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Numerous applications are calling for electronics capable of operation at high temperatures where conven-
tional Si-based electrical devices fail. In this work, we show that graphene-based devices are capable to
perform at an extended temperature range up to 500◦C without noticeable thermally induced degradation
when encapsulated by hexagonal boron nitride (hBN). The performance of these devices near neutrality
point is dominated by thermal excitations at elevated temperatures. Non-linearity pronounced in electric
field-mediated resistance of the aligned graphene/hBN allowed us to realize heterodyne signal mixing at
temperatures comparable to that of the Venus atmosphere (∼ 460◦C).

A growing demand for high-tech devices in applica-
tions ranging from oil industry and geological research
to aerospace engineering and missions to Venus are gen-
erating needs for compact high-temperature electronics
and sensors capable of stable operation in extreme envi-
ronments. Nowadays most of the standard commercially
available electronics fail to operate above 260◦C due to
increased leakage currents, decreased dielectric break-
down energy, irreversible thermal damage, etc1. As an
alternative, the concept of graphene and hexagonal boron
nitride (hBN) van der Waals heterostructures provides
a method of layer-by-layer engineering of electrical de-
vices out of two-dimensional (2D) materials with atomic
precision2,3. Considering its outstanding electrical4,5

and mechanical properties6, graphene has a potential to
become an excellent material for next-generation elec-
tronics, while hBN encapsulation guarantees high device
quality7,8 and provides good chemical protection from
the environment9–11. Calculations predict a phenomenal
stability of graphene with a melting point above 4500K12,
while recent experimental evidence already suggests a ca-
pability of Joule self-heating hBN-encapsulated graphene
filaments to operate well above 2000K13–15. Provided
that such systems could be adapted to the use in high
temperatures16, they have a potential to become a com-
petitor to recently developed Silicon Carbide (SiC) based
electronics, which were shown to have the capability of
operation at ∼ 460◦C17.
In this work, we show that graphene-based electronics

can operate in temperatures up to 500◦C by a complete
encapsulation in protective layers of hBN. We investi-
gated the operation of both field effect transistor (FET)
and capacitor based on hBN/graphene/hBN heterostruc-
tures. A FET device with crystallographic alignment

a)These authors contributed equally
b)Electronic mail: artem.mishchenko@gmail.com

between graphene and hBN was also examined for the
potential application as a high temperature heterodyne
frequency mixer.

In order to access a high temperature regime, we as-
sembled a furnace with a local resistive Joule heater in-
side a vacuum chamber, where most of the measurements
were performed. Using turbomolecular pumping station
we kept vacuum below 10−5 mbar during measurements.
The temperature was measured with a resistive tempera-
ture detector (PT1000) fixed in the proximity of a sample
and controlled through the PID feedback loop. Using a
standard dry-transfer procedure of mechanically exfoli-
ated flakes8,18,19, we fabricated a device with a single-
layer graphene encapsulated within two flakes of hBN
on quartz substrate. A few-layer graphene (FLG) flake
was used as a bottom gate to locally tune the carrier
density of single-layer graphene. As shown in Fig. 1a,
the leakage tunnelling current through the bottom hBN
reaches 1 nA with 0.53 V/nm at 23◦C and 0.07 V/nm
at 400◦C (assuming a minor out-of-plane thermal expan-
sion of hBN20). Although the direct tunnelling becomes
prominent at excessive gate voltage, Vg, the conduc-
tive properties of graphene channel are not disturbed by
minor leakage currents near the charge-neutrality point
of graphene. Zero gate voltage tunnelling conductance
roughly follows Arrhenius dependence with the activa-
tion energy of the order of 0.1 eV. This energy is much
lower than the expected height of graphene/hBN tun-
nelling barrier (around 1.5 eV, as from Ref.21), and is
probably related to thermal activation of defect-induced
transport across hBN interface.

We observed an unobstructed modulation of the chan-
nel resistance, Rch up to 400◦C (Fig 1b). To demon-
strate that graphene was not degraded throughout mul-
tiple heating cycles, we performed detailed Raman spec-
troscopy of the device before and after the operation at
400◦C. The Raman map was taken across the area of the
device. As shown in Fig. 1c, the full width half maxi-
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FIG. 1. Transport properties of single layer graphene field effect transistor at high temperatures. (a) Tunnelling leakage current
between graphene and few layer graphene bottom gate at different temperatures. The top inset shows the optical image of the
device. Scale bar: 10 µm. The bottom inset shows schematics of the device. (b) Two-terminal resistance of graphene as a
function of gate voltage at different temperatures. (c) Raman maps of full width half maximum (FWHM) of the 2D peak in
the proximity of gated region. Top and bottom panels were measured before and after multiple thermal cycles up to 400◦C.
(d) Raman spectra measured before and after multiple thermal cycles taken at the spot indicated with the dashed white circle
in c.

mum (FWHM) of the 2D peak of graphene has increased
in a region above the bottom gate. This effect can be
attributed to the increasing contribution of Raman sig-
nal arising from the bottom FLG22, since the geometry
of the affected region follows that of the underlying flake
(see the inset of Fig. 1a). Away from this region, there
was no significant change in FWHM of the 2D peak of
graphene indicating that no mechanical stress was intro-
duced after the thermal treatment with only minor dif-
ferences in strain23 across the device present as FWHM
varies at ±2 cm−1. We also show typical Raman spectra
obtained away from the proximity of the bottom gate in
Fig. 1d before and after the thermal cycles. There is no
significant change in the normalized intensity, FWHM or
positions of graphene-related peaks, indicating that no
notable thermal damage introduced in the hBN encapsu-
lated single-layer graphene flake.

Most of our high-temperature measurements were
taken in a vacuum. For experiments performed in air, we
found that performance was similar to that measured in
vacuum, up to 450◦C. We noticed, however, an increased
device resistance and a shift of the neutrality (Dirac)
point suggesting the introduction of inadvertent doping
and deterioration of contacts. Comparing these observa-

tions with results of high-current electronic transport in
graphene/hBN heterostructures13–15 (where devices were
at high temperatures, but graphene/metal contacts were
at ambient temperatures due to efficient thermal dissipa-
tion), one can suggest that graphene/metal contacts af-
fect the device performance in an oxidising environment
at high temperatures. Although hBN encapsulation is
very robust both in a vacuum and in the air, finding
suitable electrical contacts would require further studies.

On average, samples were subjected to three thermal
cycles from room temperature to 500◦C, with 4−5 hours
on average above room temperature, 1.5 hours above
200◦C, and 0.2− 0.5 hours above 400◦C (excluding time
used to change temperatures). Time spent at temper-
atures above 400◦C was limited by the overheating of
the vacuum setup. We did not observe any deteriora-
tion of the sample performance after thermal cycling in
a vacuum – in contrast to our observation in ambient
conditions.

Thermally induced broadening of the resistance peak
at the neutrality point and increase of a general pro-
file of resistance due to the increase in contact resistance
noticeably decreases two-point conductance of graphene,
G = 1/R with temperature, as indicated in Fig. 1b.
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FIG. 2. Thermal effects on capacitive properties of graphene. (a) Capacitance as a function of gate voltage at different
temperatures. The inset shows the optical image of the device. Scale bar: 40 µm. (b) Quantum capacitance as a function of
chemical potential at different temperatures. The inset shows schematics of the device. (c) The minimal charge carrier density
level as a function of temperature.

This, nevertheless, shall not be mistaken for a decrease
in graphene sheet conductivity, σsheet. In fact, a grad-
ual smearing of the Dirac peak at Vg ∼ 0 suggests that
minimum of conductivity of graphene, σsheet near the
charge neutrality point is limited by increasing base-
level of thermally excited charge carriers24 in the sys-
tem, nmin(T ). To quantitatively study this effect, we
fabricated a hBN/graphene/hBN based parallel-plate ca-
pacitor within which the single-layer graphene serves as
one plate and another gold pad deposited on top of hBN
serves as the other plate (see the inset of Fig. 2a,b). The
capacitance between these two plates was measured by a
room temperature bridge (AH2700 model). Since single-
layer graphene has low carrier density close to the neu-
trality point, it manifests as quantum capacitance25, CQ

in series with a geometric capacitance, CGeom; thus, mod-
ifying the total capacitance of the device (see Fig. 2a):

C−1
D = C−1

Q + C−1
Geom. (1)

The quantum capacitance is directly related to the den-
sity of states, D in graphene, CQ = e2D, so that the de-
pendence of quantum capacitance on EF (Vg) can be de-
duced. For pristine graphene chemical potential, µ can be
taken as µ = EF = h̄νF

√
πn, where νF is the Fermi ve-

locity. The CQ−µ curves presented in Fig. 2b, show that
CQ plateau forms in a proximity of µ = EF ∼ 0, which
is not predicted by the simple model of quantum capac-
itance for a perfect undoped monolayer graphene and is
attributed to the coexistence of thermally excited elec-
trons and holes26. We extracted the values of a minimal
charge carrier density level, nmin(T ) from the CQ plateau
baseline, and calculated the corresponding chemical po-
tential µmin(T ) ∝

√

nmin(T ). As shown in Fig. 2c, the
calculated values follow kBT ≈ |µmin(T )|, which indi-
cates that thermally excited charge carriers dominate the
transport properties of graphene near the charge neu-
trality point at high-temperatures, producing a similar
effect to what was observed at cryogenic temperatures
but due to electron-hole inhomogeneity caused by the
substrate26,27.

We took one step further in assessing the ther-
mally influenced performance and stability of
hBN/graphene/hBN heterostructures by studying a
FET device with graphene aligned to one of the hBN
flakes. Lattice parameters of graphene and hBN are
different by only ∼ 1.8%, making it a perfect system for
studying the superlattice28,29. The superlattice potential
leads to a significant alteration of the band spectrum
of graphene and thus the formation of secondary Dirac
points (SDP) at sub-energies:

ESDP =
2πh̄νF√
3λM (θ, ǫ)

, (2)

where λM (θ, ǫ) is the wavelength of the moiré pattern
forming on graphene/hBN interface at a certain an-
gle, θ. The moiré wavelength is highly sensitive to
changes in alignment angle28,30, θ and strain, ǫ across the
sample31,32, making an observation of SDPs a sensitive
probe for any mechanical effects produced by a thermal
treatment. We made an aligned hBN/graphene/hBN de-
vice and examined the evolution of SDPs in quantum ca-
pacitance approaching from 0.3K to 380K. Fig. 3a shows
a number of minor SDPs appearing at sub-energies,
which can be attributed to the inhomogeneity of strain
across the sample31,32 or the second-order modification
of graphene electron structure by the top hBN flake33.
The capacitance spectrum is dominated by the most pro-
nounced sharp peak at ESDP = ±0.196 eV, indicating a
nearly perfect alignment between graphene and hBN, i.e.
λM ≈ 13.9 nm and θ ≈ 0◦. In capacitance measurements
at high temperatures, the SDP smears out due to thermal
excitations. The SDPs, however, were found to be more
pronounced in the two-probe resistance of graphene at
> 100◦C. We assessed transconductive properties of the
device up to 300◦C. Fig. 3b shows that the SDPs sig-
nificantly broaden with increasing temperature for both
positive and negative applied gate voltage, Vg, but yet re-
main observable in the whole tested temperature range.
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spectrum of the aligned device. Inset - Optical image of the
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Scale bar: 40 µm. (b) Two-terminal resistance of an aligned
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The aligned FET device has a significantly non-linear
response in respect to the applied gate voltage, Vg. This
is a characteristic feature of the electronic structure of the
aligned graphene/hBN heterostructure, which remains
dominant up to extremes of the studied temperature
range, as can be noted from Fig. 3b. This non-linearity
endows graphene with potential applications in signal
processing and modulation techniques, such as hetero-
dyne frequency mixing34.

A heterodyne mixer is used to create new frequencies
by mixing two signals of certain frequency, f1,2, and has
wide application in wireless communication area. The
output of such operation would produce two distinct sig-
nals on frequencies of f1±f2. During our prototype tests,
we applied 5 V peak-to-peak AC signals to both gates
of the device, as indicated in Fig. 4a, with f1 = 1.001
MHz and f2 = 0.999 MHz, respectively. Signal with a
frequency of 2 kHz was clearly distinguishable both at
23◦ and 500◦C (Fig. 4b), although signal-to-noise ratio
(SNR) reduces from ∼ 674 at room temperatures to ∼ 7
at 500◦C. Nevertheless, this is the first demonstration of
capabilities of graphene used as heterodyne mixer even
at high temperature. We did not observe any declines in
the performance of our frequency mixer up to ∼ 1 MHz
limited by the equipment we used. From the channel re-
sistance and parasitic cable capacitance we estimate the
cut-off frequency should be in the range of 5 − 10 MHz,
which can be substantially improved by careful design of
the transmission lines.

In conclusion, we demonstrated that devices based on
hBN/graphene/hBN heterostructures are capable of op-
eration in high temperature range. No notable degra-
dation of the device properties was observed with tem-
perature up to 500◦C, higher than the temperature of
Venus atmosphere. Transport behaviour of graphene at
elevated temperatures was dominated by thermal exci-
tations, especially close to the neutrality point, giving
rise to a plateau in the capacitive spectrum. The non-
linearity resulting from the recursive energy spectrum of
aligned graphene/hBN superlattices makes graphene ap-
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propriate for application as heterodyne frequency mixer.
We believe these could open up perspectives of a poten-
tial use of graphene/hBN electronics for space missions
and satellite applications.
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L. Banszerus, M. Schmitz, K. Watanabe, T. Taniguchi,
F. Mauri, B. Beschoten, S. V. Rotkin, and C. Stampfer,
“Raman spectroscopy as probe of nanometre-scale strain
variations in graphene,” Nature Communications 6 (2015),
10.1038/ncomms9429.

24J. Crossno, J. K. Shi, K. Wang, X. Liu, A. Harzheim, A. Lucas,
S. Sachdev, P. Kim, T. Taniguchi, K. Watanabe, T. A. Ohki, and
K. C. Fong, “Observation of the dirac fluid and the breakdown of
the wiedemann-franz law in graphene,” Science 351, 1058–1061

(2016).
25S. Luryi, “Quantum capacitance devices,” Applied Physics Let-
ters 52, 501–503 (1988).

26H. Xu, Z. Zhang, and L.-M. Peng, “Measurements and mi-
croscopic model of quantum capacitance in graphene,” Applied
Physics Letters 98, 133122 (2011).

27J. Xia, F. Chen, J. Li, and N. Tao, “Measurement of the quan-
tum capacitance of graphene,” Nature Nanotechnology 4, 505–
509 (2009).

28M. Yankowitz, J. Xue, D. Cormode, J. D. Sanchez-Yamagishi,
K. Watanabe, T. Taniguchi, P. Jarillo-Herrero, P. Jacquod, and
B. J. LeRoy, “Emergence of superlattice dirac points in graphene
on hexagonal boron nitride,” Nature Physics 8, 382–386 (2012).

29S. Mann, R. Kumar, and V. K. Jindal, “Negative thermal expan-
sion of pure and doped graphene,” RSC Advances 7, 22378–22387
(2017).

30L. A. Ponomarenko, R. V. Gorbachev, G. L. Yu, D. C. Elias,
R. Jalil, A. A. Patel, A. Mishchenko, A. S. Mayorov, C. R.
Woods, J. R. Wallbank, M. Mucha-Kruczynski, B. A. Piot,
M. Potemski, I. V. Grigorieva, K. S. Novoselov, F. Guinea, V. I.
Fal’ko, and A. K. Geim, “Cloning of dirac fermions in graphene
superlattices,” Nature 497, 594–597 (2013).

31A. D. Sanctis, J. D. Mehew, S. Alkhalifa, F. Withers, M. F.
Craciun, and S. Russo, “Strain-engineering of twist-angle in
graphene/hBN superlattice devices,” Nano Letters 18, 7919–
7926 (2018).

32D. A. Cosma, J. R. Wallbank, V. Cheianov, and V. I. Fal’ko,
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