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Heat dissipation and thermal management are central challenges in various areas of science and technology and
are critical issues for the majority of nanoelectronic devices. In this review, we focus on experimental advances in
thermal characterization and phonon engineering that have drastically increased the understanding of heat

transport and demonstrated efficient ways to control heat propagation in nanomaterials.

phonon engineering nanoscale thermal transport thermal characterization semiconductors
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| 1. Introduction

Advances in the electronics industry have led to an increased need for novel approaches to thermal management
to improve devices performance and reliability, by controlling the dissipation of the energy generated in the
devices. In particular, the possibility of controlling heat propagation by engineering the phononic properties of the
fundamental components is of great interest in nanoelectronics—where heat dissipation will play a major role in
determining the performance of high-density nanoscale circuits —or in thermoelectric materials—where materials
with low thermal conductivities are desired. The main heat carriers in these materials are phonons, thus
understanding and controlling phonon transport are issues highly connected with the successful development of

low-power electronics and efficient thermoelectric energy harvesting.

However, with the continuous miniaturization of electronic devices reaching physical limits, heat transport and
thermal management are becoming increasingly more challenging. For instance, the characteristic dimensions of
electronic components have become comparable to the phonon mean free path (MFP), which inevitably increases
the power density and complicates heat removal 22, |n addition, the large density of interfaces, contacts, and
boundaries that appear at extremely small length scales in today’s electronics indicates the importance of further
optimizing nanoscale thermal characterization tools. Advances in measurement techniques together with
theoretical efforts have enabled a better understanding of novel heat transport mechanisms, e.g., hydrodynamic
phonon transport, coherent and ballistic transport, thermal localization, and finally phonon propagation at the
nanoscale, opening exciting prospects for thermal investigations of materials even at the atomic level B4, |n
parallel, progress in material growth and nanofabrication have enabled remarkable advances in thermal transport
engineering. The concept of phonon engineering has been employed in various nanomaterials during recent

decades, showing its potential in thermal management.
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2. Engineering the Phonon Thermal Conduction in
Semiconductor Nanostructures and 2D Materials

In semiconductor and insulators, the dominant carriers of heat conduction are lattices waves or phonons. A phonon
is a quasi-particle which represents quantized modes of the vibrational energy of an atom or group of atoms in a
lattice. Considering that phonons are pseudo-particles, it is possible to associate energy hw (where h is the
reduced Planck’s constant h = h/(2m) and w is the angular frequency) and a pseudo-momentum p = hq (where q is
the wavevector), which obey Bose—-Einstein statistics Rl The wavelength dependence of the phonon energy can
be represented as a dispersion relation, i.e., a relationship between the phonon frequency and its wavevector. The

slope of a dispersion relation curve determines the phonon group velocity.

The ability to transport heat is denominated thermal conductivity. It plays a fundamental role in the design and
performance of the technological devices. The calculation of the thermal conductivity (k) in semiconductor material
requires the knowledge of three major frequency-dependent parameters, namely, specific heat (C,;), phonon group
velocity (vg), and phonon mean free path (A). Finally, the expression for thermal conductivity from the kinetic theory

of gases is given by: k = Cy-vg-A.

A major limitation to determine k is the knowledge of mean free path A = vy/t, where T is the effective or total
phonon lifetime. In general, T is estimated using the Matthiessen’s rule assuming that each scattering mechanism
is independent of each other. The phonon lifetime is mainly limited by: phonon-phonon scattering (tpp), impurity
scattering (1) and boundary scattering (tg). The latter is pronounced in low-dimensional materials due to the
dimensionality confinement, which results in modified heat transport properties. The possibility of tuning the
thermal conductivity of low-dimensional materials via phonon engineering is of high importance and might lead in

multiple breakthroughs (e.g., high figure of merit, improved energy efficiency).

2.1. Semiconductor Nanostructures

Modifications of the dispersion relation have a direct impact on the acoustic phonon properties of nanostructures,
such as phonon group velocity [, polarization and density of states. These can usually be induced either through
boundary conditions in the individual nanostructures, e.g., free-standing nanowires (NWs) or thin films, or via
periodic boundary conditions, e.g., superlattices (SLs) and phononic crystals (PnCs). In principle, heat transport in
such nanostructures decreases either due to classical size effects or phonon confinement effects. The first is
related to increased phonon-boundary scattering and is pronounced when the characteristic dimensions of the
nanostructures are comparable to the phonon MFP 8. When nanostructures dimensions are in the order of or
smaller than the phonon wavelength, phonon confinement or coherent effects appear, modifying dispersion
branches, which in turn modifies the group velocity, phonon density of states, and phonon lifetime B2 At room
temperature, the impact of phonon confinement on the thermal transport is almost negligible. Instead, the decrease
of the thermal conductivity is mainly attributed to diffuse scattering of phonons at the boundaries. Although this
mechanism has been widely explored and exploited, several works propose the use of the phonon confinement

effect as a mean to control the heat flow [221113],
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The real impact of the phonon confinement on thermal transport at room temperature has only been observed
using superlattices 24I13]. However, in most cases nanofabrication processes result in nanostructures with length
scales larger than the phonon wavelength of the dominant heat carriers (at room temperature <5 nm) and limits the
observation of confinement effects. Cryogenic temperatures (T < 10 K) can overcome this problem 287 |n the
next sections we present recent experimental works that have demonstrated efficient heat transport control in

semiconductor nanostructures.

2.1.1. Membrane-Based Structures

In membrane-based structures, the reduction of in-plane thermal conductivity (k) due to phonon-boundary
scattering has been clearly demonstrated in thermal transport experiments in silicon layers of different thickness,
performed over a large range of temperatures [L8I1920121] The results from these studies showed that the thermal
conductivity of Si can be effectively tuned by decreasing its thickness. In parallel, experimental works have
demonstrated that the fabrication of Si thin films with two-dimensional periodic patterning, i.e., phononic crystals

(PnCs), is an efficient way to modify the phonon spectrum, control heat conduction and improve the thermoelectric
efficiency [221123],

Recent thermal transport studies have shown that the in-plane thermal conductivity of silicon and its temperature
dependence can be effectively reduced and tuned by patterning periodic arrays of holes [24123126] or grrays of
pillars [21[28129] | sjlicon membranes with patterned arrays of holes (see Figure 1a—d) a strong reduction of ~90%
of the thermal conductivity was found compared to unpatterned Si membranes of equal thickness. Figure le
displays the thermal conductivity of PnCs with different filling fraction. At room temperature the reduction of the
thermal conductivity was attributed mainly to the shortening of the phonon mean free path due to diffuse
(incoherent) phonon-boundary scattering. Although the increase of the surface-to-volume ratio leads to increased
boundary scattering, at higher temperatures the phonon—phonon scattering dominates over the boundary
scattering. This is observed through the smaller relative reduction in k, compared to room temperature. The impact
of coherent phonon scattering was found to be significant in the thermal conductivity reduction of similar structures

only at low temperatures, where thermal phonon wavelengths become longer and comparable with the period of
the holes [32[311(32]
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Figure 1. Phonon engineering in membrane-based structures. (a) Schematic of a hole-based PnC—square lattice
of cylindrical holes in a 250 nm thick suspended membrane, where d is the hole diameter, a is the lattice
parameter, and n is the neck size. (b) Schematic of a sample design showing relative laser heating and probing
positions and (c,d) scanning electron microscope images of a PnC with a = 250 nm and d = 140 nm. Scale bars in
(c,d) are 20 and 2 pym, respectively. (e) Thermal conductivity of hole-based PnCs as a function of temperature and
filling fraction S with S1 = 0.159, S2 = 0.246 and S3 = 0.332. (f,g) SEM images of a pillar-based PnC—Si
nanobeam with one-dimensional arrays of pillars with a period of 560 nm and pillar base diameters of 229.5, 243.5
and 335 nm and (h) SEM image of a single nanopillar. Scale bars are (f) 5 um and (g-h) 500 nm. (i) Thermal
conductivity of different nanobeams as a function of pillar diameter at 295 K. (a-e) reproduced with permission
from 24, Copyright Springer Nature, 2017. (f-i) Reproduced with permission from 28 Copyright Royal Society of
Chemistry, 2017.

In pillar-based PnCs the reduction of the thermal conductivity was weaker in comparison with the hole-based PnCs
while coherent effects were found to be insignificant even at low temperatures. This was observed for pillar-based
PnCs fabricated by patterning Al nanopillars of different diameters on suspended Si nanobeams 28, Figure 1f-h
shows the geometry of the investigated Si nanobeam with one-dimensional arrays of pillars with a period of 560 nm
and various pillar diameters. The thermal conductivity of these structures at room temperature was observed to
decrease with increasing diameter, with a maximum thermal conductivity reduction of approximately 20% (see
Figure 1e). The authors attributed this behavior to the increased phonon scattering at the pillar/beam interface due

to the intermixing of aluminum and silicon atoms. The same group later fabricated nanopillars on suspended silicon
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membranes and investigated the impact of nanopillars on the thermal conductivity at low temperatures (4-300 K)
(291, They found the thermal conductivity reduction caused by the nanopillars to be approximately ~16%, which was
attributed mainly to incoherent phonon boundary scattering. It is interesting to note that although the rate of the
thermal conductivity reduction in these structures was much lower than the hole-based PnCs, the electrical

conduction remained unaffected, or even increased, since no volume removal was required.

Other phononic structures have been fabricated by introducing short-range positional disorder in PnCs, which
showed similar values of the thermal conductivity at room temperature compared with the fully periodic structures
(33 Although the phonon spectrum in the GHz range may be modified, these works evidenced that at room

temperature, thermal transport is mainly diffusive (particle-like) and dominated by phonons in the THz range.

Since phonons are intrinsically waves, the control over their coherence can open fundamentally new routes for
manipulating the heat flow. Venkatasubramanian was one of the first who discussed about coherent effects on
thermal measurements in superlattices (SLs). He presented a physical model to understand the reduction of the k
based on the coherent backscattering of phonon waves at the superlattice interfaces [24l. Since then, the coherent
concept was adopted by several authors to explain thermal conduction processes in superlattices and phononic
crystals 221, However, the interpretation of coherent thermal transport is still under debate and the experimental
reports still remain inconclusive B8, Some experimental reports that claimed coherent effects BZB8I39 have been
contrasted by numerical simulations 4941l Concluding that some of these claims could be explained by particle-

based models without considering coherent phonon transport 42,

Part of these controversies comes from the nature of the coherent transport in the context of thermal transport
which is not well understood. In general, coherence involves a measurable phase-dependence between waves
over a given time interval, e.g., the interaction of monochromatic waves. However, this notion cannot be applied
directly in case of heat conduction, which involves all the thermally excited phonons in a structure. Latour et al.
tackled this problem by treating the phonon-coherence length in terms of correlation functions in superlattices 431,

The discussion about coherent effect in superlattices will be given.

The sample quality is also another important parameter to take into account to observe coherent effects. The
structures have to have periodicities in the order of the wavelength of the dominant thermal phonons (few nm) with
atomically smooth surfaces (or interfaces) to avoid diffusive scattering of the heat carriers. For the case of silicon,
the dominant phonon wavelength at room temperature is 1-2 nm 41, On the other hand, the present state of the
art in nanofabrication can produce patterned structures with dimensions down to several tens of hanometers with
block-copolymer technologies and hundreds of nanometers via a top-down approach 2. Such dimensions can
tailor the dispersion relations of phonons in the GHz range with a poor contribution to the thermal properties at
room temperature. Lee et al. demonstrate that phonon coherence is negligible in the thermal transport of silicon
nanomeshes with periodicities 2100nm and T > 14 K. Xiao et al. also found a negligible contribution of wave
effects in the total thermal resistance of Si thin film with increased rows of nanopores with temperatures ranging
from 85-300 K [44],
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On the other hand, at lower temperatures, Zen et al., demonstrated the impact of the coherent effect in the thermal
transport in patterned silicon nitride membranes in the sub-Kelvin regime. They showed the direct correlation
between the thermal conductance, calculated from the modified phonon dispersion relation, and experimental
measurements. Maire et al. measured the reduction in the k in a patterned Si phononic crystal at 4 K. They claimed
that the presence of phonon interference is the origin of the reduction in k of a phononic crystal with an ordered

array of holes as compared to the thermal conductivity of structures with randomly positioned holes.

2.1.2. Nanowires

Tuning phonon properties and heat conduction via phonon engineering has been demonstrated in NWs consisting
of different materials, shapes, geometries and composition. The influence of diameter of NWs on the phonon
thermal conductivity at room temperature has been thoroughly investigated in previous studies [42[461[47]148] |p
these experiments, classical size effects were dominant and the thermal conductivity of the NWs was found to be
suppressed by almost two orders of magnitude compared to their bulk counterparts, mainly due to the increased
phonon boundary scattering. The dependence of the thermal conductivity on diameter is still valid at high
temperatures as has been recently demonstrated by Lee et al. 8. Additionally, in this work the authors showed an

increasing contribution of high-frequency phonons as the temperature increases and the NW diameter decreases.

Furthermore, recent works have experimentally demonstrated ballistic heat conduction in Si, SiGe, and GaN NWs
of different lengths at room temperature “9B% The length-dependent thermal conductivity measured in these
studies showed that ballistic heat conduction can be preserved at room temperature for several micrometer length
wires. For instance, Vakulov et al. 2% showed that in 25 nm diameter GaN NWs a room-temperature ballistic heat
flow persist at least 15 pm. Such evidence showed the great potential of semiconductor NWs to be used for
improved thermal management in applications such as phonon transistors 2152 and computer chips, where rapid

heat removal is required.

In parallel, different methods to further modulate the thermal conductivity of NWs have been proposed such as the
fabrication of core-shell NWs. For example, a strong thermal conductivity reduction was found in Si and SiGe alloy
NWs with diameters of few tens of nanometers, indicating the important effect of the core—shell interface on
phonon transport 23, Juntunen et al. also found up to ~60% reduction of the thermal conductivity of GaAs NWs
coated with AlAs shells B4l A different study showed that the k along a single Si nanowire can be tuned (between
crystalline and amorphous limits) through selective helium ion irradiation with a well-controlled dose B2, Figure 2a
displays a SEM image of a single Si nanowire, which was irradiated at different positions with well-controlled
helium ion doses. Figure 2b shows the reduction in k as a function of the helium ion doses, where a clear transition

from crystalline Si to amorphous phase can be observed at a dose between 1.5 x 1016 and 2.5 x 1016 cm™2.
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Figure 2. Phonon engineering in nanowires. (a) SEM image of a Si NW damaged by helium ions (sample #1). The
portions colored orange denote the parts damaged by helium ions; the uncolored portions denote the intrinsic Si
NW. Scale bar, 1 mm. (b) Measured k of samples #1-#8 versus dose. Inset: the same data plotted on a logarithmic
scale. The solid black square denotes the k of intrinsic NWs (namely, with zero dose). (c) Plot of the measured
power density as a function of the laser heating for different isotopically engineered Si NWs. (a, b) Reproduced

with permission from B2, Copyright Springer Nature, 2017. (c) Adapted from Mukjerjee et al. 58],

More recent experimental studies demonstrated that manipulation of crystal phase, isotope composition and mass
disorder are effective ways to control heat transport in silicon NWs. For instance, Mukherjee et al. showed that
isotopically mixed metal-catalyzed 28Si,29Si,_, NWs exhibit enhanced phonon scattering and approximately 30%
decreased thermal conductivity induced by mass disorder in comparison with isotopically pure 29Si NWs 58l Figure
2c shows the measured power density as a function of the laser heating for the two types of NWs, which was used
together with a model to extract the local temperature and thermal conductivity of the NWs. The same authors later
found that the thermal conductivity of Si NWs with tailor-made isotopic compositions can be reduced by up to
~40% relative to that of isotopically pure NWs BZ. The lowest k value was found for a rhombohedral phase in
isotopically mixed 28Si, 39Si; , nanowires with composition close to the highest mass disorder. Similarly, the

authors used the same methodology to extract the thermal conductivity of the NWs.

2.1.3. Superlattices

The first attempts to manipulate the wave nature of phonons were carried out by using alternating thin layers of
dissimilar materials to realize a super periodicity of atomic position, i.e., a superlattice (SL). Due to the possibility to
modify the dispersion relation as well as to create miniband and minigaps, stop bands and acoustic mirrors, the
thermal transport community envisioned a very large potential to control the heat propagation with SLs 8l The
thermal transport in nanoscale SLs shows a crossover between coherent and incoherent phonon transport along
the layered axis. The transition depends on the period thickness (ds; = d; + d», where d; and d, are the thickness

of each layer) and the coherent length of the phonons. The crossover occurs when the interface density, 1/ dg, is
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large enough to limit the propagation of high frequency phonons (particle-like) so that the thermal transport is
governed by low frequency phonons (wave-like). The transition between coherent-incoherent (wave-particle)
transport is observed as a minimum in the k as a function of dg; as is shown in Figure 3a. Although this behavior
was predicted in 2000 , this observation has been hidden probably by the low quality of the interfaces, which
destroys the otherwise perfect periodic system, disallowing coherent phonon transport. Recently, Ravichandran et
al. presented the first unambiguous experimental demonstration of this crossover using epitaxial perovskite-based
SLs. Luckyanova et al. presented another fingerprint of coherent thermal transport, namely, a linear dependence
of k with respect to the number periods N (see Figure 3b). This behavior arises when, in the coherent regime, the

phonon mean free paths are equal to the total SL thickness, resulting in a linear dependence between k and N.
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Figure 3. Phonon engineering in superlattices. Experimental k as a function of: (a) period thickness of (TiNiSn):
(HfNiSn) half-Heusler superlattices, (b) number of periods of GaAs/AlAs superlattices. Adapted from Holuj et al. 22
and Luckynova et al., respectively. (a) The crossover between coherent-incoherent (wave-particle) regimes is
observed as a minimum in k vs. dg;, while in (b), the linearity of the k vs. N suggests that phonon heat conduction
is coherent.

As we mentioned above, the concept of coherency cannot be applied directly in case of heat conduction because
the thermal transport involves all excited phonons of the structure. However, Latour et al. showed that coherence
can be formalized in other physical fields as correlation, e.g., the spatial coherence of the light can be expressed in
terms of spatial correlations of electromagnetic fields. Inspired by this theory, Latour et al. extended this concept to
the thermal phonons in superlattices. They postulated that the spatial phonon coherence length (Ic) can be related
to the spatial correlations of the atomic displacement fluctuations at equilibrium. The authors noted that if two
atoms separated by a distance | and oscillating with a given phase and frequency (i.e., nonrandom), their motion is
correlated. Hence, the finite spatial extension in which this correlation remains preserved is defined as spatial
coherence length /.. This correlation arises from the presence of phonon wave packets composed by atoms
vibrating in phase. Using this approach, the authors were able to distinguish different regimes of heat conduction
characterized by the coherent length (Ic), mean free path of the packet (A\), period thickness (dg;) and total
thickness of the superlattice (L). Then, the nature of the thermal transport will be given by the combination of these
parameters as is shown in Figure 4. From the figure we can note that when /- > dg; (Figure 4a,c), the phonon
transport is coherent. However, /- cannot be larger than the bulk mean free path (Ic = Ay, See Figure 4e). The

wave package cannot travel a distance larger or equal to its spatial extension without scattering, i.e., it is a
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nonphysical phenomenon. For each of the rest of the cases shown in the figure, two trends for the thermal
conductivity are depicted: one as a function of the dg; with a constant L and as a function of L with constant dg; .

The crossover of thermal conductivity happens in Figure 4b,d,f. In these cases, the thermal conductivity becomes
independent of the system size and increases with the SL period.

To observe coherent thermal transport, it is necessary that the incoming thermal wave retains its phase after it has
been reflected or transmitted across the interface. This implies that the scattering mechanisms should not be
purely diffusive, otherwise the phase information will be destroyed. Consequently, the presence of atomically
smooth interfaces becomes mandatory. Although numerical simulations carried out by Qui et al. found the same
linear dependence in rough periodic and aperiodic Si:Ge SLs 6%, the results of their simulations were associated to
the low interface densities and weak disorder scattering. Under these conditions, the dominant thermal phonons
would not be affected by the disorder and could ballistically transverse the SLs regardless of aperiodicity or
interface roughness. Similar results were found by Wang et al. 1] and Chakraborty et al. 62! in rough periodic SLs
and random multilayer structures (RML) made of artificial atoms. Both simulations showed the same linear-like
behavior of k| vs. N. However, the absence of a minimum in k| as a function of dg; in the simulations performed
by Wang et al. suggest a ballistic phonon transport rather than coherent effects 611,
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Figure 4. (a—f) Schematic representation of coherent and incoherent thermal transport in superlattices (adapted

from Latour et al. ).

On the other hand, the introduction of very small-periods (10s of nm) have also shown a large impact on lowering
k. Values close or smaller than the amorphous limit of one (or both) component of the SLs have been reported.
Costescu et al. 83, Pernot et al. [¢4, and Chavez-Angel et al. 83 measured cross-plane thermal conductivity values
(k) below the amorphous limit of Al,O3, Si, and HfNiSn in Al,O3:W, SiGe:Si and HfNiSn:TiNiSn SLs, respectively.

Niemel4 et al. 88] also overtook the amorphous limit of TiO, using organic-inorganic (TiO,):(Ti-O-CgH,—0O) SLs.

Ultralow values of k were also reported by Juntunen et al. 87 in aperiodic Si:Ge SLs. The authors explained their
observation in terms of wide range Anderson localization, which leads to a destructive interference of coherent
phonons and consequently a drastic reduction of k by quenching the wave transport under structural disorder.
Phonon localization was also reported by Luckynova et al. 68 using GaAs/AlAs superlattices with 8 and 25% of
ErAs nanodots randomly distributed at the interfaces. They observed peaks in the normalized k of SLs as function
of number of periods at 30 K and 50 K for 25% ErAs sample. Their observations were supported by theoretical
calculations and explained in terms of a new heat conduction mechanism related to the presence of phonon

localization in these SLs.

2.2 Two-Dimensional Materials

2.2.1. Graphene

The emergence of graphene has provided with a platform for the study of 2D phonon transport 72 gng, at
the same time, it's extremely high thermal conductivity has driven applications in thermal management 31 and
energy conversion 4 Experimental studies have shown the possibility of tuning graphene’s thermal properties
with different methods such as the control of isotope composition 22!, metal deposition 28, introduction of defects

778179 and orienting the grain size in polycrystalline graphene [BA[BL82]

The development of methods for labelling 83 and growing B4 large grain-size monolayer graphene with regions of
different concentrations of 2C and 13C has made possible the study of the impact of isotope concentration on the
thermal properties. It was found that the k of suspended isotopically pure 12C (0.01% 12C) graphene can reach
values higher than 4000 W m~1 K1 close to room temperature (T=320 K), which is more than a factor of two higher
than the value of k in graphene sheets with an equal composition of 2C and 12C. In addition, Malekpour et al.
found that as the defect density in suspended graphene increased from 2.0 x 101° cm™2 to 1.8 x 1011 cm™ the
thermal conductivity decreases more than a factor of ~4 near room temperature. The defects in this work were
induced by irradiating graphene with a low-energy electron beam (20 keV). A different study also used oxygen

plasma treatment to induce defects in suspended graphene and reduce its thermal conductivity more than 90%.

Moreover, the CVD method allows the growth of polycrystalline suspended single-layered graphene with controlled
grain sizes by changing growth conditions (cf. Figure 5a). The k of the polycrystalline suspended graphene

samples was found to decrease with decreasing grain size with a reduction up to a factor of ~5 at 300 K for grain
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sizes of 0.5 um. In addition, there is an evident vanishing of the k vs. T dependence with decreasing grain size (cf.
Figure 5b). Here, and similarly to the effect seen in Figure le for Si PnCs, the increased phonon boundary
scattering with decreasing grain size competes with the temperature dependent phonon-phonon scattering as
mechanism to reduce the thermal transport. Since the earliest measurements on graphene, it is well known that the
boundary interaction between graphene and an adjacent dielectric such as SiO, 3 has a large degradation effect
on the thermal conductivity. The drastic reduction was attributed to the damping of the acoustic phonons of
graphene in general, and of the flexural acoustic phonons in particular, owing to the scattering in the graphene-
SiO, rough interface and the symmetry breaking by the presence of the substrate [8. The suppression of the in-
plane thermal conductivity is even more drastic when graphene is encased within silicon dioxide layers, showing a
thermal conductivity value below 160 W m~ K-1 at room temperature BZ,

a b U T T T T T
GE statterng woof \_\ —— Infinity {Cal.) -
= | \ o lr|'|'v|1|ty1Fv:|'rH'.’]-1|
Phonon scattering E *
= 000} -
= .
= I =
E M00F
H
2 L
g 000f
:E: L
é 1000 |
mlaw'wﬂ‘ﬂ-ﬁ-mtm.
Temperature (K}
1200 [
z A
Z ]
&
3
5
c) Em.
b T
F

Optimized Graphers Film

Figure 5. Phonon engineering in graphene. (a) Schematic illustration of the scattering mechanisms in
polycrystalline graphene, i.e., phonon-phonon scattering and grain boundary scattering, and SEM images of
samples with different nucleation densities. (b) The k as a function of the measured temperature for suspended
graphene samples with grain sizes of 0.5, 2.2 and 4.1 nm. The symbol “$” represents the k of exfoliated graphene.
The k of “X” were measured for the suspended graphene on the hole of 9.7 ym in air and the k of “+" were
measured for the suspended graphene on the hole of 8 um in vacuum condition. (¢) Schematics of the structure of
the graphene films with different sized graphene oxides (large and small size graphene oxide: LGGO and SMGO,
respectively) and (d) thermal and electrical conductivities of the graphene oxide films with different contents of
small-sized graphene oxides (SMGO). (a,b) Reproduced with permission from 1. Copyright American Chemical

Society, 2017. (c,d) Reproduced with permission from B8, Copyright American Chemical Society, 2020.
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Other works have reported the use of hydrogen-bonded graphene-polymer interfaces 9 or functionalized self-
assembled monolayers on graphene 29 to enhance the thermal boundary conductance (TBC) up to an order of
magnitude. In addition, graphene-polymer composites with enhanced cross-plane thermal conductivity have been
successfully engineered, showing their potential to be used as thermal interface materials 1. Moreover, Kim et al.
measured significant changes in the TBC of graphene-metal interfaces by generating physical and chemical
defects 22 while Hopkins et al. used chemical adsorption on the graphene surface through plasma oxygen in order
to control the heat flow across metal-graphene interfaces [28l. The heat transport across Al/graphene interfaces
increased by a factor of ~2 after the oxygen exposure of the graphene due to the enhancement of the bond

strength between the Al and graphene atoms.

Furthermore, thermal measurements on graphene laminate films on polyethylene terephthalate substrates have
also indicated that the average size and the alignment of graphene flakes on the substrate are key parameters
defining the heat conduction 4. Finally, thermally conductive graphene films with an in-plane thermal conductivity
up to 1102.62 Wm=K-1 have recently been produced by simple chemical reduction of graphene oxide. The
structure of the graphene films with different sized graphene oxides is illustrated in Figure 5c. The graphene films
with equal percentage of small (SMGO) and large sized graphene oxides (LSGO) showed minimized phonon

scattering and maximum k, as is shown in Figure 5d.

2.2.2. Transition Metal Dichalcogenides and 2D Heterojunctions

Significant efforts have been made to tailor the thermal conductivity of transition metal dichalcogenides (TMDC)
materials with promising thermoelectric performance. Starting with the MoS,, a continuously tuning of the thermal
conductivity of suspended exfoliated (few layers) MoS, flakes was demonstrated by exposure to a mild oxygen
plasma 3. The value of the in-plane thermal conductivity underwent a sharp drop down to values of the
amorphous phase. In a recent experimental study, Li et al., showed that the in-plane thermal conductivity of
monolayer crystals of MoS, with isotopically enriched oxide precursors can be enhanced by ~50% compared with
the MoS, synthesized using mixed Mo isotopes from naturally occurring molybdenum oxide 281, Furthermore,
suspended polycrystalline MoS, nanofilms with average grain sizes of a few nanometers also have been realized
by using a new polymer- and residue-free wet transfer method, where a strong reduction of the in-plane thermal
conductivity was found due to scattering of phonons on nanoscale grain boundaries B4, The same group later
systematically studied the impact of the grain orientation on the thermal conductivity of supported polycrystalline
ultrathin films of MoS,. 28 The lowest k value (0.27 Wm~1K™1) was obtained in a polycrystalline sample formed by

a combination of horizontally and vertically oriented grains in similar proportion.

Different from MoS,, Chen et al. studied the k anisotropy between the zigzag and armchair axes in suspended Td-
WTe, samples of different thicknesses. They found that as the 2D layer thickness decreases, the phonon-boundary
scattering increases faster along the armchair direction, resulting in stronger anisotropy. Furthermore, recent
studies showed that the thermal conductivity of monolayer WS, (32 Wm=1K1) 22 js comparable to the thermal

conductivity of monolayer MoS, and that is possible to achieve an ultra-low cross-plane thermal conductivity value
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(0.05 Wm1K-1) in disordered WSe, sheets 199 Moreover, it was found that the thermal conductivity of a 45 nm

thick TaSe, film decreased almost 50% compared to its bulk value 1011,

Progress has also been made in engineering van der Waals (vdW) heterostructures or interfaces consisting of
stacks of 2D monolayers with different materials in the in-plane and out-of-plane direction. Understanding and
controlling the transport of thermal phonons in such nanostructures is necessary for the effective thermal
management of devices based on TMDC materials. Therefore, there are currently significant experimental efforts
towards the investigation of the interfacial thermal property of 2D heterojunctions. In particular, the majority of the
experimental studies are focused on studying different ways to increase the TBC of 2D interfaces by forming
heterojunctions consisting of TMDC materials and graphene or thin metal layers 2921031 For instance, Brown et al.
studied heat transport across different metal-TMDC heterojunctions 192, They found a higher TBC value across
Ti-MoSe,—-SiO, interfaces compared to Al-MoSe,—SiO, due to the better interlayer adhesion between Ti and
MoSe, atoms. Figure 6a—d show the probed regions of these interfaces and thermal boundary conductance maps,

respectively. A summary of the TBC values across different MoSe,-based interfaces are shown in Figure 6e.
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Figure 6. Phonon engineering in TMDC-based interfaces. Optical images showing the probed region of (a)
Al-MoSe,-SiO, and (b) Ti-MoSe,-SiO, interfaces. (c,d) thermal boundary conductance (TBC) maps of the Al and
Ti covered regions of the sample obtained by using time-domain thermoreflectance method (TDTR). (e) TBC
values obtained at several positions across MoSe, islands. (f) Schematics of TBCs measured across
heterostructures consisting of graphene (Gr), Gr/ MoS,, Gr/WSe,, and Gr/MoS,/WSe,. (g) Measured TBC values

of 2D/2D and 2D/3D (with SiO,) interfaces (red diamonds, left axis) and calculated values (open blue circles, right
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axis). The TBC were obtained by using single Laser Raman thermometry technique. (a-e) Reproduced with
permission from 02, Copyright American Chemical Society, 2019. (f,g) Reproduced with permission from [£04],

Copyright American Institute of Physics, 2014.

On the other hand, when thermal isolation is desired, the engineering of interfaces that exhibit high thermal
resistance is highly desirable. For example, a recent study demonstrated that ultrathin trilayer heterostructure
consisting of stacks of monolayer graphene, MoS,, and WSe, exhibit ultra-high interface thermal resistance
resulting in an effective thermal conductivity lower than air at 300 K 94 A schematic of the different

heterostructures investigated in this work and the measured TBC values are presented in Figure 6f,g, respectively.
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