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Abstract
Graphene has a high intrinsic thermal conduc-
tivity and a high electron mobility. The ther-
mal conductivity of graphene can be signifi-
cantly reduced when different carbon isotopes
are mixed, which can enhance the performance
of thermoelectric devices. Here we synthesize
isotopic 12C/13C random mixes and isotope su-
perlattices with periods ranging from 46 to
225 nm by chemical vapour deposition. Ra-
man Opto-Thermal conductivity measurements
of these superlattice structures show an approx-
imately 50% reduction in thermal conductivity
compared to pristine 12C graphene. This av-
erage reduction is similar to the random iso-
tope mix. The reduction of the thermal con-
ductivity in the superlattice is well described
by a model of pristine graphene and an addi-
tional quasi-one dimensional periodic interfacial
thermal resistance of (2.5±0.5)×10−11 m2K/W
for the 12C/13C boundary. This is consistent
with a large anisotropic thermal conductivity
in the superlattice, where the thermal conduc-
tivity depends on the orientation of the 12C/13C
boundary.
Keywords: Graphene, thermal conductivity,

isotope superlattice, nanostructures, Raman
spectroscopy, thermoelectric devices.

Introduction
The novel electronic properties of graphene
have produced a great deal of interest in the ma-
terial for a number of applications.1–3 Experi-
mental results have indicated high thermal con-
ductivity (2000-5000 W/m-K) for graphene4–7
which could make it an important material for
heat management in electronic devices. In ar-
eas such as solid state refrigeration and thermo-
electric power generation it’s desirable to have
materials with a combination of high electri-
cal conductivity and reduced thermal conduc-
tivity.8 Isotope doped graphene demonstrates
reduced thermal conductivity4 and increased
optical phonon scattering9 without modifying
electronic properties. The high carrier mobil-
ity of graphene (up to 200,000 cm2V−1s−1)10,11
as well as the measured Seebeck coefficient re-
ported for graphene (50-100 µV/K at room
temperature)12,13 and predicted ultrahigh See-
beck coefficient in graphene nanostructures,14
when combined with reduced thermal conduc-
tivity imposed by isotope impurities for could
lead to a unique high performance material for
thermoelectric devices.15
Isotope impurities reduce thermal conductiv-

ity through the mass difference phonon scat-
tering of individual atoms. In two dimensions,
the phonon contribution to the thermal con-
ductivity is given by K = 1

2
Cvλ, where C
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is the specific heat capacity, v is the phonon
group velocity and λ the phonon mean free path
(mfp).16 Substitution of isotope atoms leads to
an increase in the phonon point-defect scat-
tering rate and a corresponding reduction in
phonon mfp. In the case of 12C/13C graphene
and when considering only isotope substitution
and neglecting coherence effects, we can express
the inverse mfp as λ−1 = ρ12λ−112 + ρ13λ−113 + Γ,
where λ12 ' λ0 and λ13 ' λ0 of the re-
spective pure isotope lattices are similar and
Γ ∼ ρ12(1−M12/M)2+ρ13(1−M12/M)2 where
ρ is the isotope concentration, M is the iso-
tope mass and M is the average mass.4 The
same is true for their respective group veloci-
ties and specific heat. Hence, the dependence
of the thermal conductivity on isotopes is domi-
nated by the term Γ, which leads to a maximum
scattering rate at approximately 50% concen-
tration. Thermal conductivity can also be re-
duced by the introduction of point defects and
vacancies, which lead to stronger scattering due
to the increased mass difference term.17
The situation for synthesized ordered isotope

superlattices (SLs) is different (Figure 1), since
there are no random impurities. However, iso-
topic SLs are expected to have reduced ther-
mal conductivities18 and were shown by simu-
lations to have a dependence on the superlattice
period, with a minimum thermal conductivity
corresponding to the crossover between coher-
ent and incoherent phonon transport, estimated
at 6.25 nm.19
At large periods, exceeding the phonon co-

herence length, the SL acts as a series of inde-
pendent barriers, characterized by an interface
density, Id = 1

Ls
orthogonal to the periodicity.

The thermal resistance is then expected to be
proportional to ∼ IdRI , where RI is the interfa-
cial thermal resistance (Kapitza resistance) at
the 12C/13C boundary.19,20
This breaks down when the SL period is

smaller than the phonon coherence length, In
the coherent regime the SL can no longer be
seen as independent scatterers, but rather as
a hybridized supercell, which leads to an ex-
pected increase in thermal conductivity relative
to the superlattice minimum.18 This behaviour
has been observed in experimental studies of

Figure 1: Isotope superlattice synthesis by
alternating pulses of 12CH4 and 13CH4 gas
flow during CVD growth. Growth proceeds
by adsorption and catalytic decomposition of
methane into carbon species which diffuse along
the copper surface and attach to the graphene
crystal edge.

three dimensional systems21–25 and reported in
MD19,26–28 and NEGF15 studies of graphene iso-
tope superlattices and other 2D systems.29,30
This is yet to be experimentally verified in 2D
materials due to the difficulty in synthesizing
periodic superlattices at relevant length scales.
Here we report the thermal conductivity mea-

surements of graphene monocrystals synthe-
sized by chemical vapor deposition with an ar-
tificial isotope SL with periods Ls ranging from
46 to 225 nm. Because of the much smaller
phonon coherence length than Ls, we expect
the SL to be in the incoherent phonon transport
regime,19 which is dominated by the added in-
terfacial thermal resistance at each half period.
We therefore expect the thermal conductivity
to monotonically decrease with increased inter-
face density, Id. Our theoretical model and sim-
ulations of heat transport agree well with the
experimental outcome. We demonstrate that
at the smallest SL period, the thermal conduc-
tivity is reduced by ∼50%. This is an impor-
tant step towards further optimizing the ther-
mal properties of graphene without sacrificing
the electronic properties.
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Results and Discussion
The sample studied contains 6 distinct regions
each corresponding to a unique isotope dosing
sequence. After transfer to an Au covered holey
SiN substrate the sample was characterized by
Raman mapping and the average SL periods Ls

were determined to be 46, 75, 117, and 225 nm
for the 4 SL regions. The Raman spectra of dif-
ferent regions of the sample reflect their isotope
distribution (see Figure 2). For the pure 12C re-
gion we observe a single narrow Lorentzian G or
2D-peak, whereas for the 50% we observe sig-
nificant broadening consistent with an increase
in phonon scattering9 (see Figures 2 and 3).
In the superlattice regions we observe a dou-
ble peak structure which is roughly the sum of
the bulk 12C and 13C Raman spectra. This in-
dicates the formation of a heterogeneous iso-
tope distribution with a periodic variation in
the phonon local density of states. This also
shows that the optical phonon coherence length
is smaller than the superlattice period, other-
wise hybridization of the phonon bands would
occur, which would narrow the separation be-
tween the heterogeneous Raman peaks.
Thermal conductivity of the sample in Figure

4 was measured using the Raman opto-thermal
technique as previously described.4–6,32,33 Heat-
ing the sample results in a laser power depen-
dent Raman shift as shown in Figure 3.
In the case of pure 12C graphene we obtain a

value ofK = 3200±1200 W/m-K. We observe a
reduction in the thermal conductivity for both
the homogeneous isotope mixtures of 1800±600
W/m-K for 50% 12C and the periodic superlat-
tices with Ls from 46-225 nm where we find
K between 1700 and 2100 W/m-K. These val-
ues correspond to the lowest temperature mea-
surement and cover a range from approximately
316-335 K, where it largely follows an inverse
temperature dependence (Figure S1). The mea-
sured thermal conductivity temperature depen-
dence is shown in Figure 4a. These values are
consistent with previous reports for both 100%
and 50% 12C which were reported as 4120 and
1977 W/m-K respectively4 at similar temper-
atures. In comparison, introduction of defects
by electron beam irradiation has been shown

Figure 2: a) G-mode vibrations at the Γ point
with 12C and 13C isotopes. The red and blue
arrows correspond to the two polarizations. b)
Raman G peak for 6 distinct regions of Isotope
superlattice sample. Vertical dashed lines show
the G peak position for each distribution at
1537/1577 cm−1 for the SL regions (bottom),
1560 cm−1 for the 50% 12C and 1588 cm−1
for 100% 12C (top). c) Corresponding regions
in Raman map (false colour) d) Integrated 2D
peak counts Raman maps of graphene on ho-
ley membrane. Suspended graphene shows an
increase in 2D peak intensity consistent with
previous results showing increase 2D peak in-
tensity for suspended vs supported graphene.31
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to reduce thermal conductivity of suspended
graphene to ∼400 W/m-K..17 The thermal con-
ductivity values as a function of heating power
are tabulated in Table 1.

Figure 3: 2D peak Raman spectra for high (red)
and low (blue) power laser excitations. The
dots are the experimental spectra, while the
lines correspond to Lorentzian fits. We give the
approximate 2D peak positions for (low→high)
power. The top left is for pure 12C (2680 →
2676 cm−1), top right for the homogeneous 12C-
13C mix (2622 → 2614 cm−1), bottom left for
the 225 nm period (2656/2588 → 2650/2582
cm−1), and bottom right the 46 nm period
(2637/2597 → 2628/2588 cm−1). The magni-
tude of the shift in peak position (red vs blue)
is proportional to the graphene membrane tem-
perature. We note that for small superlattice
periods the lineshape and apparent positions of
the 2D peak are modified by the presence of an
emergent intermediate Raman peak34 but that
this does not affect the temperature measure-
ment, which depends only on the relative shift
of the entire peak structure.

We note that a large part the quoted uncer-
tainty on the thermal conductivity is due to the
experimental uncertainty inherent to the Ra-
man opto-thermal technique which is sensitive
to the laser power output, graphene optical ab-
sorption, laser spot size and sample geometry
and is dependent on the assumptions made in

extracting the thermal conductivity from the
measured spectrum. As a result experimen-
tal values of thermal conductivity of suspended
graphene measured by opto-thermal techniques
cover a range from approx. 600 - 5000 W/m-
K,8,33 which reflects both sample quality vari-
ance and measurement technique differences in
various experimental setups. Li et al. devel-
oped a technique to extract thermal conductiv-
ity independent of absorbed power by modify-
ing laser spot size and find a value of thermal
conductivity approx 1500 W/m-K33 for single
layer graphene.
While the absolute uncertainty in thermal

conductivity is quite large, the relative uncer-
tainty between different structures is minimal.
This is because we measure a single graphene
crystal35,36 and measure multiple spots in each
region with the same circular hole geometry (∼
10 spots per region). The uncertainty in the
relative values of K, determined from the std.
error, then, are considerably smaller and the ef-
fect of systematic errors involved with Raman
opto-thermal measurements are minimized. In
Figure 4b the error bars show the standard er-
ror and reflect the relative errors between data
points.
In the case of the superlattice samples the

assumption of isotropic heat conduction is no
longer valid and we should not expect a uni-
form value of K. In fact the thermal resis-
tance may vary significantly when measured in
perpendicular and parallel directions relative
to the mass periodicity. To first order we ex-
pect the effective thermal resistance for a dis-
tance R in direction θ to be given by Reff (θ) =
Rg + cos(θ)2R

Ls
Rint, where Rg = RK−1g is the

thermal resistance of pristine graphene, Kg the
thermal conductivity of pristine graphene, and
Rint the interfacial resistance (the average be-
tween the 12C-13C and 13C-12C interface). Here
θ = 0 is the direction perpendicular to the 12C-
13C interface. This expression assumes that the
total scattering rate is simply the sum of the
pristine graphene rate and the interfacial rate,
which depends on the orientation of the inter-
face. To obtain an estimate for our circular ge-
ometry, we have to average over the same geom-
etry. This can be done by integrating the ther-
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Figure 4: a) Temperature dependence of the thermal conductivity of suspended graphene sheet with
various 12C/13C isotope concentrations and distributions. (75 and 117 nm superlattices are omitted
for clarity) b) Effective thermal conductivity as a function of interface density. Data points represent
a single fixed heating power (4.78 mW). The dashed line shows the value of Keff determined from
simulation setting Kg = 2492 W/m-K, and Rint = 2.4×10−11 m2K/W. The dotted line corresponds
to equation (1) with the same parameters. The inset shows the dependence on heating power Q
for Ls = 117 nm compared to the simulation (assuming a temperature independent Rint.

mal conductivity over all directions (θ). This
implies integrating the inverse of the effective
resistance over θ, which leads to the arctan ex-
pression in (1).

Keff '
2Ls

πRint

arctan
√

a−1
a+1√

a2 − 1
(1)

where R is also the radius of the suspended
graphene and a = Ls/(2RintKg). We expect
this to be a good approximation for large peri-
odicities (Ls � r0), where r0 is the laser spot
size.
To obtain a more detailed picture taking

into account the finite laser spot size and the
non-uniform heat flow, we use the relaxation
method to solve the inhomogoneous heat equa-
tion:

−∇ · (K(x, y)∇T ) = q̇, (2)

where q̇ is the volumetric heat source.
In Figure 5 we show the temperature map

across a homogeneous graphene membrane and
a membrane with periodic interfaces with Ls of
225 nm from simulation. We observe in the su-
perlattice sample an increase in temperature of
the film relative to the isotopically pure case,

particularly at the center where q̇ is highest.
The temperature rise in the simulation is con-
sistent with the observed experimental results.
The circular symmetry of the heat conduction is
also disrupted, and discrete temperature drops
are evidenced at the isotope boundaries.
When comparing the extracted thermal con-

ductivity from the opto-thermal measurements
and the simulation we find a good agreement
as shown in Figure 4b. The initial slope agrees
well with the estimate in equation (1) for large
periods (225 nm). For smaller periods there is
a systematic deviation between the simulation
and (1), which is due to the finite size of the
heating area (laser spot size), where the simu-
lation is closer to the experimental dependence.
However, for the smallest period (46 nm) the
experimental conductivity is larger than the
value obtained by the simulation. This could
be due to the coherence effects mentioned ear-
lier, but is more likely due to the increased mix-
ing of 12C in the 13C phase and vice versa. In
fact, molecular dynamics studies of the thermal
conductivity of a graphene isotope SL suggest
that thermal conductivity can be further re-
duced by substituting additional isotope atoms
on top of the periodic structure.28 However in
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Figure 5: Suspended graphene membrane temperature from simulation for 12C graphene and 225
nm periodic superlattice with Q = 4.78 mW heat source. Dashed line represents the boundary
between the suspended and supported graphene. We find Tm = 345 K and Tm = 363 K for the 12C
and 225 nm SL respectively. Kg is taken to be the experimentally value 2492 W/m-K and Rint is
determined to be 2.4× 10−11 m2K/W

a SL there is a trade-off between decreasing
bulk conductivity by isotope impurities and in-
creasing interface thermal conductance by re-
ducing the mass difference between alternating
isotope layers. Therefore at small periods iso-
tope doping could lead to the observed increase
in thermal conductivity. The total thermal re-
sistance increase, is therefore a combination of
residual isotope doping and interfacial thermal
resistance.
Figure 4b shows the effective thermal con-

ductivity Keff given by equation 3, where the
heat source Q and measured temperature Tm
are both given by a Gaussian beam profile with
diameter D = 340 nm. These are compared to
the experimentally measured values of Keff for
the equivalent fixed laser power. The thermal
conductivity of the film is taken as the experi-
mental value Kg = 2492 W/m-K and the best
fit is obtained for an interfacial thermal resis-
tance of Rint = (2.4±0.7)×10−11 m2K/W. The
value of Rint varies depending on laser power, as
shown in table 1, from 2.0-3.2 ×10−11 m2K/W.
We also note that as a consequence of the CVD
growth process the synthesized isotope inter-
faces are not atomically sharp and as such the
value of the thermal interface resistance may
vary depending on the exact structure of the

isotope boundary. For the full range of ex-
perimental data, independent of laser power,
the best fit is calculated as Rint = (2.5 ±
0.5) × 10−11 m2K/W, which is comparable to
the values found by non-equilibrium molecular
dynamics studies, which find a thermal resis-
tance of a graphene 12C/13C interface as 1.05×
10−11 m2K/W19 and 3.88× 10−11 m2K/W.20

Conclusions
The thermal conductivity of various isotope
distributions in graphene show a reduction in
thermal conductivity for both homogeneous iso-
tope mixtures and superlattices. For pure 12C
graphene we measure thermal conductivity as
high as 3200 W/m-K. In the case of periodic su-
perlattices, the thermal conductivity decreases
with increased interface density. The isotope
interfacial thermal resistance is found to be
(2.5 ± 0.5)×10−11 m2K/W. In a polar geome-
try this leads to an almost factor 2 reduction in
the thermal conductivity, while across the inter-
faces this reduction is even larger. This would
strongly reduce the thermal conductivity of a
nanoribbon in the direction transverse to the
superlattice. In comparison to random isotope
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Table 1: Measured temperature and corresponding thermal conductivity for different isotope dis-
tributions

100% 12C 50% 12C 46 nm SL 75 nm SL 117 nm SL 225 nm SL Rint

Q [mW] Tm[K] K [W/m-K] Tm[K] K [W/m-K] Tm[K] K [W/m-K] Tm[K] K [W/m-K] Tm[K] K [W/m-K] Tm[K] K [W/m-K] [m2K/W]
2.50 316 3242 332 1793 335 1703 333 1770 332 1797 326 2080 3.2×10−11

3.77 331 2760 358 1595 362 1513 360 1544 356 1692 346 1958 2.7×10−11

4.78 346 2492 383 1480 386 1412 386 1414 374 1647 363 1870 2.4×10−11

5.90 365 2265 413 1379 416 1329 418 1301 395 1625 384 1782 2.0×10−11

doping, where the minimum thermal conduc-
tivity is limited and isotropic, isotope superlat-
tices may be able to achieve further reductions
by reducing the superlattice period, modifying
the level of residual isotope doping or introduc-
ing quasi-periodic structures. We also expect a
similar reduction for large polycrystalline CVD
grown graphene superlattices, where interface
orientation is randomized. The observed re-
duction in thermal conductivity can lead to in-
teresting applications for thermoelectric devices
that need high electrical conductivities with low
thermal conductivities.

Methods

Synthesis

Superlattice synthesis was accomplished by
chemical vapour deposition, alternatively puls-
ing 12C and 13C methane gases on ∼1 sec-
ond timescales. Graphene CVD substrate was
a commercially available 25 µm thick copper
foil and gas stock consisted of 12C methane
(99.99% purity) or 13C-methane (99.9% purity)
from Cambridge Isotopes Laboratories (CLM-
3590-1). Detailed description of the CVD sys-
tem and growth procedures have been pre-
viously reported36 based on established tech-
niques.37 The resulting graphene single crys-
tals were transferred using a typical PMMA
wet transfer technique to either Si/SiO2 wafers
or holey SiN substrates for analysis by Raman
spectroscopy.
Results are based on a single sample divided

into 6 distinct regions corresponding to, pure
12C, 50% 12C-13C mix, and 4 SLs of varying
periodicity. The regions are separated by small
regions of pure 12C or 13C graphene. Figure 6
shows a typical gas flow sequence along with the
associated isotope distribution as a function of

Figure 6: Top: illustration of a graphene iso-
tope superlattice with period Ls of 5nm, where
the blue regions correspond to 12C and the red
regions to 13C. Growth log showing flowrates
V̇ of 12C and 13C methane along with the cor-
responding atomic mass vs. distance where
distance is calculated as V̇∆t and scaled to
correspond to the measured growth rate and
atomic mass is measured as a function of iso-
topic methane concentration.
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radial distance for the SL region.
We note that as a result of the non-zero rise

and fall times of the isotopic gas flow we do
not achieve atomically sharp interfaces nor iso-
topically pure bands in the superlattice regions.
From the measured isotopic gas flow we esti-
mate the maximum concentration of 89-92%
isotope concentration for the 12C and 13C bands
respectively.

Opto-Thermal Conductivity mea-
surement

Graphene superlattices were suspended on gold
covered holey SiN membranes and a Raman
opto-thermal technique was employed to deter-
mine thermal conductivity. A Renishaw Invia
Raman system and a 514 nm laser excitation
source was used for spectroscopy and as a heat-
ing element for the suspended graphene sheet.
The temperature dependence of the Raman 2D
peak shift is used to measure the local temper-
ature rise in the suspended film and the depen-
dence of this temperature rise on absorbed laser
power is used to extract the thermal conduc-
tivity. The details of the thermal conductivity
measurement were based off the approach of Cai
et al32 and Chen et. al4 who used a similar ar-
rangement of Au covered holey SiN membranes
to measure the thermal conductivity of various
isotopic mixes. The 2D peak temperature de-
pendence is taken as −7.23× 10−2 cm−1/K for
12C graphene and −6.98×10−2 cm−1/K for the
50% mix and superlattice samples.4 We simi-
larly use a value for laser absorption of 3.4%
and a laser spot size of 340 nm. The thermal
conductivity is then obtained as:

K = α
ln
(

R
r0

)
2πtRg

(3)

Where R = 1µm is the radius of the hole,
r0 = 170 nm is the radius of the laser spot,
t = 3.4 Å is the thickness of the graphene film
and Rg is the measured thermal resistance. α =
0.96 is a constant that is a function of R and

r0.32

Rg =
Tm − Ta
Qabs

(4)

Where Tm is the measured temperature of the
film and Ta is the ambient temperature. We ne-
glect heat loss to the environment and thermal
contact resistance between the graphene and
the gold substrate. In Figure S2 we show a
scanning electron microscopy image of the ho-
ley SiN membrane covered by a graphene flake.

Heat flow simulation

The temperature is evaluated numerically us-
ing the relaxation method on a rectangular grid
with spacing h = 1 nm. Setting the initial tem-
perature of the system at T = 293 K and hold-
ing the boundary temperature fixed, the inte-
rior grid points are determined iteratively by:

T ∗i =
∑
〈ij〉

KjTj

Ki

+ h2
q̇i
Ki

(5)

Where we have Ki =
∑
〈ij〉Kj is the average

thermal conductivity of the four nearest neigh-
bours to i.
The periodicity dependence was modeled by

considering a fixed graphene membrane ther-
mal conductivity, Kg with periodic interfaces
represented by 1 nm strips with thermal re-
sistivity Kint = h/Rint. We consider a circu-
lar suspended graphene membrane with radius
R = 1µm and thermal conductivity Kg at-
tached to a rectangular heatsink with thermal
conductivity Khs � Kg for R > 1µm.

Supporting Information

Additional figures showing the thermal conduc-
tivity of SLs as a function of inverse tempera-
ture and scanning electron microscopy images
of a graphene coated device.
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