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High quality High-k dielectrics on graphene were achieved by atomic layer deposition directly using
remote oxygen plasma surface pretreatment. The uniform coverage on graphene is illustrated by atomic
force microscopy and confirmed by high resolution transmission microscopy. The possible surface
lattice damage induced by plasma is limited and demonstrated by Raman spectra. The excellent Hall
mobility for graphene is maintained at 2.7 3 103 cm2/V?s, which only decreases by 25%. The excellent
electrical characteristic of dielectric presents the low leakage current density and high breakdown
voltage. Moreover, the technology is compatible with the traditional CMOS process which brings much
possibility to future graphene devices.

T
he emerging extensive application of graphene attracts intensive attention as a promising material for
future nano-electronics with high intrinsic carrier mobility1–3. The high quality graphene/oxide inter-
face is critical to electronic devices such as radio-frequency transistor4,5 and flexible electronics6,7. A lot

of efforts have been made to realize atomic layer deposition (ALD) of high-k dielectrics with high quality on
the top of graphene. With the help of a functionalization layer of NO2-trimetdhylaluminum (TMA)8 or
using different ultra-thin metal films as a nucleation layer to enable the ALD process9,10, the Al2O3 has been
successfully deposited on graphene indirectly. Recently, high-k dielectrics have been achieved on graphene
through spin-coating a polymer buffer layer in advance, which has less degradation for the carrier mobil-
ity11,12. Although these methods have provided successful dielectric deposition on graphene, the high quality
graphene/oxide interface is still not obtained especially on the optimization electrical characteristics. The
introduction of polymer and the indirect fabrication process will not only reduce the thermal budget of the
device but also be incompatible with the traditional CMOS process, which limits the application seriously.
Additionally, to achieve better graphene/oxide interfaces, understanding the physical nature of the dynamic
deposition process is very important. However, clear clarification is still lacking in literature.

In this letter, we have developed a method for the formation of high quality uniform graphene/oxide
interface directly by ALD deposition with remote oxygen plasma treatment. We report only 25% degrada-
tion in carrier mobility after optimized dielectric deposition with .1.2 MV/cm dielectric breakdown elec-
trical field intensity and ,1027 A/cm2 leakage current density. In this investigation, we propose the physical
images of the dielectric deposition process by ALD via remote oxygen plasma and the results of in-situ x-ray
photoelectron spectroscopy (XPS) analysis verified the mechanism.

Results
The atomic force microscope (AFM) image of a 5 mm 3 5 mm area is shown in Fig. 1(a). Before dielectric is
deposited, there are some ripples on graphene surface which is inevitable because of the transferring gra-
phene to a silicon substrate process and surface roughness is about 1.28 nm13. After the remote plasma
pretreatment and the following deposition, good conformal coverage of Al2O3 with few pinholes is observed,
as shown in Fig. 1(b). The ripples are less obvious and the surface roughness decreases to 0.90 nm
which indicates the uniform Al2O3 film coating. As illustrated in HRTEM cross-sectional images of
Fig. 2, the Al2O3 is confirmed on the top of graphene surface and an interfacial layer between graphene
and dielectric is found. The Al2O3 thickness is about 18.4 nm which is in accordance with the growth rate of
the Al2O3 ALD process. An interfacial layer between graphene and oxide is observed and the thickness is
about 2 nm.
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Representative Raman spectra were measured (with a 514 nm
laser) before and after dielectric deposition, as shown in Fig. 3.
Common features of graphene, the G and 2D peaks, which lie at
around 1580 cm21 and 2700 cm21 are observed14,15. Before ALD
process, the D band (,1345 cm21) is not found in the spectrum
which implies the transferring process doesn’t bring in many disor-
ders to graphene on silicon substrate. After the oxygen plasma sur-
face pretreatment and ALD Al2O3, a low disorder-induced D band
occurs which indicates defects were introduced during the process16.
A shift of 2D peak is observed after Al2O3 deposition, which confirms
that the doping effect occurs on graphene. The doping level of gra-
phene can be estimated. The remote O2 plasma pretreatment before
ALD can introduce some active oxygen-containing functional
groups to graphene surface forming nucleation sites to make the
subsequent ALD reaction easier. However, these functional groups
will also break the sp2 hybridization and bring in some disorders
which may lead to the appearance of D band. As shown in blue in

Fig. 3, though the O2 plasma exposure and ALD process induce
disorders in graphene, the D/G intensity ratio is less than 0.1 which
still indicates limited damage and good quality of graphene
surface17,18.

The Hall effect measurements were performed with the Van der
Pauw method. In order to eliminate the contribution for mobility of
the substrate, we use a 1 cm 3 1 cm graphene sample on SiO2

substrate and the transferring steps are the same as before. The
Hall mobility for graphene transferred on SiO2 substrate is about
3.606 3 103 cm2/(V?s). After oxygen plasma pretreatment and
ALD process, the measured Hall mobility reduces to 2.705 3

103 cm2/(V?s). The decrease of Hall mobility is reasonable since
the break of sp2 hybridization during O2 plasma exposure and the
interfacial scattering, but compared to the Hall mobility before ALD,
the 25% reduction is still acceptable.

In order to further evaluate the dielectric, top Al electrodes were
manufactured by means of physical vapor deposition (PVD) for
Al2O3/graphene/highly-doped silicon structure. I–V measure-
ments were conducted by biasing top electrodes from 0 to 5 V
at a ramp rate of 0.01 V/s. Fig. 4 shows the current density (J)
varies with the electric field (E). The sample presents the leakage
current is about 1027 A/cm2 before breakdown which indicates the
good insulation effect of Al2O3 dielectric. The leakage current is
probably attributed to the trap-assisted tunneling mechanism.
Electrons are injected from interfacial traps to the oxygen vacan-
cies near the interface, and the thermionic field emission of
electrons between the oxygen vacancies could form a conductive
path for electrons to leak19. At a large bias, the current increases
quickly by 3 or 4 orders of magnitude and reaches the compliance
limit (1 mA). The breakdown occurs at 1.2 MV/cm which is smal-
ler than the Al2O3 breakdown field20. We attribute the phenom-
enon to the interfacial contact between graphene and Al2O3.
Defects formed at interface between the graphene and dielectric
could lead to early breakdown of Al2O3. The insert picture (b) of
Fig. 4 shows the C-V measurement of the structure. The value of
the dielectric constant is 8.73, which further confirms that good
gate dielectrics are formed on graphene by direct atomic layer
deposition.

Discussion
Fig. 5(a) shows the dynamic mechanism of Al2O3 dielectric form-
ing on the top of graphene by remote oxygen plasma pretreated
ALD. The oxygen plasma firstly generates remotely. After the
oxygen plasma process, both the C-O bond and C 5 O bond
are formed on the graphene surface and edge which change the
graphene surface from hydrophobic to hydrophilic and make the

Figure 1 | AFM images of graphene (a) before and (b) after deposited Al2O3 via O2 plasma surface pretreated ALD process.

Figure 2 | HRTEM images of the cross-sectional Al/Al2O3/graphene/Si
structure.
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following ALD process easier to happen. In order to prove the
mechanism, we performed in-situ XPS analysis of C 1 s of gra-
phene surface before and after oxygen plasma is introduced to
surface. The Fig. 5(b) shows a single C-C peak located at
284.8 eV which indicates high quality graphene before plasma
pretreatment21. After remote oxygen plasma is flown to surface,
as shown in Fig. 5(c), the C-O peak (286.6 eV) and C(O)O peak
(289.3 eV) are observed which indicates the transformation of sp2

hybridization to sp3 hybridization22. The C-O bond and C(O)O
bond induced by oxygen plasma create the precondition for ALD
process at the sacrifice of breaking the two-dimensional planar
crystal structure and decreasing the mobility. However, by careful

controlling of plasma exposure time and adjusting sp3/sp2 ratio,
we can realize ALD high quality dielectric on the surface of gra-
phene with introducing only limited damage.

In summary, we successfully deposited ,18.4 nm Al2O3 dielec-
tric on graphene after 200 ALD cycles. The uniform coverage with
the roughness of 0.9 nm and good graphene/oxide interface are
confirmed by AFM and HRTEM. Since the O2 plasma is generated
remotely and the time for exposure is well-controlled during the
process, the damage introduced to graphene lattice is limited
which is revealed by Raman spectra. As a result, only 25% degra-
dation of Hall mobility was detected by this method. Furthermore,
we fabricated the top electrodes for Al2O3/graphene/highly-doped
silicon structure to evaluate the electrical characteristic. A low
leakage current density of 1027 A/cm2 which indicates good insu-
lation effect of dielectric is observed and the breakdown occurs at
1.2 MV/cm. The in-situ XPS analysis of C1s spectra reveals O2

plasma pretreatment could break sp2 hybridization and make
the surface hydrophilic for the following ALD process. These
results will provide a new solution for future application in gra-
phene based devices that could be compatible with the CMOS
fabrication process.

Methods
The graphene was synthesized by the Cu-catalyzed low-pressure chemical vapor
deposition. Following this synthesis, graphene was transferred by spin-coating a
‘‘handle’’ layer which comprises of poly (methylmethacrylate (PMMA)). The
PMMA layer was used to support the graphene film while the Cu substrate
was etched in FeCl3. The obtained PMMA/graphene membrane was then trans-
ferred to a highly-doped silicon substrate. After removing PMMA with
acetone, cleaning and drying, the graphene/n1-Si sample was transferred to ALD
chamber. The whole ALD process with remote O2 plasma surface pretreatment
was undertaken in the Picosun R200 system. After remote O2 plasma exposure
for 20 seconds (s), Al2O3 was deposited at ,250uC using TMA and water as
precursors for 200 cycles. The pulse time for TMA was 0.1 s, which is followed
by a 6 s purge, 0.1 s H2O pulse and 10 s purge. The resulting growth rate was
about 0.1 nm/cycle and the obtained Al2O3 film thickness was about 20 nm. In
order to evaluate the quality of the dielectric in electrical characteristics, we
made top electrodes using sputtering and the electrode thickness was about
100 nm. The top electrodes made of Al were formed by hard mask with a radius
of 100 mm.

Figure 3 | Raman spectra of graphene before (red line) and after (blue line) ALD Al2O3 with O2 plasma pretreatment.

Figure 4 | The current density versus the electric field (J-E)
characteristics of Al/Al2O3/graphene/Si structure. Insert: (a) a schematic

band-diagram of the structure when Al is biased to a positive voltage,

(b) the C-V curve of the structure.
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