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We report thermoelectric transport measurements across a graphene/hexagonal
boron nitride (h-BN)/graphene heterostructure device. Using an AC lock-in
technique, we are able to separate the thermoelectric contribution to the I–V
characteristics of these important device structures. The temperature gradient is
measured optically using Raman spectroscopy, which enables us to explore
thermoelectric transport produced at material interfaces, across length scales of
just 1–2 nm. Based on the observed thermoelectric voltage (∆V) and temperature gradient (∆T), a Seebeck coefficient of –99.3 μV/K is ascertained for
the heterostructure device. The obtained Seebeck coefficient can be useful for
understanding the thermoelectric component in the cross-plane I–V behaviors
of emerging 2D heterostructure devices. These results provide an approach
to probing thermoelectric energy conversion in two-dimensional layered
heterostructures.
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Electron transport in the cross-plane direction of
layered material heterostructures has recently shown
interesting new functionalities that extend far beyond
lateral graphene devices. Graphene-based heterojunction devices, such as graphene/silicon and graphene/
gallium arsenide diodes, have demonstrated rectifying
behavior and gate-tunable photovoltaic responses
[1–10] heterostructure devices made by combining
graphene with other 2D materials, such as graphene/
hexagonal boron nitride (h-BN)/graphene and graphene/
MoS2, have shown interesting electron tunneling
transport, negative differential conductance, and light
Address correspondence to scronin@usc.edu

absorption behaviors [11–15]. In addition to electron
transport and light absorption in these graphenebased heterojunctions, heat dissipation in these types
of devices is found to be dominated by vertical heat
transfer [16, 17]. Despite the large in-plane thermal
conductivity in graphene and h-BN, the cross-plane
thermal conductance of single- and few-layer graphene
and h-BN can be rather small because of the atomic
scale thickness. Hence, heat dissipation from these
2D heterostructure devices are often limited by
thermal transport across the graphene/h-BN junction.
A recent measurement has shown that the interface
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thermal conductance between graphene and h-BN is
lower than theoretical prediction, likely caused by
interface defects and contaminations [18]. While the
low interface thermal conductance and potentially
suppressed in-plane thermal conductivity in nanopatterned 2D structures is not desirable for electronic
devices, it has stimulated interest in utilizing 2D
layered heterostructures for thermoelectric conversion.
For example, Xie et al. have reported a theoretical
study of in-plane ballistic thermoelectric properties
in boron nitride nanoribbons [19], and Yang et al. have
simulated the in-plane thermoelectric properties in
hybrid graphene/boron nitride nanoribbons [20].
Although it remains a question whether 2D heterostructures can be useful for thermoelectric devices,
their thermoelectric properties can influence the
electron transport and heat dissipation behaviors of
emerging 2D heterostructure devices [21]. Currently,
there have been few experimental studies of thermoelectric effects in 2D heterostructures.
Here, we report a thermoelectric transport measurement across a graphene/h-BN/graphene heterostructure.
The thermovoltage is measured between the top and
bottom graphene layers using an AC lock-in technique
at frequency 2, based on Joule heating created in the
top graphene layer with an AC voltage at . The top
graphene layer is electrically heated by applying an
AC voltage at frequency ω, which generates a heating
power/temperature oscillating at 2ω, since P = V 2/R.
The temperature gradient (oscillating at 2ω) results
in electron diffusion between the top graphene (hot
side) and bottom graphene (cold side), and hence a

thermovoltage can be measured across the device at
frequency 2ω. Using an AC lock- in amplifier to detect
the 2ω thermovoltage separates the thermoelectric
voltage from the other signals and noise in the system,
enabling thermovoltages as small as microvolts to be
detected. The temperatures of the top and bottom
graphene layers are determined by monitoring their
2D band Raman frequencies, revealing temperature
drops (∆T) as high as 39 K between the top and bottom
graphene layers. Since the temperatures are measured
optically using Raman spectroscopy, we are able to
explore thermoelectric transport across length scales
of just 1–2 nm. From the measured thermoelectric
voltage (∆V) and the acquired temperature drops
(∆T) between the top and bottom graphene layers, the
Seebeck coefficient (S) of the heterostructure device is
established.
Figures 1(a) and 1(b) show an optical image and
schematic diagram illustrating the profile structure of
the graphene/h-BN/graphene device and the experimental setup. Here, the monolayer graphene is grown
by chemical vapor deposition (CVD) with CH4 at
1,000 °C on a copper foil, which is then transferred to
a Si/SiO2 substrate, and patterned to form a 3 μm ×
100 μm bottom graphene strip using electron beam
lithography (EBL) and oxygen plasma etching [22].
Another EBL and metal evaporation step is then
performed to deposit Ti/Au electrodes on the bottom
graphene strip. Multilayer (~5 layers) h-boron nitride
(h-BN) is exfoliated using the “Scotch tape” method
and deposited on another substrate. The multilayer
h-BN flake is then transferred onto the center of the

Figure 1 (a) Optical image and (b) schematic diagram of the graphene/h-BN/graphene/Al2O3 heterostructure device and measurement
setup.
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bottom graphene layer with careful alignment, using
a sacrificial polymethylmethacrylate (PMMA) carried
layer [23]. The top graphene strip is also fabricated
by CVD growth on copper foil, transferred to another
Si/SiO2 substrate, EBL patterned and oxygen plasma
etched, and then subsequently transferred with careful
alignment to the bottom-graphene/h-BN overlapping
region. During the last EBL and metal evaporation
step, electrodes are deposited on the top graphene
layer. Next, atomic layer deposition (ALD) is used
to deposit a 60 nm insulating layer of Al2O3 on the
surface of graphene/ h-BN/graphene heterostructure
to make the device more robust. The fabricated device
is then wire-bonded to a chip carrier for measurements
carried out in vacuum.
Figure 2 shows the in-plane and cross-plane I–V
characteristics of the bottom and top graphene strips.
Unlike the in-plane I–V characteristics, the cross-plane
transport shows a non-linear I–V curve, indicating
electron tunneling through the graphene/h-BN/
graphene heterojunction with a low-bias conductance
(G) of 154 nS [11, 24] while the in-plane conductance
are 20 and 23 μS, two orders of the magnitude higher
than that of the cross-plane conductance. AC voltages
with frequencies  = 100 and 200 Hz are applied to the
top graphene to provide a temperature drop between
the graphene layers and induce a thermoelectric
voltage across the graphene/BN/graphene heterostructure at the second harmonic frequencies, 200
and 400 Hz. The 2 component of the thermoelectric
voltage is a result of the 2 component in the Joule
heating in the top graphene layer. The applied AC
voltages are kept below 2 V to protect the device and
avoid unwanted substrate-induced doping and compression effects in the grapheme [25, 26]. In Fig. 3, the
measured second harmonic thermoelectric voltage is
plotted as a function of the applied AC voltage for
both 100 and 200 Hz. Both datasets show the measured
thermoelectric voltage increasing quadratically with
the applied AC voltage, reaching 4 mV at 2 V of the
applied voltage.
In order to determine the temperature of the graphene
layers, the Raman spectra of the graphene layers are
measured as a function of the applied voltage. However,
independent measurement of temperature of two
graphene layers at the region of the heterojunction

Figure 2 In-plane and cross-plane I–V characteristics of the
bottom and top graphene strips of the heterostructure, the inset
figure plots the cross-plane I–V characteristics with the units of nA.

Figure 3 The 200 and 400 Hz thermoelectric voltages across the
graphene/BN/graphene heterostructure as a function of the applied
100 and 200 Hz AC voltages together with the corresponding DC
voltages measured at top graphene temperature (right axis).

where the two graphene layers overlap is not possible,
since the acquired Raman signal from the top and
bottom graphene layers cannot be distinguished. The
temperatures of the two graphene layers can only
be observed next to the heterojunction, between the
junction and the electrodes, as indicated as points 1, 2,
and 3 in Fig. 4(a). The 2D band Raman frequencies
taken from the top graphene layer at point 1 and 2
downshift linearly with the increasing applied voltage,
indicating Joule heating in the top graphene layer,
while no frequency shift is observed in the bottom
layer at point 3, as shown in Figs. S1(b), S1(c), and S1(d)

| www.editorialmanager.com/nare/default.asp
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Figure 4 (a) Optical image indicating the locations of Raman spectra taken near the heterojunction. (b) Temperature of the graphene at
the indicated location with respect to the applied voltage.

in the Electronic Supplementary Material (ESM). The
temperature coefficients of the Raman frequencies for
the top graphene layer are then calibrated in a temperature controlled stage and plotted in Figs. S2(a) and
S2(b) (in the ESM), giving coefficients of –0.029 and
–0.035 cm–1/K at point 1 and point 2, respectively.
Here, the thermoelectric voltage is measured with
AC Joule heating applied to the top graphene layer,
while the temperature of the top graphene layer is
calibrated as a function of DC heating. In order to
ensure that an accurate comparison can be made
between AC and DC heating, we calculate that the
thermal time constant of the measured device is faster
than the heating frequency. Because the thermal
conductivity of the Si substrate is much larger than
the 300 nm thick SiO2 layer, heating is assumed to
occur only in and above the SiO2 layer. As such, the
thermal time constant is controlled by the thermal
resistance (R) and thermal capacitance (C) of the SiO2
layer under the 3 μm × 3 μm heated graphene region.
The thermal resistance of the SiO2 layer is, thus,
calculated to be on the order of 25,000 K/W. For the
thermal capacitance, we conservatively assume that
the heated region extends in the lateral direction five
times beyond that of the heterostructure, which gives
an area of 15 μm× 15 μm and a thermal capacitance
of 1.8 × 10–10 J/K. Thus, the thermal time constant is
obtained as  = RC = 4.5 μs, which corresponds to
a cutoff frequency of 36 kHz. This value is more than
two orders of magnitude higher than the AC
frequencies applied here, so that the AC thermal

impedance of the system can be reduced to the DC
case, namely the ratio between the AC temperature
rise and AC heating power is very close to that
between the DC temperature rise and DC heating
power [27, 28]. This conclusion is further supported
by our measurement results conducted with heat
frequencies of 100 and 200 Hz, which yield approximately the same results.
By converting the Raman downshifts to the AC
component of the temperature rise, using the acquired
temperature coefficients from the DC calibration, the
temperature of the top graphene can be obtained, as
plotted in Fig. 4(b), showing the temperature rise due
to the Joule heating at points 1 and 2. Since no shift in
the Raman frequency of the bottom graphene layer is
observed, we obtain an upper limit for the temperature
drop, and hence a lower limit of the Seebeck coefficient
(S = V/T). Our T measurement is limited to an
upper bound because lateral temperature gradients
may exist, and thus, the actual temperature drop
directly across the heterostructure may be less than
the measured T. In this case, the Seebeck coefficient
would be larger than that measured here. Assuming
no lateral temperature gradients, we plot the measured
thermoelectric voltage (∆V) as a function of the crossplane temperature gradient (∆T) in Fig. 5 for the
100 and 200 Hz datasets. Here, a consistent linear
dependence is observed between the voltage and the
temperature gradient, yielding Seebeck coefficients
of –97.1 μV/K and –99.3 μV/K for the 100 and 200 Hz
datasets, respectively, which are higher than the in-
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Figure 5 (a) The 200, and (b) 400 Hz thermoelectric voltage as a function of the maximum possible temperature drop (∆T) across the
heterostructure.

plane Seebeck coefficients of single layer graphene,
~50 μW/K, at room temperature [29]. The Seebeck
coefficient is negative in these devices, since the band
offsets (and hence energy barriers) between graphene
and BN are much smaller for electrons than holes.
From these observations, we estimate the power
factor (S2G) to be 1.46 and 1.51 × 10–15 W/K2 for the
graphene/h-BN/graphene heterojunctions. These power
factors are extremely small because of the low electrical
conductance of the BN. Here, we deliberately made
the BN layer thick enough to suppress quantum
mechanical tunneling. While it is possible that the
cross-plane Seebeck coefficient consists of contributions from both electron tunneling [30, 31] and
thermionic emission across the energy barrier [32, 33],
further work is needed to determine what the
dominant contribution is. The temperature drop is
plotted as a function of the applied electrical power
in Fig. S3 (in the ESM). Based on these data, we can
calculate the thermal conductance (K) of the graphene/
BN/graphene heterostructure using the equation “K =
Q/∆T”, where Q is the applied electrical heating
power and ∆T is the temperature gradient across the
heterostructure, which yields the thermal conductance
of 4.25 × 10–7 W/K [18, 23]. Our measurement technique
is not able to separate the electron and phonon contributions to the thermal conductance. However, we
expect the phonon contribution to dominate in this
system, since the electron density is rather low. We
further obtain [19, 34] the thermoelectric figure of
merit of this device as ZT = S2GT/K, where T = 300 K
is the temperature of the device and K is the thermal

conductance across the heterostructure, yielding a
ZT value of 1.05 × 10–6. The low value of ZT observed
here is most likely due to the large energy barrier
across the graphene/h-BN interface (~0.5 eV). For
efficient thermionic emission, barriers closer to kBT
should be utilized. We believe further enhancement in
ZT can be achieved by optimizing the energy barrier
height and the thickness of the h-BN flakes. It may be
possible to vary the energy barrier at the graphene/BN
interface by either doping or applying a DC bias
voltage. However, application of a bias voltage will
also lead to a substantial transfer of electrons across
the interface due to tunneling through the barrier
and thermionic emission over the energy barrier, and
therefore thicker BN flakes would be required to avoid
or understand the role of this tunneling current. A
more systematic study as a function of BN thickness
and bias voltage would have to be carried out in
order to provide a complete understanding of this
phenomenon. Here, we present a basic thermoelectric
measurement across this interface in its simplest
configuration.
In conclusion, we report Seebeck measurements
across a graphene/h-BN/graphene heterostructure by
inducing a temperature gradient between the bottom
and top graphene layers and measuring the corresponding thermoelectric voltage (∆V) across the
heterostructure. A temperature gradient (∆T) of 39 K
and thermoelectric voltage (∆V) of almost 4 mV is
observed in the device, which results in a Seebeck
coefficient of –99.3 μV/K, a power factor (S2G) of
1.51 × 10–15 W/K2, and a thermoelectric figure of merit
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of ZT = 1.05 × 10–6 for the graphene/h-BN/graphene
heterostructure. These measurements represent thermoelectric voltages produced at material interfaces,
across length scales of just 1–2 nm. While the overall
thermoelectric energy conversion efficiency of this
device is small, the relatively large Seebeck coefficient
and temperature drops observed here indicate that
the I–V characteristics of 2D heterostructures can
contain an appreciable thermoelectric component. The
performance of graphene/BN/graphene heterostructure
devices (i.e., tunneling transistors and diodes) will,
therefore, be influenced by such thermoelectric effects.
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