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ABSTRACT: We demonstrate through molecular dynamics
simulations that the Kapitza resistance in few-layer graphene
(FLG) can be controlled by applying mechanical strain. For
unstrained FLG, the Kapitza resistance decreases with the
increase of thickness and reaches an asymptotic value of 6 ×
10−10 m2K/W at a thickness about 16 nm. Uniaxial cross-plane
strain is found to increase the Kapitza resistance in FLG
monotonically, when the applied strain varies from compressive to tensile. Moreover, uniaxial strain couples the in-plane
and out-of-plane strain/stress when the surface of FLG is
buckled. We ﬁnd that with a compressive cross-plane stress of
2 GPa, the Kapitza resistance is reduced by about 50%. On the
other hand it is almost tripled with a tensile cross-plane stress of 1 GPa. Remarkably, compressive in-plane strain can either
increase or reduce the Kapitza resistance, depending on the speciﬁc way it is applied. Our study suggests that graphene can be
exploited for both heat dissipation and insulation through strain engineering.
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T

he high in-plane thermal conductivity of graphene1,2
makes it a promising material for high-eﬃciency heat
dissipation devices.3−6 The thermal conductivity of suspended
single-layer graphene (SLG) at room temperature has been
found experimentally to reach a high value ∼2500−5300 W/mK.7−9 Moreover, measurements of the temperature-dependent
phonon transport in suspended SLG have been reported in
experimental studies.10 For suspended few-layer graphene
(FLG), the in-plane thermal conductivity is lower11−13 and
decreases with the number of layers, converging after a few
atomic layers to that of graphite ∼1000−2000 W/m-K.11
Remarkably, FLG can also serve as a heat insulator, as its
cross-plane thermal conductivity is more than 2 orders of
magnitude smaller than the in-plane thermal conductivity.3
Recent experimental study on FLG with thickness ∼35 nm
reported the cross-plane thermal conductivity ∼0.7 W/m-K at
room temperature.14 Further reduction of the cross-plane
thermal conductivity to the amorphous limit is desirable for
heat insulation applications. In this regard, tuning the interfacial
thermal resistance (i.e., Kapitza resistance) between graphene
sheets and therefore controlling cross-plane heat transport is a
key toward the design of graphene-based device for heat
dissipation and insulation.
Strain engineering is a versatile tool to tailor the physical
properties of graphene.15−20 For instance, the thermal
conductivity of suspended SLG can be reduced by both
compressive and tensile strain.18 Recent ﬁrst-principles
calculations have shown that strain has signiﬁcant impact on
the acoustic phonon lifetimes in suspended SLG.19 However,
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only in-plane strain and its eﬀect on in-plane heat transport in
graphene has been considered in these studies.
In this Letter, we systematically study the Kapitza resistance
in both unstrained and uniaxially strained FLG for the ﬁrst time
by using molecular dynamics (MD) simulations. The eﬀects of
both cross-plane and in-plane strain on Kapitza resistance are
studied and the underlying physical mechanism is discussed.
Our study provides practical guidance to experiments for the
engineering of Kapitza resistance in FLG by uniaxial strain.
All MD simulations in our study are performed by using
LAMMPS package.21 Optimized Tersoﬀ potential22 for
graphene is used to model the C−C bond within the same
graphene sheet, while Lennard-Jones (LJ) potential V(rij) = 4ε
[(σ/rij)12 − (σ/rij)6] with optimized parameters for graphene23
is used to model the interlayer C−C interactions between
diﬀerent layers. The cutoﬀ distance of LJ potential is set as 2.5σ.
Moreover, the neighbor list is updated every ten time steps, and
each time step is set as 0.2 fs in our simulations.
Nonequilibrium molecular dynamics (NEMD) simulations
are used to calculate the Kapitza resistance of graphene, as
shown in Figure 1. In the present study, we consider square
graphene sheets with cross section of L × L and interlayer
distance d. Periodic boundary condidtions are used in all
directions. Nosé-Hoover heat bath is used to simulate the heat
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Figure 2. Kapitza resistance R in unstrained graphene at room
temperature. (a) R versus cross sectional size L for 4 layers of
graphene. (b) R versus number of graphene layers NL with ﬁxed cross
sectional size L = 8 nm (circle) and L = 10 nm (triangle).

Figure 1. Schematic setup of the nonequilibrium molecular dynamics
simulations. The graphene sheets have cross sectional size L × L, and
interlayer distance d. The heat bath with high temperature T+ and low
temperature T− is applied to the center (red) and two ends (blue),
respectively. Periodic boundary conditions are applied in all directions.
Heat ﬂows in two directions from T+ to T−. Between two heat baths,
there are NL layers of graphene (yellow) at each side. In-plane
directions are in XY plane, and the cross-plane direction is in the z-axis.

simulation results.25 The results for unstrained graphene
validate the accuracy of our simulations, and serve as the
control system for the study of the strain eﬀect on Kapitza
resistance in the following part.
To study the strain eﬀect on cross-plane heat transport in
FLG, we apply uniaxial strain to the graphene sheets after
thermal equilibration. The strain is deﬁned as e = (l − l0)/l0,
where l0 and l are the length of the simulation box in the strain
loading direction for the unstrained and strained graphene,
respectively. Uniaxial strain is applied in the speciﬁed direction
by deforming the size of the simulation domain in the strain
loading direction at a constant strain rate,28 while keeping the
size of the plane perpendicular to the strain loading direction
ﬁxed (NVT ensemble).
We ﬁrst study the eﬀect of uniaxial strain along the heat
transport direction. Figure 3 shows the strain−stress relation in
FLG under uniaxial cross-plane strain ec. When compressive ec
is applied, the cross-plane stress Pzz increases monotonically,
while there is no stress in the in-plane directions (Figure 3a).
We have veriﬁed that this strain−stress relation is independent
of the strain rate and the system size used in our simulations
(Supporting Information Figure S4). Moreover, the total
energy Et increases with the increase of ec, while the standard
deviation of the z-coordinate Sz (see Supporting Information
for calculation details) decreases (Figure 3b). Consequently,
the graphene sheets does not exhibit any large deformation
(Supporting Information Figure S7a).
When the tensile ec is applied, Pzz increases monotonically
until a critical strain ec ∼ 0.1 (Figure 3c). This critical strain has
a very weak dependence on the simulation parameters
(Supporting Information Figure S5). Interestingly, we ﬁnd an
interplay between cross-plane strain and in-plane stress; a
nonzero in-plane stress starts to accumulate when the tensile
cross-plane strain is larger than a certain threshold (∼4%). This
is because the LJ interaction between graphene sheets is
weakened due to the increased interlayer distance by tensile ec
(Supporting Information Figure S10), as indicated by the
increase of total energy (Figure 3d). Because of this suppressed
interlayer interaction, the out-of-plane vibration increases quite
signiﬁcantly compared to that in the unstrained graphene
(Figure 3d). For instance, at 8% tensile ec, Sz is about one order
of magtitude larger than that in unstrained graphene. This

source and sink at diﬀerent temperature. There are NL layers of
graphene between the heat source and sink. The heat ﬂux J is
deﬁned as the energy injected into/removed from the heat
source/sink across unit area per unit time.24 The Kapitza
resistance is calculated based on a linear regression analysis of
the temperature proﬁle. More details about the simulations and
calculations are presented in Supporting Information.
We ﬁrst systematically study the Kapitza resistance R in
unstrained graphene. The graphene sheets are thermally
equilibrated at room temperature with the isothermal−isobaric
(NPT) ensemble and all stress components are fully relaxed
(Supporting Information Figure S1a). NEMD simulations with
the canonical (NVT) ensemble are then applied to the
unstrained graphene sheets to calculate R. The previous
study25 has examined conﬁgurations at very small L. We ﬁnd
that R is dependent on L when the cross section is small. Hence
we perform a convergence study on four layers of graphene for
R at diﬀerent L to identify the minimum size of the graphene
cross section for which edge and chirality eﬀect will be
negligible. Our simulations indicate that R remains constant for
L ≥ 8 nm (Figure 2a). For four layers of graphene with L = 8
nm, we ﬁnd R ≈ 3.82 × 10−9 m2K/W. Using the same setup,
we also test the force ﬁeld in ref 26 on four layers of graphene
with L = 8 nm, and ﬁnd R ≈ 4.46 × 10−9 m2K/W. Thus we
choose L ≥ 8 nm and extend to study the eﬀect of layer
number NL on Kapitza resistance. We ﬁnd R is indistinguishable
between L = 8 nm and L = 10 nm for diﬀerent NL (Figure 2b).
Moreover, R decreases asymtotically with the increase of NL
toward a constant value ∼6 × 10−10 m2K/W at 48 layers
(thickness ∼16 nm). This asymptotic value is in close
agreement with recent results on room temperature Kapitza
resistance of graphene from theoretical study using ﬁrst
principles calculations (∼ 6 × 10 −10 m 2 K/W)27 and
experimental study based on X-ray diﬀraction measurements
(∼5 × 10−10 m2K/W).14 It is also consistent with previous MD
820
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Figure 3. Strain−stress relation, total energy Et, and standard deviation of z-coordinate Sz versus uniaxial cross-plane strain in few-layer graphene.
The uniaxial strain is applied in the z-direction. (a,b) Compressive cross-plane strain. (c,d) Tensile cross-plane strain.

enhanced out-of-plane motion causes the so-called “buckling
phenomenon”18 in graphene (Supporting Information Figure
S7). When ec is larger than the critical strain ∼0.1, FLG breaks
up because the applied tensile strain overcomes the interlayer
LJ potential, as revealed by the sudden change of total energy
(Figure 3d), thus releasing all the stress components.
Correspondingly, Sz is reduced after the critical strain.
Compared to the same amount of compressive cross-plane
strain, the variations of both stress and total energy induced by
tensile cross-plane strain are much smaller.
The Kapitza resistance at room temperature in FLG under
various ec is shown in Figure 4a. Compressive ec is found to
reduce R, while the tensile ec leads to the increase of R. When ec
varies from compressive to tensile, R increases monotonically,
showing an exponential correlation with the variation of ec
(lines in Figure 4a). More interestingly, we ﬁnd the relative
variation of R, which is normalized by R in unstrained graphene
at each NL, follows the same exponential dependence on ec,
regardless of the thickness. Moreover, our simulation results
show that with 5% compressive ec, which induces a stress ∼2
GPa, R can be reduced by 50%. In Figure 3, the maximum
stress induced by cross-plane strain is less than 40 GPa, which is
much lower than the extreme stress of graphene ∼130 GPa
measured in experiment.29 On the other hand, we ﬁnd that R is
almost tripled with 7% tensile ec, which induces a stress ∼1
GPa. In this case, we estimate the corresponding cross-plane
thermal conductivity based on the asymptotic value ∼6 × 10−10
m2K/W and interlayer distance d = 3.4 Å for the unstrained
graphene. We ﬁnd a very low thermal conductivity ∼0.2 W/mK, which is close to that for the amorphous limit of carbon
ﬁlm.30 Our study suggests that graphene can be used for both
thermal dissipation and insulation through strain engineering.
The vibrational density of states31,32 (DOS) can provide
further insights into the heat transfer mechanism in both
unstrained and strained FLG (see Supporting Information for
calculation details). For the unstrained FLG, the characteristic
G-peak of graphene at ∼1600 cm−1 (∼48 THz)33,34 is well

Figure 4. Room-temperature Kapitza resistance R in few-layer
graphene versus uniaxial cross-plane strain ec. Symbols denote raw
data for diﬀerent number of graphene layers NL, and lines draw the
exponential ﬁt to the raw data according to y = y0 + A exp(ec/B),
where y0, A, and B are the ﬁtting parameters. (a) Absolute value. (b)
Relative value normalized by Kapitza resitance in unstrained graphene
with y0 = 0.151 ± 0.025, A = 0.825 ± 0.034, and B = 0.060 ± 0.002.

reproduced by our calculations (Figure 5a). Moreover, the total
DOS of strained FLG exhibits a blue/red shift for low821
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spectrum induced by strain have been reported in diﬀerent
material systems.18,35,36 The polarized DOS further reveals that
the frequency shift of the zone-center phonons (less than 4
THz) induced by ec stems from the low-frequency out-of-plane
vibration (Figure 5b), corresponding to the ﬂexual acoustic
(ZA) phonons.33 In contrast, DOS for in-plane phonons is
independent of ec (Figure 5c).
This frequency shift of ZA phonons can be understood from
the strength of interlayer interaction in FLG. For unstrained
FLG, the system is in the lowest-energy conﬁguration, that is, at
the valley of LJ potential (Supporting Information Figure
S10a). With the application of compressive ec, the system is
driven away from the global minimum so the total energy
increases (Figure 3b). This leads to the increase of the
harmonic force constant in LJ potential (Supporting
Information Figure S10b) so that interlayer interactions
become more stiﬀ, as demonstrated by the suppressed bending
of graphene surface (Figure 3b). The enhanced harmonic force
constant increases the phonon frequency, thus causing the blue
shift of ZA phonons. Similarly, the tensile cross-plane strain
drives the system away from the global minimum to the
opposite direction, causing the softening of interlayer
interaction (Supporting Information Figure S10b) and
enhanced buckling eﬀect (Figure 3d), and thus leads to the
red shift of ZA phonons.
Along the heat transport direction, the interlayer interaction
in FLG is a weak interaction compared to the intralayer
convalent bonding. For weakly coupled systems, previous
theoretical investigations on lattice models have found that the
heat ﬂux across the interface is proportional to the square of
interfacial coupling strength.37,38 Hence Kapitza resistance at
the weakly coupled interface can be tuned by the coupling
strength. Similar eﬀect on Kapitza resistance has also been
found in realistic material systems.31,39 The compressive/tensile
ec results in the stiﬀening/softening of the interlayer interaction

Figure 5. Vibrational DOS of few-layer graphene under diﬀerent
uniaxial cross-plane strain ec. (a) Total DOS. The inset zooms in for
the low-frequency phonons. (b) DOS for out-of-plane vibration. (c)
DOS for in-plane vibration.

frequency phonons near the Brillouin zone center when
subjected to compressive/tensile ec. However, the G-peak is
almost unaﬀected by ec. Qualitatively similar eﬀects on phonon

Figure 6. Strain−stress relation, total energy Et, and standard deviation of z-coordinate Sz versus uniaxial in-plane strain in few-layer graphene. The
uniaxial strain is applied in the x-direction. (a,b) Tensile in-plane strain. (c,d) Compressive in-plane strain.
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Figure 7. Vibrational DOS of few-layer graphene under diﬀerent uniaxial in-plane strain ei. (a−c) Tensile in-plane strain. (d−f) Compressive in-plane
strain. The inset zooms in for the low-frequency phonons.

phenomenon does not occur in this case (Supporting
Information Figure S7c). In contrast, the compressive ei not
only results in the increase of stress in the strain-loading
direction, it also induces the increase of both stress components
in the plane that is perpendicular to the strain-loading direction
(Figure 6c), in particular for the cross-plane stress. This
demonstrates that there exists a coupling between in-plane
strain and cross-plane stress. Furthermore, Sz increases
signiﬁcantly with the increase of compressive ei (Figure 6d),
and the surface of FLG is obviously buckled (Supporting
Information Figure S7d). Combining results for the cross-plane
strain (Figure 3), we ﬁnd that the coupling between in-plane
and cross-plane strain/stress in FLG only exists when the
buckling phenomenon takes place.
We notice that a quite large amount of cross-plane stress is
induced by the compressive ei during uniaxial strain-loading.
We perform additional simulations in which ei is loaded in the
x-direction while the simulation box size of the other two
directions is allowed to deform (NPT ensemble) in order to
achieve zero stress. These additional simulations are referred as
the “reference system” in this paper.
Figure 7 shows the DOS for FLG under uniaxial ei. With a
small amount of tensile ei, the G-peak shifts to the lower
frequency (Figure 7a). With the increase of tensile ei, red shift
of G-peak becomes larger, and the G-peak splits into two peaks
due to the breaking of the double-degeneracy of the in-plane
phonons.33 This trend is qualitatively in good agreement with
Raman measurement of SLG under tensile in-plane strain.35
We note that the applied strain in our simulation is larger
compared to the experimental values. Presumably this is due to
the much larger sample size of graphene on the order of 10 μm
used in experiment,35 compared to the typical sample size on
the order of 10 nm used in our simulation. Furthermore, we
ﬁnd the tensile ei mainly aﬀects the in-plane phonon spectrum
(Figure 7c) but has neglibible impact on the out-of-plane
phonon spectrum (Figure 7b). This is because the cross-plane

strength in FLG, thus leading to the decrease/increase of
Kapitza resistance shown in Figure 4.
The strain eﬀect on Kapitza resistance in FLG can also be
understood from the kinetic theory in which thermal
conductivity of a solid can be expressed as κ = ∑λ Cλvλlλ.
Here λ(k,p) is the phonon mode index, depending on
wavevector k and polarization p. C, v, and l denotes speciﬁc
heat, group velocity, and mean-free path of each phonon mode,
respectively. Using lattice dynamics calculations, Li et al.
studied the eﬀect of strain on phonon dispersion relation for
bulk silicon and diamond.18 They found compressive/tensile
strain causes the blue/red shift of phonon spectrum, which is
consistent with our MD simulation results. Such frequency shift
of the phonon spectrum induced by compressive/tensile strain
results in the increase/decrease of both phonon group velocity
and speciﬁc heat, thus leading to the increase/decrease of
thermal conducitivty.18 The Kapitza resistance R of FLG is
related to the cross-plane thermal conductivity κ as R = d/κ,
where d is the interlayer distance. Since the compressive/tensile
ec causes the decrease/increase of d and increase/decrease of κ,
R is reduced/increased consequently.
Most theoretical and experimental works18,19,35,36 have
considered strain eﬀect in SLG, where only in-plane strain is
relavant. Therefore, it is important to understand how the
phonon spectrum in FLG depends on the in-plane strain/stress,
and how the in-plane strain aﬀects the cross-plane heat
transport in such a quasi-2D system. In this regard, we extend
our study to the eﬀect of in-plane strain on Kapitza resistance in
FLG.
Figure 6 shows the strain−stress relation in FLG under
uniaxial in-plane strain. Similar to the cross-plane strain, the inplane strain ei causes the increase of system energy. When
tensile ei is applied uniaxially in the x-direction, the in-plane
stress Pxx increases monotonically with the increase of ei, while
the stress in the other two directions remains zero, regardless of
ei. Moreover, Sz in FLG under tensile ei is almost the same as
that for the unstrained counterpart (Figure 6b). The buckling
823
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stress R increases and saturates at large compressive ei due to
the saturation of in-plane stress (Supporting Information Figure
S8a). This is because the largely deformed graphene surface,
induced by the compressive ei, enhances the surface scattering
of phonons and thus suppresses the heat transport.18 On the
other hand, uniaxial compressive ei also induces blue shift of ZA
phonons (Figure 7e) that can reduce Kapitza resistance (Figure
4). Therefore, R in FLG under uniaxial compressive ei is
determined by these two competing factors. At small uniaxial
compressive ei, the induced cross-plane stress is very small so
enhanced surface scattering is the dominating factor. As a
result, R is larger than that of the unstrained counterpart. With
the increase of uniaxial compressive ei, the cross-plane stress
increases monotonically so that the shift of phonon spectrum
becomes dominating, leading to the monotonic decrease of R.
These results not only provide practical guidance to experiments that in-plane strain can be used to tune Kapitza
resistance of FLG, depending on the speciﬁc way how the inplane strain is applied, but also have important implications for
simulations. If the structure of graphene is not properly relaxed
before thermal characterization, the graphene is essentially
under strain (Supporting Information Figure S1), and the
amount of induced stress depends on the simulation details
(e.g., initial structure and boundary condition). Because of the
strain eﬀect on heat transport in graphene, the uncertainty in
the unrelaxed stress can lead to scattered results of the
calculated thermal properties.
In summary, we ﬁnd that FLG can act as a heat conductor or
insulator when controlled by strain. Uniaxial cross-plane strain
increases the Kapitza resistance monotonically when it varies
from compressive to tensile. The tensile in-plane strain has
negligible impact on the Kapitza resistance. In contrast,
compressive in-plane strain can either increase or reduce
Kapitza resistance, depending on the speciﬁc way it is applied.
We explain these phenomena by analyzing the vibrational
spectrum of FLG. Our study demonstrates that both crossplane and in-plane strain can be used to tune Kapitza resistance
in FLG and provides useful guidance toward the design of
graphene-based heat dissipation and insulation device by strain
engineering.

stress that aﬀects the out-of-plane phonon spectrum is
decoupled from the tensile in-plane strain (Figure 6a).
When compressive ei is applied, the G-peak shifts to higher
frequency continuously with the increase of compressive ei
(Figure 7d), but the frequency shift is much smaller compared
to that with the same amount of tensile ei, consistent with
previous experimental study.36 This result also explains why the
in-plane DOS is insensitive to tensile ec (Figure 5c) despite the
existing coupling between in-plane and cross-plane strain/
stress. We ﬁnd from our simulation that 10% compressive ei,
inducing in-plane stress of ∼10 GPa, only results in ∼0.6 THz
blue shift of the G-peak. With tensile ec, the maximum induced
in-plane stress is less than 1 GPa (Figure 3c). In this case, the
resultant frequency shift is too small compared to the width of
the G-peak thus cannot be detected in our simulation.
Furthermore, the cross-plane stress induced by the compressive
ei results in the blue shift of the zone-center ZA phonons
(Figure 7e). More interestingly, the G-peak, which is a
charactistic of the in-plane phonons,33 also appears in the
out-of-plane phonon spectrum when FLG is under large
compressive ei, suggesting a mixing eﬀect of in-plane and outof-plane phonon spectrum. In the reference system without the
cross-plane stress, the frequency shift of ZA phonons
disappears but the mixing eﬀect of phonon spectrum still
exists (Supporting Information Figure S9b). In contrast, this
mixing eﬀect does not occur in unstrained FLG or FLG under
cross-plane strain (Figure 5b). This is because when FLG is
under compressive in-plane strain, the surface is seriously
buckled (Supporting Information Figure S7d). For instance,
with 10% compressive ei, Sz is about 3 orders of magnitude
larger than that in unstrained graphene (Figure 6d). In contrast
to the almost ﬂat surface in unstrained graphene, the severely
bended graphene surface causes a strong coupling between inplane and out-of-plane vibration, thus leading to the mixing of
phonon spectrum.
The phonon spectrum analysis elucidates how in-plane strain
can be used to control cross-plane vibration. To further assess
the impact of in-plane strain on cross-plane thermal transport,
we ﬁnally calculate the Kapitza resistance R in FLG under inplane strain. Figure 8 shows R in four layers of graphene under
diﬀerent ei at room temperature. The variation of cross
sectional area caused by the in-plane strain has been taken
into account in the calculation of R. It is found that the tensile ei
has negligible impact on R, as the out-of-plane vibration is not
aﬀected by the tensile in-plane strain (Figure 7b). With
compressive ei, in the reference system without cross-plane
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Figure 8. Room temperature Kapitza resistance in few-layer graphene
versus in-plane strain. Here the system size is ﬁxed at NL = 4 and L = 8
nm.
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