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of exactly one graphene layer per ALET cycle was detected through the increase of the
transmittance by 2.3% after one ALET cycle and by the decrease of the G peak in the Raman
spectra. The Raman spectra also showed an increase of the D peak after ALET, indicating
the formation of physical damage on the graphene surface layer. This damage was mostly
recovered by hydrogen annealing at 1000 C after ALET. Full graphene field effect transistors
(source, drain: 3 layer, channel: 1, 2, 3 layer) were fabricated by reducing the channel layers
using ALET, followed by annealing, and the electrical characteristics of the devices showed
the possibility of fabricating fully functional graphene devices composed of an all graphene
source/drain and graphene channel by utilizing ALET.
 2011 Elsevier Ltd. All rights reserved.

1.

Introduction

Due to its superior electrical and physical properties, exfoliated graphene has been extensively investigated as the most
promising material for future electronic devices [1–4]. Especially, by using chemical vapor deposition (CVD), controlled
layers of graphene could be formed on a wafer scale, while
keeping the electrical and physical properties similar to those
of exfoliated graphene [5–7]. Therefore, these days, electronic
devices utilizing a CVD graphene layer as the channel layer
are being widely investigated [8–10]. One of the problems

encountered in the fabrication of electronic devices using a
CVD graphene layer as the channel layer is the contact
between the source/drain metal and the channel gate graphene. For example, the contact resistance between the metal
source/drain composed of Au(25 nm)/Ti(10 nm) and graphene
is as high as 450–800 O lm and this can degrade the characteristics of the device [11].
If the source/drain composed of a metal structure is replaced by multi-layer graphene (>3 layers), i.e. if the device
can be fabricated with graphene only as a full graphene device, the contact resistance would be greatly reduced and
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the characteristics of the device would be significantly enhanced [11,12]. For the formation of full graphene devices,
the use of graphene etching technology to define the
source/drain region and the channel region needs to be investigated. For the definition of the device regions, graphene
etching has previously been investigated using HeIM (Helium
ion beam microscopy) or an O2 plasma [13,14]. However, these
techniques cannot control the etch depth precisely at the
atomic layer scale and, therefore, they are not appropriate
for the formation of full graphene devices. Especially, the
etching of graphene using conventional O2 plasma can affect
the device properties, due to the oxygen remaining at the
edges of the graphene layers.
For the formation of full graphene devices, a new graphene
layer etching technique which minimizes the physical, chemical, and electrical damage to the device and can control the
graphene etch depth at the atomic layer scale needs to be
devised. Recently, the layer-by-layer removal of graphene
has been reported by selectively depositing Zn on graphene
layers followed by treating in a HCl solution [15]. In this study,
as a different technique which could be more applicable for
smaller device dimension and more reliably, atomic layer
etching (ALET) is introduced for the etching of the graphene
channel layer and its utilization for the fabrication of a full
graphene device and its effect on the device properties were
investigated.

2.

Experimental

Three layers of graphene transferred onto SiO2/Si wafers were
used as the sample. Monolayer graphene was grown on Cu
foil using 460 mTorr pressure CVD at 1000 C by flowing
CH4/H2 (28:8 sccm) for 5 min followed by rapid cooling to
room temperature. After the Cu layer was removed in a FeCl3(aq.) solution, the monolayer CVD graphene was transferred onto the SiO2/Si wafers three times to obtain three
layers of graphene on the SiO2/Si wafers. The details of the
CVD graphene fabrication conditions can be found elsewhere
[6,7]. The etching of graphene was conducted by neutral beam
assisted ALET where the etching source is composed of a
three-grid type inductively coupled plasma (ICP) gun and
low angle reflector plates. The reflector plates were sloped
at 5 to the ion direction in order to neutralize the ions from
the ICP gun by the low angle reflection. The graphene ALET
process consisted of four steps, viz. adsorption, evacuation,
desorption, and evacuation again. During the adsorption step,
20 sccm of O2 is supplied to the ICP gun, while applying 300 W
of 13.56 MHz rf power without applying voltages to the grids
of the ICP gun to generate oxygen atoms. During the desorption step, 30 sccm of Ar is supplied to the ICP gun at the same
rf power, while applying +30 V to the first grid, 150 V to the
second grid, and 0 V to the third grid (located outside of the
gun) The first grid voltage controls the energy of the Ar+ ions,
while the second grid controls the flux of the Ar+ ions. The Ar+
ions extracted from the ICP gun are neutralized by the low
angle reflector plates. The neutralization efficiency was estimated to be higher than 99%. The graphene ALET conditions
are described in Table 1. Also, the details of the ALET source
can be found elsewhere [19].

Table 1 – O2 plasma condition of the ICP source during the
adsorption step of oxygen radicals and Ar plasma condition
of the ICP source during the desorption step of the chemisorbed species.
(a) O2 plasma condition
Base pressure
Working pressure
Inductive power
1st grid voltage
2st grid voltage
O2 gas flow rate
O2 radical exposure time
(b) Ar plasma condition

3.0 · 10 75 Torr
8.9 · 10 5 Torr
300 W
No bias
No bias
20 sccm
5 min

Base pressure
Working pressure
Inductive power
1st grid voltage
2st grid voltage
O2 gas flow rate
Ar neutral beam irradiation time

3.0 · 10 7 Torr
4.2 · 10 5 Torr
300 W
30 V
150 V
30 sccm
1 min

The full graphene device was fabricated using the trilayer
graphene formed on the SiO2/Si wafer by defining the device
area using a mask layer and by selectively etching the channel
graphene layers by ALET. The electrical characteristics of the
device were measured by a Keithley 4200 Unit. In addition, the
graphene layers etched by ALET were examined by a Micro
Raman Spectrometer (Renishaw-Invia Basic) and UVSpectrometer (Shimadzu UV-3600). The carbon bonding state
of the graphene surface was investigated using X-ray
Photoelectron Spectroscopy (XPS, Thermo VG, MultiLab
2000, Mg Ka source). Scanning Electron Microscopy (SEM,
Hitachi S-4700) was used to observe the number of graphene
layers before and after ALET.

3.

Results and discussion

Fig. 1 shows the atomic level concept of the graphene ALET
process steps. As shown in Fig. 1(a) and (b), (a) during the oxygen adsorption step, the surface of graphene changes from
sp2 bonding to sp3 bonding due to the chemisorption of oxygen atoms to carbon and (b) the remaining unreacted oxygen
is evacuated during the evacuation step.
Fig. 2 shows the Raman spectra of the graphene layers before/after exposure to oxygen molecules or oxygen atoms
during the oxygen adsorption step. The graphene surface
has a very stable structure and, therefore, if oxygen molecules
are used instead of oxygen atoms as shown in Fig. 2(a) and (b),
no chemisorption, which would change the graphene bonding from sp2 to sp3, is observed even after the exposure of
the surface to oxygen molecules for 10 min, while chemisorption is observed after its exposure to oxygen atoms for 1 min
due to their high reactivity as shown in Fig. 2(a) and (c). Fig. 3
shows (a) the XPS C1s peak of the graphene surface deconvoluted into sp2 C–C binding (284.6 eV), sp3 C–C binding
(285.7 eV), and C–O binding (288.0 eV) and (b) the atomic percentages of C–O bonding, sp3 C–C bonding, and sp2 C–C bonding of the graphene surface measured after the various steps
of the etch cycle. As shown in this figure, before the etching
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Fig. 1 – Concept of O2 ALET for graphene. The graphene ALET process is composed of four steps. (a) The oxygen adsorption
step, in which the surface of graphene changes from sp2 bonding to sp3 bonding by the chemisorption of oxygen atoms to
carbon. (b) The evacuation step, in which the remaining unreacted oxygen is evacuated. (c) The desorption of chemisorbed
species, in which the chemisorbed C–O with sp3 bonding is desorbed from the oxygen chemisorbed graphene surface by the
irradiation of the 30 eV Ar particle beam, while the carbon with sp2 bonding under the C–O bonding remains unetched due to
the high binding energy. (d) The evacuation step, in which the etch byproducts and desorption gas are removed.
process, the graphene surface consists mostly of sp2 bonding
(>73 %) with some sp3 bonding. However, after its exposure to
oxygen atoms, due to the chemisorption of oxygen, C–O
bonding (19.17 %) is formed while the amount of sp3 bonding
(23.49 %) is not changed significantly with the corresponding
decrease of the sp2 bonding [16]. As the Ar particle beam with
an energy of 30 eV is irradiated, as shown in Fig. 1(c), only the
chemisorbed C–O with sp3 bonding is desorbed from the oxygen chemisorbed graphene surface, while carbon with sp2
bonding under the C–O bonding remains unetched, due to
the high binding energy of sp2 bonding and the low bonding
energy between the graphene layers. After the desorption
step, the chamber is evacuated again to remove the etch
byproducts and the desorption gas remaining in the chamber.
After the completion of the four etch steps (that is, after one
cycle of ALET), one monolayer of graphene is completely removed if oxygen atoms are chemisorbed onto the entire surface of graphene (during the oxygen adsorption step) and all
of the resulting chemisorbed CO is removed from the graphene layer surface (during the desorption step). The complete
removal of CO bonding on the graphene surface after one
cycle of ALET was observed by XPS, as shown in Fig. 3(a)
and (b) (after one cycle of ALET). The bilayer of CVD graphene
etched by ALET was observed by UV, Raman, and SEM spectroscopy and the results are shown in Fig. 4(a–d). A previous
study showed a decrease of the optical transmittance of about
2.3% per monolayer of graphene [7].
As shown in Fig. 4(a), the optical transmittance of the bilayer of graphene measured at 550 nm was 94.7 %, and after
each cycle of ALET the optical transmittance was increased

by about 2.3–2.4%, indicating the removal of the monolayer
of graphene by ALET. Fig. 4(b) shows the Raman spectra measured before and after the ALET of the bilayer of CVD graphene. The exfoliated graphene shows a ratio of G/2D of about
1.0, however the graphene layer grown by CVD and stacked
by the transfer of monolayers of graphene shows Raman characteristics similar to those of monolayer graphene (G/2D > 1),
due to the lack of an AB stacking sequence [7]. As shown in
the figure, after two cycles of ALET, the G and 2D peaks completely disappeared, indicating the complete removal of the
bilayer of graphene. The removal of one layer of the bilayer
of CVD graphene by one cycle of ALET was also observed by
SEM after the partial etching of the graphene sheet composed
of bilayer/monolayer graphene, as shown inside of the rectangular pattern of Fig. 4(c). The graphene sheet was selectively
etched by ALET after patterning by photoresist. The photoresist was removed after the etching process. As shown in
Fig. 4(d), after one cycle of ALET, throughout the substrate,
only the unmasked bilayer graphene area changed to monolayer graphene, while the unmasked monolayer graphene
area changed to zero layer graphene. The shape of the bilayer
graphene also remained unchanged, indicating that there was
no undercutting of the graphene layer during ALET. Therefore,
it is believed that ALET can be utilized to achieve the etching of
graphene layers precisely, anisotropically, and uniformly over
a large area substrate (all of the wafer area showed the same
etching of one graphene layer per cycle of ALET), which is required for the fabrication of graphene nanodevices.
Even though ALET can control the etching on the atomic
layer scale, the graphene surface appeared to be partially
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Fig. 2 – (a) Raman spectra of graphene layer before/after exposure to oxygen molecules/radicals. The exposure of the
graphene layer to the oxygen molecules for 10 min did not change the Raman spectra. However, its exposure to oxygen
radicals for 1 min led to the appearance of the D peak, which indicates the adsorption of oxygen to graphene. (b and c) show
the XPS peak (C1s) of the graphene surface measured after its exposure to oxygen molecules for 10 min (b) and after its
exposure to oxygen radicals for 1 min (c). As shown in these figures, no CO bonding is observed after the exposure to oxygen
molecules. However, after exposure to oxygen radical, an increase in the amount of CO bonding and sp3 bonding with a
corresponding decrease of sp2 bonding is observed.

damaged after the etching process. Damage was observed due
to the higher sp3 bonding (36.49%) after one cycle of ALET
compared to that of the as-received graphene (24.01%), as
shown in Fig. 3, and also by the formation of the D peak
and the decrease of the 2D peak after the ALET, as shown in

Fig. 4(b). When the energy distribution of the Ar+ ion beam extracted by the Ar ICP ion gun was investigated, the Ar ion
showed an additional high energy peak 48 eV in addition
to 30 eV peak required for the desorption of C–O bonding
during the ALET. The increase of sp3 bonding after the ALET

Fig. 3 – (a) XPS peak (C1s) of the graphene surface measured after each ALET process step (as-is, O2 radical chemisorption, 1
cycle ALET, annealing). (b) Atomic percent of surface bonding measured using XPS after the ALET process steps (as-is, O2
radical chemisorption, 1 cycle ALET, annealing).
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Fig. 4 – (a) Optical transmittance of bilayer graphene before and after ALET cycles. The black line is the transmittance of the
bilayer graphene (before ALET). Other transmittance spectra were obtained after the ALET cycles (red line: after 1 cycle of
ALET, green line: after 2 cycles of ALET). After each ALET cycle, the optical transmittance measured at 550 nm is increased by
about 2.3%. (b) Raman spectra of bilayer graphene measured after each ALET cycle and after the annealing of the 1 cycle
etched graphene. (c and d) SEM images of a patterned graphene sheet (bilayer graphene mixed with monolayer graphene)
which has been etched by 1 cycle of ALET. The square-shaped masked area in (c) shows the remaining bilayer/monolayer
graphene, while the open edge area shows the monolayer/no graphene, indicating the etching of one graphene layer by 1
cycle of ALET. All of the exposed substrate area showed the uniform removal of a monolayer of graphene after 1 cycle of ALET
and the graphene layer was etched without undercutting. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

is believed to be related to the physical bombardment by the
high energy beam (48 eV) extracted from the plasma gun
during the desorption step, in addition to the beam energy
(30 eV) required for ALET, and this problem needs to be
resolved in the near future. The physically damaged graphene
surface was mostly recovered by annealing in a 130 mTorr H2/
He environment at 1000 C for 30 min, as observed in Fig. 3,
due to the decrease of the sp3 bonding and the increase of
the sp2 bonding after annealing to levels close to those of
the graphene surface before etching. The Raman spectra in
Fig. 4(b) also showed the recovery of the 2D peak formed by
ALET after annealing, indicating the recrystallizaton of the
damaged graphene layer. However, the D peak still remained
even after the annealing process, indicating the incomplete
recovery, possibly due to the insufficient amount of carbon
on the graphene surface for complete recrystallization [17],
because an annealing process at a higher annealing

temperature did not show significant improvement in the
recovery.
Using the ALET process followed by annealing, full metal–
oxide-semiconductor (MOS) devices composed of a graphene
source, graphene drain, and graphene channel were fabricated. The fabrication sequence is schematically shown in
Fig. 5(a). The trilayer graphene transferred to a (200 nm)
SiO2/n + Si wafer was patterned to define the device region
composed of a source, drain, and gate channel using a
20 nm thick Au etch mask and by using a conventional oxygen ICP plasma. The channel graphene layer was etched by
ALET after masking the source/drain region by an Au mask
to control the number of channel graphene layers. The inset
picture in Fig. 5(b) shows an optical image of the fabricated
full graphene device composed of a monolayer graphene
channel and a trilayer source/drain. The electrical characteristics of the full graphene devices with different graphene
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channel layers obtained by ALET were observed and the results are shown in Fig. 5(b–d). As shown in Fig. 5(b), the
VD–ID (width: 2 lm, length: 10 lm) was linear and, after each
cycle of ALET, ID was decreased, indicating the increase of
the resistance of the channel caused by the decrease in the
number of channel graphene layers [18]. The characteristics
of VGS–ID (width: 10 lm, length: 10 lm) were measured for
the channels with the trilayer graphene and monolayer
graphene (after 2 cycles of ALET) and the results are shown
in Fig. 5(c). As shown in the figure, similar to the trilayer
graphene channel, the annealed monolayer graphene channel showed the general characteristics of graphene. In addition, the characteristics of VD–ID (width: 2 lm, length: 10 lm)
measured as a function of VGS also showed that the annealed
graphene channel layer exhibits the general characteristics
of graphene, indicating the possibility of fabricating full
graphene MOS devices using ALET technology. However,
the electrical characteristics of the fabricated graphene transistors were generally poor and it is not only related to the
partial damage to graphene during the ALET but also to the
quality of the CVD graphene and to the AB stacking misfit
of the stacked CVD graphene multilayer used in the experiment. Therefore, it is believed that, the improved MOS device

characteristics can be obtained by removing the high energy
peak (48 eV) during the desorption step of the ALET and by
using the high quality multilayer graphene without AB stacking misfit.

4.

Conclusion

In summary, we demonstrated the precise etching of a monolayer of graphene per etch cycle uniformly over a large area
using O2 ALET. After ALET, damage to the graphene layer
was observed related to the high energy Ar bombardment
from the ICP source, but this damage could be mostly recovered by annealing in an H2/He environment. Full graphene devices composed of a graphene source/drain and graphene
channel were fabricated by etching the channel graphene
layer using ALET followed by annealing. The fabricated devices did not show perfect graphene device characteristics,
possibly due to the AB stacking misfits, due to the transfer
of the CVD graphene layers, in addition to the damage
remaining on the graphene channel layer. However, the possibility of fabricating full graphene devices composed of only
graphene on the substrate in the near future was demonstrated by utilizing ALET technology.

Fig. 5 – (a) Fabrication sequence of a full graphene device composed of a graphene source, graphene drain, and graphene
channel. (b) Drain current (ID) versus drain–source voltage (VD), recorded for different graphene device channel layers (device
channel width 2 lm and length 10 lm). The inset figure is the SEM image of a fabricated full graphene device with trilayer
source/drain and monolayer graphene channel. (c) Transfer characteristics at VD = 10 V for full graphene devices with
different graphene channel layers (trilayer and monolayer channel; device channel width 10 lm and length 10 lm). (d) Drain
current (ID) versus drain–source voltage (VD), recorded at different gate voltages for full graphene devices with different
graphene channel layers (device channel width 2 lm and length 10 lm).
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