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Abstract: Focused electron beams with high energy acceleration are versatile probes. Focused electron beams can be used

for high-resolution imaging and multi-mode nanofabrication, in combination with, molecular precursor delivery, in an

electron microscopy environment. A high degree of control with atomic-to-microscale resolution, a focused electron beam

allows for precise engineering of a graphene-based field-effect transistor (FET). In this study, the effect of electron

irradiation on a graphene FET was systematically investigated. A separate evaluation of the electron beam induced

transport properties at the graphene channel and the graphene-metal contacts was conducted. This provided on-demand

strategies for tuning transfer characteristics of graphene FETs by focused electron beam irradiation.
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1. INTRODUCTION

Direct engineering of a graphene field-effect transistor
(FET) provides high-precision control of its electronic/
electrical properties to design a multifunctional, unique
device platform which can be utilized in a variety of
applications including electronics, computing, sensors, and
so [1-5]. A simple graphene FET device structure is
divided into two parts, channel and contact areas [3,6].
Modification of the channel area of graphene involves
functionalization or doping, which prepares active sites
for detecting target species to develop high-performance
sensors or which possibly opens up an electronic bandgap
of graphene for a high on/off ratio FET transistor as well
as to design graphene-based spin electronics for quantum

computing applications [1,5,7,8]. Contact engineering is to
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tune heterogeneous graphene-metal interfacial properties

having intrinsically poor electrical and mechanical
robustness which is the continuing challenge in graphene
electronics [3,6]. Compared to weak coupling through con-
ventional metal contact fabrication, additional treatments
were verified to induce strong chemical binding for improved
interfacial properties of graphene-metal, finally leading to
non-trivial enhancement of the device performance [3,6,9].

Focused electron beam induced processing (FEBIP) is
a resist-free nanolithographic technique enabling nano-
fabrication in a multi-mode format including geometrical
patterning, functionalization/defect formation and doping
as well as metal and metal oxide deposition, based on
electron-matter interaction [1-3,5,10]. The FEBIP uses a
tightly focused electron beam and is implemented in an
high-

resolution nanofabrication with in-situ imaging of nano-

electron microscopy environment, allowing for
materials and structures at atomic-to-micro scales [10-16].
Depending on a diameter of a focused electron beam, the
resolution of the process can be determined with various
imaging resolutions under different electron mi- croscopy

environments. Scanning transmission electron microscope
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(STEM) uses a focused electron beam as a probe whose
diameter is ~0.1 nm, enabling atomically-resolved imaging
of materials and atomic manipulation of nanomaterials
[13,14]. Local interaction of electrons with solid state
materials has been extensively studied to demonstrate
atom-by-atom fabrication of 2D nanomaterials, as termed
as atomic forge [17,18]. For a larger scale fabrication of
2D nanomaterials, scanning electron microscope (SEM)
was utilized. It enables nano-to-microscale manipulation
of 2D nanomaterials using a focused electron beam with
a diameter of ~3 nm or larger at an accelerating voltages
from few hundreds eV to 30 keV [1-3,5,11,12]. The
FEBIP in a SEM environment allows for a large area
patterning and fabrication of operational devices in
combination with the directed flow of molecular pre-
cursors to electron beam irradiation sites in the SEM
chamber through a gas injection nozzle installed to the
SEM.

The FEBIP was applied to graphene-based FET devices
for engineering device performances and functionalities.
As the perspectives of material design, graphene channel
regions were functionalized with hydrogen or fluorine
atoms to modulate functional properties of graphene, for
example, engineering an electronic bandgap and enhancing
magnetic properties [1,2,5]. In addition, recent studies de-
monstrated that controlling an electron irradiation dose
can modify the doping state of graphene; low electron dose
induces n-p-n type doping with the localized formation of
carbon near the contact areas, while a high electron
dose can lead to n-type doping with the coverage of
carbon over the entire channel area [19,20]. Also, the
well-controlled electron irradiation at graphene-metal
contacts can generate localized defects and induce the
transformation of detrimental, interfacial polymer residues
into graphitic interlayer, which enhances interfacial properties
of the graphene-metal contacts and increase the device
performance [3]. Even though the systematic studies
have been conducted to understand the mechanism about
electron beam induced engineering of graphene FET
device performances, no separate evaluation of contact and
channel transport properties in a graphene FET device
after electron beam irradiation has been implemented. In
this study, a graphene field-effect transistor was fabricated

and the effect of electron beam irradiation on a graphene

FET device was systematically investigated with an
emphasis on the separate evaluation of electrical transport

properties at the channel and the graphene-metal contacts.

2. EXPERIMENTAL METHODS
2.1 Graphene transfer

A large scale monolayer graphene film was grown on
a copper foil using a low pressure chemical vapor
deposition (LPCVD), and graphene was transferred onto
a SiO,/Si substrate (I cm x 1 cm) using a wet transfer
method [20]. A wet transfer method involves a spin
coating of poly methyl methacrylate (PMMA) as a
supporting film on top of graphene/copper foil, which
was followed by etching the copper foil by floating
PMMA/graphene/copper foil on a ammonium persulfate/
DI water etching solution. Then, the PMMA/graphene
was scooped by the SiO,/Si substrate. The sample was
heated at 150°C on a hot plate to achieve a better
adhesion of PMMA/graphene to the substrate. The PMMA
layer was then removed by soaking the sample in an

acetone at 80°C to terminate the graphene transfer.
2.2 Device fabrication

The transferred graphene film was spin-coated with
PMMA resist and e-beam lithographically patterned for
defining a 1.3 pm (width) x 60 pum (length) graphene
strip, followed by oxygen plasma reactive ion etching
(RIE) of graphene to fabricate the conductive channel
for the graphene FETs. Then, the source/drain metal
electrodes were lithographically patterned on top of the
graphene channel with deposition of 10 nm Cr/30 nm
Au, followed by lift-off of PMMA resist in a heated
acetone bath at 80°C.

2.3 Electron irradiation

Electron irradiation was conducted using a focused
electron beam at an accelerating voltage of 25 keV and a
beam current of ~400 pA in a scanning electron microscopy
(FEI Quanta 200) maintained at ~10° Torr. The electron
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beam irradiation was controlled using nanometer pattern
generation system (NPGS) software. The electron irradiation
dose was varied by changing a beam dwell time at a
spot over the same irradiation area of 400 nm x 400
nm on graphene-metal contacts.

2.4 Characterization

Topography images were obtained using a Dimension-
3,000 atomic force microscope with a silicon tip in a
tapping mode. Raman measurements of graphene before/
after electron irradiation were carried out using a WITec
(Alpha 300 R) confocal Raman microscope with 514.5

nm excitation wavelength of an Ar' ion laser.

3. RESULTS AND DISCUSSION

The inset of Fig. 1(a) shows the optical microscopy

image of the fabricated device. The graphene channel
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Fig. 1. (a) The electrical transfer curve (I4-Vi) of an as-fabricated
graphene FET with the inset showing the optical microscope image
of the device and (b) the AFM surface topography image of the
graphene channel showing the presence of the polymer residues
(PMMA used as an e-beam resist) as a source for p-type doping
of the graphene channel.

has its length of 5 pm with a width of 7 pm, and the
metal contact width on top of the graphene channel is 1|
pm. The transfer curve of a graphene FET is shown in
Fig. 1(a), exhibiting source-drain currents (I4) measured
by sweeping a back-gate voltage (Vi) from -35 V to 40
V at different source-drain voltages (Vg). An average
and the
device s hows the p-doping state with a Dirac voltage

current on/off ratio was measured as 2.93+0.5

shift to ~11.4 V which is due to polymer residues on
the graphene channel as a result of device fabrication
process [20,21]. Figure 1(b) shows an atomic force mi-
croscopy (AFM) surface topography image of the graphene
channel measured in a tapping mode using a silicon tip
which confirms the presence of the polymer residues on
graphene surface.
After mild electron irradiation on the metal contact
area of the graphene device at an electron dose of

4.5x10" electrons/cm?, the transfer curve of the graphene

(@) after electron irradiation
1V, lon/163.0

0.1

0.5V, Io,/16~2.9

<
E
s 0.25V, I /lor3.0
0.1V, I,,/1,43.0
0.01 |

L,:5um,L:1um W:7 um
) L 1 . 1 . 1

-30 20 -10 0 10 20 30 40

(b)

— before electron irradiation ]
—— after electron irradiation

Voo = 42409V

=
o
T

-
)
T

two-terminal resistance, R (k) -
o [{e] .

w

-20 0 20 40
v, V)

Fig. 2. (a) The transfer curve of the graphene FET after electron
irradiation at the graphene-metal contacts with a dose of
4.5x10'® electrons/cm® at the beam energy of 25 keV, and (b)
the comparison of two-terminal resistances before vs. after electron

irradiation depending on a back-gate voltage (Vy,).
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device in Fig. 2(a) shows the reduced source-drain currents,
but the current on/off ratio maintains similarly as 2.98+
0.05. The change of two-terminal resistances on sweeping
a back-gate voltage before and after electron irradiation is
shown in Fig. 2(b). Figure 2(b) clearly demonstrates the
effect of electron irradiation on the transfer characteristics
of the graphene device. The electron irradiation increased
two-terminal resistances as much as 77% at a Dirac point
(maximum resistance) and 67% of a minimum resistance,
but the Dirac voltage was shifted from 11.4 V to 42 V,
indicating the change of the doping state. The increased
two-terminal resistance is due to the combinatorial effect
of defect formation on graphene at the metal contact
area directly exposed to high-energy (25 keV) primary
electrons and the increased carrier scattering sites with
carbon deposition on the channel from the source of
PMMA residues by secondary electrons (SEs) generated
from backscattered electrons. The change of the doping
state resulted from the local n-type doping with thin
carbon deposits converted from PMMA residues which was
the origin of p-type doping on the graphene channel.
Raman spectroscopic measurements of graphene before
and after electron irradiation confirmed the change of
the doping state, as shown in Fig. 3. The inset of Fig.
3 shows the AFM topography image of the graphene
channel with carbon deposition after electron irradiation at
the graphene-metal contacts. The AFM image shows the
deposited carbon with a thickness of 2~4 nm. The G- and
2D-band peaks were shifted from 1592.4+£0.12 cm™ to
1589.9+0.1 ¢cm™ and from 2699.4+0.1 cm™” to 2698.5+0.2
em™, respectively, after carbon deposition by electron
irradiation. The red-shifts and broadening of G- and 2D-
band peaks indicate the change of the doping state
towards n-type doping [22], which is well-correlated with
the electrical measurement results showing the shift of
the Dirac voltage in Fig. 2(b). The AFM and Raman
measurements in conjunction with the electrical measure-
ments clearly demonstrate that electron beam induced carbon
deposition can lead to the n-type doping of graphene.
To provide the better understanding about the effect of
carbon deposition on the channel vs. defect formation at
the contacts by the controlled electron beam irradiation on
two-terminal transfer characteristic of a graphene FET,
separate evaluation of channel and contact resistances was
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Fig. 3. The Raman spectra of the graphene channel before and

I
2700

after electron irradiation. Electron irradiation resulted in the
deposition of carbon on the channel area, leading to the red-
shift of the representative Raman peaks (G- and 2D-band peaks).
The inset shows the AFM surface topography image of the
graphene channel after carbon deposition.

channel 6

Fig. 4. The SEM image of the graphene FET devices for transmission
line method (TLM) measurements of contact and channel resistances,

showing six channels.

conducted at different back-gate voltages using a trans-
mission line method. The transmission line method (TLM)
allows for extracting contact and channel resistances by
plotting two-terminal device resistances with the increased
length of the graphene channels at the same contact
geometry [6]. Figures 4 shows the SEM image of a
graphene device structure for the TLM measurements.
Six different channels are denoted in Fig. 4. The graphene-
metal contacts were first irradiated over a square area
of 400 nm x 400 nm by focused electron beam at the
energy of 25 keV during a total irradiation time of 0.64s,
which corresponds to the dose of 10" electrons/cm®. After
the first electron beam irradiation, the TLM device was
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left in an atmospheric condition for 10 days and the 2™
electron beam irradiation with a higher electron dose of
10" electrons/cm® was conducted at the graphene-metal
contacts by the same method done for the 1% irradiation.

Transfer characteristic (Is-Vy,) for each graphene
channel was measured by sweeping a back-gate voltage
from -40 V to 40 V at a fixed source-drain voltage
(Vg) of 0.1 V. Since the graphene device shows an
Ohmic behavior having a linear relation between the
source-drain current and voltage at various back-gate
voltages, two-terminal resistances were simply calculated
fixed
measured current at selected back-gate voltages. Figures
5(a) and 5(b) show the TLM measurement results at
Vie-Vpine of 0V and -35 V before and after the 1%

electron irradiation, respectively. By linear fitting of the

by dividing the source-drain voltage with the

plots [6], we can extract the channel resistance (R.,) with
a slope and the contact resistance (R.) with a y-intercept,
following the relation, Ri=Rent2R=(Rq/W)L+2R., where
a sheet resistance is defined as Rg4=R,W/Ly, and the
width (W) of the graphene channel is ~1.3 pm. The
TLM measurement results have a goodness of linear fitting
(R*) near unity, which represents how reliable the TLM
measurement results are and indirectly indicates a uni-

formity of both the channel and contact properties over

the entire set of devices involved in the TLM
measurements at the same carrier density.
The extracted sheet and contact resistances upon

various Vpe-Vpie are plotted in Figs. 6(a) and 6(b),
respectively. Electron irradiation at the contact areas
with a low electron dose can lead to the partial carbon
deposition on the graphene channel near the metal
contacts and make n-p-n doping on graphene whose
electrical resistance in a transfer curve has a secondary
peak at a negative Vie-Vpime. The 1% electron beam
irradiation with the low electron dose formed a n-p-n
doping on the graphene channel whose sheet resistance
shows the secondary peak near Vye-Vpine =-10 V in Fig.
6(a). Except for the appearance of the secondary peak,
the transfer curve of the sheet resistance after the 1%
electron irradiation is almost similar to that of the
devices before electron irradiation, and after 10 days,
the transfer curve became almost the same to that

before irradiation which is due to the redistribution of
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Fig. 5. Transmission line method (TLM) measurement results of the
graphene FET devices to extract channel and contact resistances
depending on a back-gate voltage: the linear fitting of the measurements
for the devices (a) before and (b) after the 1% electron irradiation
with a dose of 10" electrons/cn’, showing a goodness of linear
fitting (R?) near unity.

weakly-bound carbon atoms over the graphene channel
by surface diffusion. The transfer curve of the contact
resistance has a more prominent secondary peak relative to
a primary peak and the contact resistance was increased
over the entire range of Vp,-Vpine. The secondary peak
in two-terminal transfer curve with a low electron dose
irradiation is mainly due to the carrier transport at the
contact. The contact resistance is determined by carrier
transports from the metal electrode to graphene or vice
versa as well as from the contact to the graphene
channel. The overall increase of the contact resistance is
due to the defect formation on graphene at the contact
region and the presence of the secondary peak results
from the different doping states between the contact area
and the channel area. After 10 days later, the secondary
peaks in both the sheet and contact resistances disappeared
which indicates that the redistribution of carbon atoms
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Fig. 6. Transmission line method (TLM) measurement results of
the graphene FET devices to extract channel and contact resistances
depending on a back-gate voltage: the change of (a) the channel
(sheet) resistance and (b) the contact resistance extracted through
the linear fitting at various back-gate voltages.

occurred over the entire graphene strip, while the contact
resistance still remained higher than that before electron
beam irradiation, confirming that the defect formation
increased the contact resistance.

After electron beam irradiation at a higher dose of
10" electrons/cm?, both sheet and contact resistances
increased, but the increase of the contact resistance was
far more significant than that of the sheet resistance. It
is because the higher electron dose irradiation resulted
in the higher density of defects, mostly sp’-type defects,
generated by being exposed to high-energy (25 keV)
primary electrons. The shift of the Dirac voltage after
the higher electron dose irradiation occurred from 5.1 V
(before electron irradiation) to -5.2 V and from 6.7 V
to 1.6 V for the shortest channel 1 (channel length of
4.3 pm) and the longest channel 6 (channel length of
32 um), respectively. With the high electron irradiation

dose, the graphene channels were fully covered by the

o
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carbon deposition leading to the change of the doping
state towards n-type doping with no secondary peak (no
presence of n-p-n doping), but the finite amount of
carbon deposition resulted in the difference in the Dirac
voltage shift depending on the channel lengths; a short
channel will have a higher areal density of carbon, while

a long channel will have a lower areal density of carbon.

4. CONCLUSION

In conclusion, we systematically investigated the effect
of focused electron beam irradiation at the graphene-
metal contact regions on the transfer characteristics of
the graphene-based FETs (contact resistance vs. channel
resistance). Raman measurements along with AFM surface
topography imaging confirmed that electron beam-induced
carbon deposition is the origin of the controlled doping
state on the graphene devices, whose transfer curves verify
the change of the doping state towards n-p-n type doping
or n-type doping depending on electron irradiation dose.
Comprehensive understanding about the effect of electron
beam irradiation on the graphene FET devices were achieved
by separately evaluating sheet and contact resistances from
the two-terminal electrical measurement results using the
transmission line method. It was found that defect formation
by direct irradiation of 25 keV primary electrons at the
graphene-metal contact dominates the two-terminal transport
curve of the graphene FET than the increased carrier
scattering sites by carbon deposited on the graphene channel
by low-energy secondary electrons. It is worth noting
that our previous study revealed that defect formation at
the graphene-metal interface could help enhance electrical
conductivity as well as thermo-mechanical properties at
the contacts after appropriate thermal annealing to graphitize
interfacial carbon deposits, but thermal annealing resulted
in significant p-type doping of graphene devices. Overall,
this study suggests on-demand strategies for tuning transfer
characteristic of graphene FETs by controlled electron
beam irradiation; for controlling the doping state, weakly
bound carbon deposition can be done selectively on graphene
channel with avoiding any exposure to graphene-metal
contact regions, but direct irradiation of primary electrons
at graphene-metal contacts followed by thermal annealing
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can be a useful strategy to fabricate a highly conductive
graphene device for the applications such as graphene-

based interconnects.
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