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Fluorinated Graphene Contacts and Passivation Layer

for MoS, Field Effect Transistors

Huije Ryu, Dong-Hyun Kim, Junyoung Kwon, Sang Kyu Park, Wanggon Lee,
Hyungtak Seo, Kenji Watanabe, Takashi Taniguchi, SunPhil Kim, Arend M. van der Zande,

Jangyup Son,* and Gwan-Hyoung Lee*

Realizing a future of 2D semiconductor-based devices requires new
approaches to channel passivation and nondestructive contact engineering.
Here, a facile one-step technique is shown that simultaneously utilizes mono-
layer fluorinated graphene (FG) as the passivation layer and contact buffer
layer to 2D semiconductor transistors. Monolayer graphene is transferred

1. Introduction

2D materials have been considered as
promising candidates for next-generation
electronics since they offer unprecedented
capability in device performance at the
atomic limit through synergistic com-

onto the MoS,, followed by fluorination by XeF, gas exposure. Metal elec-
trodes for source and drain are fabricated on top of FG-covered MoS, regions.
The MoS, transistor is perfectly passivated by insulating FG layer and,

in the contacts, FG layer also acts as an efficient charge injection layer,
leading to the formation of Ohmic contacts and high carrier mobility of up to
64 cm? V' s71 at room temperature. This work shows a novel strategy for
simultaneous fabrication of passivation layer and low-resistance contacts

by using ultrathin functionalized graphene, which has applications for high

petformance 2D semiconductor integrated electronics.

bination with silicon technology.? In
particular, atomically thin 2D semiconduc-
tors, such as transition metal dichalcoge-
nides (TMDs), have a desirable range of
bandgap energies in the range between
1.0 and 2.5 eV and high carrier mobility
up to 200 cm? V1 5713761 thereby allowing
integration into the silicon platforms.
However, there are two ubiquitous prob-
lems that 2D semiconductors share with all
nanomaterial electronics: environmentally
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induced heterogeneity and contact engineering. First, envi-
ronmental heterogeneity in the channel degrades device
performance and leads to variability.”¥! Second, traditional
metallization induces structural disorder at the contact due to
the high kinetic energy of evaporated metal source,?! which
results in the Fermi-level pinning and inevitable Schottky bar-
riers at metal-2D semiconductor interfaces.>*!% Realizing
a future of 2D semiconductor-based devices requires new
approaches to channel passivation and nondestructive contact
engineering.

Graphene is an excellent electrical contact material for 2D
semiconductors because it provides an atomically sharp and
clean van der Waals gap, which reduces Fermi-level pinning
and electrostatic work function modulation at the contact by
electrostatic doping.'™33] In particular, the chemical inertness
and impermeability of graphenel™'° make it an excellent
metallization buffer layer to prevent degradation at the con-
tacts.”18] However, passivating the semiconductor channel
requires a material with resistance compared with the channel
material. Thus, the high electrical conductivity of pristine gra-
phene makes it impossible to use as the passivation layer.

Here, we demonstrated a novel fabrication process for MoS,
field-effect transistors (FETs) using monolayer fluorinated gra-
phene (FG) to act simultaneously as both the metallization
buffer layer that plays the role of tunnel contacts and the pas-
sivation layer for MoS, channel. We fabricated a MoS, channel
device passivated with monolayer graphene and exposed the
XeF, gas to fluorinate the graphene layer. The interface between
FG and MoS, is clean since there is no chance for 2D materials
to be exposed to polymers or liquids during fabrication, yet, the
FG layer prevents structural damages on the electrical contact
area of MoS, from the metal atom bombardment during the
metallization process. The FG passivation layer not only allows
tunneling of the electrons from the contacts into the MoS,
channel, but also protects the MoS, against contamination or
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chemical degradation. The FET showed excellent performance
with Ohmic contacts, high on/off ration of 10%, and high carrier
mobility of 64 cm? V! s7! at room temperature.

2. Results and Discussion

Figure 1 shows the fabrication process of the FG-passivated
MoS, field-effect transistors (FG-MoS, FETs). Mechanically
exfoliated monolayer graphene and monolayer MoS, on SiO,/
Si substrates were lifted sequentially by top hBN via pick-up
technique (Figure S1, Supporting Information),” and top
hBN/graphene/MoS, heterostructure was transferred onto
the bottom hBN. Through e-beam lithography, the regions for
electrical contacts were patterned on e-beam resist (ER) layer.
Then, exposed hBN was etched away via XeF, gas treatment,
and embedded graphene surface was fluorinated.?”! After the
metal deposition and lift-off process, metal electrodes for the
source and drain in the device were fabricated. Finally, through
the second XeF, gas treatment, top hBN was etched and gra-
phene was fluorinated. Through the technique described, we
fabricated the final device as denoted with yellow-dashed box.
Unlike the conventional fabrication methods, our fabrica-
tion strategy is facile since the device having both FG contacts
and the electrical passivation layer is possible to be fabricated
with only the transfer of monolayer graphene onto MoS, and
the fluorination of graphene via XeF, gas treatment. Another
remarkable advantage is that FG buffer layer prevents damage
to MoS, during metallization to fabricate electrical contacts. In
addition, there are no chances for graphene and MoS, to be
exposed to polymers or liquid solvents during the whole fabri-
cation process, thereby it is possible to fabricate devices with a
clean surface/interface.

Figure 2a,b shows schematic illustrations and optical images
of the device architecture before and after the final XeF, exposure
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Figure 1. Schematic illustrations describing the fabrication process for the FG-passivated MoS, FET (FG-MoS, FET). The yellow dashed line indicates
the final configuration of FG-MoS, FET incorporating both the FG-tunnel contact buffer layer and the FG-passivation layer.
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Figure 2. Schematic illustrations and optical images of graphene-passivated MoS, FET (G-MoS, FET) and graphene FET (G FET) a) before and b) after
XeF, gas exposure. The electrical current flows along the conductive graphene channel (a) before XeF, gas treatment, while the current flows along the

MoS, channel (b) after the fluorination of graphene layer.

respectively. Clearly visible in the optical images between
Figure 2a,b, as a result of the XeF, exposure, the top hBN
layer on the graphene was completely etched. The embedded
graphene acts as an etch stop, so any regions under the gra-
phene remain unetched.'®! Before exposure, the graphene in
the channel is pristine, so the device acts as a G-MoS, hetero-
structure. After exposure, the channel consists of FG-MoS,. In
addition, to independently confirm the effect of fluorination on
the graphene, we also fabricated a graphene FET without MoS,
on the same hBN, shown as G FET in Figure 2a and FG FET in
Figure 2b. The inset boxes on Figure 2a,b show the change in
the mechanism of transport. Before exposure, most of the elec-
trical current flows through the pristine graphene due to the
lower resistance of the graphene than that of the MoS,. In con-
trast, when the overlying graphene was fluorinated, the under-
lying MoS; was maintained without any damage due to the

etching stop function of FG,!!* and the electrical current passes
through MoS, channel.l?2!l Taken together, we note that FG is
used as both the contact buffer layer and electrical passivation
layer for MoS, at the same time.

Figure 3 shows the changes in the structure and optical
properties of the Gr/MoS,/hBN stack, with the Raman and
photoluminescence (PL) spectra before and after XeF, gas expo-
sure. Figure 3a shows the Raman spectra of Gr/MoS,/hBN
stack before and after fluorination. Before fluorination, the A;,
vibrational mode of MoS, is maintained, meanwhile the E,
vibrational mode of that shows slight blue-shift after fluorina-
tion. This indicates that the MoS, is protected from XeF, except
for formation of slight compressive strain due to the structural
deformation of the FG.[?>23 Before fluorination, Raman data
shows the G (1582 cm™), 2D (2696 cm™) vibrational modes
of graphene, and Raman peak of hBN (1366 cm™), which are
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Figure 3. Raman and photoluminescence spectra of FG-passivated MoS,. a) Raman spectra of Gr/MoS2/hBN stack before and after fluorination.
Background signal is resulted from the PL peak of MoS,. The decrease of 2D Raman peak and increase of D and D’ Raman peak indicates the forma-
tion of sp® bonds onto the graphene surface after fluorination. b) Normalized photoluminescence spectra of MoS, under graphene before and after

fluorination.
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generally observed in graphene/hBN heterostructure. The
broad peak around 2400 cm™ is PL peak of the MoS,. After
fluorination, as reported in the previous study on fluorination
of graphene via XeF, gas treatment,?% the D (1336 cm™) and
D’ (1614 cm™) vibrational modes emerged, and the G and 2D
peaks were suppressed. As generally studied, defects in gra-
phene break the symmetry of the carbon honeycomb lattice and
change carbon-hybridization from sp? into sp.?4l As a result,
the G and 2D peaks that satisfy the Raman selection rule are
suppressed and the Raman-forbidden D and D’ bands become
stronger in the spectrum as the fluorination of graphene
proceeds,?*2%1 which is in agreement with our observation.
Figure 3b shows the normalized PL spectra of MoS, before and
after fluorination of overlying graphene. The PL peaks of A- and
B-excitons in the MoS, blue-shifted by =30 meV after fluorina-
tion, which results from the change of dielectric screening and
compressive strain from the fluorination of graphene.?>?] As
the electrical property of graphene changes from metal to insu-
lator by fluorination, the Coulomb interactions in electron-hole
pairs of MoS, increase with decreasing the dielectric screening
effect, which increases the bandgap of MoS,.”®! As a result, the
photon energy of maximum PL intensity in MoS, shows right-
shift after fluorination of graphene. Most importantly, we note
that the FWHM of A-exciton peak is almost constant at about
40 meV, before and after exposure, indicating that the graphene
fluorination process does not induce the severe damage in MoS,.

Figure 4 compares the electrical transport measurements of
the G/MoS,/hBN and FG/MoS,/hBN FETs. We used the degen-
erately doped Si substrate as a global back gate, while the hBN/
SiO, acted as the gate dielectric. Figure 4a plots the transfer
curves of the G FET (red curve) and G-MoS, FET (blue curve)
shown in Figure 2a before XeF, exposure. Both the GFET
and G-MoS, FET showed the characteristic graphene trans-
port curve. Compared to the G FET, the G-MoS, FET showed
increased current, i.e., lower resistance, and charge neutrality
point (CNP) shifted to zero voltage. This shows that the current
mainly flows through the graphene.?’]

After measurements, the two FETs were exposed to XeF,
gas to transform into FG/hBN (FG FET) and FG/MoS,/hBN
(FG-MoS, FET) as discussed in Figure 2b. Figure 4b plots
the transfer curves of FG FET (red curve) and FG-MoS, FET
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(blue curve). The FG FET showed a low current 1071 A with
no gate dependence, indicating that the FG is completely insu-
lating as reported before.'®) The FG-MoS, FET showed a typ-
ical n-type FET gate dependence, similar to MoS, devices.!>1®l
This means that the underlying MoS, is perfectly passivated by
the FG during fluorination.?%?! Moreover, the FG-MoS, FET
showed a high field-effect mobility of 64 cm? V! s7! with on/
off current ratio of 10° (we confirmed the reproducible perfor-
mance with three more FETs as shown in Figure S2 in the Sup-
porting Information). As shown in Figure 4c, the output curves
(Vas—Ig) of the FG-MoS, FET showed a linear behavior over a
broad range in gates, which is indicative of the Ohmic contact
at Cr/FG/MoS, interface. The improved performance of the
devices is attributed to low contact resistance and FG-passiva-
tion of MoS,, that prevents exposure of MoS, to any polymers
or liquid solutions during fabrication process. We hypothesize
that the FG layer in the contact regions protects the MoS,
from metal atom bombardment during metallization, leading
to enhancement of contact properties by reducing the Fermi
level pinning between metal and MoS,.[2® Moreover, the insu-
lating FG layer is operated as a tunnel barrier for electrons and
reduces the metal-induced gap states in MoS,, which reduces
the Schottky barrier height (see Figure S3 in the Supporting
Information).%31 As a result, FG-inserted metal-MoS, contact
shows the Ohmic contact with low contact resistance.

As hydrogenation is another way to open the bandgap of gra-
phene as wide as 4.0eV,?23} we modified the process to also fab-
ricated another FET where MoS, channel is electrically passivated
with hydrogenated graphene (HG) to form the HG-MoS, FET
(process and image in Figure S4 in the Supporting Information).
Figure 5 shows the transport data in the G-MoS, FET (red curve)
and HG-MoS, FET (blue curve) before and after hydrogenation
respectively. Before hydrogenation of graphene, the G-MoS,
FET showed the field effect behavior observing in p-doped gra-
phene, indicating the electrical current flows along through gra-
phene. After hydrogenation of graphene via indirect hydrogen
plasma for 1000 s, the HG-MoS, FET showed field-effect
behavior similar to in n-type MoS,, just as was observed in the
FG-MoS, FET in Figure 4b, indicating, that the electrical cur-
rent flows through the MoS, channel under the electrically
insulating HG layer. However, unlike FG-MoS, FET, HG-MoS,
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Figure 4. Electrical properties of hBN/Gr/MoS,/hBN (G-MoS, FET) and hBN/Gr/hBN (G FET) structures before and after fluorination process.
a) Vg—lgs characteristics for G-MoS, FET and G FET structures before XeF; gas exposure. b) V~l4; characteristics for FG/MoS,/hBN (FG-MoS, FET)
and FG/hBN (FG FET) structures. The n-type operation of FG-MoS, FET results from transconductance change of MoS,, which means almost electrical
current passes through MoS; layer since graphene becomes insulator after fluorination via XeF, gas exposure. c) Vgs—Iq4s curves for FG-MoS, FET. Linear

behavior indicates Ohmic contact between metal electrodes and MoS,.
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Figure 5. The changes in FET characteristic of G-MoS, FET before and
after hydrogenation. To electrically passivate conducting graphene in
graphene/MoS, heterostructure, we hydrogenated top graphene by low-
energy indirect hydrogen plasma for 1000 s. HG-MoS, FET showed a
change in current of over 10* on/off ratio. However, ON current level also
decrease after hydrogenation. Although graphene was mildly hydrogen-
ated by indirect hydrogen plasma, it is assumed that inevitable defects
are generated during hydrogenation of graphene via plasma treatment.

FET showed a relatively low field-effect mobility of 2 cm? V= 57!
with on/off current ratio of 10°. We hypothesize that, unlike
the gas phase fluorination of graphene via XeF,, the indirect
hydrogen plasma used for hydrogenation of graphene gener-
ates damages the MoS, under graphene (Figure S5, Supporting
Information) or electrical contact regions due to the transferring
of ion energy. On the basis of the results, we recommend that
the fluorination of top graphene on MoS, channel via XeF, gas
treatment is the more proper and nondestructive approach to
fabricate the functionalized-graphene-passivated MoS, devices
with high electrical properties.

3. Conclusion

In conclusion, we report the facile fabrication way to incorpo-
rate both tunneling contact buffer layer and passivation layer to
MoS, FETs via the fluorination of monolayer graphene encap-
sulating MoS, channel. Contrary to the conventional fabrication
processes using elaborate transfer technique that aligns gra-
phene to the electrical contact area on MoS, and complicated
patterning, our work reveals that FG-passivated MoS, FETs
incorporating both tunneling contacts and passivation layer
may be fabricated only with graphene transfer and fluorination.
Moreover, the devices with a clean surface/interface are fabri-
cated since graphene and MoS, are not exposed to polymers
and liquid solutions during all processes. Graphene-passivated
MoS, FETs fabricated by the technique show Ohmic contact
behavior, on/off ratio of 10°, and the carrier mobility of up to
64 cm? V7! 57! after the fluorination of graphene layer, sup-
porting that our strategy is suitable for devices with high elec-
trical performance. This work is compatible with conventional
2D semiconductor processes and provides a facile way for the
fabrication of 2D semiconductor-based devices.

Adv. Electron. Mater. 2022, 2101370 2101370 (5 of 6)
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4. Experimental Section

Fabrication of FG Contacts and Electrical /Surface Passivation Layer for
MoS, FETs: All 2D flakes used in this work were mechanically exfoliated
onto SiO,/Si substrates by the Scotch tape method. Thicknesses of
the exfoliated graphene and MoS, were measured using the Raman
spectroscopy (Figure S1, Supporting Information). An exfoliated
monolayer graphene was transferred onto a monolayer MoS, using the
pick-up transfer technique.l"

As shown in Figure 1, a stack of hBN/MoS,/Gr/hBN was prepared,
then carried out e-beam lithography to pattern metal electrodes. The
hBN in the patterned regions was etched away by XeF, exposure (Xactix
etching system, Py, = 3Torr, t = 2 min). In general, the exposure time
for etching depends on the thickness of hBN, thereby it could be set
according to the thickness of the top layer of hBN. For =40-nm-thick
hBN, the exposure time for etching was about 1 min;1®20 therefore,
hBN to XeF, gas was exposed for 2 min to completely etch. After etching
of top hBN, the embedded graphene layer was fluorinated, preventing
further etching as reported previously.®] Then, metals of Cr/Pd/Au
(Tnm/30nm/40nm) were deposited on the FG regions using an e-beam
evaporator (KVE-E2000L, Korea Vacuum Tech.). The lift-off process was
performed by soaking the sample in acetone. To change the graphene
on the MoS; to the insulating passivation layer, the remaining hBN was
etched and graphene was simultaneously fluorinated by a second XeF,
exposure (Pyer, = 3Torr, t =12 min). As graphene turns into fluorinated
graphene (FG), the electrical conductivity decreases with increasing XeF,
exposure time, 2% achieving insulating behavior at 10 min. Therefore,
the heterostructure was overexposed to the XeF, gas for 12 min to both
etch the hBN and fluorinate the graphene.

Raman Spectroscopy and Photoluminescence (PL) Measurements: The
Raman PL spectra were measured by Raman spectroscopy (Renishaw)
with a laser of 532 nm. To minimize the damage of the samples by the
laser irradiation, Raman signals were obtained with a small power of
47 uW um=2 for an acquisition time of 60s.

Electrical Measurements: The electrical measurements of the MoS,
FETs were conducted using a semiconductor parameter analyzer
(Keithley 2400) under ambient conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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