,
the dominant ranges of frequency for various phonon scatter-
ing mechanisms are discussed. It is expected that phononic en-
gineering will provide an efficient and practically useful tool
for controlling the thermal conductivity of 2D materials by en-
gineering their phonon scattering regimes in a fully control-
lable manner.

Table 1. Summary of different effects on thermal conductivity of graphene.

Effect References Theoretical/experimental Dominated frequency
size Refs. [20]{24] theoretical low frequency

size Refs. [25]{27] experimental low frequency
substrate Refs. [28]{32] theoretical low frequency
substrate Ref. [33] experimental low frequency

isotopic Ref. [34] theoretical high frequency

surface functionalization Refs. [35]{41] theoretical high frequency

strain Refs. [42]{45] theoretical high and low frequency
vacancy Refs. [46]448] theoretical high frequency

edge Refs. [49]{51] theoretical high frequency

2.2. Increasing the extremely high thermal conductivity of
graphene

Obviously, almost all of these aforementioned effects re-
duce the thermal conductivity of graphene. As the high ther-
mal conductivity is one advantage of graphene for thermal
management, all the above factors are negative impacts. One
important question naturally arises: can we enhance the ex-
tremely high thermal conductivity of graphene nanoribbon fur-
ther?

Using molecular dynamics simulations, Li and Zhang
proposed to enhance the ultra-high thermal conduction of
graphene nanoribbon by introducing a small gap at the center,
i.e., constructing a comb graphene nanoribbon structure. >3

A typical comb graphene nanoribbon and the correspond-
ing perfect graphene nanoribbon are shown in Fig. 1. A
0.48 nm gap is used to eliminate the interaction between these
two branches. The width of the whole graphene nanoribbon

changes from 4.3 to 9.2 nm. The width of each branch in
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the comb graphene nanoribbon is W/, with W =2 x W/ + A.
Then the heat current in comb graphene nanoribbon is com-
pared with that in whole graphene nanoribbon. As shown in
Fig. 2, there is an obvious enhancement in average heat flux by
introducing a small gap at the center of graphene nanoribbon.
For comb graphene nanoribbon, the enhancement in average
heat flux is due to less phonon scattering. With the width
of graphene nanoribbon increasing, more and more phonons
are excited and phonon scattering at the edge is suppressed,
which thus leads to higher thermal conductivity. However, on
the other hand, the increase of phonon modes will increase
phonon—phonon scattering strength, and therefore results in a
reduction of the thermal transport. The thermal conduction is
determined by these effects that compete with each other. As
a result, the average heat flux enhancement arises primarily
due to the phonon—phonon scattering in the narrow graphene
nanoribbon being less than the effect in the wide ones.
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Fig. 1. (color online) Schematic pictures of the whole graphene
nanoribbon and comb graphene nanoribbon. Reprinted with permission
from Ref. [55], copyright (2013) by the Frontiers of Physics.
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Fig. 2. The average heat flux enhancement ratio versus graphene
nanoribbon width. The temperature is 300 K. Reprinted with permis-
sion from Ref. [55], copyright (2013) by the Frontiers of Physics.

More interesting, this enhancement ratio depends on
graphene nanoribbon width remarkably. The enhancement ra-
tio reaches maximum when width W = 6.3 nm. For the comb
graphene nanoribbon, with width increasing, more phonons

are excited in each branch, and the strong phonon—phonon
scattering leads to a weakening of the enhancement ratio. On
the other side, with width decreasing, the impact of edge scat-
tering increases, which decreases the enhancement ratio. Thus
there is an optimal width to maximize this enhancement effect.
For a graphene nanoribbon with width of 6.3 nm, a 0.48 nm
wide gap can enhance its average heat flux of 23%.

3. Thermal conduction of MoS; and related sys-
tems

3.1. Low thermal conductivity of monolayer MoS,

Unlike the ultra-high thermal conduction in graphene,
thermal conductivity of monolayer MoS; is much lower.
Using molecular dynamics simulations, Liu et al. ex-
plored thermal conductivity of monolayer MoS, sheet and
nanoribbon. %! In addition to the low thermal conductivity, the
length dependence is also quite different from that of carbon
based nanomaterials.>’-8) In graphene, its thermal conductiv-
ity increases with length increasing, even the length is more
than 700 nm. %! However, as shown in Fig. 3, for monolayer
MoS,, when size is longer than 60 nm, the thermal conductiv-
ity of MoS, nanoribbon converges to a constant.
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Fig. 3. (a) Thermal conductivity of MoS, nanoribbons as a function of

length. (b) The data from panel (a) plotted as 1/k versus 1/L. Reprinted

with permission from Ref. [56], copyright (2013) by the American In-
stitute of Physics.

From the kinetic theory of phonon transport and in con-
sideration of the phonon—phonon scattering and the phonon—
boundary scattering, it was found that the inverse of ther-
mal conductivity versus the inverse of the nanoribbon length
should be linear, and the phonon mean free path can be ob-
tained from the intercept and slope of the linear relationship.
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For monolayer MoS,, the estimated phonon mean free path
according to phonon—phonon Umklapp scattering is extracted
to be only 5.2 nm,® about two orders of magnitude lower
than that of graphene, which is believed to be responsible to
the low thermal conductivity of monolayer MoS; sheet.

Using first-principles calculations within the framework
of density functional perturbation theory, Cai et al. investi-
gated the anharmonic characteristic of phonons in monolayer
MoS; sheet.’%! In contrast to the negative Griineissen param-
eter occurring in low-frequency modes in graphene, a posi-
tive Griineissen parameter was found in the whole Brillouin
zone in monolayer MoS,, which demonstrates that monolayer
MoS, sheet possesses a positive coefficient of thermal ex-
pansion. Combined with the nonequilibrium Green’s func-
tion calculations, the room temperature thermal conductivity
of monolayer MoS; is around 23.2 W/(mK), two orders of
magnitude lower than that of graphene. This is consistent with
the experimental reports!®>®!l and theoretical results based
on other computational methods.!%>-%3] Tt is worth mention-
ing that in Ref. [63], Li et al. studied thermal conductivity of
MoS; using the Boltzmann transport equation method. It was
found that thermal conductivity increases with sample size up
to 1 um. Xie et al. provided the comprehensive theoretical
analysis about the relative contribution of spectral phonons to
thermal conductivity of monolayer MoS,, and those in single
layer graphene.!®® The LA phonons have the major contri-
bution to thermal conductivity. However, the ZA phonons in
monolayer MoS; have a higher relative contribution to thermal
conductivity than TA phonons, which is quite different from
graphene. For phonons with wave vector near the center and
near the edge of the first Brillouin zone, the relative contribu-
tion to thermal conductivity of monolayer MoS; is lower than
that in graphene, because of the larger Griineissen parameters
near the center of the first Brillouin zone and the lower group
velocity near the edge of the first Brillouin zone. The different
phononic properties between MoS; and graphene may be due
to the sandwiched structure of MoS,, and the much weaker
Mo-S bonds with respect to the strong C—C bonds. 7]

It was predicted that nanostructured materials will have
improved thermoelectric performance compared to the bulk
counterparts, due to the quantum confinement in the elec-
tron band structure. The high power factor and low thermal
conductivity in silicon nanowires have demonstrated that 1D
thermoelectric devices!®®! can be realized in semiconductor
nanowires. However, the ultra-high thermal conductivity of
graphene!!%! offsets its advantages in power factor and limits
its application as efficient 2D thermoelectric materials. The
low thermal conductivity (around tens of W/mK) of mono-
layer MoS; raises the exciting prospect that it can be used for
high-performance thermoelectric application.

3.2. Interfacial thermal resistance at MoS,—metal contact

Due to the increased number of interfaces, contact ther-
mal resistance plays an important role in the thermal trans-
port in nanoscale. For MoS; based device, the source and
drain contacts are usually made of metals. Using molecu-
lar dynamics simulations, Liu et al. studied interfacial ther-
mal conductance between MoS; sheet and Au.!®! In general,
there are two types of interface geometries between metal
surfaces and 2D MoS; sheets: side contact and edge con-
tact. In the side contact configuration, the metal surface in-
teracts with the basal plane of MoS; via van der Waals in-
teractions, which leads to large contact electrical resistance.
On the other hand, for the edge contact configuration, the
interface between monolayer MoS; and Au electrode can be
formed through chemical interaction,!”®! suggesting high ther-
mal transport in this contact. The binding energies between
MoS, and Au surfaces with various orientation angle 0 are
shown in Fig. 4. It is clearly that the binding energy is sur-
face dependent, with binding energy E}, values in the range
of —1.90 to —2.28 eV-atom™' for the (111) surface, —2.17
to —2.36 eV-atom~! for the (110) surface, and —2.26 to
—2.38 eV-atom™! for the (001) surface. Moreover, Ep also
depends on the angle 6 on each surface, which is attributed
to the intrinsically different structural symmetries and atomic
line densities along different contact directions.
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Fig. 4. (color online) (a) MoS; on a (001) Au surface with a rotation
angle of 0°. (b) MoS; on a (110) Au surface with a rotation angle of
90°. (c) MoS; on a (111) Au surface with a rotation angle of 30°. Mo
and S atoms are shown in purple and yellow respectively, and Au atoms
are shown in cyan, brown, and red for the first, second, and third layers,
respectively. (d) Binding energy of MoS; on different crystal Au sur-
faces. Reprinted with permission from Ref. [69], copyright (2016) by
the Springer.
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The interfacial thermal conductance values are shown
in Fig. 5. The largest interfacial thermal conductance value
is about 2.21 x 108 W-K~'-m~2 for the (110) Au surface.
Interestingly, although the thermal conductivity of mono-
layer MoS; is about 2-3 orders of magnitude lower than
that of graphene, its contact thermal conductance with metal
is comparable to that of chemically bonded metal-graphene
interfaces.!”! Thus, the interfacial contact resistance with
metals is not the limiting factor for heat dissipation in MoS;
based devices. Although the absolute values of interfacial ther-
mal conductance for the Au (111) surface are much lower than
those for the Au (110) surface, the dependence on 0 is simi-
lar. Significantly, the interfacial thermal conductance trend is
strongly correlated with the interfacial binding strength trend,
suggesting that chemical bonds formed across the interface are
the primary channels for interfacial heat conduction.
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Fig. 5. (color online) Dependence of interfacial thermal conductance
(ITC) on Au crystal surfaces and contact directions. Reprinted with
permission from Ref. [69], copyright (2016) by the Springer.

It is reported that S vacancy can reduce the thermal con-
ductivity of monolayer MoS; significantly, with a 0.25% S va-
cancy concentration leading to a 20% reduction in the thermal

721 How-

conductivity with respect to that of pristine MoS,.
ever, S vacancies introduced in the central region of MoS,
have a negligible effect on the interfacial thermal conductance.
This can be understood from the atomic vibrational spectrum.
For the pristine MoS,, a notable peak of 13 THz exists in its
vibrational spectrum. However, for the Au atoms, the cut-off
frequency is around 5 THz. It is the mismatch in phonon den-
sity of states that hinders heat transport across the interface and
leads to interfacial thermal resistance. In defective MoS,, the
missing atoms lead to significant changes in phonon density
of states in the high frequency region. However, the missing
atoms have almost no influence on phonon density of states in
the low frequency region (< 5 THz) of MoS,. As a result, the
mismatch in phonon density of states at the interface is almost
independent of the presence of S vacancies in MoS;, which
explains why interfacial thermal conductance shows little de-
pendence on the vacancy concentration in the central region of
MOSz.

3.3. New strategy of thermal management of MoS, devices

Unlike the single MoS transistor device, for future MoS,
based ICs, due to the larger number of transistors or higher
functional density, heat dissipation will become a crucial is-
sue. The first way for heat transfer is lattice thermal conduc-
tion, which is described by Fourier’s law J = —kVT, where
J is the heat flux density in the system, VT is the temperature
gradient, and K is the thermal conductivity. For high thermal
conductivity materials such as graphene, the generated heat
can be dissipated efficiently via in-plane thermal conduction.
However, as mentioned above, thermal conductivity of mono-
layer MoS;, is in the order of tens W/(mK), which is obviously
lower than that in graphene. Thus, a new cooling strategy for
MoS; based device is really needed.

In addition to lattice thermal conduction, heat energy also
can be transferred by radiation. In recent years, near field
radiation has attracted extensive research interest, which can
break the limit due to blackbody law.!”*! Based on the idea of
near field radiation, Peng et al. designed a new methodology

(741 The considered config-

for thermal management of MoS,.
uration is shown in Fig. 6, where one MoS; sheet and one
graphene sheet are brought into close proximity with a vacuum
gap separation d. The temperature of MoS; is 77, and temper-
ature of graphene is 7. To control optical conductivity of each
sheet, external gate electrodes are introduced. From the fluctu-
ation electrodynamics, the total radiative heat transfer between

two objects is described by Landau-like formula!”>!

< dw
H= [ S2IT@.1) - [1@.B)| * (fia+ frea). (D
0 2m | 2
where [[(@,T) = liw/(e"®/%T — 1) is the average energy of
photons. The spectral transfer function fi,(fear) describes the
contribution of far field (near field) radiation. For two semi-

infinite nonmagnetic planes, frar(fnear) are presented as

f _/ d?q [1 - ‘rlp(q,a))ﬂ X [1 — |r2p(q,a))|2}
far = g<o/c (271:)2 ’1 _ e2iydr1p(q’ (D)rz,,(q,a))|2

f _4/ d q —2\}/\(1’ Imrlp(q7w)1mr2p(Qa (D)
near — b
g>o/c (2m)? ’1— e*2|7’\0’r1p(q,a))rzp(q7 w)|2

(@)

where g is the wave vector, ry(y) is the reflection coefficient of
different layers, y = \/m is the z-component of the
wave vector, p means p-polarized modes, and d is the distance
of vacuum gap. The detailed formula of optical conductivity
of MoS; and graphene can be found in Ref. [74].
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Fig. 6. (color online) Schematic of simulation model. Reprinted with
permission from Ref. [74], copyright (2015) by the American Institute
of Physics.

Due to the large band gap in MoS,, the inter-band transi-
tion processes of MoS, are the dominant channels. The inter-
band transition peaks can be adjusted by the Fermi energy of
MoS;: when the Fermi energy of MoS; is close to its conduc-
tion band edge, it leads to a sharp resonant peak. This low fre-
quency resonant peak provides the main channel for near field
radiation heat transfer. For the resonant case, three orders of
heat enhancements in near field radiation comparing with the
blackbody limit is realized, and this ratio increases quickly
with the vacuum gap decreasing. However, the near field ra-
diation heat transfer is very sensitive to the chemical potential
and Fermi energy of graphene and MoS,. With slight devia-
tion from the ideal resonant state, the heat transfer decreases
significantly.

It is necessary to compare the cooling process by near
field radiation and that through the in-plane lattice thermal
transport. The schematic of a MoS, device with near field
radiation cooler is shown in Fig. 7. The width of MoS, sheet
is 1 um and length is varied from 0.5 to 3.5 pm. Here the tem-

(a)
300 K graphene

HNFRHET

300 K// ’ /// MoS,

L1inplane
z 12} (©
=
~
o}
= ol
o) in-plane d_]_()n/
e}
84t
o %
g / . 20]
m /’}

oo

5 10 15 20 25 30
Length of MoS; layer/pm

3.5

perature of its middle part is assumed to be 600 K, while the
two ends are at a constant temperature of 300 K, and heat is
generated by the Joule heating effect. According to Fourier’s
law, there is heat current flowing from the middle part to two
ends. At steady state, the temperature profile is linear from the
middle part to the two ends. The heat energy transferred by
in-plane lattice thermal conduction can be calculated accord-
ing to Fourier’s law. A graphene sheet is placed parallel to
MoS; sheet, with distance to MoS, sheet varying from 10 to
20 nm. As shown in Fig. 7(b), it is exciting to find that the ratio
increases quickly with length increasing. Although radiative
heat transfer is lower than in-plane thermal conduction for the
short channel, it exceeds the latter when the length of MoS,
is longer than 2.7 um, which is in the range of real MoS, de-
vices. This phenomenon can be understood from the different
size dependences for heat conduction and near field radiation:
in-plane heat flux decays fast with increasing length of MoS,,
but near field radiation heat transfer almost linearly increases
with increasing length. Thus there is one critical length be-
yond which radiative heat transfer will be higher than the in-
plane heat flux. Moreover, this critical length decreases with
MoS,—graphene gap decreasing. For d = 10 nm, the heat en-
ergy transferred by near-field radiation is 5-times of that by the
in-plane thermal conduction when the length of MoS; sheet is
3.5 um. Considering that the length range of a real MoS, de-
vice is about 10 um, the near field radiation thermal transfer
should play a dominant role in thermal management of MoS,
based ICs. This provides an important cooling strategy for
thermal management of 2D materials with low thermal con-

ductivity.
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Fig. 7. (color online) (a) Temperature distribution of near field radiation heat transfer (NFRHT) based cooling device. (b) Ratio of
NFRHT and in-plane heat conduction. (c) Energy power of NFRHT and in-plane heat conduction as a function of length. (d) Ratio
of NFRHT and in-plane heat conduction as a function of length. Reprinted with permission from Ref. [74], copyright (2015) by the

American Institute of Physics.
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4. Thermal properties of phosphorene
4.1. Anisotropic thermal conduction of phosphorene

Due to its unusual structure and electronic properties,
phosphorene has drawn considerable attention.”®””! For ex-

(78791 and edge

ample, layer-dependent electronic properties
dependent electronic properties'3-821 have been explored.
A strong anisotropy was found in the carrier mobility of
phosphorene, 33841 and its carrier mobility can be increased
by covering high-k materials.!®3! The interesting feature
was predicted theoretically for phosphorene in Li-battery
applications!®>! and observed experimentally. 3!

The thermal properties of phosphorene are also interest-
ing, and not observed in other 2D materials such as graphene
or MoS,. Using first-principles calculations and the nonequi-

librium Green’s function method, Ong et al. explored the

ballistic thermal conductance of monolayer phosphorene. [#7]
As shown in Fig. 8, a significant orientation dependent ther-

mal conductance is observed, where room temperature ther-

that along the armchair direction. More interesting, an unusual
strain effect is observed if uniaxial tensile strain is applied in
phosphorene, in contrast to the general phenomenon that a ten-
sile strain can lead to an obvious reduction in the thermal con-
ductivity of materials. Figures 8(b) and 8(c) show the thermal
conductance in the zigzag and armchair direction at different
tensile strain. The thermal conductance along the zigzag direc-
tion is enhanced when a zigzag-oriented strain is applied, but
decreases when armchair-oriented strain is applied. However,
the thermal conductance along the armchair direction always
decreases when either zigzag- or armchair-oriented strain is
applied. Thus the thermal conductance anisotropy can be
modulated by strain. Figure 8(d) shows the anisotropy ra-
tio (Gigzag /Garmehair) s a function of the applied strain. The
anisotropy ratio is insensitive to the armchair-oriented strain,
but increases from 1.4 to 1.6 under only 5% zigzag-oriented
tensile strain. The obviously direction dependent thermal con-
duction is confirmed by independent works using molecu-
lar dynamics simulation®8-%1 and first-principle based Boltz-

mal conductance along the zigzag direction is 40% higher than ~ mann transport calculation.1=%3
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Fig. 8. (color online) The thermal conductance in the zigzag and armchair directions as a function of temperature (a) at different biaxial strains,
(b) at uniaxial strain applied in the zigzag direction, and (c) at uniaxial strain applied in the armchair direction. (d) The thermal conductance
anisotropy at different strain values for uniaxial strain. Reprinted with permission from Ref. [87], copyright (2014) by the American Chemical

Society.

The thermoelectric properties of phosphorene have also
been investigated.”*7! Although a high thermoelectric fig-
ure of merit ZT is expected, unfortunately, a theoretical value
for ZT is found to be 0.14 in p-type impurity-free phospho-

rene at 500 K, with considering both optical phonons contri-

butions and the high anisotropy which provides extra phase
space for electron—phonon scattering, based on density func-
tional perturbation theory and Wannier interpolation.”®’ By
analysing the various effects on ZT, Zhou et al. proposed pos-

sible routines to enhance figure of merit Z7.°7! In the weakly
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doped condition, the Seebeck coefficient of monolayer phos-
phorene is high. Thus the electrical/thermal conductance ratio
is the major factor that affects its thermoelectric performance,
due to the low electron conduction and high thermal conduc-
tion. In this regime, the phonon thermal conductance plays
a major role in comparison with electronic thermal conduc-
tance. Therefore, the reduction of lattice thermal conductivity
will significantly enhance the ZT, such as the creation of a
superlattice to localize the long-wavelength phonons and in-
troducing mass-disorders and/or edge roughness to suppress
the phonon transmissions. On the other side, in the highly
doped condition, the reduction of the Seebeck coefficient and
the rapid increase of electronic thermal conduction are the ma-
jor factors that limit Z7. In this regime, controlling the elec-
tronic structure is critical for boosting ZT. Possible methods
include electromagnetic field modulation and/or strain engi-

neering.

4.2. Phosphorene phononic crystal

Fabrication of the phononic crystal structure has been in-
tensively studied to reduce thermal conductivity with weak in-

(98] Therefore, if a similar trend holds for

fluence on electrons.
phosphorene, the phosphorene phononic crystal would have
much higher ZT with respect with the pristine phosphorene
monolayer in a weakly doping regime, as discussed above.

Using molecular dynamics simulation, Xu and Zhang!*°!
studied the thermal properties of the phosphorene phononic
crystal, which is a nanomesh structure with periodically ar-
ranged pores, by arranging a rectangular pore into each rect-
angular supercell of phosphorene. The dimensions of each
pore and each supercell are P, x P, and U, x U, primitive unit
cells, respectively. As shown in Fig. 9, the thermal conduc-
tivity in phosphorene phononic crystal yields a remarkable re-
duction from that in the pristine phosphorene. With the in-
crease of the pore size, the reduction increases. «, is about
11.0 W/(mK) when P, = 1, only about 33% of thermal con-
ductivity along the armchair direction as that in the pristine
phosphorene. When P, = 6, the value further decreases to
only 4%. It is noted that this remarkable reduction cannot
be understood by the empirical model such as the Eucken
model and the Maxwell-Garnett model. In the Eucken model
k/ko = (1—¢)/(1+%¢) and in the Maxwell-Garnett model
K/kKo=(1—¢)/(1+4 ¢), where Ky is the thermal conductivity
of the intact material and ¢ is porosity (equal to PP, /U, Uy in
this work). For example, when P, =4, ¢ is Pf/lOO =0.16,
and the Eucken model and Maxwell-Garnett model predict
K/ K;ig to be 76% and 72%, respectively. However, accord-
ing to the molecular dynamics simulation calculated x,, it is

only 8%.

64 T T T T T T

Fig. 9. (color online) The room-temperature thermal conductivity of
phoshphoren phononic crystal versus the size of pores. For more details,
please refer to Ref. [99]. Reprinted with permission from Ref. [99],
copyright (2016) by the Institute of Physics.

In nanostructures, phonons usually experience intensive
phonon-boundary scattering. There are two types of phonon—
boundary scattering processes: particle-like incoherent scat-
tering and the wave-like coherent scattering. The latter will
lead to Brillouin zone folding and new phonon dispersion due
to wave interference. To realize the coherent scattering, the
periodicity of the phononic crystal must be comparable or
smaller than the phonon mean free path. The phonon mean
free paths of phosphorene at the two directions are 141.4 nm
(zigzag direction) and 43.4 nm (armchair direction),®81 which
must be larger than the periodic length considered here. Thus
the coherent picture is a reasonable approximation to describe
the frequent phonon scattering at the high-density pore bound-
aries. In this condition, the pore boundary can be treated as
an intrinsic part of the unit cell of the phosphorene phononic
crystal, rather than an extrinsic scattering source.

In Fig. 10(a), the low frequency domain of the phonon
dispersion is plotted in comparison with that of the pristine
phosphorene (P, = 0). According to the flattened acoustic
phonon branches and increased number of optical phonon
branches below 1.5 THz, it is clear that the zone folding
greatly suppresses the phonon group velocities, and the sup-
pression becomes even stronger with the increase of the pore
size.

Regarding the phonon lifetime, since the zone folding in
the phononic crystal has shifted the phonon dispersion, the se-
lection rules for phonon—phonon scattering will vary. As a
result, the phonon lifetime should also be influenced. As is
shown in Fig. 10(b), at any frequency, the phonon lifetime is
reduced in the phononic crystal as compared to that in the pris-
tine phosphorene. Therefore, the remarkable reduction of ther-
mal conductivity in phosphorene phononic crystal is the result
of a combination of the suppressed phonon group velocities
and the reduced phonon lifetimes. Furthermore, with non-
square pores, the anisotropic ratio between thermal conduc-
tivity along zigzag and armchair directions can be increased
significantly, which will lead to potential applications such as
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the thermal waveguide confining the heat to flow at a particular
direction in the phosphorene sheet.

15

1.0 |

f/THz

0.5

0.0

7/ps

f/THz

Fig. 10. (color online) A comparison of phonon dispersions and phonon
lifetimes between in the pristine phosphorene and in the phononic crys-
tal. Reprinted with permission from Ref. [99], copyright (2016) by the
Institute of Physics.

5. 2D materials based thermal devices
5.1. Thermal diode

Recently, phononics (thermal) devices have attracted ex-
tensive interest for the understanding of how heat energy is
transported, distributed, and converted from fundamental sci-
ence to applied research field.l'%! One of the motivations is
to realize on- and off-state by controlling the thermal conduc-
tion, and furthermore to realize thermal circuits by using these
novel phononics devices. In addition to the application in in-
formation processing, the thermal devices also have broad ap-
plications for thermal management in the future.

So far, all the thermal rectification phenomena are ob-
served in hetero-structures. In these junctions, phonon vi-
brational spectrums at two sides of the junctions are differ-
ent. Moreover, the mismatch depends on temperature. The
ideal case is that under positive temperature bias, the over-
lap of phonon spectrum of the two ends increases. However,
with negative temperature bias, the mismatch enlarges. There-
fore, the total thermal current under positive temperature bias
is larger than that under the negative bias, which is similar to
the characteristic of an electrical diode.

Due to its ultra-high thermal conductivity, graphene is
an ideal candidate to realize this function. The thermal rec-
tification effect was observed in graphene nanoribbons with

¢, 1101102

trapezia shap 1 a junction constructed by two rect-

angular graphene nanoribbons with different widths,[1%2! Y-

shaped graphene,'”3! graphene with inhomogeneous mass

104

distribution,'% reduced graphene oxide with asymmetric

shape,!'%1 and graphene composite with binary solid—liquid
phase change materials.['%) Related theoretical and experi-
mental works are summarized in Table 2.

Table 2. Summary of different thermal rectifier based on graphene.

. Theoretical/ Rectification Temperature
Reference Mechanism . . .
experimental ratio at 300 K difference

Ref. [101] triangular ribbon  theoretical 60% 60 K

Ref. [102] trapezia shaped theoretical 70% 60 K

Ref, [102) "ectangularribbon. o ical 30% 60K
different widths

Ref. [103] Y-shaped graphene theoretical 25% 60 K

Ref. [104] defective theoretical 60% 90 K

Ref. [105] triangular rtGO
graphene and phase

experimental 21% 12K

Ref. [106] experimental 23% 25K

change materials

5.2. Thermal modulator

In addition to the rectifier, the electronic modulator is
also an important electrical element and has been widely used.
However, its thermal counterpart, the thermal modulator, has
not been well studied. In 2015, a new concept of thermal mod-
ulator was predicted theoretically by Liu et al.['97]

The graphene-based thermal modulator is shown in
Fig. 11. Here a single-layer graphene is used to act as the
heat flow channel. A pair of clamps is placed at the top and
the bottom of the middle section of graphene. The heat flux J
passing through the single-layer graphene with the change of
the clamp—graphene gap G is shown in Fig. 12(a). It is found
that the heat flux can be effectively modulated by adjusting the
clamp—graphene gap. For example, when the clamp—graphene
gap is G = 0.28 nm, the heat flux decreases by 25%. In prac-
tical applications, the clamp—graphene gap G in the thermal
modulator may be controlled by tuning the external pressure
P. To reduce the clamp—graphene distance to 2.8 A, an exter-
nal pressure of 50 GPa is required, which is experimentally ac-
cessible. It is clear that the structure shown in Fig. 11 exhibits
the characteristics of a thermal modulator, which is capable of
tuning heat flux by controlling the pressure P.

G

Fig. 11. (color online) Schematic of graphene-based thermal modula-
tor. Reprinted with permission from Ref. [107], copyright (2015) by the
Springer.
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Fig. 12. (color online) (a) Heat flux along the graphene thermal mod-
ulator as the function of clamp-graphene gap G. (b) Heat flux along
the graphene thermal modulator as the function of the external pressure
P. Reprinted with permission from Ref. [107], copyright (2015) by the
Springer.

The underlying mechanism for the thermal modulation
was also explored. In the free-standing single-graphene, there
are six phonon polarization branches: in-plane transverse
acoustic (TA) and optical (TO), in-plane longitudinal acous-
tic (LA) and optical (LO), and out-of-plane acoustic (ZA)
and optical phonons (ZO). However, for graphene sandwiched
between two clamps, the van der Waals interaction between
clamp and graphene induces significant change in the out-of-
plane phonon modes with flattening and shifting characteris-
tics. The shift in ZA modes leads to a mismatch in phonon
dispersion at the interface, which leads to the nontrivial reduc-
tion in heat flux. As the clamp—graphene gap decreases, the
shift in ZA mode increases, which results in the increase of
the interface-phonon scattering and a further reduction of heat
flux. Thus the heat flux through the system can be controlled
by the graphene-clamp gap. More interesting, the performance
of this thermal modulator can be improved by increasing the
number of clamps or interfaces. For example, splitting a 10-
nm-clamp into two clamps in series, each with 5 nm long,
can increase the change range of heat flux: at a pressure of
50 GPa, the maximum reduction in heat flux increases from
27% (single-clamp) to 40% (double-clamp). Hence, in con-
structing the proposed thermal modulator experimentally, a
linear arrangement of clamps in series can be highly effective

in increasing the modulation capability.[17]

6. Conclusion

This article presents an overview of the thermal proper-
ties of 2D materials. Our intent is to present a state-of-the-
art view in this fascinating field, with a balanced experimen-
tal and theoretical perspective. It is hoped that the insights
and understandings revealed and summarized here provide an
important reference and guideline for the applications of 2D
materials in thermal management and heat-to-electricity con-
version. Due to the limit of length, we mainly address the fun-
damental thermal properties of the 2D material family. So far
there exist other review articles on different aspects of ther-

mal and thermoelectric properties of graphene, MoS,, and

phosphorene. 1031131

In addition to graphene, MoS,, and phosphorene, very re-

cently more 2D materials have been discovered, such as h-BN,

[114-126

silicene, and stanene. I The thermal and thermoelectric

properties of these new 2D materials also deserve systematic
investigations. Moreover, in nano systems, the increased num-
ber of interfaces plays a more and more important role in heat

conduction. Although interfacial thermal resistance of some

d.1127-135]

hybrid nanostructures have been explore consider-

ing the complexity and variety of new 2D materials and their
hybrid nanostructures, more systematic studies are needed to
further understand the fascinating properties of this class of
materials and to seek their novel applications in thermal man-
agement and heat-to-electricity conversion.
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