Phononics in
low-dimensional materials
Phonons – quanta of crystal lattice vibrations – reveal themselves in all
electrical, thermal, and optical phenomena in materials. Nanostructures open
exciting opportunities for tuning the phonon energy spectrum and related
material properties for specific applications. The possibilities for controlled
modification of the phonon interactions and transport – referred to as
phonon engineering or phononics – increased even further with the advent of
graphene and two-dimensional van der Waals materials. We describe methods
for tuning the phonon spectrum and engineering the thermal properties of
the low-dimensional materials via ribbon edges, grain boundaries, isotope
composition, defect concentration, and atomic-plane orientation.
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Phonons, i.e., quanta of the crystal lattice vibrations, affect all

The acoustic polarization branches are commonly referred to as

physical processes in solids1. They limit the electron mobility

longitudinal acoustic (LA) and transverse acoustic (TA). In the case

near room temperature (RT), and affect the optical properties of

of graphene the out-of-plane transverse vibrations are denoted as

crystalline materials. Acoustic phonons are the main heat carriers

z-axis acoustic (ZA) phonons. In the long-wavelength limit, acoustic

in insulators and semiconductors. The long-wavelength phonons

phonons in bulk crystals have nearly linear dispersion, which can

give rise to sound waves, which explains the name phonon. Similar

be written as ω = VSq, where VS is the sound velocity, while the

to electrons, phonons are characterized by their dispersion ω(q),

optical phonons are nearly dispersion-less and have a small group

where ω is an angular frequency and q is a wave vector of a phonon.

velocity, VG = dω/dq. Acoustic phonons are the main heat carriers

In bulk semiconductors with g atoms per unit cell, there are 3g

in graphene while optical phonons are used for determining the

phonon dispersion branches for each q. Three types of vibration

number of atomic planes in the few-layer graphene via Raman

describe the motion of the unit cell, and form three acoustic phonon

spectroscopy. Uniqueness of phonon transport in two-dimensional

branches. The other 3(g-1) modes describe the relative motion of

(2D) materials translates to unusual thermal properties, which can

atoms inside a unit cell, and form the optical phonon branches.

be altered more drastically than in corresponding bulk crystals.
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Spatial confinement and localization of
phonons

In the acoustically mismatched nanowires the phonon dispersion inside

Spatial confinement of acoustic phonons in nanostructures affects their

conditions at the nanowires surface but also on the material of the

dispersion2-5. It modifies acoustic phonon properties such as phonon

barrier layers4,5,8,9.

group velocity, polarization, density of states, and changes the way

Engineering of the optical phonons in nanostructures via the boundary

acoustic phonons interact with other phonons, defects and electrons4,5.

conditions requires different approaches than engineering of the acoustic

Such changes create opportunities for engineering phonon spectrum in

phonons. In the long-wave limit the optical phonons correspond to the

nanostructures for improving electrical or thermal properties. The average

motion of atoms within the same unit cell, which cannot be changed

phonon mean free path (MFP) Λ in semiconductors is ~50 – 300 nm near
RT. The wavelength of the thermal phonon λ =1.48 –hV /(k T) is ~1 – 2 nm

by imposing new outside boundaries. However, the electron – phonon

(h– is the Planck’s constant, kB is the Boltzmann constant, T is the absolute

energy difference with respect to the optical phonon energy11. This effect

temperature)6.

0

S

B

the nanowires depends not only on its diameter and the boundary

scattering rates can be modified by tuning the confined electronic states

Thus, in order to engineer the acoustic phonon spectrum

– referred to as “phonon bottleneck” – can be used for optimization of

at RT, one needs to have materials structured at the nanometer length-

solid-state lasers or other devices. Heterostructures, which consist of the

scale. Fig. 1 presents phonon dispersion in three-dimensional (3D) bulk,

layers with the distinctively different optical phonon energies, allow one

a semiconductor thin film, and a nanowire. Embedding nanostructures

to localize optical phonons within their respective layers1,12,13, which can

in materials with the large acoustic impedance mismatch, gives one

also be used for practical purposes.

greater flexibility for tuning the phonon spectrum and related material

Although phonon engineering became a mainstream research

properties such as thermal conductivity or electron mobility.4,5,7-10. The

direction only recently, interest in modifying the acoustic phonon

acoustic impedance is defined as ζ = ρVs, where ρ is the mass density7.

spectra of layered materials has a long history. In 1950s, the changes

(a)

(b)

(c)

(d)

Fig. 1 Phonon dispersion engineering in semiconductor nanostructures. (a) Phonon energy dispersion in a bulk silicon crystal along the <1 1 0> crystallographic
direction calculated using the five-parameter Born-von Karman model. (b-c) Phonon energy dispersions in wurtzite GaN film (b) and GaN nanowires (c) covered
with the soft barrier material. (d) Phonon group velocities averaged over all phonon modes in generic GaN nanowire and GaN nanowires covered with the acoustically
hard wurtzite AlN and soft plastic barriers. Note strong changes in the acoustic phonon dispersion and group velocities, which affect phonon interactions with other
phonons, defects, and electrons. Figures adopted from7-9 with permission from the American Institute of Physics and the American Physical Society.
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were analyzed in “artificial thinly-laminated media” – structures, which

Phonon thermal conductivity and phononlimited electron mobility

would now be called superlattices14. The folded phonons were later

When the structure size L is comparable to the phonon MFP but still

observed experimentally in GaAs/AlGaAs quantum well superlattices15.

much larger that the dominant thermal phonon wavelength, the phonon

In the 1990s, many calculations were performed for the confined

dispersion remains bulk-like. In this case, the acoustic phonon transport

acoustic phonon – electron scattering rates in freestanding thin films

is only affected by phonon scattering from the boundaries. The phonon

in acoustic vibrations leading to the appearance of folded phonons

and

nanowires16-19.

boundary scattering rate can be evaluated as22 1/τB=(VS/D)[(1-p)/(1+p)],

Interest in the subject substantially increased when it was pointed

where D is the nanostructure size and 0 ≤ p ≤ 1 is the specularity

out that the confinement-induced changes in the acoustic phonon

parameter defined as a probability of specular and diffuse scattering

dispersion can strongly affect the thermal conductivity2,3. Decreased

at the boundary. In nanostructures, where the phonon – boundary

averaged phonon group velocity in thin films and nanowires can lead

scattering is dominant, thermal conductivity scales with the size D as

to increased acoustic phonon relaxation on point defects (vacancies,

Kp ~ CpVSΛ ~ CpVS2τB ~ CpVSD, where Cp is the thermal heat capacity at

impurities, isotopes, etc.), dislocations, and phonon-phonon Umklapp

constant pressure.

processes20. Thermal conductivity reduction, being bad news for the

The situation for phonon thermal conductivity and phonon-limited

thermal management of downscaled electronic devices, is good news

electron transport becomes much more interesting when L becomes

for thermoelectric devices, which require materials with high electrical

comparable to λ0. In this case, spatial confinement of acoustic phonons and

conductivity, Seebeck coefficient, and low thermal conductivity2,21.

mode quantization mean that the thermal conductivity and electron mobility

(a)

(b)

(c)

(d)

Fig. 2 Modification of thermal conductivity and electron mobility via phonon engineering in nanostructures. (a) Temperature dependence of phonon heat flux per
temperature gradient and width unit in 4.88 nm thick Si thin film and three-layered heterostructures diamond/Si/diamond (3 nm/4.88 nm/3 nm) and plastic/Si/
plastic (3 nm/4.88 nm/3 nm). (b-c) Temperature dependence of electron mobility in Si nanowires and thin films without barriers and in nanowires and thin films
covered with the hard diamond barriers. (d) Phonon stop band in ordered array of semiconductor quantum dots. The phonon stop band results in the reduction of
the thermal conductivity, which is beneficial for thermoelectric applications. Figures (a-c) adopted from24,25,27 with permission from the American Chemical Society,
American Institute of Physics and American Scientific Publishers. Figure (d) is based on the data reported in28.
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can be increased or decreased by engineering the phonon spectrum. It has

REVIEW

(a)

been known since 1980 that electron mobility limited by elastic scattering,
e.g. ionized impurity scattering, can be strongly increased in nanowires via
the restriction of the scattering space available for electrons in a quasi-1D
system23. However, the RT electron mobility in semiconductor crystals is
limited by phonons rather than impurities. Recently, it was shown theoretically
that the electron mobility limited by the phonons in Si nanowires24 or thin
films25 can be enhanced via the suppression of electron-phonon interactions
in nanostructures with synthetic diamond barriers (see Fig. 2). The acoustically
hard diamond barriers result in the modification of the phonon dispersion
inside the Si channel layer, which is beneficial for the electron transport,
e.g. increasing charge carrier mobility24,25. Similarly, one can increase or
decrease the heat conduction properties of the nanowire or thin film by

(b)

using the proper acoustically hard or soft boundaries26,27. It is important to
note here that the predictions of thermal and electronic conductivities in
semiconductor nanostructures in the phonon confinement regime that were
initially made within the elastic continuum approximation2-5,7-10,20,21,24-34
have been confirmed by independent molecular-dynamics simulations35 and
direct experimental measurements for Ge-Si core-shell nanowires36. The
phonon engineering approach described here can be used in the electronics
industry for the design of nanoscale transistors and phononic band gap
materials28-34. As the transistor feature size approaches λ0 the possibilities
for engineering phonon dispersion to improve the carrier and heat transport
increase, correspondingly.

Phonons and thermal properties of graphene

(c)

Acoustic phonons are the main heat carriers in carbon materials. Although
graphite reveals many metal characteristics, its heat transport is dominated
by phonons, thanks to the exceptionally strong sp2 covalent bonding of
its lattice. The thermal conductivity of various allotropes of carbon span
an extraordinary large range – of over five orders of magnitude – from
~0.01 W/mK in amorphous carbon to above 2000 W/mK in diamond
or graphite at RT37. In 2007, the first measurements of the thermal
conductivity of graphene carried out at UC Riverside revealed unusually
high values for the thermal conductivity. The values measured for the
high-quality large suspended graphene samples (length above 10 μm)
exceeded those for the basal planes of graphite38,39.
The experimental observation was explained theoretically by the
specifics of the 2D phonon transport40-42. The low-energy acoustic phonons
in graphene, which make a substantial contribution to the heat conduction,
have extraordinary large MFP39. The anharmonic scattering in 2D graphene
is very weak for such phonons. The large values of the thermal conductivity
and the 2D phonon density of states make graphene an ideal material for
phonon engineering. The thermal transport in 2D graphene can be tuned
more readily than in the corresponding bulk 3D graphite43,44. The phonon
heat conduction in thin films of van der Waals materials – materials with
the layered crystalline structure such as graphite or Bi2Te3 – can be less
prone to phonon scattering from the top and bottom interfaces due to the
possibility of obtaining very smooth interfaces (e.g., p ≈ 1).

Fig. 3 Optothermal measurements of the thermal conductivity of graphene. (a)
Schematic of the experimental setup with the excitation laser light focused on
graphene suspended across a trench in a Si wafer. Laser power absorbed in graphene
induces a local hot spot and generates a heat wave propagating toward the heat
sinks. (b) Pseudo-color scanning electron microscopy image of a graphene flake
suspended over trench. (c) Experimental data for Raman G-peak position as a
function of laser power, which determines the local temperature rise in response
to the dissipated power. Determining of the thermal conductivity requires
measurements of light absorption in graphene at given excitation laser energy under
conditions of the experiment. The inset shows experimental optical conductivity of
monolayer graphene as the function of the photon energy in the spectral range of
0.2 – 5.5 eV after reference65. Figure adopted from37,45,58 with permission from the
Deutsche Physikalische Gesellschaft and Nature Publishing Group.
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Table 1 Thermal conductivity of graphene and graphene nanoribbons
Sample

Method

K(W m-1K-1)

Comments

References

graphene

Raman optothermal

~ 2000 – 5000

suspended, exfoliated

38, 39

~ 2500

suspended, CVD

48

~ 1500 – 5000

suspended, CVD

49

~ 600

suspended, exfoliated; T ~ 660 K

52

~ 600

supported, exfoliated

50

1000 – 8000

average Gruneisen parameters; strong size dependence

41

2000 – 8000

mode-dependent Gruneisen parameters; strong
40
width, edge, lattice defect and Gruneisen parameters
dependence; Valence Force Field model of lattice dynamics

electrical

graphene

theory:
BTE + RTA

theory:
BTE + 3rd-order interatomic
force constants (IFCs)

~ 2430

K(graphene) > K(carbon nanotubes)

53

1500 – 3500

strong size dependence; optimized Tersoff interatomic
potential

42

theory: MD

500 – 1100

T ~ 435 K, calculation domain 4.4 nm × 4.3 nm × 1.6
nm, periodic boundary conditions; optimized Tersoff
interatomic potential (IP)

54

theory: MD + Green-Kubo

2900

strong dependence on a vacancy concentration; reactive 55
empirical bond-order carbon potential;

theory: MD

~ 2000

T ~ 400 K, 1.5 nm × 5.7 nm zigzag GNR; strong edge
and lattice defect dependence; Brenner IP

56

theory: MD + Green-Kubo

~ 2700

original Tersoff IP

57

~ 2100

reoptimized Tersoff IP

Raman optothermal

2800 – 1300

suspended, exfoliated; n = 2 – 4

58

theory:
BTE + RTA

4000 – 900

n=1 – 8, strong edge dependence; Valence Force Field
model of lattice dynamics

58

theory:
BTE + 3rd-order IFCs,

3500 – 1000

n = 1 – 5, strong size dependence; optimized Tersoff
IP for in-plane interaction and Lennard-Jones IP for
interplanar bonding

59

3300 – 2000

n = 1 – 4; optimized Tersoff IP for in-plane interaction
and Lennard-Jones IP for interplanar interaction

60

theory: MD

880 – 580

n = 1 – 5, strong dependence on the Van-der-Waals
bond strength; Tersoff IP for in-plane interaction and
Lennard-Jones IP for interplanar interaction

61

few-layer graphene nanorribons

electrical self-heating

1100

supported, exfoliated; n < 5

62

graphene nanoribbons

theory: MD

1000 – 7000

strong ribbon width and edge dependence; Tersoff IP

63

theory: BTE + RTA

~ 5500

nanoribbon with width 5 μm; strong dependence on the 64
edge roughness

theory: MD + Green-Kubo

400 – 2300

zigzag nanoribbons, strong lattice defect dependence

few-layer graphene
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Experimental studies of thermal transport in
graphene

(a)

REVIEW

(b)

The experimental studies of thermal properties of graphene were
made possible with development of the optothermal Raman technique
(Fig. 3). In this technique, a Raman spectrometer acts as a thermometer
measuring the local temperature rise in graphene in response to the
laser heating 38,39,45-47. The measured thermal conductivity values
for suspended graphene were in the range ~2000 – 5000 W/mK and
depended strongly on the sample size and quality38,39,45. Independent
measurements conducted by other research groups using modified
optothermal Raman techniques revealed the values in the range

(c)

1500 – 5000 W/mK at RT 48,49. The thermal conductivity of the
supported graphene was lower than that in suspended: K ≈ 600 W/mK
for graphene-on-SiO 2/Si near RT 50. Encasing graphene within two
layers of SiO2 can lead to further reduction of the thermal conductivity
due to the phonon interface and disorder scattering51. The thermal
conductivity data for graphene is summarized in Table 1. The K values
are given for room temperature unless indicated otherwise.

Acoustic phonon transport in graphene
nanoribbons
The phonon transport and corresponding thermal properties undergo
substantial modification in graphene nanoribbons. In nanoribbons
with feature sizes smaller than the phonon MFP, the phonon transport
is ballistic and limited by the ribbon size and edge characteristics. The
thermal conductivity usually increases with the size of the ribbon.
The phonon transport was studied computationally, using molecular
dynamics (MD)54-56,61,63,66-69, the Green’s function method70-73 and
the Boltzmann transport equation (BTE) 40-44,53,59,60,64. In the BTE
approach, RT thermal conductivities K ~ 1000 – 8000 W/mK were
predicted for graphene flakes depending on the size, edge qualities, and
Grüneisen parameters, which characterizes the anharmonicity of the
lattice40-44,53,59,60,64. MD simulations gave K ~ 500 – 3000 W/mK at
RT54,61. The phonon spectrum of graphene has been determined from
the continuum model74,75, generalized gradient approximation76,77,
local density function approximation 76,78, and different models of

Fig. 4 Phonon transport in graphene. (a) Phonon energy dispersion in a single
layer graphene. In-plane longitudinal acoustic and optic (LA, LO), in-plane
transverse acoustic and optic (TA, TO), and out-of-plane acoustic and optic
(ZA, ZO) phonon branches are shown. (b) Diagram of three-phonon Umklapp
scattering in graphene and bi-layer graphene (BLG), which shows that in BLG
there are more states available for scattering owing to the increased number
of phonon branches. (c) Measured thermal conductivity as a function of the
number of atomic planes in few-layer graphene. The dashed straight lines
indicate the range of bulk graphite thermal conductivities. The blue diamonds
were obtained from the first-principles theory of thermal conduction in fewlayer graphene based on the actual phonon dispersion and accounting for all
allowed three-phonon Umklapp scattering channels. The green triangles are
model calculations, which include extrinsic effects characteristic for thicker
films. Figure adopted from58 with permission from the Nature Publishing Group.

lattice vibrations40,59,60,77,79-81. The difference in the calculated and
measured82,83 phonon energies can reach 50 – 60 meV and lead to

control of the thermal conductivity in graphene nanoribbons via

discrepancy in the predicted thermal conductivity values (see Table 1).

their geometrical shape, size, and edge functionalization. The thermal

One should note here that the question of what type of phonons

conductivity can be made large for electronic device applications or

makes the dominant contribution to heat conduction is still actively

small for the thermoelectric devices.

debated37. The argument for LA and TA phonons is based on observation
that these phonons have much smaller Grüneisen parameter, which

Tuning phonons via interlayer coupling

determines the strength of scattering, and higher group velocity43,44.

In conventional semiconductor thin films the in-plane thermal

The alternative view of large ZA contribution originates from the

conductivity decreases with decreasing thickness because the thermal

selection rule derived for ideal suspended graphene53. The ultimate

transport in such structures is mostly limited by the phonon scattering

answer to this question will likely depend on specific experimental

from the film boundaries84. An opposite dependence can be observed

conditions, e.g., sample size, substrate coupling strength or strain.

in few-layer graphene (FLG) where the transport is limited mostly by

However, most of the studies agreed on a possibility of efficient

the lattice anharmonicity58. Fig 4 shows that the thermal conductivity
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of the suspended uncapped FLG decreases with increasing number of

(a)

the atomic layers n and approaches the bulk graphite limit. This trend
was explained by considering the intrinsic quasi 2D crystal properties
described by the phonon Umklapp scattering58. As n in FLG increases –
the additional phonon branches for the heat transfer appear, while, at the
same time, more phase-space states become available for the phonon
scattering. As a result the thermal conductivity decreases (see Fig. 4).
The experimentally observed evolution of the thermal conductivity in
FLG with n varying from58 1 to n~4 was also confirmed by independent
theoretical investigations, which utilized different approaches59-60,85-86.
The thermal conductivity dependence on the FLG thickness can be
entirely different for encased FLG, where thermal transport is limited
by the acoustic phonon scattering from the top and bottom boundaries
and disorder. An experimental study51 found K ≈ 160 W/mK for encased
graphene at T = 310 K. It increases to ~1000 W/mK for graphite films

(b)

with the thickness of 8 nm. Thermal conduction in encased FLG was
limited by the rough boundary scattering and disorder penetration
through graphene. These results indicate that for efficient phonon
engineering of thermal transport in FLG one needs to identify what
transport regime – intrinsic vs. extrinsic – dominates the phonon
transport in a given system.

Controlling phonons via edge and strain
Since the average phonon MFP in graphene is about 800 nm near RT39
the edge roughness scattering affects the thermal conductivity even in
the micrometer wide graphene flakes. The latter substantially enhances
the phonon engineering capabilities. It was theoretically found that the
increase of the boundary specularity parameter from p = 0.8 to p = 0.9
changes the RT thermal conductivity of 5 μm wide graphene flake by
30 % from40 ~ 2200 W/mK to 3200 W/mK (see Fig. 5). MD simulations
suggested63 that the thermal conductivity in rough-edged graphene
ribbons is smaller than that in the smooth-edged ribbons by a factor of
six. It was also shown that increasing of roughness from 0.1 nm to 1 nm
leads to the drop in the thermal conductivity by an order of magnitude
for the 10 nm wide graphene nanoribbon64.
The strain effects on the thermal conductivity of graphene
nanoribbons were studied using MD simulations87. It was found that
the thermal conductivity of graphene is very sensitive to tensile strain.
Some of the strained graphene structures revealed higher thermal
strong edge and strain dependence of the thermal conductivity

Tuning phonons via isotope and defect
engineering

of graphene can explain some of discrepancies in the reported

Naturally occurring carbon materials are made up of two stable isotopes of

experimental values of the thermal conductivity. The suspended or

12C

supported graphene flakes and membranes are expected to have

crystal lattice defects can dramatically affect the thermal conductivity40,55,88.

different strain fields and different edge qualities depending on the size

The BTE and MD simulation studies reported in references40,55,88 revealed

and geometry of the graphene samples as well as on the preparation

the strong dependence of the thermal conductivity on the defect

technique. By changing the strain field and edge roughness one can

concentrations. It was shown that a moderate increase in the defect

phonon engineer the thermal properties of graphene samples in a wide

concentration can decrease the thermal conductivity in graphene by a

range of values at RT.

factor of five40. Other studies suggested that only 2 % of the vacancies can

conductivity than that in graphene without strain87. The suggested

272

Fig. 5 Isotope and defect engineering of phonon transport in graphene.
(a) Thermal conductivity of graphene over a wide temperature range
calculated for the graphene flake with a width of 5 μm and mode-dependent
Grüneisen parameter. The results are obtained for two values of the specularity
parameter p = 0.9 and point-defect scattering strength Γ. An experimental
data point after38-39 is also shown for comparison. (b) Thermal conductivity
of the suspended graphene film with 13C isotope concentrations of 0.01 %,
1.1 % (natural abundance), 50 % and 99.2 %, respectively, as a function of
the temperature measured with the micro-Raman spectrometer. Note strong
dependence of the thermal conductivity on the isotope concentration. Figure
reproduced from40,89 with permission from the American Physical Society and
Nature Publishing Group.
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reduce the thermal conductivity of graphene by as much as a factor of five

REVIEW

(a)

to ten88. An independent study found that the thermal conductivity can be
reduced 1000-times at the vacancy concentration of55 ~9 %.
The first experimental study of the isotope effects on the phonon
and thermal properties of graphene was reported just recently89. The
isotopically modified graphene samples containing various percentages
of

13C

were synthesized using the CVD technique90,91. The thermal

conductivity of the isotopically pure

12 C

(0.01 %

13 C)

graphene,

measured by the optothermal Raman technique37-39,48,58,92, was higher
than 4000 W/mK at a temperature of ~320 K, and more than a factor of
two higher than the thermal conductivity of graphene sheets composed
of a 50 % - 50 % mixture of

12C

and

13C

(see Fig. 5). The evolution

of thermal conductivity with the isotope content was attributed to
the changes in the phonon – point defect scattering rate via the massdifference term89.

(b)

Optical phonons in graphene and few-layer
graphene
The fast progress in graphene field93 was facilitated by the use of Raman
spectroscopy as metrology tool94. Distinctive features in graphene and
graphite Raman spectra – the zone center G peak and resonant 2D band
– allow one to count the number of atomic planes n in FLG as n changes
from 1 to ~7 (see Fig. 6). For n > 7 the spectrum becomes graphite like.
The information about the number of atomic planes can be derived from
the intensity ratio of G and 2D peaks and deconvolution of the 2D band
on elemental peaks94. It was shown that the Raman metrology can be
used for graphene on various substrates and different temperatures95,96.
The ultraviolet Raman can provide additional metrics for determining the
number of atomic planes from different ratios of the G and 2D peaks97.
The disorder-induced D peak in the Raman spectrum of graphene was
instrumental in assessing concentration of defects and quality control of
graphene synthesized by various techniques98. The knowledge of optical
phonons and electron – phonon processes in graphene was important
for the development of graphene metrology techniques. From the other
side, Raman spectroscopy was utilized to study the changes in the
graphene crystal lattice induced by irradiation damage99. The sensitivity

Fig. 6 Optical phonons in graphene. (a) Evolution of Raman spectrum of
graphene under the visible laser excitation at λ = 488 nm as the number of
atomic planes increases from n = 1 to n = 5. Raman spectra of graphene excited
by 488 or 514 nm lasers are conventionally used for graphene identification
and counting the number of graphene layers. (b) Raman spectrum showing 2D
peak frequency at 113 and 373 K for a single layer graphene. Figure reproduced
from96-97 with permission from the American Institute of Physics.

to temperature of the Raman peaks was instrumental for measuring the

rotated relative to another layer by an arbitrary angle. It was established

thermal conductivity of graphene37-39,48,58,91.

that in the rotationally stacked bilayer a new peak R’ appears in Raman
spectra105. Depending on the rotational angle, the phonons with different

Fine-tuning phonons in rotationally stacked
few-layer graphene

wave vectors can manifest themselves in this peak. Investigation of

There are two stable crystallographic stacking orders in bulk graphite: ABA

to the conclusion that in the misoriented bilayer graphene, the weak

Bernal stacking and ABC rhombohedral stacking. The staking orders of FLG

interaction between monolayers modifies the phonon dispersion curve

strongly influence both electron100-102 and phonon properties101,103-105.

in comparison with that in graphene while leaving the electronic band

the Raman spectra of graphene, and misoriented bilayer graphenes led

It was demonstrated that ABA and ABC tri- and tetralayer graphene have

structure typically unaffected101. These conclusions are in agreement

different line shapes and widths of the Raman 2D band103. Intriguing

with more recent results that suggest that in twisted graphene with a

electron and phonon properties were found in the rotationally stacked

rotational angle of > 20° the electronic properties are indistinguishable

or twisted FLG. When two graphene layers are placed on top of each

from those in graphene102. If the phonon properties of twisted FLG are

other they can form the Moire pattern101,105. In this case one layer is

also indistinguishable from those in graphene then it is possible that FLG
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atomic planes conduct heat as single-layer graphene. The latter may lead

methods. The graphene structures considered had nanoscale sizes due

to extraordinary opportunities for thermal management with twisted FLG.

to computational limitations. The nanometer size also ensures ballistic
phonon transport when the structure feature size L << Λ.

Phonon thermal rectification

The strength of thermal rectification is characterized by the

Phonon thermal rectification constitutes another interesting example

degree of an inhomogeneity in the thermal flux via the coefficient

of phonon engineering. Thermal rectification refers to a phenomenon

R ≡ (J+ – J–) / J– × 100 %, where J+ and J– are the heat fluxes along the

predicted for materials systems where thermal conduction in one

opposite directions107,112,113. Large R values were predicted for triangle

Controlling

GNRs: R ~ 120 % for T = 150 K and R ~ 40 % at RT56. It was suggested

phonon transport by the structure asymmetry or lattice nonlinearity

that R can reach 200 % in the three-terminal graphene nanojunctions

opens new possibilities, such as a practical realization of the thermal

operating in the ballistic phonon transport regime111. Even larger values

diode. The proposed applications of the thermal rectifier vary

of R of up to 400 % were predicted for the few-nanometer-long trapezia-

from thermal management 107 to information processing 110. One

shaped GNRs112. Based on NEMD simulations it was suggested that

can distinguish several physical mechanisms leading to thermal

the thermal rectification effect can be enhanced in bilayer graphene as

rectifications and the corresponding material systems where they

compared to single layer graphene114. The increase in R was attributed

direction is better than in the opposite

can be

realized 56,107,111-114.

direction106-109.

The first type is related to non-linear

to the specifics of the interactions between the atomic planes. Thermal

lattices with strong anharmonicity109 or asymmetric mass or defect

rectification effects were also predicted for the graphene-graphane

distributions106,113. There have been a number of theoretical predictions

interfaces due to asymmetry of the Kapitza resistance113. While these

of thermal rectifications in such systems107,108 but the experimental data

computational studies still await their experimental confirmation, the

CNTs106.

results demonstrate the potential of phonon engineering concepts in

Moreover, there are still questions on the theoretical interpretations

2D systems. Examples of the thermal applications of graphene and

of the rectification effects, particularly on the role of solitons108. The

graphene ribbons can be found in recent reviews115-117.

is limited to experiments with inhomogeneously mass-loaded

theories that predicted information processing with phonon rectifiers
utilized idealized materials described by Hamiltonians with strong

Conclusions

non-linearity, which are hard to find in nature. The second type of

We have reviewed phonon properties in semiconductor nanostructures

thermal rectification is more straightforward and feasible for practical

and two-dimensional graphene. The possibilities and potential of

applications. It is pertinent to the asymmetric structures operating

controlled modification of the phonon dispersion and phonon interactions

in the ballistic or nearly-ballistic phonon transport regime where the

for achieving improved thermal and electronic properties – referred to

acoustic phonon scattering from the boundaries is significant111. By

as phonon engineering – have been discussed in details. It was shown

modifying the geometry of the structure, introducing asymmetric edges

that quasi-2D materials such as graphene and few-layer graphene offer

or defects, one can make the phonon – boundary scattering stronger in

many advantages for phonon engineering in comparison to conventional

one direction than in the

opposite111,112,114.

nanostructures.

Two-dimensional graphene phonon rectifiers
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