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We report fabrication and measurements of hexagonal boron nitride (h-BN)/chemical vapor deposition
(CVD) graphene/h-BN heterostructure devices without using expensive, time-consuming electron-beam
lithography and toxic carbon tetrafluoride or sulfur tetrafluoride etching. We use efficient transfer of h-
BN/CVD graphene by polypropylene carbonate onto a pre-prepared metal contacts/h-BN/SiO; substrate.
In this case, CVD-graphene is suspended from the h-BN substrate which allows efficient gas annealing

process for improving the device mobility. Interestingly, we find that the top h-BN capping layer could
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enhance the carrier interference effect in CVD graphene, a great advantage for low-cost graphene-based
interference-type electronic devices.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

In order to achieve commerical realization of electronic appli-
cations for graphene, chemical vapor depositon (CVD) growth is a
promising route to scalable, low-cost and controllable method for
mass production of graphene-based devices [1—5]. Importantly,
hexagonal boron nitride (h-BN) with an almost perfect lattice
match with graphene and a large band gap (5.2—5.4 eV) can pro-
vide a good dielectric material for CVD graphene so as to improve
the transport mobility and enhance screening from impurities
[6—8]. Although intrinsic grain boundaries, merged domains and
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impurities may exist in CVD graphene during the growth processes
which cause the lower mobility in comparision with that of exfo-
liated graphene [9]. Recently h-BN encapsulated CVD graphene can
have a transport mobility which is close to that of exfoliated gra-
phene [10—13]. This suggests that CVD graphene may find possible
device applications in ballistic transport for novel nano-electronic
devices such as ballistic graphene nanoribbons [14], Veselago len-
ses [15], Klein tunneling transistors [16] and ballistic rectifiers [17],
which is based on the fundmental principles in electron optics
[15,17—20].

Although h-BN/graphene-based devices have the aforemen-
tioned advantages for practical device applications, electron-beam
lithography-related processes for h-BN/exfoliated graphene/h-BN
etching for preparing one-dimensional edge contacts [7] by toxic
carbon tetrafluoride (CF4) or sulfur tetrafluoride (SF4) (Ref. 12)
plasma etching are high-cost and time-consuming. In order to
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fabricate h-BN/CVD graphene/h-BN high mobility sandwiched de-
vices for industrial productions, it is highly desirable to prepare
such devices using optical lithography-related processes in micro-
meter scale without using e-beam lithography-related processes as
well as toxic CF4 or SF4 plasma etching. On the other hand, the
interference effect possibly due to intrinstic grain boundaries and
merged domains on CVD graphene with SiO, substrate recently
have been studied by low-temperature scanning gate microscopy
[21—23], which provides a possible path toward future quantum
interference nano-electronic transistor for information technology
[24]. Therefore it is natural to see whether the h-BN encapsulated
CVD graphene device is better for probing coherent transport in
comparision with graphene on a SiO; substrate. Recently we found
large linear magnetoresistance and heat diffusion effect behaviors
in top h-BN/CVD graphene devices [25,26], but there are no related
studies about interference-type h-BN/CVD graphene/h-BN elec-
tronic devices. In this paper, we demonstrate how to fabricate e-
beam-resist-free interference-type h-BN/CVD graphene/h-BN
electronic devices and perform transport measurements on these
devices at room temperature and at low temperatures. The
magnitude of conductance oscillations in h-BN epcapsulated CVD
graphene is one order magnitude larger than that in graphene on a
SiO, substrate. The h-BN/exfoliated graphene/h-BN device also
keeps high mobility transport property [27,28], and maintains the
same magnitude of conductance oscillations in comparision with h-
BN/CVD graphene/h-BN device due to the encapsulated h-BN layer.
Our experimental results provide a step towards industrial appli-
cations in CVD graphene-based interference-type electronic
devices.

2. Experimental

The illustration of the h-BN/CVD graphene/h-BN device fabri-
cation is shown in Fig. 1. The high purity and homogeneous h-BN
crystals were synthesized by the high pressure techniques [29]. We
used the scotch tape method to mechanically exfoliate h-BN and
pasted them on a 300-nm-thick SiO; substrate [6,30]. 10—50 nm-
thick flat h-BN flakes [6], which were confrimed by atomic force
microscope, were searched and we deposit 5nm Cr (or Ti)/
15—50 nm Au which serve as Ohmic contacts for the graphene
device. The h-BN/SiO, substrate serves as a dielectric material for
graphene [31] instead of just a SiO; substrate as shown in Fig. 2 (a).
In order to maintain the CVD graphene film quality and reduce the
tape residues, Gel-Pak polymer was used to transfer h-BN flakes

' Transfer h-BN on the SiO,/Si chip '

Deposit metals
on top of h-BN
sitting on the
Si0,/Si chip

Fig. 1. Schematic diagrams showing the procedure for fabrication of an h-BN/CVD
graphene/h-BN device. (A colour version of this figure can be viewed online.)

Transfer h-BN/CVD G on
metals/h-BN/SiO,/Si

Fig. 2. (a) Schematic illustration of h-BN/CVD graphene/h-BN device. From top to
bottom: h-BN, CVD graphene, metal contacts (Titanium (Ti)/Gold (Au) or Chromium
(Cr)/Gold (Au)), h-BN, silicon dioxide and silicon. (b) The CVD graphene void after
transferring the h-BN/CVD graphene flake. The scale bar is 10 um. (c) The h-BN/CVD
graphene flake on PPC/Gel-Pak polymer. The scale bar is 20 um. (d) The top view of h-
BN/CVD graphene/h-BN device after transferring the h-BN/CVD graphene onto metal
contacts which were pre-deposited on the bottom h-BN layer. The scale bar is 20 pm.
(A colour version of this figure can be viewed online.)

that located on the SiO, substrate onto CVD graphene/SiO; due to
the viscoelastic effect. The commerical single layer CVD graphene
contains 10—30% bilayer islands due to the low-cost and effective
productions for matching our industrial application regimes on a
SiO; substrate [32,33]. Liquid polypropylene carbonate (PPC) was
dropped fully on h-BN/CVD graphene/SiO, chip and baked on hot
platform at 90 C for 5 min in order to form solid thin film on the
chip, which is an effective route to attach h-BN/CVD graphene on a
substrate that is different from the traditional dry transferred
method [7]. After that, we used a pair of tweezers to take the PPC
solid film attached h-BN/CVD graphene. This approach leaves a void
of the CVD graphene after removing the film as shown in Fig. 2 (b).
We then flip the PPC/h-BN/CVD graphene composite onto the Gel-
Pak polymer/slide glass as shown in Fig. 2 (c). Subsequently we
transfer it to the bottom h-BN with metal contacts, which were
defined by conventional optical lithography, metal evaporation,
and lift-off process, by our 2D material transferring manipulator [7]
as shown in Fig. 2 (a) and Fig. 2 (d). Finally the chip was heated at 90
L for 1 min on the manipulator in order to leave the PPC film on the
chip, dipped it in chloroform for 10 min to clean the PPC and
annealed at 300 C with Ar/H, mixing gases for 1 h so as to clean the
PPC residues on the encapsulated h-BN/graphene/h-BN device [7].
On the other hand, the h-BN/exfoliated graphene/h-BN devices
were fabricated with the same transferred method [7]. The h-BN/
CVD graphene/h-BN and h-BN/exfolited graphene/h-BN devices
were measured at room temperature and in low-temperature
cryostats using standard ac lock-in techniques.

3. Results and discussion

Fig. 3 (a) shows conductance measurements of the h-BN/CVD
graphene/h-BN device as a function of back gate voltage G (Vpg) at
room temperature before and after annealing processes that is with
Ar/H; mixing gases at 300 C. The field-effect mobility upg can be
calculated by considering the relative permittivities ¢ in SiO;
(e=3.9, d =300 nm), bottom h-BN (¢ =4, d =20 nm) and the sus-
pended space between metal contacts (e =1, d = 55 nm) as shown
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Fig. 3. (a) Conductance as a function of back-gate voltage G (V}g) of the h-BN/CVD graphene/h-BN device for V,; = —40V to 40V before (red curve) and after (black curve) annealing
process at room temperature. The inset shows the Raman spectrum of the CVD graphene on SiO, substrate. (b) The I;q (mA) as a function of Vi (V) measurements at various back
gate voltages Vpg=—-30V, —15V, 0V, 15V and 30V at room temperatures after the annealing process. The inset shows the Isq (mA) as a function of Vsq (V) measurements at the
same Vi conditions before the annealing process. (A colour version of this figure can be viewed online.)

in Fig. 2 (a) (Ref. 30). Before the annealing processes, the Dirac point
is far from zero voltage (> 40V) and the hole mobility up =
800 cm?/Vs is at room temperature due to the p-type chemical
doping during optical lithography and CVD graphene transferred
processes [34]. After the annealing processes, the Dirac point was
around Vp=—5V and the hole mobility upz = 2600 cm?/Vs and
electron mobility upz = 900 cm?/Vs at room temperature. The
electron and hole mobilities are quite different, possibly due to the
intrinsic grain boundary characteristics in CVD graphene [35,36].
These results suggest that the annealing processes can effectively
improve the transport mobility property in our device due to the
suspended space between metal contacts and graphene. Our sus-
pended h-BN/graphene on bottom metal/h-BN can decrease the
effect of suspended graphene strain so as to maintain excellent
electronic transport property, because the thick (30 nm) and hard
top h-BN layer can hold graphene very flat by van der Waals force
between top h-BN and graphene [6,37]. More importantly, the
annealing process not only effectively clean the polymer residues of
graphene, but also decrease the two-terminal resistance of the
device (See supplementary materials) [Ref. 38]. The Raman spectra
of commercial CVD graphene on SiO, were measured using a 532-
nm laser as shown in the inset of Fig. 3 (a). The full width at half
maximum (FHWM) of the 2D peak is 33cm™' that is between
single layer (35cm™!) and bilayer (30cm™!) (Ref. 9), which is
consistent with the fact that our graphene is composed 10—30%
bilayer islands [32]. The inset of Fig. 3 (b) and Fig. 3 (b) show the
current-voltage (I-V) curves at different back gate voltages Vg
before and after annealing processes. Both of them reveal excellent
Ohmic behaviors and correspond to the resistance value in back
gate voltage dependence as shown in Fig. 3 (a), which proves the
excellent electronic property during photo-lithography fabrication
processes with less chemical bonding to carbon atoms that might
cause the insulating property [39—41].

In order to study coherent transport property in such an h-BN/
CVD grphene/h-BN device, we performed low-temperature G (Vhg)
measurements of the device as shown in Fig. 4 (a). The field-effect
hole and electron mobilities were upg = 3300 cm?/Vs and pp =
2400 cm?/Vs, respectively. As we have a two-terminal graphene
device, it is not possible to determine the contact resistance.
Nevertheless, we have fabricated an eight-terminal h-BN/CVD
graphene device which allows us to measure the contact resistance
of the device to be 745 Q (Supplementary information). We esti-
mate that for our two-terminal suspended devices, the contact

resistance is of the order of 750 Q. Clear conductance oscillations
from Vpg = —40V—40V at T=0.3 K were observed and were grad-
ually suppressed when temperature was raised to 30 K due to the
increased thermal smearing. This result is reminiscent of electric
Aharonov-Bohm-like effect [21—23]. Interestingly, the Dirac point
near Vpg=—13V became wide and was somewhat hard to be
located from the conductance oscillations, which was possibly due
to the imperfect lattice mismatch from the strain and rotated lattice
angle between h-BN and CVD graphene [42,43]. The conductance
oscillations from Vg =—-40V to 40Vat T=0.3K can be revealed
clearly after filtering the average background as shown in Fig. 4(b)
and (c) on both the hole and electron sides. Interestingly, the
amplitude of conductance oscillations after filtering the average
background in h-BN/single layer exfoliated graphene/h-BN was
approximately the same as that in h-BN/CVD graphene/h-BN sys-
tem [21—23] with AG = 0.1 €%/h and also approximately one order
magnitude larger than that in the commercial CVD graphene/SiO,
system AG = 0.01 e%/h (See supplementary materials Fig. S2 (b)) as
shown in Fig. 5(c) and (d) on both the hole and electron sides,
which further revealed that top and bottom h-BN encapsulated
graphene were key factors for the enhancement of interference
effect. On the other hand, the insets of Fig. 4(b) and (c) show the
period interval in AV,g =0.05V from the Lorentzian fit to the fast
Fourier transform (FFT) spectrum [21,22,44], which further lends
support to the existence of electric Aharonov-Bohm-like effect. In
Fig. 4 (d), the root mean square conductance amplitude (AGyms)
extracted from the data taken on the electron side as shown in
Fig. 4 (c) at higher temperatures showed a T~ dependence and a
saturation at low temperatures that were common characteristics
in disordered graphene systems [44,45]. This is vastly different
from the T dependence in CVD graphene/SiO; systems (See
Supporting Information) [21,22]. Such a difference between T-% in
CVD graphene/SiO, and T~! in CVD graphene/h-BN may suggest
that the thermal energy averaging of the h/e oscillations dissipated
more quickly in h-BN substrate rather than that on a SiO; substrate,
which indicates that h-BN is an excellent heat transferring media
[25,46,47] for graphene-based interference-type nanodevices [48].

One might be interested in whether the enscapsulated h-BN
layer played an important role in the enhancement of intereference
effect due to electric Aharonov-Bohm-like effect from the ring
trajectory within CVD graphene [22,23]. In order to simulate this
situation, we used h-BN/single layer exfoliated graphene/h-BN
device in such a fabrication method. Fig. 5 (a) shows the G (Vpg)
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Fig. 4. (a) G (€%/h) of the h-BN/CVD graphene/h-BN device as a function of Vpg from Vi,g = —40V to 40 V after annealing at T=0.3K, 10K, 20K and 30 K. (b) and (c) The conductance
oscillations of the h-BN/CVD graphene/h-BN device at T= 0.3 K from V},; = —20V to —40V and 0 to 20V on the hole and electron sides after filtering the averaging background. The
insets show the FFT spectra of the conductance oscillations with a Lorentzian fit extracted from Fig. 4 (b) and (c). (d) The AGys amplitude extracted from the data on the electron
side as Fig. 4 (c) with different temperatures in semi-logarithmic scale. The solid line shows the data in the high temperature regime exhibits a T-'dependence. (A colour version of

this figure can be viewed online.)

measurements of an h-BN/single layer exfoliated graphene/h-BN
device at room temperatur after annealing processes. The field ef-
fect hole and electron mobility are about the same up =
10000 cm?/Vs. Moreover, the Dirac point is near Vbg =0V, which
revealed the excellent transport mobility, pristine graphene prop-
erty. At T= 0.3 K, the conductance oscillated obviously and the field
effect hole and electron mobility were upz = 30000 cm?/Vs sym-
metrically, which showed the quasi-ballistic transport property in
such a device [27,28]. Interestingly, the Dirac point near Vpg=3.5V
was not wide in comparision with the h-BN/CVD graphene/h-BN
device as shown in Fig. 4 (a), which suggested that the improve-
ment of graphene film quanlity, like much fewer defects, would
compensate the graphene linear band completeness rather than
that the imperfect lattice mismatch from the rotated lattice angle
and strain between h-BN and CVD graphene [42,43]. Interestingly,
the amplitude of conductance oscillations after filtering the average
background in h-BN/single layer exfoliated graphene/h-BN was
approximately the same as that in h-BN/CVD graphene/h-BN sys-
tem [21—23] and also approximately one order magnitude larger
than that in the commercial CVD graphene/SiO, system (See sup-
porting information) as shown in Fig. 5 (¢) and (d) on both the hole
and electron sides, which further revealed that top and bottom h-
BN encapsulated graphene were key factors for the enhancement of
interference effect. Again, the insets of Fig. 5(c) and (d) reveal the
period interval for the hole and electron sides from the Lorentzian
fit to the FFT spectrum [21,22,44] which is in line with the electric
Aharonov-Bohm-like effect. Our mechanically exfoliated graphene
from HOPG may not suffer from small grain size and grain
boundaries in graphene. Thus due to disorder interference between
phase-coherent electron paths that cross the h-BN/graphene/h-BN

device can give rise to conductance fluctuations.

We note that for CVD graphene, the grain sizes are dependent on
growth conditions, ranging from hundreds of nanometers to tens of
microns for slight changes in growth condition. Although we do not
have direct measurements on the average grain size in our CVD-
graphene, we believe that it is similar to that reported in CVD
graphene transferred onto TEM grids (250 nm) [Ref. 35]. It is
believed that intrinsic topological defects of graphene, like grain
boundaries [21-23,49,50], dislocations [50,51], kinks [52] and
cones [53] may give rise to Aharonov-Bohme-like oscillations in
graphene. If we can control the grain boundaries in CVD graphene
by seeded growth as proposed by Yu et al. [54], we may deliberately
allow the electrons or holes in graphene to go around an intrinsic
topological defect like grain boundaries through two arms in a ring-
like structure, giving rise to electric Aharonov-Bohm-like oscilla-
tions. At present, the coherent transport in our h-BN/CVD-gra-
phene/h-BN device is attributed to disorder-related interference
between electron paths that cross the graphene system. We note
that the CVD growth method could allow graphene to be grown on
h-BN [Refs. 55—57]. Therefore, the interference effect in h-BN/CVD
graphene/h-BN prepared by such fabrication method could be
further improved, a great potential for industrial scheme
applications.

4. Conclusions

We have fabricated h-BN/CVD graphene/h-BN heterostructure
device without using high-cost e-beam processes and toxic gas
etching. Our device reveals excellent linear Ohmic behavior.
Moreover, the amplitude of the conductance oscillations in the h-
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Fig. 5. (a) The conductance in the h-BN/exfoliated graphene/h-BN device as a function of Vpg at room temperature from V,g=—20 to 20V after annealing process. (b) The
conductance in the h-BN/exfoliated graphene/h-BN device as a function of Vpg at T=0.3 K from V},g = —20V to 20 V. (c) and (d) The AG,ms amplitude of the h-BN/CVD graphene/h-BN
device at T=0.3K from Vpg=—-10V to —20V and 10V to 20V on the hole and electron sides after filtering the averaging background. The insets show the FFT spectra of the
conductance oscillations with a Lorentzian fit extracted on the data on the hole side as Fig. 5(c) and the electron side as Fig. 5(d). (A colour version of this figure can be viewed

online.)

BN/graphene/h-BN device is an order of magnitude larger than that
in the CVD graphene/SiO; system and revealed the T~! dependence
in root mean square conductance oscillations, which suggested the
enhancement of interface effect probably due to the high-quality h-
BN and graphene interfaces. Such an h-BN/CVD graphene/h-BN
device provides an excellent heat transferring media for graphene-
based interference-type electronic devices. We propose that finely
controlled grain boundaries of CVD graphene could further
enhance the interference effect in our h-BN/CVD graphene/h-BN
device, a great advantage for future low-cost graphene-based
interference-type electronic applications.
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