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Largely-Tuned Effective Work-Function of
Al/Graphene/SiO2/Si Junction with Electric Dipole Layer at
Al/Graphene Interface

Wonho Song, Jung-Yong Lee, Junhyung Kim, Jinyoung Park, Jaehyeong Jo, Eunseok Hyun,
Jiwan Kim, Hyunjae Park, Daejin Eom, Gahyun Choi,* and Kibog Park*

The effective work-function of metal electrode is one of the major factors to
determine the threshold voltage of metal/oxide/semiconductor junction. In
this work, it is demonstrated experimentally that the effective work-function of
the Aluminum (Al) electrode in Al/SiO2/n-Si junction increases significantly
by ≈1.04 eV with the graphene interlayer inserted at Al/SiO2 interface. The
device-physical analysis of solving Poisson equation analytically is provided
when the flat-band voltage is applied to the junction, supporting that the large
tuning of Al effective work-function may originate from the electric dipole
layer formed by the off-centric distribution of electron orbitals between Al and
graphene layer. Our work suggests the feasibility of constructing the
dual-metal gate CMOS circuitry just by using Al electrodes with area-specific
underlying graphene interlayer.
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1. Introduction

The metal/oxide/semiconductor (MOS)
structure has been used as an essential el-
ement in electronic device applications. It
can function as a voltage-dependent vari-
able capacitor (varactor). However, the
most prominent usage is to work as
the gate stack and current channel of
MOS field effect transistor (MOSFET).
In the real-world applications, both n-
and p-channel MOSFET are used in com-
binatorial manners for minimizing the
power consumption during device opera-
tion, bearing the name of complementary
MOS (CMOS). There has been a tremen-
dous amount of researches for im-
proving and optimizing the operational

characteristics of MOSFET.[1] In particular, the threshold volt-
ages to form inversion channels in n- and p-channel MOSFET
are strongly preferred to be symmetric from zero, meaning the
same magnitude but opposite polarity, as much as possible.[2,3]

These threshold voltages depend primarily on the work-function
of gate metal electrode. More practical quantity for the MOS
structure is the so-called effective work-function which is de-
fined as the energy difference between the Fermi-level of metal
and vacuum level of semiconductor in the flat-band situation.[4,5]

Thus, the various layer-structural and chemical methods modu-
lating the effective work-function of gate metal have been em-
ployed including metal interdiffusion,[6] post-treatment of insu-
lating layer,[2,3,7–9] chemical reaction of metal and insulator,[10]

and multiple oxide layers.[11] Recently, it has been reported that
the work-function of a metal film can be modulated when the
metal film being in contact with a graphene monolayer.[12–14]

In this work, we demonstrate experimentally that the flat-band
voltage of metal/SiO2/n-Si junction, interlocked with the effec-
tive work-function of gate metal, can change noticeably with a
graphene interlayer inserted at metal/SiO2 interface. We also
show that the effective work-function change of metal/graphene
stack can stem from the electric dipole layer formed between
metal and graphene by solving the Poisson equation analyti-
cally to obtain the electron energy band profile of junction.[12–14]

Most relevantly, the effective work-function of Al/graphene stack
is found to increase quite a lot compared with Al, low work-
function (≈4.08 eV)[15] metal suitable for n-channel MOSFET
gate electrode, enough to be used as a gate electrode of p-channel
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Figure 1. The structural quality of graphene and schematics of capaci-
tance measurement. a) Raman spectrum measured on transferred mono-
layer graphene with D, G, and 2D peaks being indicated. b) Schematic
view of MOS and MGOS junctions where the capacitance-voltage mea-
surement configuration using LCR meter is drawn. The AC signal voltage
Vsignal is applied with the rms magnitude of 50 mV and the frequency of
1 MHz while DC bias Vmetal is applied.

MOSFET. This implies that it will be possible to form the gate
electrodes for both n- and p-channel MOSFET just with the Al
metallization process.[2,3,16]

2. Results

The metal/graphene/oxide/semiconductor (MGOS) junctions
for investigating the effective work-function modulation were
prepared as follows. A ∼30 nm thick SiO2 layer was grown on
an n-type Si wafer (donor concentration ND≈3×1015 cm−3) by
using the dry oxidation and the SiO2/Si substrate was cleaned
in acetone and methanol, each for 5 min sequentially. Then, a
graphene layer grown with chemical vapor deposition (CVD),
purchased from the Graphene Supermarket Inc., was transferred
partly onto the substrate by using the semi-dry transfer method
reported previously.[17] After transferring the graphene layer, Ra-
man spectroscopy was performed to evaluate the quality of the
graphene layer. As shown in Figure 1a, the ratios of D peak to
G peak and 2D peak to G peak are estimated to be ∼0.03 and
∼2.52, respectively. These indicate that the transferred graphene
is a monolayer having a negligible number of defects.[18,19] To
form the MOS and MGOS structures under the same metalliza-
tion condition, circular metal electrodes with their diameter of
∼500 μm and thickness of ∼50 nm were deposited on the SiO2/Si
and graphene/SiO2/Si areas simultaneously through a shadow
mask. Then, the sample was exposed to O2 plasma for isolat-
ing electrically individual metal electrodes underlined with the
graphene interlayer. We first used aluminum (Al) electrodes to
form the MOS and MGOS structures which were deposited by
using thermal evaporation in high vacuum under ∼5×10−6 Torr.
The surface morphologies of deposited Al electrodes were inves-
tigated with the scanning electron microscope images, appearing
to be similar on both structures (see the Supporting Informa-
tion). The interaction of Al with graphene has been reported to
be relatively weak enough to preserve the electronic structure of
graphene around the Dirac point, meaning that the so-called ph-
ysisorption occurs at the interface.[12–14] Hence, it is possible for
us to use the linear density-of-states relation of graphene in cal-
culating the energy band profile across the MGOS junction.[20,21]

After the sample preparation, we performed the capacitance-
voltage (C–V) measurements in air and at room tempera-
ture to obtain the flat-band voltages (VFB) of Al/SiO2/Si and
Al/graphene/SiO2/Si junctions by using the Agilent E4980A LCR
meter. The small AC voltage for probing the capacitive response
of junction was set to be 50 mV (rms) at the frequency of 1 MHz
and the DC bias voltage (Vmetal) applied onto the metal elec-
trode varies from −5 to 5 V as illustrated in Figure 1b. The C-V
measurements were performed on three different junctions for
each of Al/SiO2/Si and Al/graphene/SiO2/Si junctions. Figure 2a
shows the measured C–V curves for Al electrode where the typical
capacitance characteristics of p-channel MOS are observed. Here,
the C–V curve is found to be shifted to the right with the graphene
interlayer, implying that the effective work-function of Al elec-
trode increases. The measured capacitance is maximized when
the Si substrate has NO depletion region developed (accumula-
tion state). The maximum capacitance, typically called the accu-
mulation capacitance (Cacc), was obtained to be ∼6.89×10−4 F m−2

on average for the Al/SiO2/Si junction. Likewise, the averaged ac-
cumulation capacitance of the Al/graphene/SiO2/Si junction was
obtained to be ∼6.38×10−4 F m−2.

By estimating the flat-band capacitance in the measured C–V
curve, we extracted the VFB of each junction.[22] The average VFB
of Al electrode measured over three different junctions for each
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Figure 2. Capacitance-Voltage characteristics for Al electrode. a) Capac-
itance (C), normalized to accumulation capacitance (Cacc), measured
as a function of voltage applied on metal (Vmetal) for Al/SiO2/Si and
Al/graphene/SiO2/Si junctions. The measurements were performed on
multiple junctions for both cases and one specific measurement outcome
is shown for each case. The VFB of each junction is indicated with the or-
ange dotted lines. Al/graphene electrode is written shortly as Al/G. Charge
distributions of b) Al/SiO2/n-Si and c) Al/graphene/SiO2/n-Si junctions at
Vmetal = VFB.
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Table 1. Material parameters used in analytical electrostatic modeling.
Metal work-function (ϕm), electron affinity of Si (𝜒 s), dielectric constant of
SiO2 (𝜖ox) and Si (𝜖s), effective density-of-states for the conduction band
of Si (NC), intrinsic work-function of graphene (ϕg), and Fermi-velocity of
graphene (vF) used in the calculation.

ϕm(Al)[15] ϕm(Pt)[32] 𝜒 s
[34] 𝜖ox

[33] 𝜖s
[34] NC

[34] ϕg
[26] vF

[26]

4.08 eV 5.65 eV 4.05 eV 3.9 11.7 2.82×1019 cm−3 4.50 eV 106 m s−1

of Al/SiO2/Si and Al/graphene/SiO2/Si junctions was found to
be −0.98 and 0.06 V, respectively, indicating that the VFB shift is
quite significant to be 1.04 V. From the extracted VFB, the effective
work-function of metal electrode can be obtained with the con-
ventional MOS capacitance formalism assuming the existence of
fixed charges (Qox) in the SiO2 layer. If Vmetal is equal to the VFB,
there should be NO depletion or inversion charges on the semi-
conductor side. Then, the Qox including bulk electron traps and
ionic impurities can be obtained from Equation (1) below reflect-
ing the charge distribution shown in Figure 2b.[23,24]

𝜙m = 𝜒s + Vn + VFB +
Qoxtox

𝜀ox𝜀0
(1)

where ϕm is the metal work-function, 𝜒 s is the electron affinity
of Si, Vn is the electrostatic potential amounting to the difference
between the conduction band minimum and the Fermi level of
bulk n-Si, tox is the thickness of SiO2 layer, 𝜖0 is the vacuum per-
mittivity and 𝜖ox is the dielectric constant of SiO2. Vn is calculated
with (kBT/q)ln (NC/ND) where kB is the Boltzmann constant, T is
the temperature, q is the elementary charge, and NC is the effec-
tive density-of-states for the conduction band of Si. Here, we note
that the energy unit is eV and energy and voltage can be treated
equally in algebraic calculation. Qox is assumed to be located ef-
fectively at the SiO2/Si interface.[2,8,22,25] It is also reasonable to as-
sume that Qox is the same for MOS and MGOS junctions because
both junctions are formed on the identical SiO2/Si substrate.

As described before, the effective metal work-function 𝜙e
m of

MOS capacitor represents the energy difference between Fermi-
level of metal and vacuum level of semiconductor in the flat-
band situation.[4,5] Then, the flat-band voltage should be equal
to the difference of 𝜙e

m and work-function of semiconductor ϕs.
That is, VFB = 𝜙e

m − 𝜙s. Here, ϕs can be expressed as a sum of
𝜒 s and Vn. Hence, the effective metal work-function becomes
𝜙e

m = 𝜒s + Vn + VFB. From the extracted VFB, the effective work-
function of Al electrode is obtained to be ∼3.31 and ∼4.35 eV
for Al/SiO2/Si and Al/graphene/SiO2/Si junctions, respectively.
The increase of effective work-function with the graphene inter-
layer, amounting to over 1.00 eV, is quite significant as mentioned
previously. Since the intrinsic work-function of graphene (ϕg) is
∼4.50 eV[26] larger just by ∼0.42 eV than that of Al, it seems
not feasible to allocate the graphene work-function as the origin
for such a large increase of effective work-function. We need to
explore other physical mechanisms to explain this large tuning
in the effective work-function of Al electrode. Similar phenom-
ena have been reported in several previous researches includ-
ing metal/graphene/GaAs junctions[14] and metal/graphene/Ge
junctions.[27] One plausible way is to adopt the existence of an
electric dipole layer formed at the metal/graphene interface stem-

ming from the off-centric distribution of the overlapped elec-
tron wave functions between metal and graphene layers.[12–14]

According to the density functional theory (DFT) calculation
done by Khomyakov et al.,[12] the electrons mediating the bond-
ing between metal and graphene are distributed more closely
to the metal side for all physisorbed metals. Identical conclu-
sions are made from another DFT calculation done by Gong
et al.[13] This implies that an electric dipole layer forms at the
metal/graphene interface with its direction pointing from metal
to graphene. If denoting Qi as the charge on the graphene side
of the interface dipole layer, Qi should be positive for all ph-
ysisorbed metals. However, the polarity of Qi was reported to
be inverted when metals with relatively low work-function were
contacted to graphene, observed in metal/graphene/GaAs junc-
tions containing local patches of weak Fermi-level pinning.[14] By
relying on the observation in metal/graphene/GaAs junctions,
the Qi is expected to be negative for the Al/graphene contact
as well.

For more quantitative investigation on how the electric dipole
layer at Al/graphene interface influences the measured C-V
curves, we have performed the analytical electrostatic model-
ing to obtain the electron energy band profile across both MOS
and MGOS junctions under the flat-band conditions. Figure 2b,c
shows the charge distributions used in the modeling for MOS
and MGOS junctions, respectively. Here, Qm is the metal surface
charge and Qg is the doping charge in the graphene layer reflect-
ing the free charge carrier transfer between metal and graphene
layers due to the Fermi-level difference of them. The gap be-
tween metal and graphene layer d1 is chosen to be ∼3.3 Å re-
ported previously with the DFT calculation.[12] The gap between
graphene and SiO2 layer d2 is assumed to be ∼5.0 Å, somewhat
larger than the theoretically-predicted value ∼3.0 Å,[28] by con-
sidering the unavoidable existence of various wrinkles formed
during the graphene transfer process. The wrinkles will reduce
the overall flatness of transferred graphene, making the graphene
and SiO2 layers further apart from each other and increasing the
average spacing between the two layers for the entire junction.[29]

More detailed discussion about the rationale for assuming d2 to
be ∼5.0 Å can be found in the Supporting Information. It is well-
known that the graphene layer transferred on the SiO2 surface
is p-type doped due to the electron transfer from the graphene
layer to the surface states of SiO2.[30] The negative charge den-
sity residing on the SiO2 surface is labeled as Qs which origi-
nates from the O-dangling bond states of SiO2. The energy of
O-dangling bond state is reported to be ∼1.5 eV below the Dirac
point of graphene.[31] Hence, it is reasonably assumed that the
O-dangling bond states are completely filled with electrons and
Qs stays constant regardless of what metal being used as the
gate electrode and the range of gate voltage used in this work.
Figure S1a, Supporting Information).

Based on the charge distributions shown in Figure 2, we first
calculate the electrostatic potential U(x) by solving the 1D Pois-
son equation d2U(x)/dx2 = −𝜌/𝜖r𝜖0 where 𝜖r is the dielectric con-
stant of either SiO2 (𝜖ox) or Si (𝜖s).

[21,23] Then, we derived the ana-
lytical expression of Qi as shown in EQUATION (2) below (more
detailed description for the electrostatic potential calculation in-
cluding boundary conditions and charge densities can be found
in the Supporting Information). The material parameters used in
the calculation such as dielectric constant, metal work-function,
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Figure 3. Device structure and electrical properties of GFET. a) Schematic
cross-sectional view of GFET and b) measured source-drain current vs.
gate voltage.

and bandgap were referred to the literature and are listed in
Table 1.

Qi = −Qs − Qox −
𝜀0

d1

(
VFB − 𝜙m + 𝜒s + Vn

)

−
d2

d1

(
Qs + Qox

)
−

tox

d1𝜀ox
Qox − Qg (2)

Here, the graphene doping charge is quantified as Qg =
(qΔEF|ΔEF|)∕(𝜋ℏ2v2

F) whereΔEF is the difference between Fermi-
level and Dirac point of graphene layer and vF is the Fermi-
velocity of graphene.[20,21] Qg can be determined by substituting
ΔEF = − ϕg + VFB + 𝜒 s + Vn + (d2/𝜖0)(Qs + Qox) + (tox/𝜖ox𝜖0)Qox
derived from the calculated U(x). Here, ϕg is the intrinsic work-
function of graphene chosen to be 4.50 eV. Then, the only un-
determined quantity is Qs and it can be obtained experimentally
from the transfer curve (source-drain current vs gate voltage) of
graphene field effect transistor (GFET).[17] A GFET was fabricated
on a highly p-doped Si substrate with a 100 nm thermally-grown
SiO2 layer on top. First, a graphene layer was transferred onto the
substrate, then the source and drain electrodes were formed by
e-beam evaporating Ti/Au film stacks through a shadow mask.
After that, the graphene channel was defined with photolithog-
raphy and subsequent O2 plasma etching processes. Finally, the
remaining photoresist was removed with acetone. The schematic
illustration of fabricated GFET is shown in Figure 3a. The trans-
fer curve of fabricated GFET shown in Figure 3b was obtained
by sweeping the gate voltage from −10 to 35 V with the drain
voltage of 0.1 V. In Figure 3b, the gate voltage inducing the min-
imum channel current (Charge Neutrality Point, CNP) is labeled
as V0 and its average value is obtained to be ∼32.3 V from the

measurements on three different GFETs. At Vg = 0 V, the net
charge density in the graphene channel, amounting to its ini-
tial p-type (hole) doping density, is supposed to be equal to the
surface charge density on the SiO2 layer (Qs). When the gate
bias reaches the CNP (Vg = V0), the net charge density in the
graphene channel becomes nearly zero. Then, the Qs will be
compensated by the dielectric charge density induced on the
SiO2 surface, leading to Qs = 𝜖ox𝜖0V0/(100nm) where 100 nm
is the thickness of gate insulator (SiO2) for GFET. From the
known or experimentally-obtained values of the accompanied
parameters, it is obtained that Qs = −1.12×10−6 C cm−2. Sub-
sequently, the Qi of Al/graphene interface is calculated to be
−2.85×10−7 C cm−2 from equation (2). Here, it is noted that the
Qi is found to be negative consistently with the previous experi-
ments on Al/graphene/GaAs junctions.[14]

Based on the calculation above, the flat-band diagrams for
Al/SiO2/Si and Al/graphene/SiO2/Si junctions are obtained as
shown in Figure 4 and the values of relevant parameters are sum-
marized in the Supporting Information. One important point to
make is that the increase of effective work-function (∼1.04 eV) is
quite close to the bandgap of Si (∼1.12 eV) and the work-function
of Al electrode (∼4.08 eV) is very similar to the electron affinity
of Si (∼4.05 eV). This implies that the Al electrode suitable for
n-channel MOSFET due to its relatively small work-function can
also be used for p-channel MOSFET with a graphene interlayer.
Hence, it will be possible to realize the dual-metal gate CMOS
system just with Al electrodes.[2,3,16]

For comparing with a metal electrode of high work-function,
MOS and MGOS junctions using Pt electrodes were also pre-
pared by following the fabrication procedures identical to the Al
electrode case. The work-function of Pt is ∼5.65 eV, higher than
that of graphene (∼4.50 eV). Similarly to Al, the bonding between
Pt and graphene is reported to be weak (physisorption). From
the C-V measurements shown in Figure 5, the effective work-
function of Pt electrode is found to decrease with the graphene in-
terlayer. Specifically, the averaged effective work-function is mea-
sured to decrease from ∼4.85 to ∼4.66 eV manifested in the
relatively small VFB shift from ∼0.57 to ∼0.37 V.[32] The Qi for
Pt/graphene interface was calculated to produce the shift of ef-

(b) Graphene
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SiO2 Si

(a)

Al
SiO2 Si

�
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� e
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EF
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Figure 4. Modulation of energy band profile with graphene interlayer. En-
ergy band profiles for a) Al/SiO2/Si and b) Al/graphene/SiO2/Si junctions
under the flat-band voltage condition. Here, E0 is the vacuum level, EC is
the conduction band minimum, EV is the valance band maximum, and EF
is the Fermi-level.
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Figure 5. Capacitance-Voltage characteristics for Pt electrode. Capaci-
tance (C), normalized to accumulation capacitance (Cacc), measured
as a function of voltage applied on metal (Vmetal) for Pt/SiO2/Si and
Pt/graphene/SiO2/Si junctions. The measurements were performed on
multiple junctions for both cases and one specific measurement outcome
is shown for each case. The VFB of each junction is indicated with the or-
ange dotted lines.

fective work-function extracted from C-V measurements and it is
listed in Table 2. The effective work-function decrease (∼0.19 eV)
with the aid of positive Qi seems consistent with the previous
work for Pt/graphene/GaAs junction where the Schottky barrier
of junction was found to decrease substantially with the graphene
interlayer.[14] The synergetic implication of the measurements
with the two metals (Al, Pt) is that the effective work-function
shifts observed for them cannot be explained altogether just by
considering the free carrier doping of graphene layer. More con-
cretely, if we don’t include the Qi, the other varying parameter d2
needs to be different by an unreasonably large amount between
the two metals in order to generate the shifts of effective work-
function correctly for both metals. Hence, it seems inevitable to
adopt the existence of Qi for analyzing the measured data prop-
erly. The further detailed discussion on this point can be found
in the Supporting Information.

The polarities of Qi obtained for Al and Pt electrodes are con-
sistent also with the theoretical model developed by Tung[35]

which quantifies the electric dipole layer accompanied by atom-
atom interaction at the metal/semiconductor interface. By noting
that graphene can be treated as a semiconductor with zero energy

Table 2. Measured and calculated device parameters. Averaged values of
flat-band voltage, effective work-function, and interaction dipole charge
obtained for Al and Pt electrodes with and without the graphene interlayer
inserted at the metal/SiO2 interface of metal/SiO2/Si junction where Qi
value can be obtained only for metal/graphene/SiO2/Si junctions.

Al Al/G Pt Pt/G

VFB (V) −0.98 0.06 0.57 0.37

𝜙e
m (eV) 3.31 4.35 4.85 4.66

Qi

(10−7 C cm−2)
– −2.85 – 15.98

bandgap, the model predicts that Qi will be negative for a metal
electrode with its work-function smaller than ϕg = 4.50 eV (intrin-
sic work-function of graphene) such as Al and Qi will be positive
for the opposite case that Pt belongs to. Just as a reminder, the
work-function of Al is 4.08 eV and that of Pt is 5.65 eV. By relying
on the Tung’s theoretical model matching with our experimental
works, the work-function modulation of a metal layer in contact
with a graphene layer is anticipated to change its sign when the
work-function of metal is ∼4.50 eV (inflexion of modulation).

The idea of incorporating other 2D materials as interlayers to
modulate the electrical properties of interface has also been ex-
plored. One specific example is the theoretical work done by Su
et al.[36] According to their DFT calculations, the Schottky barri-
ers at metal/interlayer/MoS2 junctions are associated primarily
with the electric dipole layer formed at the metal/interlayer inter-
face. The electric dipole layer at the interlayer/MoS2 interface is
negligible. Alongside our experimental findings, this work also
indicates that the electric dipole layer at the metal/interlayer in-
terface is the main factor determining the energy band profile
across the junction with an interlayer being inserted.

Previously, Song et al.[37] investigated how the work-function
of graphene varies with a metal overlayer also by comparing the
C–V curves of MOS and MGOS junctions, very similarly to our
approaches. Differently from our junctions, they mainly used so-
called chemisorped (hybridization of electron orbitals between
metal and graphene layer) metals including Pd, Ni, and Au/Cr.
Hence, it is somewhat inappropriate to compare their experimen-
tal findings with ours directly. Indeed, they did NOT observe any
significant difference in the work-function extracted from the C-
V curve between MOS and MGOS junctions. More concretely,
the Au/Cr electrode where the Cr layer in direct contact with
graphene is relevant was found to have almost identical work-
function to the bare (no graphene layer) Cr electrode, slightly be-
low 4.3 eV. In the case of Ni electrode, the work-function was
found to be slightly below 5.0 eV which is again very similar to
the bare Ni electrode. Based on Song et al.’s and our works, it
seems reasonable to conclude that the systematic formation of
electric dipole layer at the metal/graphene interface occurs only
for the physisorped metals.

3. Discussion

In conclusion, we have observed a significant increase of
effective work-function (∼1.04 eV) of metal electrode in
Al/graphene/SiO2/n-Si junction in comparison with Al/SiO2/n-
Si junction. The large tuning of effective work-function was re-
vealed in C-V measurements and the analytical calculation of
solving 1D Poisson equation at flat-band voltage was performed
to figure out its physical origin. In the calculation, an electric
dipole layer was adopted to form between metal and graphene,
originating from the off-centric distribution of electron orbitals in
the gap between the two layers. A similar effective work-function
shift was observed also with Pt electrode. This time, the effec-
tive work-function was found to decrease by ∼0.19 eV. In or-
der to account for the observed shifts of effective work-function
within the reasonable range of the spacing between graphene and
SiO2 layer, the interaction dipole layer is found to have its nega-
tive side toward the graphene layer for Al while the polarity is
flipped over (the positive side toward the graphene layer) for Pt. If
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considering the commonness and compatibility with the exist-
ing CMOS processes of Al as additional advantages, our work
suggests that it will be possible to construct the dual-metal gate
CMOS circuitry just with the single metallization process form-
ing Al electrodes with area-specific underlying graphene interlay-
ers in cost-effective and reliable manners.[2,3,16]

4. Experimental Section
Device Fabrication (More detailed): The metal/oxide/semiconductor

(MOS) and metal/graphene/oxide/semiconductor (MGOS) junctions
were fabricated simultaneously on a piece of SiO2/Si substrate as follows.
A ∼30 nm thick SiO2 layer was grown on an n-type Si wafer (donor concen-
tration ND≈3×1015 cm−3) by using the dry oxidation and the SiO2/Si sub-
strate was cleaned in acetone and methanol each for 5 min sequentially.
Then, a graphene layer grown with chemical vapor deposition (CVD), pur-
chased from the Graphene Supermarket Inc., was transferred partly, about
the half area, onto the substrate by using the semi-dry transfer method re-
ported previously.[17] More concretely, a PMMA film is first spin-coated
on the surface of the graphene grown on a Cu foil at 5000 rpm for 60 s.
The graphene on the backside of the Cu foil is etched by using oxygen
plasma in a reactive ion etching system. Then, a flexible Kapton tape is
attached firmly on the PMMA side of the PMMA/graphene stack and the
Cu foil is etched with ammonium persulfate. After removing the Cu foil,
the Kapton/PMMA/graphene stack is rinsed with DI water several times.
Then, the graphene side of the stack is blown with N2 gas while being
heated (70 °C for 15 min on a hot plate) to eliminate water molecules on
the surface as completely as possible. After the N2 blowing and heating
step, the graphene side of Kapton/PMMA/graphene stack adheres to the
surface of SiO2/Si substrate. In order to obtain uniform adhesion, N2 gas
is blasted onto the center of Kapton/PMMA/graphene stack for ensuring
the sequential pressing effect from the stack center toward its edge. After
the graphene is transferred to the SiO2/Si substrate, the sample is heated
on a hot plate at ∼150 °C for 15 min to improve the adhesion between
the graphene and SiO2 surface. After heating, the whole sample is dipped
into acetone to remove the PMMA layer and the Kapton tape altogether.
Finally, the sample is rinsed with isopropyl alcohol (IPA) and baked on
the hot plate at ∼200 °C for 15 min to dry off any solvent residues from
the graphene surface. To form the MOS and MGOS structures under the
same metallization condition, circular metal electrodes with their diameter
of ∼500 μm and thickness of ∼50 nm were deposited on the SiO2/Si and
graphene/SiO2/Si areas simultaneously through a shadow mask. Then,
the sample was exposed to O2 plasma for isolating electrically individual
metal electrodes underlined with the graphene interlayer.
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