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ABSTRACT: While many technologies rely on multilayer
heterostructures, most of the studies on chemical functionalization
have been limited to monolayer graphene. In order to use
functionalization in multilayer systems, we must first understand
the interlayer interactions between functionalized and non-
functionalized (intact) layers and how to selectively functionalize
one layer at a time. Here, we demonstrate a method to fabricate
single- or double-sided fluorinated bilayer graphene (FBG) by
tailoring substrate interactions. Both the top and bottom surfaces
of bilayer graphene on the rough silicon dioxide (SiO,) are
fluorinated; meanwhile, only the top surface of graphene on
hexagonal boron nitride (hBN) is fluorinated. The functionaliza-
tion type affects electronic properties; double-sided FBG on SiO,
is insulating, whereas single-sided FBG on hBN maintains conducting, showing that the intact bottom layer becomes electrically
decoupled from the fluorinated top insulating layer. Our results define a straightforward method to selectively functionalize the top
and bottom surfaces of bilayer graphene.

KEYWORDS: Graphene, chemical functionalization, fluorination, substrate interaction, interlayer interactions

Bl INTRODUCTION many technologies, these synthetic materials must be
integrated into 2D heterostructures and multilayers to form
devices. In these cases, it is critical to understand how layers
interact in functionalized multilayer systems, and how to tailor

An important emerging subclass of two-dimensional (2D)
materials is “synthetic” 2D materials that have no bulk
analogue. Since they are not accessible via mechanical

exfoliation from bulk materials, new strategies are needed to the interactions to achieve different stable states. For example,
produce these synthetic 2D materials. While some mono- there have been reports on single-sided (functionalized surface
elemental synthetic 2D materials have been recently of top layer and intact bottom layers) or double-sided
demonstrated through chemical vapor deposition,' ™ in functionalization (functionalized top and bottom surfaces) of
many cases, synthetic 2D materials are derived from bilayer graphene.”'~** However, until now, there has been no
monolayers of bulk materials modified using chemical demonstrated way to control between these different states
functionalization, including examples like ]anus transition (single- and double-sided functionalization of bilayer gra-
metal dichalcogenides (TMDs) of MoSSe," Janus graphene,’ phene), yet being able to tailor the structure is key to accessing
and diamane.® Since robust 2D monolayers are used as a different material states; double-sided functionalization of
framework, this strategy is straightforward and promising for bilayer graphene can induce unprecedented chemical trans-

the production of a new family of 2D materials with newly
assigned functions, such as out-of-plane piezoelectricity,’
tunable friction and wettability,7 and metal-to-insulator
transition.” Graphene, widely used to study the fundamental
physics in the 2D limit,”~"” is a particularly promising template
for functionalization because it is easy to restructure sp> bonds
with other atoms to generate new synthetic graphene
derivatives, such as graphene oxide,'® hydrogenated gra-
phene,” and fluorinated graphene.”” The vast majority of
studies on synthetic materials are on monolayers. However, in

formation into diamane, a diamond-like layered carbon
structure,” while single-sided functionalization of bilayer
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Figure 1. Schematic illustration of the fabrication process of the bilayer graphene device and the optical microscope images of the bilayer graphene
device before and after exposure to XeF, gas. The patterning to make the electrical contact is performed by the electron beam lithography, and the
exposed hBN is etched by XeF, gas; thus, embedded bilayer graphene is exposed. After deposition of metal electrodes, the bilayer graphene device
is fabricated. All exposed hBN layers are etched first, and then, the embedded bilayer graphene is fluorinated while protecting the underlying

bottom hBN.
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Figure 2. Difference in structural changes between bilayer graphene on SiO, and bilayer graphene on hBN via fluorination. Evolution in Raman
spectra with an increase of fluorination time through four stages of (a) bilayer graphene on SiO, and (b) bilayer graphene on hBN. Stage 1, as-
stacked; Stage 2, after 3 min fluorination time; Stage 3, after 9 min fluorination time; Stage 4, after annealing. (c) Evolution of fwhm of D peaks for
the bilayer graphene on SiO, and bilayer graphene on hBN via fluorination. Schematic illustration describing the evolution in fluorination of both
(d) bilayer graphene on SiO, and (e) bilayer graphene on hBN. Bilayer graphene on SiO, is fluorinated to the form of double-sided FBG, and it is

changed to single-sided FBG after annealing due to the defluorination of

the top fluorinated graphene (FG) layer. Bilayer graphene on hBN is

changed to single-sided FBG due to the absence of the penetration of XeF, gas into the graphene—hBN interface, and it is restored back to pristine

bilayer graphene after annealing as the top FG is defluorinated.

graphene leads to a Janus material with both electrically
conducting and insulating layers.”"*

Here, we demonstrate a selective functionalization method
for the fabrication of single- and double-sided fluorinated
bilayer graphene (FBG) by tailoring the substrate interactions.

892

Using Raman spectroscopy and electrical transport, we
compare the evolution in fluorination structure and electronic
properties of bilayer graphene exposed to xenon difluoride
(XeF,) gas on either rough silicon dioxide (SiO,) or atomically
smooth hexagonal boron nitride (hBN) substrates. We find
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that the top surface of the upper layer of the bilayer graphene
will always be fluorinated. However, selecting the supporting
substrate between rough SiO, and atomically smooth hBN
enables the tuning of penetration of the gas through the
interface with the bottom layer and the substrate and thus
determines whether the bottom surface will also be fluorinated.
From the evolution in the Raman spectra, we find that the
bilayer graphene on SiO, exhibits double-sided fluorination,
while the bilayer graphene on hBN exhibits only single-sided
fluorination. The difference in structure is reflected in the
electronic properties. The double-sided FBG on SiO, becomes
insulating; meanwhile, the single-sided FBG on hBN stays
conductive. This indicates that the bottom layer sandwiched by
the fluorinated top layer and hBN in single-sided FBG is intact,
maintaining intrinsic properties of monolayer graphene.””**
This study provides strategies for the fabrication of new 2D
materials such as diamane,’ the preparation of structurally/
electrically decoupled 2D-layered materials, the innovative
vertical patterning for engineering the physical, electronic,
mechanical, and chemical properties of 2D functionalized
materials, and the formation of C—F dipoles for spintronic and
biomedical devices.

B RESULTS AND DISCUSSION

Figure 1 shows the schematic illustrations for the fabrication of
the bilayer graphene field-effect transistors (FETs) used in this
study and optical microscopic images of the devices before and
after exposure to XeF, gas. We followed established methods
for fabricating graphene heterostructure devices (see Figure S1
for additional transfer and fabrication details).**” We first
picked up an exfoliated bilayer graphene flake with a 10 nm
hBN flake, and then transferred the stack onto a pre-exfoliated
hBN flake. To directly compare the effect of the substrate on
the chemical functionalization, the bilayer graphene was offset,
so half the flake was placed on the hBN and the other half
directly on the underlying SiO,. The top hBN covers the whole
stack and protects the underlying layers through the ensuing
fabrication steps. To fabricate the devices, we leveraged a
previously demonstrated capability where hBN is quickly
etched when exposed to XeF, gas, while graphene is only
functionalized.”® To access and electrically contact the buried
graphene, we patterned electrodes, then etched through the
exposed top hBN with XeF, gas using the graphene etching
stop (GES) technique,”® and finally deposited the metals into
the etched regions (Figure S2). After the fabrication was
completed, and initial measurements were performed, the
devices were exposed to XeF, gas again to etch away top hBN
as shown in the final schematic of Figure 1. The top hBN was
completely etched away, and bilayer graphene was fluorinated.
However, the bottom hBN underneath the fluorinated
graphene is protected from XeF, due to the gas impermeability
of graphene.”®” The fabricated FBG is very clean as the
graphene was never directly exposed to any polymers or
solvents during fabrication.”®

In Figure 2, we examine the substrate-dependent structure of
FBG using Raman spectroscopy. Figure 2ab shows the
evolution in the Raman spectra of bilayer graphene on SiO,
and hBN, respectively, during fluorination and annealing
processes, through 4 distinct stages. The F-coverage on the
graphene surface was successfully controlled with increasing
fluorination time (Figure S3). In all stages, the Raman peak of
hBN was observed at 1370 cm™. In Stage 1, the initial Raman
spectra of the embedded bilayer graphene on hBN show a
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broad 2D peak consisting of four single peaks right after
stacking, which is an indicator of bilayer graphene (see Figure
S$4).>° There is also a broad background peak from 2500 to
3000 cm™!, likely due to trapped residues as the background
disappeared after fluorination and annealing.’’ In Stage 2,
during fluorination of 3—9 min, the D peak emerged and
increased in intensity while the 2D peak decreased, indicating
etching of top hBN and formation of C—F bonds in graphene
on both SiO, and hBN.*>"** However, in Stage 3, the two
substrates induce different fluorination behavior in the bilayer
graphene. After fluorination for 21 min, the 2D peak of bilayer
graphene on SiO, was suppressed. This suppression has been
observed in oxidized suspended bilayer graphene (double-
sided oxidized bilayer graphene),”’ which is a sign that both
surfaces of bilayer graphene are functionalized. In contrast, the
2D peak of bilayer graphene on hBN survived, close to that of
monolayer graphene with high intensity and narrow width of a
single Lorentzian (Figure S4). To understand this Raman
spectrum, we compared it to a structure with two spatially
decoupled graphene layers (see Figure SS). As shown in Figure
SS, we fabricated a stack of fluorinated monolayer graphene
and pristine monolayer graphene separated by thin hBN. The
Raman spectrum of this stack after fluorination shows the
combination of both narrow (from the bottom pristine
graphene) and broad (from the top fluorinated graphene)
peaks as we observed in Figure 2b (Stage 3). Although the 2D
peak of single-sided FBG is broader than that of the sample
shown in Figure SSb (see the fwhm plot in Figure SSc), from
this comparison, we infer that the narrow 2D peak of single-
sided FBG originates from a pristine bottom monolayer
graphene covered by fluorinated top monolayer graphene, and
the two layers have effectively decoupled, leading to the
independent Raman response. In addition, the full width half-
maximum (fwhm) values of D peaks in both double- and
single-sided FBG are 72 and 34 cm™, respectively, consistent
with previously reported values.”' Finally, in Stage 4, the
Raman spectra are compared after annealing at 350 °C for 10 h
in a flow of Ar/H, (10%) mixture. While Raman spectra show
whether layers are fluorinated, they do not show which surfaces
of each layer are fluorinated; for that, we must compare how
the spectra evolve. It is clear that annealing defluorinates the
top surface but not the bottom surface of monolayer graphene
on substrates since the atoms on the bottom surface are
completely trapped at the interface of graphene and substrate
during the annealing process. Thus, comparing the Raman
spectra after annealing enables inference of whether the top
surface or both top and bottom surfaces are fluorinated. After
annealing, the Raman spectrum of the FBG on hBN shows that
FBG mostly returns to the original pristine state, with only a
small D peak remaining (see more details about uniform and
effective removal of F atoms via the annealing process in
Figures S6 and S7). Although there is a small D peak
remaining as reported,”® the residual disorder from function-
alization is smaller than the underlying hBN peak, suggesting
that the vast majority of F atoms have desorbed. Meanwhile,
after annealing, the Raman spectrum of the FBG on SiO, is
changed back to the spectrum observed in the FBG on hBN at
Stage 3 with a large D peak and distinct 2D peak, indicating
that one layer is fluorinated, and the other layer is pristine.
Moreover, after annealing the double-sided FBG on SiO,, its
fwhm changed to 37 cm™/, very close to the 34 cm™" fwhm of
single-sided FBG on hBN before the annealing (Figure 2c).
This indicates that double-sided FBG on SiO, is changed to
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single-sided FBG after the defluorination of the top F atoms by
the annealing.

As an additional confirmation that only the top surface
fluorine atoms are desorbed during annealing, we performed
the same annealing measurement with fluorinated monolayer
graphene on both SiO, and hBN, leading to double- and
single-sided fluorinated monolayer graphene, respectively
(Figure S8). After annealing, the double-sided fluorinated
monolayer graphene maintained a large D peak and suppressed
2D peak; meanwhile, the single-sided fluorinated monolayer
graphene returned to a pristine state.

Taking the Raman spectra at each stage into account, Figure
2¢,d diagrammatically shows the evolution of the bilayer
graphene structure through the fluorination stages on SiO, and
hBN substrates, respectively. In Stage 1, both bilayers are in a
pristine state. In Stage 2, under initial fluorination, the top
surface of the upper layer of both bilayers become function-
alized. In Stage 3, both the top and bottom surfaces of the
bilayer graphene on SiO, become fluorinated while only the
top surface of the bilayer graphene on hBN becomes
fluorinated, effectively decoupling the underlying pristine
bottom layer. In Stage 4, after annealing, the fluorine atoms
on the top surface of the bilayer graphene on SiO, are
removed, but the trapped fluorine atoms on the bottom layer
are maintained. Meanwhile, the fluorine atoms on the top
surface of the bilayer graphene on hBN are removed, leaving
pristine bilayer graphene.

The different behavior observed for the bilayer graphene on
the two substrates is a result of differences in the substrate
interaction with the graphene. Since the surface of SiO, is
rough compared to atomically smooth hBN,*” small gaps form
due to nonconformal contact between graphene and SiO,. The
XeF, gas permeates through these gaps to fluorinate the
bottom surface of the bottom layer. Thus, both the top surface
of the upper layer and the bottom surface of the lower layer of
bilayer graphene on SiO, will be fluorinated, leading to double-
sided FBG on SiO,. In contrast, XeF, gas cannot permeate
through the gap of the graphene—hBN interface, as the
interlayer distance between graphene and hBN is as small as
that of graphite.”” >’ As a result, only the top surface of bilayer
graphene on hBN is fluorinated, and the bottom layer is left
intact, leading to single-sided FBG on hBN. This observation is
consistent with multiple studies showing that gas and residue
may be trapped in bubbles in 2D heterostructures due to the
good seal between layers.*’

The result reported here on the double-sided FBG is
inconsistent with one report that only the top surface of bilayer
graphene will be functionalized on SiO, by oxygen plasma.”’
This discrepancy is explained by a difference in processing
conditions and demonstrates another way to tune the
structure. When annealing graphene, a process commonly
used to remove processing residue, the graphene will relax into
the nanoscale features,*' leading to liquidlike adhesion instead
of the semisuspended structures.*” To verify this hypothesis
and explain the discrepancy, we annealed the bilayer graphene
exfoliated on SiO, at 350 °C for 10 h in a flow of Ar/H, (10%)
mixture, before the initial exposure to XeF, gas. Figure 3a
shows the Raman spectra of the preannealed bilayer graphene
on SiO, before and after exposure to XeF, for 21 min. The
postfluorinated Raman spectra of the annealed bilayer
graphene on SiO, show the combination of both sharp and
broad 2D peaks rather than the only broad 2D peak observed
in the unannealed bilayer graphene on SiO, shown in Stage 3
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Figure 3. Fluorination of the annealed bilayer graphene on SiO,. (a)
Change in Raman signal of the annealed bilayer graphene on SiO,
after fluorination for 21 min. The inset is an optical image of annealed
bilayer graphene on the SiO, surface after fluorination. (b) Schematic
illustration presenting the fluorination process of the annealing bilayer
graphene on SiO,. After annealing, as-exfoliated bilayer graphene on
the uneven SiO, surface forms the conformable structure following
the roughness of SiO,; thereby, only the top graphene layer is
changed to fluorinated graphene because the conformable interface
between bilayer graphene and SiO, prevents the penetration of XeF,

gas.

of Figures 2a, indicating that the preannealed bilayer graphene
turned to single-sided FBG, in agreement with the previous
study reporting the single-sided oxidation of preannealed
bilayer graphene on SiO,.”" Figure 3b shows the evolution in
the structure of the annealed bilayer graphene. Conformal
contact between graphene and SiO, was achieved by annealing,
leading to shrinkage of the graphene—SiO, interface gap. Since
XeF, gas cannot permeate through this reduced gap, only the
top surface of bilayer graphene is fluorinated as observed in
single-sided FBG on hBN substrate. This result confirms that
interaction of graphene with the substrate is a critical factor to
determine the single- or double-sided fluorination of graphene
and shows that impermeable contact between the graphene
and substrate can be achieved by using ultraflat substrates or
by annealing,

Finally, we compare the electrical properties of the double-
sided and single-sided FBGs by measuring the evolution in the
gate-dependent resistivity of the bilayer graphene FET (the
same device depicted in Figures 1 and 2) under fluorination.
As shown in Figure 4a, the pristine bilayer graphene on a SiO,
substrate, corresponding to Stage 1, had a low resistivity of <1
kQ pm over the entire gate voltage range. As is common for
graphene on SiO, substrates, it was heavily p-doped.*’ Under
fluorination, the bilayer graphene becomes double-side
fluorinated (Stage 2) as shown in Figure 2a,c. Correspond-
ingly, resistivity increased with fluorination time, rising to >2
GQ pm with no gate tunability after 21 min of fluorination
(Stage 3). This result is consistent with previous reports of
single-sided and double-sided fluorinated monolayer graphene
becoming totally insulating.”> As shown in Figure 4b, the
pristine bilayer graphene on the hBN substrate (Stage 1)
showed a lower resistivity and charge neutrality point (CNP)
around zero gate voltage due to less charged impurities of hBN
and ultraclean heterointerfaces of graphene and hBN.?” Under
fluorination, the bilayer graphene becomes single-side

https://dx.doi.org/10.1021/acs.nanolett.0c03237
Nano Lett. 2021, 21, 891-898


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c03237/suppl_file/nl0c03237_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03237?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03237?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03237?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c03237?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c03237?ref=pdf

Nano Letters

pubs.acs.org/NanoLett

a 10104 b 104 c
3 On SiO2 1 OnhBN
] 21 min (stage 3) 1
] * 1 .
= 10°2 : T (Re|
= H = . Pristine
S 1077 : S ' bilayer graphene
> 3 19 mir > 1 0 :
= _— = L
‘? h ‘w1034 ¢ — : :
& 1004 ' 5‘:’ E 21 m\’/m (stage 3) M v
10— 1 ,
] 0 min (stage 1) R 0 min (stage 1)
T T T T T T T T T T m
60 -40 20 O 20 40 60 60 -40 20 O 20 40 60 Double-sided FBG Single-sided FBG
Va (V) Va (V)

Figure 4. Electrical properties of bilayer graphene devices via the fluorination. Resistivity of (a) bilayer graphene on SiO, and (b) bilayer graphene
on hBN versus the back-gate bias with 10 mV of the drain-source bias (V) as fluorination time increases. (c) Schematic representation illustrating
the two-channel model. The resistance of conducting graphene (Gr) and insulating fluorinated graphene (FG) is denoted as Rg, and Rgg,

respectively.

fluorinated, as shown in Figure 2b,d. After fluorination of
bilayer graphene on hBN for 3 min (in Stage 2), the top
surface of bilayer graphene is partially fluorinated, but the two
graphene layers are still electrically coupled, where the
electronic states are distributed through both in both layers.
The partial fluorination leads to electrical disorder and charge
localization, where conductivity is dominated by ho;)ping and
percolation of the electrons rather than scattering.** Interest-
ingly, under increased fluorination time, the resistivity started
to decrease. After 21 min (Stage 3), the single-sided FBG on
hBN showed a resistivity as low as that of the pristine bilayer
graphene, corresponding with a field-effect mobility of 600 cm?
V™' 57!, but with a highly positive CNP. In the contacts of
single-sided FBG device shown in Figure 4b, the current flows
from the metal electrode to the bottom graphene by tunneling
through the top insulating FG (see Figure $9)," and the
measured contact resistance of the single-sided FBG device is
about 250—350 Q um at n = —2 X 10" cm™ (see Figure S9).
Although the top FG in single-sided FBG is insulating, the
results indicate that the bottom graphene layer under the
fluorinated top layer still is functioning as a conducting
channel, and FG is used as a tunnel contact.”!

In Figure 4c, we explain the changes in electrical resistivity of
the single-sided and double-sided FBG in the context of the
fluorination models of Figure 2¢,d. Initially, bilayer graphene
can be thought of as two channels connected through a large
vertical resistance. For double-sided FBG, both channels
become insulating due to the simultaneous fluorination. For
single-sided FBG, the fluorinated top layer becomes insulating;
meanwhile, the intact bottom layer maintains its conductive
channel. Moreover, although the top insulating FG and the
bottom conducting graphene are electrically decoupled, the
mobility of the bottom graphene under the top FG is lower
than that of isolated pristine monolayer graphene, probably
due to interlayer carrier scattering by the electric dipole of the
top FG."*

B CONCLUSIONS

In conclusion, we demonstrate the synthesis of single-sided
and double-sided FBG and characterized their structural and
electrical properties. Our results show that substrate
interactions determine whether bilayer graphene will be
single-sided or double-sided functionalized, and these inter-
actions may be tailored. The different functionalization
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structures display a distinct electronic behavior. Double-sided
functionalized bilayer graphene is fully insulating. In contrast,
in single-sided functionalized, the layers effectively decouple,
with one layer insulating and the other conducting. Our work
provides a new strategy to fabricate other new synthetic 2D
materials and graphene-based heterostructures with non-
symmetric chemical bonds by using subtle differences in
processing that are applicable to electronic, spintronic, and
biomedical devices.

B METHODS

Fabrication of Bilayer Graphene Samples. We use the
silicon (Si) substrate (Nova Electronic Materials) with 285 nm
thick thermally grown silicon dioxide (SiO,) over a Si wafer
with no surface treatments, and the surface roughness of SiO,
is about 0.5 nm. To fabricate the bilayer graphene samples, we
use established 2D material pickup techniques.””*> Before
creating the heterostructure, it is necessary to fabricate a
sacrificial transfer substrate. First, a 0.5 mm thick poly-
dimethylsiloxane (PDMS) droplet is deposited on a micro-
scope glass slide; then, it was cured overnight at 60 °C. At the
same time, poly(bisphenol A carbonate) (Sigma-Aldrich) (PC)
dissolved in chloroform was deposited onto a microscope slide
glass. The chloroform was evaporated in air at room
temperature, and then, the remaining PC film was manually
delaminated. The PC film was then placed onto the PDMS,
and the entire structure was baked at 170 °C for 15 min to
form conformal contact between PC film and PDMS. The
resulting transfer substrate was then fixed to a micro-
manipulator. In parallel, all 2D flakes used for the van der
Waals (vdW) heterostructures were separately exfoliated onto
the SiO, (285 nm)/Si substrates with the scotch tape method.
The thickness or layer number of each material is separately
confirmed using a combination of Raman spectroscopy, atomic
force microscopy, and optical microscopy. For the first pickup,
it is necessary to start with an extra thick layer of hBN (~20
nm). The PC/PDMS stamp was placed onto the target hBN
flake at 80 °C. To increase adhesion strength between PC and
hBN, the temperature was then raised to 130 °C. Then, the
PC/PDMS stamp was gradually lifted up during cooling to 80
°C. This process was then repeated to pick up other 2D flakes.
After stacking, the whole stacked heterostructure was trans-
ferred onto a clean SiO,/Si substrate by releasing the PC film
from the PDMS at a higher temperature of around 175 °C.
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Lastly, the PC film was removed by rinsing the sample in
chloroform.

Etching of hBN and Fluorination of Bilayer Graphene
via XeF, Gas. The XeF, etcher (Xactix etching system) was
used for both the etching of top hBN and the fluorination of
the bilayer graphene in pulse mode with Py = 3 Torr at room

temperature. We controlled the pulse time, i.e., the exposure
time, to change the degree of both the etching and the
fluorination.

Raman Spectroscopy. Raman signals were acquired on a
Renishaw instrument using a 532 nm laser and 600 1/mm
grating. To minimize damage of graphene by irradiation of the
laser, a power of <5 mW was used with an acquisition of 60 s.

Transmission Electron Microscopy. TEM images and
selected area electron diffraction were acquired using a double
Cs-corrected JEOL ARM-200F instrument operated at 80 kV.

Defluorination via Annealing. The fluorinated bilayer
graphene (FBG) was defluorinated by the annealing at 350 °C
for 10 h under the Ar/H, (10%) forming gas at atmospheric
pressure.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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Additional figures showing the schematic illustration on
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