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to the thermal dissipation limitation,
it is still a challenge to further increase
CPU operating frequency beyond a few
GHz, when CPU power density reaches
100 W cm−2.[5] In an electrical device,
charge transport occurs at the interface
between the dielectric substrate and the
semiconductor layer, where joule heating
is generated. Although heat spreading
layers/substrates or thermal interface
materials have been widely used, the
contact thermal interface is normally
considered to be the bottleneck for efficient thermal dissipation rather than the
material’s own thermal conductivity.[1,3,6]
Therefore, the dielectric interface is
of extreme importance not only for improving the device
mobility, but also for removing the heat from source. Graphene is a promising material for future electronics owing to
its high carrier mobility, unique physical and chemical properties.[7–9] However, due to the low Ion/off ratio of graphene
device, it is a disadvantage for graphene to be the ideal transistor material. Moreover, although graphene has a thermal
conductivity larger than 3000 W m−1 K−1, the in-plane thermal
conductance along the atomically thick layer is relatively low
considering its ultrathin thickness.[10,11] Thermal dissipation is
therefore a significant bottleneck for the practical application
of graphene in electronics.
Previous literatures demonstrate that hexagonal-boron
nitride (h-BN) can be used as the dielectric interface in
various graphene devices. Owing to its atomically smooth
van der Waals surface without dangling bonds or charge
traps, h-BN avoids substrate surface roughness, carrier scattering from surface charge impurities, leading to impressive graphene mobility up to 1 000 000 cm2 V−1 s−1 at low
temperature[12,13] and higher on/off ratio compared with
bare SiO2 substrate.[14] Nevertheless, its potential application in improving the interfacial thermal dissipation of the
graphene device has been largely neglected. This is partly
attributed to the fact that the in-plane thermal conductance
is suppressed and the interfacial thermal resistance (RIT)
dominates the thermal conduction as a result of the atomic
thickness of h-BN. RIT is a distinct concept from the thermal
resistance. Although recent studies use few-layer h-BN with
thickness of a few to tens of nanometer as the lateral heat
spreader for heat dissipation, and the h-BN has an in-plane
thermal resistance several hundred times smaller than that
of amorphous SiO2.[15–17] It remains unclear whether h-BN

Owing to its atomic thickness, thermal dissipation is one significant bottleneck for the practical application of graphene in electronics. Here, it is
demonstrated that a high-quality ultraclean van der Waals interface can be
obtained after modifying the SiO2/Si substrate with hexagonal-boron nitride
(h-BN) by plasma-enhanced chemical vapor deposition, which improves
the mobility and the interfacial thermal dissipation of graphene field-effect
transistors (FETs). On h-BN, interfacial thermal resistance decreases by
more than 77% and the saturated power density of graphene FETs increases
by 2–3-folds to 3.45 × 105 W cm−2, higher than the power density of current
CPUs (≈100 W cm−2), demonstrating its potential in future graphene-based
electronics.

1. Introduction
Over the past decades, along with the rapid development of
modern electronics, the requirements for enhancing computing capabilities at the device and die levels have created
challenges. As the device size shrinks and the density of transistors escalates, keeping them cool and improving charge
carrier mobility are both important considerations.[1–4] Owing
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can decrease RIT and enable efficient thermal dissipation at
the graphene/dielectric interface. Till now, a universal methodology to modify the dielectric interface of graphene fieldeffect transistors (FETs) for improving both mobility and
thermal dissipation is still lacking.
Current preparation methods require h-BN to be synthesized under high temperature or transferred from metals
onto another surface which usually induces impurities, wrinkles, or breakage of the h-BN film, and finally destroy the van
der Waals dielectric surface and cause interstices or incompact contact at the interface.[6,18–20] Here, we directly modify
h-BN as an interface layer between graphene and SiO2/Si
by plasma-enhanced chemical vapor deposition (PECVD),
which avoid high temperature and transfer process. Owing
to the high-quality ultraclean van der Waals interface, h-BN
not only increases the mobility of the graphene FETs from
4520–6260 to 8850–13 600 cm2 V−1 s−1, but also deceases
the RIT between graphene and SiO2 by more than 77% to a
value smaller than 4.3 × 10−9 m2 K W−1, lower than that of
graphene/SiO2 (1.24–5.56 × 10−8 m2 K W−1) reported previously.[15] As a result, the temperature of the graphene
channel decreases by 93 K at device power density of 9.70–
9.84 × 103 W cm−2, and the saturated power density increases
by 2–3-folds to 3.45 × 105 W cm−2, compared with the graphene FETs on bare SiO2. This work demonstrates the great
potential of h-BN in fabricating high-performance graphene
devices.

2. Results and Discussion
2.1. Modification of Dielectric Interface with h-BN by PECVD
The fabrication procedure of a graphene FET on h-BN is illustrated in Figure 1a. A SiO2 (300 nm)/Si substrate was placed in
a PECVD system, and solid ammonia borane was evaporated
upstream as the B and N source. In an Ar/H2 (860 mTorr)
ambient, the growth of h-BN took place at 500 °C in 30 W
plasma for 30 min. The optical image (Figure S1, Supporting
Information) shows the as-modified SiO2/Si (h-BN/SiO2/Si)
has a homogeneous color contrast, while atomic force microscopy (AFM, Figure 1b) image reveals the surface is ultrasmooth
with roughness around 0.3 nm. After transferring the sample
to SiO2/Si by poly-methyl-methacrylate (PMMA), the thickness measured at the boundaries is around 1 nm (Figure 1c),
indicating the monolayer nature of the as-grown h-BN with
respect to the roughness of SiO2/Si.[21] In the Raman spectrum
(Figure 1d), the E2g phonon vibration band of h-BN is detected
at ≈1369 cm−1, while another band at ≈1450 cm−1 is assigned to
the third-order transverse optical phonon mode of Si in SiO2/
Si.[6,22] The sample is also transferred to a carbon-copper grid,
and transmission electron microscope (TEM) image (Figure 1e)
shows that the sample has a continuous, uniform, and membrane-like structure. X-ray photoelectron spectroscopy (XPS,
Figure 1f) reveals symmetrical B1s and N1s peaks are located at
190.4 and 398.3 eV, and an almost equal composition of B and

Figure 1. Modification of dielectric interface with h-BN by PECVD. a) Schematic diagram of the modification and device fabrication. b) AFM image of
h-BN grown on SiO2/Si. c) AFM image of h-BN transferred on other SiO2/Si. d) Raman spectrum of an as-grown h-BN film. e) TEM image of h-BN
transferred onto a grid. f) XPS N1s and XPS B1s spectra of an as-grown h-BN film. g) STM and STS spectrum of a h-BN film on HOPG. The scale bars
are 500 nm (b), 1 µm (c), 5 µm (e), and 1 nm (g).

Adv. Electron. Mater. 2020, 6, 2000059

2000059 (2 of 7)

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedsciencenews.com

www.advelectronicmat.de

Figure 2. Graphene FETs on h-BN. a) Output curves of a P-G FET on h-BN/SiO2/Si. b) Transfer curves (source–drain voltage: −2 V) of the P-G FETs on
h-BN/SiO2/Si and on bare SiO2/Si. c) Resistance versus applied Vg for the P-G FET on h-BN/SiO2/Si. d) Hole mobility and saturated power density of
the P-G FETs on different substrates. e) Optical image of a P-G FET before and after the current breakdown. f) Ids–Vds curve of the current breakdown
of the P-G FET device on h-BN/SiO2/Si. The scale bar is 20 µm in (e).

N elements (1:1.12), which indicate the as-grown sample is predominantly composed of BN bonds with sp2 hybridization. To
clarify the atomic structure, the sample is transferred to highly
oriented pyrolytic graphite (HOPG), and the representative
low-temperature scanning tunneling microscopy (STM) image
(Figure 1g) shows that the h-BN is highly crystalline with an
atomically clean surface. The scanning tunneling spectroscopy
(STS, Figure 1g) curve collected from h-BN indicates a remarkably depressed density of states near the Fermi level with an
≈5.0 eV bandgap, while the HOPG has no bandgap (Figure
S2, Supporting Information). Therefore, the PECVD-modified
h-BN on SiO2/Si has an atomically clean high-quality interface,
minimizing impurities, interstices, or incomplete contacts that
normally exist in postgrowth transferred h-BN produced by
chemical vapor deposition.
2.2. Graphene FETs on h-BN
After PECVD modification, the h-BN/SiO2/Si can be directly
used as the gate dielectric and back gate, and peel-off graphene
(P-G) is used as the conducting channel of a back-gated FETs.
Figure S3 (Supporting Information) shows Raman spectrum of
P-G prepared on h-BN/SiO2/Si by mechanical exfoliation. The
high 2D band at 2700 cm−1 and the absence of the D peak reveal
the monolayer and high-quality nature of the P-G. Drain–
source current (Ids) versus drain–source voltage (Vds) plot at
various gate voltages (Vg) (output curve, Figure 2a and Figure
S4, Supporting Information) and Ids versus Vg at Vds = 0.01 V
(transfer curve, Figure 2b) show a typical ambipolar character-
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istic for monolayer graphene. A small satellite peak appears
beside the Dirac point (DP) in the resistance (R) versus Vg curve
(Figure 2c), corresponding to the secondary DP (SDP).[23] The
SDP originates from the periodic potential between P-G and
h-BN,[23,24] revealing the highly crystalline nature of h-BN and
the high quality of the van der Waals conformal interface. As a
comparison, FET devices were also fabricated using bare SiO2/
Si. The calculated hole carrier mobility (see details in the Supporting Information) of the P-G on h-BN/SiO2/Si (Figure 2d) is
in the range of 8850–13 600 cm2 V−1 s−1, 2–3-folds higher than
that on bare SiO2/Si (4520–6260 cm2 V−1 s−1). The Ids on/off
ratio of the graphene device on h-BN is around 2, higher than
that on bare SiO2 substrate. This result is in good agreement
with that on peel-off or CVD h-BN reported previously.[10,19] For
instance, Lu et al. reported that graphene mobility increased by
about two times from 3625 cm2 V−1 s−1 on SiO2/Si to 6213 cm2
V−1 s−1 on highly crystalline h-BN produced by CVD,[17] indicating the high quality of the h-BN produced by PECVD. This
also indicates the high quality of the interface, as a result of
the transfer-free modification process. One reason for increased
mobility of the P-G is attributed to the atomically smooth van
der Waals conformal surface of h-BN, which avoids surface
roughness, dangling bonds, surface charge impurities or traps
and decreases charge carrier scattering.[12] Although there will
be some defects or grain boundaries, the device mobility will
still be better than that on bare SiO2. Another reason is that the
directly growth of h-BN avoids the postgrowth transfer process,
resulting in a clean dielectric interface, and the clean interface
is one of the most crucial factors for high-performance FET
devices.
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Figure 3. In situ measurement of the channel temperature. a) Schematic image of the temperature measurement by Raman. b) G band of the P-G on
h-BN/SiO2/Si and on bare SiO2/Si when the power density of the P-G FET is 0–9.84 kW cm−2. c) G band of the P-G on bare SiO2/Si when the power
density is 0–9.70 kW cm−2. d) The position of the G band of the P-G versus the device power density on different substrates.

To study the thermal dissipation, we measured the saturated
power density of P-G FETs on h-BN/SiO2/Si and bare SiO2/Si,
when current breakdown took place (Figure 2e,f). The optical
images show that the P-G channel between two electrodes is
destroyed due to the Joule heating effect,[25,26] as the voltage
arises above a critical value. The saturated power density is calculated using the power at the current breakdown divided by
the channel area. This reaches a maximum of 3.45 × 105 W cm−2
on h-BN/SiO2/Si and 0.4–1.3 × 105 W cm−2 on bare SiO2/Si
(Figure 2d), indicating that the h-BN increases the stability of
P-G FETs with higher saturated power density.

the G band downshifts from 1588.8 to 1586.4 cm−1 on bare
SiO2/Si (Figure 3b–d). The G band is related to the CC bond
stretching of the carbon material with a sp2 orbital structure.
The frequency of Raman peaks normally downshifts with
increasing temperature owing to the elongation of the bond as a
result of thermal expansion or anharmonic coupling of phonon
modes.[26–28] Temperature coefficient (χ) determines the frequency shift when the temperature of the sample increases by 1
K. In the case of monolayer graphene,[27] the χ of the G band is
−1.62 × 10−2 cm−1 K−1, thus the temperature of the P-G on h-BN/
SiO2/Si is about 93 K lower than that on bare SiO2/Si when the
device power density is 9.70–9.84 × 103 W cm−2.

2.3. In Situ Measurement of the Channel Temperature
The above results should be attributed to the improved thermal
dissipation across the graphene/dielectric interface, since the
lateral heating conduction from h-BN and gold electrode can
be ignored when sample size is micrometer-scale.[25] Although
there are some defects or grain boundaries in the h-BN film,
the interfacial thermal dissipation will not be largely affected
since the thermal transition direction is vertical across the hBN. To clarify the pivotal role of the h-BN in the thermal dissipation, we monitored in situ temperature of the P-G channel
on h-BN/SiO2/Si and SiO2/Si by Raman, when a steady power
was applied on the P-G FETs (Figure 3a). As the power density reaches 9.70–9.84 × 103 W cm−2, an insignificant shift
(≈0.9 cm−1) of the G band is observed on h-BN/SiO2/Si, while
Adv. Electron. Mater. 2020, 6, 2000059

2.4. RIT across the Dielectric Interface
Owing to its monolayer thickness, the in-plane thermal flow
along h-BN can be ignored and the interfacial thermal resistance across the graphene/dielectric interface dominates the
thermal conduction,[25,29] and plays a critical role in thermal
dissipation of graphene FETs. We measured the RIT of the
P-G/h-BN/SiO2 and P-G/SiO2 by the differential 3ω method
(Figure 4a,b).[25,30] A 3 µm-wide Cr/Au (5 nm/50 nm) electrode
is patterned on P-G by electron beam lithography, before which
a 30 nm thick Al2O3 layer was grown by atomic layer deposition
method as insulating layer. When an alternating current with
a frequency of ω is applied on the electrode, the temperature
fluctuation with a frequency of 2ω (T2ω) on h-BN is measured
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Figure 4. RIT across the dielectric interface. a) Optical image of a device for differential 3ω measurement. b) Schematic images of the devices for differential 3ω measurement, in which Au/Cr is used as both the Joule heat source (current with a frequency of ω) and the detection electrode (electrical
signal with a frequency of 3ω). c) T2ω versus lnω curves of the P-G/h-BN/SiO2 (red) and P-G/SiO2 (black) interfaces. d) Vibrational density of states
(vDOS) of the h-BN,[30] P-G,[29] and SiO2.[28] The cutoff frequency is 45, 48, and 40 THz, respectively. The scale bar is 20 µm (a).

to be 0.89 K, as compared to 0.12 K on bare SiO2/Si (Figure 4c).
The thermal resistance (Rth) measured is the sum of the substrate thermal resistance and the RIT of P-G/h-BN/SiO2. It is
difficult to directly measure the RIT of P-G/h-BN/SiO2. However, the difference of the RIT between P-G/h-BN/SiO2 and
P-G/SiO2 can be obtained. Compared with P-G/SiO2, the RIT
of P-G/h-BN/SiO2 reduces by more than 77% (around (2.8 ±
0.35) × 10−8 m2 K W−1) to a value lower than 0.43 × 10−8 m2
K W−1, showing remarkably improved thermal dissipation of
the graphene FETs on h-BN (PECVD). In comparison, the RIT
of monolayer graphene/SiO2 and single-walled carbon nanotube/SiO2 is reported to be 1.2 × 10−8 and 1–2 × 10−8 m2 K W−1,
respectively.[10,31]
Moreover, we measured the P-G/h-BN (postgrowth transferred CVD h-BN)/SiO2. The RIT on PECVD h-BN is 1.7 ×
10−8 m2 K W−1 lower than that on postgrowth transferred h-BN
(Figure S5, Supporting Information), indicating the importance
of the high-quality ultraclean van der Waals interface of PECVD
h-BN in efficient interfacial thermal dissipation. First, the conformal growth of h-BN helps to reduce RIT owing to fewer voids
and gaps underneath. The voids are measured to dominate the
interfacial thermal conduction of the interface between h-BN
and SiO2 when the sample size is in the order of few micrometers.[25] Second and more importantly, the h-BN layer works as
an external material that bonds the phonon vibrational spectrum between SiO2 and P-G layer (Figure 4d), irrespective of
Adv. Electron. Mater. 2020, 6, 2000059

the roughness of the SiO2 wafer. The cutoff phonon frequency
of SiO2 is around 40 THz while that of P-G is around 48 THz,
which clearly indicates that there exists an obvious mismatch in
phonon power spectrum at high frequency.[32,33] The large mismatch hinders heat conduction across the interface and leads to
large RIT. Fortunately, the cutoff phonon frequency of h-BN is
calculated to be around 45 THz,[34] which helps to better fit the
phonon spectrum mismatch between SiO2 and P-G, reducing
the interfacial thermal resistance.

3. Conclusions
We demonstrate a high-quality ultraclean van der Waals interface by PECVD-modified h-BN on SiO2/Si, which improves
both the mobility and the interfacial thermal dissipation of
graphene FETs. PECVD is an industrially compatible microelectronics technology with advantages such as low cost, ease
for scale up, and high compatibility, thereby demonstrating
its potential for practical usage in future graphene-based electronics. In comparison, previous attempts to improve interfacial thermal dissipation using covalent bonding or forming
epitaxial interfaces normally face limitations from complicated
modification process, lack of scalability, poor compatibility as
well as negative impact on the device mobility.[35,36] We demonstrate that PECVD-modified h-BN can be used to improve
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thermal dissipation across the graphene/dielectric interface,
showing great promise for future high-performance graphene
devices with efficient thermal dissipation.

4. Experimental Section
Modification of SiO2/Si by h-BN: A clean SiO2/Si was placed in a
PECVD system with a 2 in. quartz tube mounted inside tubular furnaces,
while 20 mg ammonia borane (BNH6, Sigma-Aldrich) was placed
upstream in a small isolated semi-enclosed quartz tube. The SiO2/Si
was heated at 500 °C in a constant Ar/H2 flow of 100 sccm/10 sccm
(860 mTorr), and the BNH6 was heated at 110 °C. After that, the plasma
generator (30 W, 13.56 MHz) was opened, and the h-BN was grown
on the SiO2/Si. After 30 min growth, the furnace was cooled to room
temperature.
Characterization: The samples were measured by optical microscope
(Olympus), AFM (Multimode 8, Bruker, noncontact mode), TEM (Tecnai
G2 F20 S-Twin, acceleration voltage: 200 kV), Raman (XploRA, HORIBA
JobinYvon, laser: 532 nm), and XPS (Perkin-Elmer PHI 5300 with 250
W Mg Kα source, 1253.6 eV). STM and STS studies were carried out in
a custom-built ultrahigh vacuum system housing an Omicron LT-STM
with a base pressure better than 1.0 × 10−10 mbar. STM images were
recorded in constant current mode at 77 K using electrochemically
etched tungsten tips. The STS data were acquired using a lock-in
amplifier by applying a small sinusoidal modulation to the tip bias
voltage (typically 3 V at 600 Hz). All STM images were processed using
WSxM.
Device Fabrication and Measurement: P-G was prepared on h-BN/
SiO2/Si by mechanical exfoliation using scotch tape. The drain and
source electrodes (5 nm/50 nm Cr/Au) were patterned on the sample by
e-beam lithography (FEI, NOVA NANOSEM450) and thermal evaporator
(Kurt. J. Lesker, Nano 36). To obtain a better contact between the sample
and the electrodes, thermal annealing (250 °C for 90 min) or current
annealing was performed. The electrical measurement was conducted in
ambient using a semiconductor analyzer (Keysight, B1500A) and a probe
station (Everbeing, PE-4).
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