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Due to its important role in the mass production of electronics, chemical functionalization is commonly

utilized during the development of graphene-based electronics. Dramatically improved graphene devices

with encapsulated edge-contact configurations represent an additional application of a suitable

functionalization process. In this study, we report the partial functionalization of a novel device by

dissociative hydrogen adsorption. We investigate the H2 adsorption process, which results in a change in

the electrical properties using an encapsulated edge-contact device. When using chemical

functionalization, we found that hydrogenation allows the realization of high-quality two-dimensional

material-based electronics.
1. Introduction

The van der Waals (vdW) heterostructure has been extensively
studied because several viable combinations of two-
dimensional (2D) materials are expected to be able to
contribute to improving different electronic properties.1 A
prototypical example is the graphene and hexagonal boron
nitride (h-BN) heterostructure to realize a high-mobility device.2

h-BN, characterized by a smooth surface, the absence of
dangling bonds, and an atomic lattice structure similar to that
of graphene, is suitable for use as the basic building block of the
graphene-based vdW heterostructure. h-BN has also been
utilized for the encapsulation of graphene (e.g. h-BN/graphene/
h-BN) to prevent its degradation due to exposure to ambient
conditions. Indeed, it has been reported that encapsulation
contributes to the electrical stability of graphene devices.3,4 The
encapsulated conguration can be extended to other 2D mate-
rials which are extremely sensitive to air as well.5

Furthermore, the encapsulated conguration has intro-
duced the novel concept of electrical contact to form an atomic
contact of carbon to a metal electrode.6 As a result, the elec-
tronic performance has been enhanced to its theoretical limits.
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Wang et al. reported that the mobility of graphene reached
140 000 cm2 V�1 s�1 at room temperature.6 The maximum
mean free path (MFP) is linearly dependent on the size of the
device up to 15 mm. This indicates that the MFP has not reached
its intrinsic impurity-limited scattering length. Furthermore,
the contact resistance, i.e., an interruption in high-performance
electronic devices, was reduced to 150 U mm. Owing to these
advantages, the encapsulated conguration is expected to be
a prototype of a high-quality 2D electronic device. In order to
develop this novel concept of an electronic device to the point of
application, chemical manipulation may be feasible due to its
compatibility with mass-production. In this regard, the tight
interface of the vdW heterostructure3 must be overcome.
Therefore, it is necessary to explore the intercalation, adsorp-
tion, and doping of molecules in h-BN/graphene/h-BN devices
so as to make chemical manipulation a viable approach.

Hydrogen is an attractive element to functionalize carbon
atom, as it yields stable chemical C–H bonds. With different
approaches, various electronic properties have been observed in
graphene-based materials modied by hydrogen.7–10 For
example, the hydrogenation of graphene-based materials
results in a metal–insulator transition,7 electron doping,8,9 and
the realization of atomic magnets in local regions.10 The
hydrogenation has been applied for improvement of graphene
device. At rst, the studies were performed on bare SiO2

substrate.7–9 With the help of the h-BN substrate, the hydroge-
nation has been applied to high-quality graphene device and
revealed its intrinsic effects on graphene.11 For ultimate device
conguration, h-BN/graphene/h-BN, few researches have been
achieved and it is even unclear whether hydrogenmolecules can
be intercalated or not. Meanwhile, the recent report in which
a high-pressure H2 environment has shown the successful
RSC Adv., 2017, 7, 6013–6017 | 6013
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intercalation of molecules between graphene layers in
graphite12 provides the evidence of the feasibility of chemical
manipulation in the vdW structure of h-BN/graphene/h-BN.

Here, we investigate the hydrogenation in the h-BN/
graphene/h-BN heterostructure and report the successful
intercalation and modication of electrical properties. A vdW
heterostructure was fabricated using chemical vapor deposition
(CVD)-grown single-layer graphene (SLG) with exfoliated h-BN
akes, yielding a high-quality edge-contact conguration. The
intercalation and adsorption of dissociative hydrogen in the
vdW structure were revealed by Raman spectroscopy. The
adsorption met the requirements of the rst-order adsorption
model and resulted in electron doping, short-range scattering,
and a reduction of the contact resistance. Furthermore, we
conrmed the maintenance of these properties even under
a high vacuum environment. The hydrogenation of an edge-
contact graphene device is expected to contribute to the reali-
zation of the chemical manipulation of high-quality graphene-
based electronics for mass production.
2. Experimental

SLG was grown by the CVD method13 and h-BN was exfoliated
from a commercial crystal component (HQ graphene). We used
a wet etching transfer method with a 0.1 M NaOH solution to
form the h-BN/SLG/h-BN heterostructure. Thereaer, a conven-
tional lithography process was carried out with bubble and
wrinkle-free regions. Raman spectroscopy was also utilized with
a 532 nm-wavelength laser, and three-terminal electrical
measurements were carried out using a Keithley 4200-SCS
parameter analyzer. We obtained a pristine encapsulated device
which was annealed at 380 K under 5 � 10�6 Torr for 10 h in
a custom-made high-pressure chamber. Aer annealing, in situ
electrical measurements were taken at 350 K under H2

(99.9999%) at 11 bar of pressure.
Fig. 1 Encapsulated edge-contact vdW heterostructure fabrication proc
for covering SLG/h-BN (c) h-BN/SLG/h-BN heterostructure (d) as-fabrica
respectively.

6014 | RSC Adv., 2017, 7, 6013–6017
3. Results and discussion

The CVD-grown SLG was transferred onto the exfoliated h-BN
ake on SiO2/Si substrate by the bubbling transfer method.14

The SLG and h-BN are depicted by the white and orange dashed
lines, respectively, in Fig. 1(a). Another h-BN ake depicted by
the orange dashed line in Fig. 1(b) was transferred onto the SLG/
h-BN, yielding the h-BN/SLG/h-BN heterostructure, as shown in
Fig. 1(c). Using reactive ion etching (R.I.E.) with a mixture of O2

and CF4, we designed the rectangular heterostructure depicted
by the red dashed line in Fig. 1(c). Finally, the edge contact was
created by conventional electron beam lithography and metal
evaporation (Cr/Au ¼ 3/50 nm), as shown in Fig. 1(d). Fig. 1(e)
and (f) indicate a schematic and an atomic force microscopy
(AFM) image of the edge-contact device, respectively.

The Raman spectra of the center and edge regions, desig-
nated by the red and orange dots in Fig. 2(a), are presented in
Fig. 2(b) and (c), respectively. We observed typical h-BN (�1366
cm�1), G (�1580 cm�1), and 2D (�2700 cm�1) peaks in the
center region. In the edge region, D (�1350 cm�1) and D0

(�1620 cm�1) were also measured and found to be consistent
with defective edge properties. While the G peaks scarcely
changed, the 2D peaks showed a red-shi in both cases. The
red-shi is understood to stem from electron doping.15

Pronounced red-shi is observed at the edge (Du2D ¼ 4.6 cm�1)
compared to that in the center region (Du2D ¼ 3.5 cm�1). This
nding is in good agreement with the fact that dissociative
hydrogen adsorption is more active at defective sites.9 It is
interesting that dissociative hydrogen can be intercalated
through the vdW heterostructure. The intercalation of dissoci-
ated hydrogen in the vdW heterostructure is consistent with its
behavior in graphite.12 The authors reported that hydrogen at
a high pressure (20 bar) can be dissociated and intercalated
between graphene layers, exhibiting a reduction of the electrical
conductivity on the c-axis. On the other hand, it has been
ess. Optical image of (a) CVD-grown SLG on h-BN flake (b) h-BN flake
ted device, respectively. (e) and (f) indicate schematic and AFM image,

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Optical image of encapsulated edge-contact device where red and orange dot indicate measurement position of Raman spectros-
copy. Raman spectra of h-BN/SLG/h-BN in the region of (b) center and (c) edge, respectively. Black and red curves are pristine and hydrogen
treated, respectively.
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reported that the encapsulated structure provides tight sealing
of the molecules (Br2)16 and reduces environmental effect.3

Therefore, dissociated hydrogen can be a key factor in the
chemical manipulation of encapsulated graphene devices.

Fig. 3 shows the results of an electrical analysis of the
hydrogenation of the h-BN/SLG/h-BN heterostructure. The edge-
contact device shows typical transfer characteristics (R vs. Vg), as
shown in Fig. 3(a). The transfer curve moved to negative gate
voltage (Vg) side, indicating an electron doping effect. We
undertook tting to the transfer curve model of SLG,17

Rtotal ¼ 2Rc þ Rsample ¼ 2Rc þ 1
em

�
L
W

�
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 þ n02
p , where Rc, e, m,
Fig. 3 In situ electrical monitoring of h-BN/SLG/h-BN device. (a) Transfer
image of the device where scale bar is 2 mm. (b–d) Temporal evolution of
guide for eye. (f) Temporal evolution of Rc.

This journal is © The Royal Society of Chemistry 2017
L (W), n and n0 are the contact resistance, the charge element,
the mobility, the length (width) of the sample, the carrier
density and the residual carrier density, respectively. We used
the carrier density relationship with a parallel conductor model,
n ¼ a(Vg � VD), where VD corresponds to the Dirac point and
aSiO2(285 nm) ¼ 7.5 � 1010 cm�2 V�1. It should be noted that the
ttings were performed in the electron branch owing to the high
asymmetry in the hole branch. The asymmetry is in agreement
with the two-terminal graphene edge contact with lower work
function metal, Cr electrode.6

In Fig. 3(b), the temporal evolution of �DVD shows the rst-
order Langmuir type adsorption process, for which �DVD ¼
characteristics (R vs. Vg) with hydrogen adsorption time. Inset is optical
�DVD, n0, and m, respectively. (e) m vs. n0

�1 plot where red dashed line is

RSC Adv., 2017, 7, 6013–6017 | 6015
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Fig. 4 Transfer characteristics (R vs. Vg) with 11 bar, 1 bar of H2 gas
molecules, and vacuum (6 � 10�6 Torr).
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�DVSatD (1 � e�kt), where �DVSatD and k denote the saturated VD
and the kinetic coefficient, respectively. The experimental data
(black circles) and the tting function (red curve) yield the
tting parameters �DVSatD ¼ 20 V and k ¼ 0.04 h�1, respectively.
This type of rst-order adsorption has been observed in
different cases of molecule adsorption in graphene-based
systems.11,18,19 The tting parameters are very close to previous
results11 in which Bernal stacked bilayer graphene (BLG) on h-
BN was exposed to hydrogen at both the surface and edge
regions. This similar adsorption tendency indicates that
hydrogen is adsorbed on the surface of h-BN/SLG/h-BN, which
is consistent with the Raman spectroscopy results.

Fig. 3(c) and (d) indicate the temporal evolution of the residual
density (n0) and the mobility (m), respectively. As hydrogen is
adsorbed, n0 increases and m decreases due to the formation of
C–H bonding. We also observed competitive behavior between n0
and the m (Fig. 3(c) and (d)) and short-range scattering behavior (m
f n0

�1) (Fig. 3(e)), as shown in a previous report.11

The edge-contact device provides an ideal contact congu-
ration of 2D materials. Wang et al. reported a novel one-
dimensional contact geometry, leading to ideal contact perfor-
mance and effect of chemical termination.6 The authors argued
that the low contact resistance stems from the shorter bonding
distance with larger orbital overlap in the edge-contact geom-
etry. Furthermore, it has been discussed that oxygen termina-
tion can improve the contact performance. Note that our Rc is
relatively high (�7 kU for pristine) compared to that of devices
in a previous study,6 even when using an identical metal elec-
trode (Cr/Au). This may originate from unintentional uorine
termination during the O2/CF4 plasma etching process.20 We
focus on the temporal evolution of Rc, which resembles the
behavior of �DVD. In contrast to the Cr–H–graphene edge-
contact conguration,20 Rc was reduced due to hydrogen
adsorption (Fig. 3(f)). The absence of a metal electrode effect
was previously discussed with the thermoelectric power (TEP)
measurements in our previous report.21 The reduction of Rc can
be understood by the variation of density of state aer hydrogen
adsorption. With electron doping, the density of state in gra-
phene increases, yielding a lower value of Rc. Recently, a similar
result using poly(4-vinylphenol)/poly(melamine-co-formalde-
hyde) (PVP/PMF) was reported22 in which the authors observed
a reduction of Rc with the concentration of PVP/PMF. In this
regard, even though the direct observation of atomic termina-
tion is necessary for future work, we may conclude that the
reduction of Rc is from the doping of graphene sheet but not
from the chemical termination between Cr and graphene edge.
Since the temporal evolution of Rc was provided by in situ
monitoring, ne manipulation of Rc could be achieved during
hydrogen adsorption.

Finally, we conrmed the stability of C–H bonding by evac-
uating down to 6 � 10�6 Torr, as shown in Fig. 4. The transfer
curves for high-pressure H2 (11 bar), low-pressure H2 (1 bar),
and a vacuum (6 � 10�6 Torr) condition did not show any
distinctive changes, indicating strong binding of the C–H
bonds. Due to the strong binding, dissociative induced
hydrogen adsorption can provide a means of stable chemical
functionalization.
6016 | RSC Adv., 2017, 7, 6013–6017
4. Conclusions

In summary, we studied hydrogenation in the vdW hetero-
structure, which provides an encapsulated type of edge-contact
geometry for CVD-grown SLG. Raman spectroscopy and elec-
trical measurements showed the intercalation and adsorption
of dissociated hydrogen. The in situmonitoring of the electrical
properties revealed rst-order adsorption, electron doping,
short-range scattering, and reduced contact resistance. The
electrical modulation is in good agreement with previous
results with an ordinary device conguration. Specically,
considering the contact edge conguration, it was found that
hydrogenation intrinsically affects graphene sheets rather than
the atomic contact termination. Furthermore, strong C–H
binding even under a high vacuum provides evidence of the
stability of the hydrogenation process. The chemical manipu-
lation of an encapsulated edge-contact device with the vdW
heterostructure will contribute to the realization of high-quality
2D material-based electronic devices.
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M. Moaied, J. José Palacios, C. Salgado, M. M. Ugeda,
J.-Y. Veuillen, F. Yndurain and I. Brihuega, Science, 2016,
352, 437.
This journal is © The Royal Society of Chemistry 2017
11 S. J. Hong, H. Kang, M. Park, M. Lee, D. Soler-Delgado,
D. H. Jeong, Y. W. Park and B. H. Kim, RSC Adv., 2015, 5,
103276.

12 J. Kim, C. H. Kwak, W. Jung, Y. S. Huh and B. H. Kim, Phys.
Chem. Chem. Phys., 2016, 18, 15514.
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