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ABSTRACT We have devised a dielectric ﬁlm with a chemical vapor deposited graphene

interlayer and studied the eﬀect of the graphene interlayer on the dielectric performance.
The highly transparent and ﬂexible ﬁlm was a polymer/graphene/polymer 'sandwichstructure' fabricated by a one-step transfer method that had a dielectric constant of 51, with
a dielectric loss of 0.05 at 1 kHz. The graphene interlayer in the ﬁlm forms a space charge
layer, i.e., an accumulation of polarized charge carriers near the graphene, resulting in an
induced space charge polarization and enhanced dielectric constant. The characteristic of the
space charge layer for the graphene dielectric ﬁlm, the sheet resistance of the graphene
interlayer, was adjusted through thermal annealing that caused partial oxidation. The
dielectric ﬁlm with higher sheet resistance due to the oxidized graphene interlayer had a signiﬁcantly lower dielectric constant compared to that with the
graphene with lower interlayer sheet resistance. Oxidizing the graphene interlayer yields a smaller and thinner space charge density in the dielectric ﬁlm,
ultimately leading to decreased capacitance. Considering the simplicity of the fabrication process and high dielectric performance, as well as the high
transparency and ﬂexibility, this ﬁlm is promising for applications in plastic electronics.
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G

raphene, a monolayer of sp2-bonded
carbon atoms, has attracted interest
because of its optical, electrical, and
mechanical properties that also suggest it is
a strong candidate for use in plastic electronics.15 A common method for the synthesis of large-area and high-quality monolayer graphene is chemical vapor deposition
(CVD) of hydrocarbon on copper substrates
such as Cu foil.6 Chemically modiﬁed graphene (CMG) such as reduced graphene
oxide has been studied for dielectric applications. Doping CMG with halogen elements
or mixing it with ferroelectric ceramics in
composites can induce a high dielectric
constant.4,7,8 In these kinds of composite
ﬁlms, one of the important properties is the
conductivity of the CMG ﬁller, which enhances the dielectric constant since it is
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strongly related to the capacitance.4,9 CVDgrown graphene may give even further
enhanced dielectric properties because
the conductivity of CVD-grown graphene
is higher than that of CMG. One strategy
is to use the CVD-grown graphene as an
interlayer between the polymer layers. The
CVD-grown graphene would induce space
charge polarization at the interface between the graphene and polymer, resulting
in increased capacitance.
Here, we introduce a new type of transparent and ﬂexible dielectric ﬁlm using a
CVD-grown graphene interlayer and we
study the role of the graphene interlayer
in the ﬁlm. This dielectric ﬁlm had a polymer/graphene/polymer sandwich-structure
that was fabricated by a simple one-step
transfer method onto a polymer-coated
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Figure 1. Fabrication of the graphene dielectric ﬁlm by a one-step transfer method. Either pristine graphene or oxidized
graphene was used as an interlayer in the ﬁlm.

Figure 2. (a) The dielectric constant and (b) dielectric loss (i.e., dielectric loss tangent) of the dielectric ﬁlm with and without
the graphene interlayer as a function of applied frequencies ranging from 1 Hz to 1 MHz.

polyethylene terephthalate (PET) substrate. These ﬁlms
showed dramatically enhanced dielectric performance
with high transparency and ﬂexibility. The mechanism
for enhancing the dielectric constant was investigated
by Raman spectroscopy and electrical characterization.
RESULTS AND DISCUSSION
Figure 1 shows the fabrication process of the polymer/graphene/polymer sandwich-structured dielectric
ﬁlm (hereafter referred to as a graphene dielectric ﬁlm)
by a one-step transfer method. This method is a simple
and easy fabrication process to produce the graphene
dielectric ﬁlm. The thicknesses of the upper and lower
polymer ﬁlms were 0.90 and 0.84 μm, respectively (for a
total thickness of 1.74 μm), as shown in Figure S1. The
interface between the graphene and the polymer is
clearly seen in the scanning electron microscope (SEM)
image (see Figure S1). The dielectric performance of
the neat polymer and the graphene dielectric ﬁlm was
measured at an applied voltage of 0.1 V and frequencies in the range of 1 Hz to 1 MHz. Both ﬁlms showed a
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decreased (increased) dielectric constant (dielectric
loss) with increasing frequency due to relaxation (see
Figure 2a,b).1012 The dielectric constant of the graphene dielectric ﬁlm was 77 with a dielectric loss of
0.156, while that of the neat polymer was 17 with a
dielectric loss of 0.094 at 1 Hz. At a frequency of 1 kHz,
the dielectric constant of the graphene dielectric ﬁlm
was 51 with a dielectric loss of 0.05, while that of the
neat polymer was 17 with a dielectric loss of 0.038.
The capacitance density of the ﬁlm with and without
graphene was also calculated, as shown in Figure S2.
The capacitance densities of the ﬁlm with and without
graphene interlayer were 25.9 and 8.6 nF/cm2, respectively, at 1 kHz. The graphene dielectric ﬁlm showed a
3-fold increase in the dielectric constant with a low
dielectric loss compared to the neat polymer ﬁlm
at 1 kHz. At low frequencies of 1 Hz to 10 kHz, the
graphene dielectric ﬁlm gives a high dielectric constant
which decreases rapidly compared to the neat polymer.
This behavior can be explained by the space charge
polarization phenomenon.1315 This phenomenon
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Figure 3. (a) Raman spectra of the CVD-grown graphene ﬁlms before and after the thermal annealing treatment for 0, 15, 45,
and 90 min in air. (b) Sheet resistance versus oxidation time of the graphene ﬁlm on SiO2/Si substrates before and after the
thermal annealing treatment for 0, 15, 45, and 90 min.

results in a large enhancement in the dielectric constant of the graphene dielectric ﬁlm. As has been
shown for the conductive ﬁller and polymer composite
system, the graphene interlayer polarizes to be n type
while the polymer turns predominately p type.16,17 At
the interface between the graphene and the polymer,
negative charges accumulate on the surface of the
graphene while positive charges accumulate in the
polymer region near the graphene to maintain electroneutrality,1821 as shown in Figure S3. The increment in the local electric ﬁeld near graphene may
promote charge accumulation. These charge accumulation processes can induce the formation of a space
charge layer, resulting in enhanced capacitance.1821
The dielectric strength was also measured for the neat
polymer and the graphene dielectric ﬁlm, as shown
in Figure S4. In the polymer ﬁlm, the avalanche mechanism is known to be a factor for the dielectric
breakdown. When an external electric ﬁeld is applied
to the polymer ﬁlm, free electrons in the polymer are
accelerated along the mean free path and gain a
higher energy which initiates the breakdown.22,23
The leakage current density of the graphene dielectric
ﬁlm was 1  103 A/cm2 at an electric ﬁeld of 10 V/μm,
while that of the neat polymer was low, giving 9.87 
107 A/cm2 at the same electric ﬁeld. For the case of
the graphene dielectric ﬁlm, the graphene interlayer
enhances the local electric ﬁeld and increases the
electron tunneling even at a relatively low electric ﬁeld.
This decreases the dielectric strength of the graphene
dielectric ﬁlm.
To investigate the space charge eﬀect from the
graphene interlayer, the sheet resistance was controllably varied. Thermal annealing for 0 (i.e., pristine
graphene), 15, 45, and 90 min in air yielded oxidized
graphene with diﬀerent sheet resistance values. Figure 3a
shows Raman spectra of the oxidized graphene ﬁlms.
The intensity of the D-band, which is a defect-related
peak corresponding to the presence of point defects,
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residual oxygen, and structural disorder,24,25 increased
with increasing oxidation time. Meanwhile, the 2D-band
(in-plane optical vibrations) decreased, as shown in
Figure S5. The position of the 2D-band was blue-shifted
after thermal annealing, as shown in Figure S6. The
shift is due to the oxygen or oxygen-containing functional group bonding with the graphene basal plane
and/or edges during the thermal annealing, forming
the sp3-bonds.2628 To measure the sheet resistance of
the oxidized graphene ﬁlms, the graphene ﬁlms were
transferred onto SiO2/Si substrates. Figure 3b shows
the electrical properties of the graphene ﬁlms. The
sheet resistances of the oxidized graphene (for 0, 15,
45, and 90 min) were 570, 1680, 4340, and 8140 Ω/sq,
respectively. These results demonstrate that the electrical conductivity of the oxidized graphene decreased
with increasing oxidation time of the graphene interlayer.
Graphene dielectric ﬁlms were also made using the
oxidized graphene interlayer. Figure 4a,b shows the
dielectric performance at 0.1 V and 1 kHz. The dielectric
constants of the graphene dielectric ﬁlms for 0, 15, 45,
and 90 min (thermal annealing times) were 50, 44, 23,
and 18, respectively. The dielectric losses of all ﬁlms
were less than 0.053. The dielectric constant dramatically decreased with increasing thermal annealing
time. This behavior can be explained by the diﬀerent
charges that accumulated at the interface between the
graphene and the polymer, which led to the formation
of the space charge layer.18,29,30 When the graphene
ﬁlm was treated by thermal annealing, the electron
carrier density decreased in the oxidized graphene
due to the p-doping. This strongly aﬀected the space
charge properties by decreasing the space charge
density and layer thickness in the graphene dielectric
ﬁlm, leading to decreased capacitance.18 Figure S7
shows the relationship between the sheet resistance
of the graphene interlayer and the dielectric constant
of the graphene dielectric ﬁlm in oxidized graphene
VOL. XXX

’

NO. XX

’

000–000

’

C

XXXX
www.acsnano.org

ARTICLE
Figure 4. (a) Dielectric constant and (b) dielectric loss (i.e., dielectric loss tangent) of the graphene dielectric ﬁlms with the
graphene interlayer before and after the thermal annealing treatment for 0, 15, 45, and 90 min at 1 kHz. (c) Currentvoltage
(IDVG) curves for the GFETs measured in air using the graphene obtained before and after thermal annealing for times of
0, 15, 45, and 90 min. (d) The dielectric constant of the graphene dielectric ﬁlms at 1 kHz and the calculated thickness of the
space charge layer as a function of the graphene interlayer before and after the thermal annealing treatment for 0, 15, 45, and
90 min.

ﬁlms. The dielectric constant of the graphene dielectric ﬁlm decreased with increasing sheet resistance.
This result supports the presence and characteristics
of a space charge layer. In addition, to evaluate the
thickness of the space charge layer of the graphene
dielectric ﬁlm, back-gated graphene ﬁeld-eﬀect
transistors (GFETs) were made using a 285 nm-thick
SiO2 layer as the gate dielectric. All of the GFETs using
partially oxidized CVD-grown graphene as the interlayer exhibit no detectable VDirac even when the gate
voltage was swept to 80 V due to the signiﬁcant
p-doping of the graphene (see Figure 4c). The hole
mobility can be obtained by using the following
equation:31
μ ¼

1 dσ
Ci dVG

(1)

where Ci = 1.1  108 F cm2. The hole mobility of oxidized graphenes for 0, 15, 45, and 90 min of oxidation
was 2645, 1400, 757, and 601 cm2/(V 3 s), respectively.
The space charge layer thickness of the graphene dielectric ﬁlm using the oxidized graphene as the interlayer was calculated with30
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2εε0 US
Wp ¼
(2)
e2 ND
where ε is the dielectric constant of the graphene
dielectric ﬁlm, ε0 is the dielectric constant of vacuum,
US is a potential barrier height, e is the elementary
charge, and ND is a doping density. The space charge
KIM ET AL.

layer thicknesses of the graphene interlayer for 0, 15,
45, and 90 min of oxidation were 35 ( 0.7, 30 ( 0.3,
25 ( 0.4, and 23 ( 0.5 nm, respectively, assuming US:
2.0 eV.32 Figure 4d shows the relationship between the
dielectric constant and the thickness of the space
charge layer of the graphene dielectric ﬁlm with the
oxidized graphene ﬁlms. The dielectric constant of
the graphene dielectric ﬁlm decreased with decreasing
thickness of the space charge layer. This result supports
the presence and characteristics of a space charge
layer. Figure S8 shows the voltage dependence of the
dielectric constant for the neat polymer and graphene
dielectric ﬁlms at 1 kHz. This has a parabolic shape. This
trend is due to the polarization saturation in the higher
voltage region.33 The maximum dielectric constant is
often located at zero voltage; however, it could shift
toward negative bias (from 1.0 to 1.5 V) due to the
presence of some positive charges.33 The maximum
dielectric constants of our ﬁlms were located at around
1.0 V.
Large-area graphene dielectric ﬁlms with high dielectric constant were successfully fabricated on PET
substrates, and the high transparency and ﬂexibility of
the ﬁlms are shown in Figure 5a. To better quantify
the transparency and ﬂexibility, optical transmittance
measurements and bending tests were performed as
shown in Figure 5b,c. In the visible range of 390
760 nm, the optical transmittance of the graphene
dielectric ﬁlm was higher than 88%. The optical transmittance at a wavelength of 550 nm was 93%. Figure 5c
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Figure 5. (a) Digital camera image of the graphene dielectric ﬁlm on a PET substrate. This dielectric ﬁlm has high transparency
and ﬂexibility. (b) Optical transmittance of the graphene dielectric ﬁlm as a function of the wavelength ranging from 350 to
790 nm. (c) The dielectric constant and the leakage current density of the graphene dielectric ﬁlms as a function of bending,
up to 100 times.

shows the dielectric constant and the leakage current
density of the graphene dielectric ﬁlm as a function of
the number of cycles bending (up to 100) times, at a
7.5 mm bending radius. The initial value of the dielectric constant (the leakage current density at 0.1 V) was
51.2 (1.210  107 A/cm2). After 100 cycles of bending,
the graphene dielectric ﬁlm exhibited a 3.4% (1.1%)
decrease (increase) in dielectric constant (leakage current density) compared to the initial value. This indicates that the graphene dielectric ﬁlm has good
adhesion between each of the component layers and
high tensile strength. This graphene dielectric ﬁlm,
which has a high dielectric constant, is highly transparent, and highly ﬂexible, might be a strong candidate
for plastic electronic applications. In addition, the thin
layer (1.74 μm) is likely to be beneﬁcial for applications

of plastic electronics compared to other types of
composite ﬁlms (see Table S9).

EXPERIMENTAL SECTION

semiconductor device analyzer (Agilent, B1500A). The thicknesses of the graphene dielectric films were obtained with a
Detak 6 M Stylus Surface Profilometer. The optical transmittance
of the graphene dielectric film was examined by spectroscopic
ellipsometry (J.A. Wollam, M2000). To characterize the oxidized
graphene, the oxidized graphene films were transferred onto
SiO2/Si substrates with the aid of PMMA (996 K). After the removal of PMMA, the oxidized graphene films were then characterized by Raman (WiTec Alpha (488 nm laser wavelength)
analysis and electrical tests.

Graphene Synthesis and Device Fabrication. Figure 1 shows the
fabrication process of the graphene dielectric film. First, largearea monolayer graphene films containing 210% multilayer
regions were synthesized by a low pressure CVD process.6 A
25-μm-thick copper foil (Alfa Aesar, 13382) was loaded into a
tube furnace and heated to 1035 °C. After annealing with 2 sccm
of H2 for 10 min, 5 sccm of CH4 is then introduced to synthesize
the graphene (total pressure of ∼80 mTorr). Twelve weight
pervent cyanoethyl pullulan polymer (CEP) dissolved in 82 wt %
N,N-dimethylformamide (DMF) was spin-coated onto the asgrown graphene film on copper foil. The films were then flattened by pressing them between two cover glass slides, and the
structure was then dried at 130 °C for 30 min. The CEP-coated
graphene film was floated in a 0.1 M ammonium persulfate
((NH4)2S2O8) solution to etch the copper. After all of the copper
had been etched away, the CEP-coated graphene films were
transferred to another CEP (dried at 130 °C for 30 min)-coated
glass or PET substrate, then dried in vacuum. Cr(5 nm)Au(50 nm) electrodes were then deposited onto the films by
thermal evaporation. The total thickness of the graphene dielectric film was under 1.74 μm. For the case of the oxidized
CVD-grown graphene, the graphene/copper foil was placed on
a hot-plate at 250 °C for 15, 45, or 90 min in ambient air. To investigate the performance of graphene field-effect transistors
(GFETs), back-gated GFETs were made using 285-nm SiO2/Si
wafer by a method similar to that reported in our previous paper.5
Characterization. The GFETs performance of oxidized graphenes and the dielectric properties of the graphene dielectric
films on ITO-coated glass or PET were measured with a
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CONCLUSIONS
We have successfully fabricated a transparent and
ﬂexible dielectric ﬁlm with a high dielectric constant
using a CVD-grown graphene interlayer and studied
the role of the graphene interlayer in this ﬁlm. The graphene dielectric ﬁlm consisted of a polymer/graphene/
polymer structure on a PET substrate which was made
by a one-step transfer method. The resulting graphene
dielectric ﬁlms had a dielectric constant of 51, with a
dielectric loss of 0.05 at 1 kHz. The space charge layer
resulting from the diﬀerent charge accumulation (i.e.,
space charge polarization) near the graphene interlayer in the ﬁlm enhanced the dielectric constant.
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