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The polymer residue generated during the graphene transfer process to the substrate tends to cause
problems (e.g., a decrease in electron mobility, unwanted doping, and non-uniform deposition of the
dielectric material). In this study, by using a controllable low-energy Arþ ion beam, we cleaned the
polymer residue without damaging the graphene network. HfO2 grown by atomic layer deposition
on graphene cleaned using an Arþ ion beam showed a dense uniform structure, whereas that
grown on the transferred graphene (before Arþ ion cleaning) showed a non-uniform structure. A
graphene–HfO2–metal capacitor fabricated by growing 20-nm thick HfO2 on graphene exhibited a
very low leakage current (<1011 A/cm2) for Arþ ion-cleaned graphene, whereas a similar capacitor
grown using the transferred graphene showed high leakage current. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4950997]

Graphene has extraordinary properties, such as high
electron mobility, in addition to excellent mechanical
strength and high thermal conductivity.1–4 Due to the high
electron mobility of graphene, logic devices using graphene
possess remarkable properties, among which include proposed beyond complementary metal oxide semiconductor
(CMOS) nanoelectronics.5–8
Currently, for large-area graphene electronics, graphene
grown on Cu foils by chemical vapor deposition requires
transfer to the substrate and lithographic patterning. For that
reason, the polymer layer, such as that of poly(methyl methacrylate) (PMMA),9 must be removed after the graphene
transfer to the substrate9–11 and lithographic patterning.12–15
However, a very thin polymer residue remains on the graphene surface after the polymer layer removal, and this residue can cause many problems, such as decreased electron
mobility16 and the prevention of uniform coverage of high-k
dielectrics or metals on graphene during atomic layer deposition (ALD) through prevention of precursor absorption on
the graphene surface.17,18
With regard to high-k ALD on graphene, researchers initially believed that the difficulty in forming a high-k dielectric on the transferred graphene surface originated from the
chemical stability of the graphene surface, due to the sp2
bonding of its honeycomb structure.19 Therefore, to deposit
a high-k dielectric layer on graphene by ALD, researchers
deposit a buffer layer and a seed layer before performing
high-k ALD on the graphene surface.19–27 Alternatively, to
directly deposit high-k dielectric materials by ALD on the
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transferred graphene without depositing a seed layer,
researchers treat the graphene surface with nitrogen plasma
and oxygen plasma,28,29 or increase the reactivity of the graphene surface by ozone adsorption.30,31 In fact, we believe
that the difficulty in depositing high-k dielectric materials on
the graphene surface by ALD appears more due to the polymer residue on the transferred graphene surface after the
transfer to the substrate or lithographic patterning.
In this paper, we used a monoenergetic Arþ ion beam
with an energy of less than 10 eV for removal of the residue on the graphene surface. By removing the residue, we
accomplished in fabricating a graphene–HfO2–metal capacitor, comparing the characteristics of leakage current.
We synthesized monolayer graphene on a Cu foil by a
CVD method. We preheated Cu foil (electroplated Cu film;
99.9(%); purchased from Wacopa) at 1020  C with Ar (1000
sccm) and H2 (100 sccm) gases for 30 min to reduce the surface roughness. Then, we flew CH4 (5 sccm) into the chamber with Ar (1000 sccm) and H2 (20 sccm) for 20 min at
1020  C to grow graphene on the Cu foil; thereafter, we flew
Ar (1000 sccm) to cool down the reactor to room temperature. After graphene synthesis, we cut the Cu foil into pieces,
coating with PMMA (Microchem 950C), then immersing
into a FeCl3 solution in order to etch away the Cu foil. When
the Cu foil was completely removed, we rinsed the graphene
layer on PMMA in deionized water to wash away etchant
residues. Then, we transferred the PMMA-coated graphene
layer onto the Si wafer with a 300-nm thick SiO2 layer. We
removed the PMMA on the SiO2/Si wafer using acetone after
completely adhering the graphene onto the wafer.
We exposed the graphene on SiO2 to a low-energy Arþ
ion beam, using a 4-in. diameter two-grid Arþ ion beam
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FIG. 1. Schematic diagram of a two-grid Arþ ion beam treatment system. To
measure the Arþ ion energy distribution, we installed a mass spectrometer at
the substrate location. We loaded substrate through a load-lock system.

system, investigating the effect of the Arþ ion beam on the
change in plasma condition (Fig. 1) [Plasma condition: base
pressure: 3  106 Torr; Ar gas flow rate: 200 sccm and
240 sccm; ICP power: 500 W; 1st grid voltage: floated; 2nd
grid voltage: grounded]. The Arþ ion beam consisted of an
ICP source (13.56 MHz) and two grids in front of the ICP
source to extract and control the energy of the Arþ ions. We
installed the mass spectrometer at the substrate location;
therefore, we could measure the exact Arþ ion energy
distribution.
We deposited HfO2 by ALD on the graphene surface
transferred onto the Si wafer with a 300-nm thick SiO2 layer
(precursor: TDMAHf; reactant: H2O; T(substrate): 200  C) by
using an ALD apparatus. To fabricate a metal–insulator–
metal (MIM) capacitor, we deposited a 20-nm thick HfO2
layer on the transferred graphene surface and on the graphene surface cleaned using the Arþ ion beam. We removed
a portion of the HfO2 layer using an HF solution
(HF:deionized water ¼ 1:200) to expose the graphene, and
we deposited an Au (50 nm)/Cr (5 nm) layer on the HfO2 and
graphene to form a MIM capacitor.

Appl. Phys. Lett. 108, 213102 (2016)

We observed the surface morphology of the cleaned graphene and HfO2 deposited on the graphene surface using fieldemission scanning electron microscopy (FESEM, S-4700,
Hitachi). We examined the graphene surface cleaning by
Raman spectroscopy (WITEC Alpha 300Mþ 532-nm wavelength). We measured the thickness of HfO2 deposited by
ALD using an ultraviolet-visible (UV-Vis) spectroscopic ellipsometer (SE MG-1000UV, NANO-VIEW) at a tilt angle of
70 . We observed atomic images of the graphene surface using
high-resolution transmission electron microscopy (HR-TEM,
Titan G2 Cube Cs-corrected, FEI) at 80 kV. We measured the
leakage current in the MIM capacitor using a semiconductor
parameter analyzer (4145b, HP) at low biases (<2 V).
As shown in Figs. 2(a) and 2(b), we could measure the
energy of the Arþ ion beam for a fixed 500 W of rf power,
according to the Ar flow rate. As shown in the figures, the
energy of the Arþ ions beam showed a Gaussian-shaped
energy distribution peak at about 9.5 eV and about 13.4 eV
for 240 sccm and 200 sccm of Ar flow rate, respectively.
Figs. 2(c) and 2(d) show the Raman spectroscopic data for
the graphene exposed at 9.5 eV and 13.4 eV for 300 s. As
shown in Fig. 2(c), no change in D peak intensity at
1335 cm1, indicating no additional damage to the graphene surface by the Arþ ion exposure at 9.5 eV. As shown
in Fig. 2(d), with increasing Arþ ion beam energy, the D
peak intensity increased, indicating increased defect formation on the graphene surface. However, upon exposure to the
9.5 eV Arþ ion beam for 300 s, the positions of the G and 2D
peaks blue-shifted to higher frequencies by about 16 cm1
and 15 cm1, respectively, whereas the D peak position did
not change. One generally observes a blue shift of Raman
G/2D peaks when removing a p-type doping material from
the graphene surface.32 Therefore, we can attribute the peak
shifts caused by the Arþ ion cleaning and indicated by
Raman spectroscopic data in Fig. 2(c) to the removal of the
PMMA residue on the graphene surface.
We observed the graphene surface before and after Arþ
ion cleaning using high-resolution transmission electron

FIG. 2. Arþ ion energy distribution of
the Arþ ion source for different Ar gas
flow rates at: (a) 240 sccm and (b) 200
sccm. Raman spectroscopic data for
the graphene surface after Arþ ion
beam treatments for 300 s at: (c) 9.5 eV
and (d) 13.4 eV.
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FIG. 3. HR-TEM images of monolayer graphene: (a) transferred graphene
before Arþ ion cleaning and (b) after Arþ ion cleaning for 300 s.

microscopy (HR-TEM), with the results shown in Figs. 3(a)
for the transferred graphene and 3(b) for 300 s cleaning. As
shown in Fig. 3(a), we obtained a hazy atomic image, owing
to the PMMA residue on the graphene surface. However, as
shown in Fig. 3(b), we could observe a very clean graphene

Appl. Phys. Lett. 108, 213102 (2016)

atomic image after the Arþ ion cleaning for 300 s, indicating
effective graphene surface cleaning using the Arþ ion cleaning method. We also took scanning electron microscope
(SEM) images of the graphene surface after the transfer to
the SiO2 substrate using PMMA and those after the lowenergy Arþ ion cleaning (see supplementary material Fig.
S133). In fact, for the graphene surface cleaning, other methods (e.g., surface cleaning using H2 and H2-N2 plasmas,34
and CO2 cluster35) also exhibited a clean graphene surface
after the cleaning. However, in such research, possible damages that could form on the surface during the cleaning process have not been explicitly described, and these methods
could also result in unintentional doping during the processing. Contrariwise, in our method using a 9.5 eV monoenergetic Arþ ion beam, as shown in Fig. 3(b), we could remove
the PMMA residue without forming surface damage and
without unintentional doping on the surface. In addition,
when we fabricated a back-gate graphene field effect transistor (FET) in a previous research,36 not only the charge neutrality point (Dirac point) of the FET fabricated after the
graphene cleaning shifted to near 0 V, but also the drain current of the FET increased about four times.
On transferred and Arþ ion-cleaned graphene surfaces, we
deposited a 20-nm thick HfO2 layer by ALD, investigating
the deposition behavior of the HfO2. As a reference, we also
deposited HfO2 on a fresh graphene surface grown on a Cu foil
(before transfer to a SiO2 substrate) and on the SiO2 substrate
itself. Fig. 4 shows the SEM images of the HfO2 deposited on:
the graphene on Cu (Fig. 4(a)); the graphene after transfer to
the SiO2 (with PMMA residue still present on the surface after
PMMA removal by acetone, after transfer to the SiO2 from the
Cu foil) (Fig. 4(b)); the graphene after removal of the PMMA
residue by the 9.5 eV Arþ ion beam (Fig. 4(c)); and the SiO2
surface (with no graphene on the surface) (Fig. 4(d)). As shown
in Fig. 4(b), we observed non-uniform HfO2 growth for transferred graphene, possibly owing to the PMMA residue on the
surface; whereas we observed very uniform HfO2 growth on
the graphene surface after the Arþ ion cleaning, as shown in

FIG. 4. SEM images of 20-nm thick
HfO2 layer deposited by ALD on: (a)
the graphene surface on Cu foil (just
after graphene growth on Cu by CVD);
(b) the graphene after transfer to the
SiO2 surface (with PMMA used to
transfer graphene removed by acetone,
and PMMA residue still present on the
graphene surface); (c) the graphene
cleaned using an Arþ ion beam; and
(d) the SiO2 surface (with no graphene
on the surface).
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FIG. 5. Schematic showing the fabrication sequence of HfO2 capacitors by
ALD on graphene: (a) without cleaning
and (b) with cleaning. (c) Leakage currents in capacitors fabricated using
HfO2 grown on the transferred graphene (black) and on graphene cleaned
using an Arþ ion beam (red).

Fig. 4(c). The HfO2 thin films grown on fresh graphene on the
Cu foil and SiO2 in Figs. 4(a) and 4(d), respectively, also showed
uniform HfO2 growth, indicating that the non-uniform growth of
HfO2 on the transferred graphene was due to the PMMA residue
on the graphene surface after the transfer from Cu to SiO2
(obstructing the growth of HfO2 on the graphene surface).
We compared the qualities of HfO2 grown on the graphene surface before and after the Arþ ion cleaning by fabricating capacitors using HfO2 grown on the graphene surface,
as shown in Figs. 5(a) and 5(b), respectively. Fig. 5(c) shows
leakage currents from the capacitors fabricated using a 20-nm
thick HfO2 layer grown on the transferred graphene (black)
and graphene cleaned using the Arþ ion beam (red). Figs. 5(a)
and 5(b) show the fabrication sequences for the HfO2 capacitors. We deposited a 20-nm thick HfO2 layer by ALD on the
transferred graphene surface and on the graphene surface
cleaned using the Arþ ion beam. On the transferred graphene
surface, a thin PMMA residue was still present; therefore, a
lower-quality HfO2 layer formed on the transferred graphene
surface. When we removed the thin PMMA residue using the
Arþ ion beam, a higher-quality HfO2 layer formed on the
clean graphene surface. As shown in Fig. 5(c), the capacitor
fabricated using a 20-nm thick HfO2 layer grown on the transferred graphene showed significant leakage current, owing to
the non-uniform growth of the HfO2 on the transferred graphene surface. In contrast, the capacitor fabricated using graphene cleaned with the 9.5 eV Arþ ion beam showed a very
low leakage current of less than 1011 A/cm2, owing to the
dense HfO2 thin film grown on the graphene surface. The
schematic diagram of the graphene surface cleaning and the
HfO2 growth on the cleaned graphene surface is shown in supplementary material Fig. S2.33
In this study, we transferred graphene layers from a Cu
foil by using PMMA, while the PMMA residue generated
during the transfer process cannot be easily removed by wet

cleaning techniques. By using a controllable low-energy Arþ
ion beam (9.5 eV), we removed the PMMA residue on the
graphene surface without damaging the graphene surface.
The capacitor fabricated with the HfO2 grown on the graphene surface cleaned by the Arþ ion beam exhibited a lower
leakage current, owing to the denser HfO2 layer.
This research was supported by the Industry Technology
R&D program of MOTIE/KEIT [10050501, Development of
a laser-assisted hybrid inorganic deposition system for
flexible organic device passivation] and the Basic Science
Research Program through the National Research Foundation
of Korea (NRF), funded by the Ministry of Education
(2015R1D1A4A01020731).
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