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Abstract

Atomic layer-deposited (ALD) dielectric ﬁlms on graphene usually show noncontinuous and
rough morphology owing to the inert surface of graphene. Here, we demonstrate the deposition
of thin and uniform ALD ZrO2 ﬁlms with no seed layer on chemical vapor-deposited graphene
functionalized by atmospheric oxygen plasma treatment. Transmission electron microscopy
showed that the ALD ZrO2 ﬁlms were highly crystalline, despite a low ALD temperature of
150 °C. The ALD ZrO2 ﬁlm served as an effective passivation layer for graphene, which was
shown by negative shifts in the Dirac voltage and the enhanced air stability of graphene ﬁeldeffect transistors after ALD of ZrO2. The ALD ZrO2 ﬁlm on the functionalized graphene may
ﬁnd use in ﬂexible graphene electronics and biosensors owing to its low process temperature and
its capacity to improve device performance and stability.
Supplementary material for this article is available online
Keywords: atmospheric plasma, atomic layer deposition, graphene, graphene ﬁeld effect
transistor, high-k dielectric
(Some ﬁgures may appear in colour only in the online journal)
Introduction

instance, the direct surface modiﬁcation of graphene with
linkers or receptors causes a disordered potential in graphene
which decreases the charge transport and sensitivity of GFET
sensors [9, 10]. Thin and high-k dielectric ﬁlms between
graphene and receptors suppress the disordered potential
induced from linkers or receptors [9] and help to enhance the
sensitivity of GFET biosensors by increasing the ﬁeld-effect
from target analytes [11]. An additional role of uniform (pinhole free and continuous) dielectric ﬁlms is passivation of
graphene to prevent performance instability of GFETs owing
to environmental sources such as H2O/O2 in air and biological materials in body ﬂuids [12, 13].
Among various deposition methods for a dielectric layer,
atomic layer deposition (ALD) is advantageous for depositing
ultra-thin uniform ﬁlms [14, 15]. ALD is a modiﬁed form of

Graphene has been extensively studied as a promising candidate material for ﬂexible electronics [1, 2] and wearable
biosensors [3] owing to its outstanding mechanical ﬂexibility
[4], high carrier mobility [5], high surface-to-volume ratio [6],
and biocompatibility [7]. In particular, sensors based on
graphene ﬁeld-effect transistors (GFETs) have high sensitivity owing to the high transconductance of GFETs [8]. For
achieving GFET sensors of high sensitivity and stability, the
deposition of thin and uniform high-k dielectric ﬁlms on
graphene is of great importance. In graphene biosensors, for
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chemical vapor deposition (CVD), which can deposit a thin ﬁlm
in an atomic layer-by-layer manner. Owing to its surface-limited reaction mechanism, one can deposit dense and conformal
high-quality thin ﬁlms at relatively low temperatures (<300 °C)
[14, 15]. However, ALD relies on the chemisorption or rapid
reaction of precursor molecules with the surface functional
groups [14]. The inertness of the graphene basal plane due to
strong sp2 carbon bonding prevents the facile nucleation of
dielectric materials on the graphene surface during the ALD
process. Thus, various methods for functionalization of the
graphene surface have been suggested such as wet chemical
treatment, thermal oxidation treatment, and vacuum plasma
treatment [16–18]. These techniques functionalize the graphene
surface but also often damage or etch away part of the graphene
because of the high-energy species that exist during the process
[16, 17]. To avoid the etching problem of vacuum plasma
treatment, delicate control of plasma power and exposure time
has been carried out [17] or samples were placed upside down
for indirect exposure to high-energy ions [18]. However, these
additional measures may limit the applicability and scalability
of vacuum plasma process. Here, we propose an atmospheric
plasma treatment for graphene functionalization with minimal
structural and electrical degradation. Compared to vacuum
plasma, atmospheric plasma has more low-energy radicals and
fewer high-energy ions, which makes surface functionalization
with low-energy radicals dominant and thus reduces damage to
the graphene by bombardment of high-energy ions [19].
Additionally, an atmospheric plasma system is easy to scale up
and inexpensive compared to a vacuum plasma system [16].
In this work, we demonstrate that dense and uniform
high-k dielectric ﬁlms of ZrO2 can be deposited on graphene
using ALD after graphene functionalization through atmospheric plasma treatment. Atomic force microscopy (AFM),
scanning electron microscopy (SEM), x-ray diffraction
(XRD), x-ray reﬂectivity (XRR), and transmission electron
microscopy (TEM) showed that ALD ZrO2 ﬁlms on the
plasma-treated graphene were thin, uniform, and polycrystalline. Electrical characterization revealed that the
atmospheric plasma treatment generated functional groups in
graphene, shifting the Dirac voltage (Vdirac) of the GFETs to
positive voltage, and that the ALD of ZrO2 on the plasmatreated graphene reduced the number of charge-trapping sites
in and around the graphene, recovering the charge transport
and Vdirac (∼0 V) in the GFETs. The reduction of chargetrapping sites by the ALD ZrO2 ﬁlms improved the graphene
device performance and stability. Consequently, we believe
that a combination of atmospheric plasma treatment and ALD
may become an important approach to forming thin and
uniform dielectric layers on graphene for a variety of graphene-based electronics and sensors.

detailed growth and transfer methods are described in the literature [20, 21]. According to the AFM analysis, the thickness
of the graphene was in the 2–20 nm range (ﬁgure S1 is available
online at stacks.iop.org/NANO/29/195602/mmedia). The
plasma was composed of a mixture of argon carrier gas and
active gas (oxygen). The plasma conditions were ﬁxed at a
radio-frequency (13.56 MHz) power of 100 W, an oxygen ﬂow
rate of 40 sccm, an argon ﬂow rate of 8 sccm, and a working
distance of 2 mm. The graphene samples were treated for 3, 10,
and 30 passes using a lateral rate of 25 mm s−1, which correspond to durations of 0.8, 2.4, and 8 s, respectively.
ALD of ZrO2 films

The ZrO2 ﬁlm was deposited on the surface of the plasmatreated graphene using a home-made ALD station. The ALD
of ZrO2 was performed using tetrakis(ethylmethylamido)zirconium (TEMA-Zr) and H2O as a precursor and oxygen
source, respectively. TEMA-Zr was heated to 75 °C and the
H2O was kept at room temperature. Nitrogen gas was used as
a carrier gas with a ﬂow rate of 20 sccm and the chamber was
kept at 150 °C. Each ALD cycle consisted of 4 steps: (1) a
0.3 s pulse of TEMA-Zr; (2) 30 s purge; (3) 0.1 s pulse of
H2O; and (4) 30 s purge. The ZrO2 ﬁlm was deposited with
100 cycles.
Device fabrication procedure

The whole device fabrication procedure is shown in the
schematic of ﬁgure S6. For source/drain contacts, 150 nmthick dense platinum electrodes (W = 1 mm, L = 1 mm) were
dc-sputtered at a pressure of 1 Pa in Ar atmosphere with
400 W power. For graphene functionalization, atmospheric
oxygen plasma treatment was conducted for various numbers
of plasma passes. Then, ZrO2 ﬁlms were deposited on the
functionalized graphene using ALD and source/drain platinum contacts were sputtered onto the ZrO2 ﬁlms, thus fabricating ZrO2/Pt/graphene-structured devices.
Structural and electrical characterization

Raman spectroscopy was used to characterize the properties
of the plasma-treated graphene. The Raman spectra were
measured using a Renishaw and a 532 nm laser. The graphene
was scanned in circular areas 2 μm in diameter across the
surface. Water contact-angle measurements were made on
several drops (10 μl drops of de-ionized water) placed at three
different locations on the surface (KSV, CAM-200). X-ray
photoelectron spectroscopy (XPS) was used for compositional analysis [PHI 5000 VersaProbe (Ulvac-PHI)] with an
Al Kα source gun (1486.6 eV), a spot size of
100 μm×100 μm, a step size of 0.1 eV step−1, and a binding energy range of 280–292 eV. The ZrO2 ﬁlm surface was
characterized using a ﬁeld-emission scanning electron
microscope (JSM-6700F, JEOL Ltd). The crystal structure of
the ALD ZrO2 ﬁlms was characterized by ﬁeld-emission
TEM (Tecnai F30) operated at 300 kV with selective area
electron diffraction patterns (∼200×200 nm area). AFM
(SmartSPM-1000, AIST-NT) was used to characterize the

Experimental
Atmospheric plasma treatment

Multilayer CVD graphene samples on 285 nm SiO2/Si (highly
p-doped) were purchased from Graphene Supermarket. The
2
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surface morphology of the ALD ZrO2 ﬁlms. Grazing-incidence x-ray diffraction (GIXRD) and XRR (D8 Discover,
Bruker) was used to characterize the crystallinity, thickness,
density, and roughness of the ALD ZrO2 ﬁlms. The transfer
characteristics of the GFETs were measured in air using a
Keithley 4200 SCS instrument. The gate voltage was swept
from −120 to 120 V, and the drain–source voltage was 1.5 V.

transformation of sp2 hybridization to sp3 hybridization [26].
O-containing groups can easily further react with water vapor in
air forming hydroxyl groups (C–O–H), which are preconditions
for the subsequent ALD process. The oxygen incorporation
ratio, i.e., O/C ratio, on graphene surfaces upon atmospheric
O2 plasma treatment is known to be as high as ∼0.1 after only a
few passes [16].
The micromorphology and crystallinity of ALD ZrO2
ﬁlms (100 cycles) on untreated and plasma-treated graphene
are compared in SEM, XRR, XRD, and AFM characterizations (ﬁgures 2, S3 and S4). SEM images (ﬁgures 2(a) and
(b)) show that the untreated graphene is covered with relatively coarse grains with pores while the plasma-treated (10
plasma passes) graphene is covered with ﬁne grains forming a
dense layer. The XRR spectra of the ALD ZrO2 ﬁlm on the
untreated graphene did not show clear indication of ﬁlm
formation, whereas that on the plasma-treated graphene (10
passes) revealed the density (4.34 g cm−3), roughness
(0.64 nm), and thickness (11.1 nm) of the ﬁlm (ﬁgure 2(c)). It
is notable that the ALD ZrO2 ﬁlm on the plasma-treated
graphene was less dense and its roughness was greater than
that on a smooth Si wafer (density: 5.89 g cm−3, roughness:
∼1% of ﬁlm thickness) reported elsewhere [27]. In spite of
the much-improved uniformity and smoothness of the ZrO2
ﬁlm on the plasma-treated graphene as compared to that on
the untreated graphene (ﬁgures 2(a) and (b)), the fact that the
ZrO2 ﬁlm on the plasma-treated graphene was less dense and
had a rougher microstructure than that on a Si wafer may have
contributed to its relatively high leakage current, as will be
presented in the following paragraphs. In the GIXRD analysis, the spectra of the ALD ZrO2 ﬁlm on the plasma-treated
graphene showed a sharp crystalline peak at 29.40° from
tetragonal ZrO2 phase, whereas that on the untreated graphene
showed a characteristic amorphous phase (from the standard
ICDD, PDF data for the 42-1164 (tetragonal ZrO2))
(ﬁgure 2(d)). The AFM results further conﬁrmed the morphological differences (ﬁgures 2(e)–(g) and S3): the surface
roughness of the ALD ZrO2 ﬁlms on the plasma-treated
graphene for 3, 10, and 30 plasma passes was signiﬁcantly
smaller than that of the untreated graphene [Rrms: 0.9–1.2 nm
(treated) versus 2.6 nm (untreated)]. Figure S3(f) further
shows that the grain size clearly decreased as the number of
plasma passes increased. The grain size deviation also
decreased as the number of plasma passes increased, which
implies that the nucleation of the ZrO2 ﬁlm occurred simultaneously at the beginning of the deposition process. We think
this is due to the O-containing dangling bonds on the graphene surface produced by the oxygen plasma treatment,
which led to the formation of a high density of surface O–H
dangling bonds by the reaction with moisture in the air.
Because the O–H dangling bonds on the surface became
nucleation sites for the subsequent ZrO2 ﬁlm deposition
process, this suggests that the initial nucleation density of the
deposition on the plasma-treated graphene surface increased.
Thus, dense ZrO2 ﬁlms with smaller grains and without
pores were deposited. The deposition of the ZrO2 ﬁlms on
the untreated graphene was mainly due to defects in the

Results and discussion
Raman spectroscopy of the graphene samples showed the
nature of defects on the graphene surfaces treated with different numbers of plasma passes (ﬁgures 1(a) and (b)). The
G peak (1597 cm−1) is known to be produced by the C–C bond
of the graphite materials, and the D peak (1350 cm−1) is
associated with defects on graphene, which causes disorders in
the sp2 bonding of the graphene surface, such as sp3-type
(dangling bonds), vacancy-type, or boundary-like defects [22].
The fact that the G peak was more intense than the 2D peak in
all spectra conﬁrmed that the spectra were obtained from
multilayer graphene regions [23]. The D peak was difﬁcult to
observe in the untreated graphene, but it increased noticeably
as the graphene was functionalized by plasma treatment, as
shown in ﬁgures 1(b) and S2. Furthermore, speciﬁc types of
defects, i.e., dangling bonds, vacancies, and boundaries, led to
different ratios between the D peak and D′ peak (near
1620 cm−1) that occurred through an intra-valley double
resonance process in the presence of defects [24]. The high
relative integrated intensity of the D to D′ peak (ID/ID′≈13)
for the plasma-treated graphene implies that the D peak was
mostly a result of dangling bond-type defects rather than
vacancy-type (ID/ID′≈7) or boundary-type (ID/ID′≈3.5)
defects (ﬁgure 1(c)) [22].
The water contact-angle results measured as the number of
plasma passes increased also indicated that the formation of
dangling bonds through plasma treatment increased the surface
energy, resulting in reduced contact angles (ﬁgure 1(d)) [17].
The water contact angle of untreated graphene is 95(±5)°,
indicating that the graphene surface is hydrophobic. However,
the graphene surface became hydrophilic with water contact
angles of 24(±5)°, 10(±5)°, and 6(±5)° after 3, 10, and 30
plasma passes, respectively. This is consistent with the Raman
spectroscopy results. Considering the insigniﬁcant morphology
variation between untreated and treated graphene, we believe
that the surface energy increased primarily owing to the formation of dangling bond-type defects, i.e., O-containing groups,
after plasma treatment [16]. Previous studies regarding XPS
analysis of oxygen plasma-treated graphene surfaces revealed
that O-containing groups formed on the graphene surface upon
exposure to oxygen plasma may include alkoxy groups (C–O),
carbonyl groups (C=O), carboxyl groups (O–C=O), and so on
[25]. Indeed, in the XPS analysis of the untreated and the
plasma-treated graphene surfaces, a single C–C peak is shown
at 284.7 eV in the untreated graphene (ﬁgure 1(e)). In contrast, a
strong C–O peak (286.9 eV), as well as a relatively weak
O–C=O [i.e., C(O)O] peak (288.8 eV), were clearly observed
in the plasma-treated graphene (ﬁgure 1(f)), which implies the
3
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Figure 1. (a) Schematic of the atmospheric plasma treatment process, (b) Raman spectra of the untreated (reference) and plasma-treated

graphene (3, 10, and 30 passes), (c) relative integrated intensity of the D to D′ peak (from the Raman spectra) corresponding to the main type
of defects [19], and (d) contact-angle measurement results of the untreated and plasma-treated graphene. XPS spectra of (e) the untreated and
(f) the plasma-treated graphene (10 passes).

ZrO2 on the plasma-treated graphene, a diffraction ring for
tetragonal phase ZrO2 was clearly observed (ﬁgure 3(d)). The
high-resolution TEM images showed the better crystallinity
of the ALD ZrO2 ﬁlms on the plasma-treated graphene as
compared to that on the untreated graphene (ﬁgures 3(e)–(i)),
which is in line with the GIXRD results. On the untreated
graphene, most of the ALD ZrO2 ﬁlm was amorphous, and
only a small portion was crystalline (ﬁgures 3(e) and (g)).
In contrast, the TEM image of the ALD ZrO2 ﬁlm on
the plasma-treated graphene (ﬁgure 3(f)) clearly revealed
that crystallization was facilitated on the plasma-treated

CVD-grown graphene and/or polymer residues generated in
the transfer process.
The TEM images showed pinholes in the ZrO2 ﬁlm
deposited on the untreated graphene, as was also seen in the
SEM images (ﬁgure 3(a)). As the number of plasma passes
increased, the ZrO2 ﬁlm became denser, and at three or more
plasma passes, it covered the graphene surface almost perfectly (ﬁgures 3(b) and S4). A diffraction ring for ZrO2
deposited at 150 °C on the untreated graphene was either not
present or mostly diffused, which implies that the amorphous
phase was dominant (ﬁgure 3(c)) [28]. However, for the ALD
4
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Figure 2. SEM images of ALD ZrO2 ﬁlms on (a) untreated and (b) plasma-treated graphene (10 passes). Bright regions and dark regions in
(a) represent ZrO2 grains and pores (underlying graphene is shown), respectively. (c) XRR spectra and (d) GIXRD spectra of untreated and
plasma-treated graphene (10 passes). AFM topography images (analyzing area: 500 nm×500 nm) of ALD ZrO2 ﬁlms on (e) untreated and
(f) plasma-treated graphene (10 passes), and (g) height proﬁle analysis (line length: 500 nm) of the AFM images of ALD ZrO2 ﬁlms on
untreated and plasma-treated graphene (10 passes).

temperature of 250 °C, whereas ALD ZrO2 ﬁlms deposited at
150 °C were mostly amorphous [30]. However, the high
deposition temperature, in turn, often poses a challenge in
terms of obtaining uniform ﬁlms; a high-temperature process
causes dihydroxylation of the graphene surface, i.e.,
2||–OH→||=O+H2O [30], which may result in the
reduction of nucleation sites for ALD. Interestingly, at a low
ALD temperature of 150 °C in our experiment, we obtained a
thin (∼10 nm), uniform, and highly crystalline ALD ZrO2
ﬁlm on the plasma-treated graphene, as shown in ﬁgure 3(f).
We believe this can be attributed to the improved surface
mobility of surface intermediates owing to their weak noncovalent interaction with graphene [31, 32]. Such non-covalent
interactions have been reported to induce two-dimensional
and even epitaxial growth of various materials on graphene
[33]. Using such low-temperature ALD to deposit dense
and crystalline ZrO2 ﬁlms on graphene can have potential
beneﬁts for the dielectric performance of the ﬁlm because
the dielectric constant (k) of amorphous ZrO2 is ~20, whereas
that of tetragonal ZrO2 is ∼35–50 [34], which may help

graphene. A tetragonal ZrO2 structure with a=0.516±
0.001 nm and c=0.522±0.001 nm (a/c ratio of 0.986)
was observed, as shown in ﬁgure 3(i), where the 〈110〉
zone-axis is perfectly aligned with the electron beam.
These values match the crystallographic data for tetragonal
ALD ZrO2 in a previous publication [a=0.510–0.519 nm,
c=0.517–0.522 nm (a/c ratio of 0.986–0.988)] [29].
It is notable that the plasma treatment affected not only
the areal coverage but also the crystallinity of the ALD ZrO2
ﬁlm. It is known that the density and crystallinity of ALD
ﬁlms increase with increasing deposition temperature because
thermal energy enhances the surface mobility of adsorbed
species, e.g., Zr and/or O ions, and therefore it promotes the
ordering of the species that leads to crystallite growth [30].
Indeed, ALD ZrO2 ﬁlms (thickness >30 nm) deposited on Si
at low temperatures (180 °C and below) have been reported to
be amorphous, whereas ALD ZrO2 ﬁlms start to crystallize in
a tetragonal phase at a high temperature of 300 °C [29]. Liu
et al reported that they observed the improved crystallinity of
ALD ZrO2 ﬁlms formed on a graphene nanosheets at a high
5
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Figure 3. TEM images of ALD ZrO2 ﬁlms on (a) untreated and (b) plasma-treated graphene (10 passes), with (c), (d) corresponding SAED

patterns. High-resolution TEM images of ALD ZrO2 ﬁlms on (e) untreated and (f) plasma-treated graphene (3 passes), with zoomed-in
images of (g) ZrO2 particles on untreated graphene, (h) untreated graphene alone, and (i) ZrO2 particles on plasma-treated graphene, where
the bright spots correspond to cation (Zr ion) lattice sites in the tetragonal crystal structure.

Figure 4. (a) Device schematics for Pt/graphene (PG)-, Pt/ZrO2/graphene (PZG)-, and ZrO2/Pt/graphene (ZPG)-structured GFETs.
Transfer characteristics of PG-, PZG-, and ZPG-structured devices with atmospheric plasma treatment for (b) 0 passes and (c) 30 passes (gate
voltage range: −120 to 120 V, drain–source voltage: 1.5 V). (d) Total resistance of graphene FETs measured at the ﬂoating gate and the
drain–source voltage of 1.5 V.

ﬁgure 4. The electrical characterization of Pt/graphene (PG)structured devices after various numbers of plasma passes
revealed the effects of the plasma treatment on graphene. The
FETs with untreated graphene did not show Vdirac within the
measured gate voltage range of −120 to 120 V (ﬁgure 4(b)).

enhance the capacitance and, accordingly, the sensitivity of
GFET-based biosensors.
GFETs with three different structures were fabricated and
characterized to study the electrical effects of atmospheric
plasma treatment and ALD of ZrO2 on graphene, as shown in
6
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plasma-treated (10 passes) samples were measured using
Pt/ZrO2/graphene-structured capacitors. The previous literature on the dielectric property of ALD ZrO2 ﬁlm reported
that the dielectric constant of polycrystalline ALD ZrO2 ﬁlm
(∼11 nm-thick) deposited at high temperature (300 °C) is
22–25 [43]. Relatively high dielectric constant (∼17) of the
ALD ZrO2 ﬁlm on plasma-treated (10 passes) graphene
indicates that the ﬁlm is mostly crystallized even at low
deposition temperature (ﬁgure S10(a)) as was also shown in
GIXRD analysis, which is promising for various graphene
based electronics and sensors. In contrast, the low dielectric
constant (∼8) of the ALD ZrO2 ﬁlm on untreated graphene
conﬁrms the formation of mostly amorphous phase. The
leakage current through the ZrO2 ﬁlm on plasma-treated
graphene decreased by approximately one order of magnitude
compared to that on untreated graphene (ﬁgure S10(b)).
The total resistances of the GFETs (Rtot=Vds/Id at the
ﬂoating gate, where Vds is the drain–source voltage and Id is
the drain current) with various numbers of plasma passes are
shown in ﬁgure 4(d). The cross-plane resistance of ALD ZrO2
is the difference between the total resistances (Rtot) of the
PZG and ZPG devices. The cross-plane resistance of ALD
ZrO2 on untreated graphene was virtually zero (ﬁgures 4(b)
and S11). Because the ALD ZrO2 ﬁlm on untreated graphene
had many pinholes (ﬁgure 2(a)), source–drain electrodes were
in direct contact with the graphene through the pinholes in the
ZrO2 ﬁlms, which explains the zero cross-plane resistance.
However, as the number of plasma passes increased, the
cross-plane resistance and areal coverage of the ALD ZrO2
ﬁlms signiﬁcantly increased (ﬁgures S11 and 2(b)). This
suggests that ALD ZrO2 ﬁlms are more densely deposited
with increasing numbers of plasma passes, resulting in better
passivation effects such as Vdirac close to zero and good air
stability. Also, it is notable that the PG devices with three
plasma passes had a lower Rtot than the PG devices without
plasma treatment. This phenomenon is ascribed to the fact
that the early stages of oxygen plasma treatment removed
organic impurities on graphene that limited the charge
transport in graphene [44].

The extremely high Vdirac is mainly attributed to p-doping by
ambient H2O/O2 redox couples [12, 35], O-containing
groups [36], polymer residues [37], and an interface dipole
layer between graphene and platinum electrodes [38]. The
ALD of ZrO2 did not signiﬁcantly change the high Vdirac of
the FETs with untreated graphene (ﬁgure 4(b)). Because the
ALD ZrO2 ﬁlms on untreated graphene were noncontinuous
with many pinholes because of the lack of nucleation sites on
the untreated graphene surface (ﬁgure 2(a)), they did not fully
passivate graphene from ambient H2O and O2, which
accounts for the high Vdirac of the GFETs, even after ALD of
ZrO2.
However, the ALD ZrO2 ﬁlms on plasma-treated graphene played an important role as passivation layers for
graphene (ﬁgure 4(c)). The O-containing groups generated by
plasma treatment such as epoxide and hydroxyl groups have
an electronegative character that lowers the Fermi energy
level of graphene [36]. Thus, plasma treatment further shifted
the Vdirac of the GFETs to a positive value, as shown in ﬁgure
S7(a) [39, 40]. After the ALD process, however, thin (10 nm)
yet pinhole-free ALD ZrO2 ﬁlms protected the graphene from
the ambient H2O and O2, leading to a negative shift in Vdirac
(ﬁgure 4(c)). With the increasing number of oxygen plasma
passes, more continuous ﬁlms of ALD ZrO2 were formed,
which passivated graphene from p-doping species and thus
induced a further negative shift in Vdirac of the GFETs (ﬁgures
S7(b) and S8). Indeed, Vdirac of ZPG and PZG devices with
the ALD ZrO2 layer after 30 plasma passes shifted to almost
0 V (ﬁgure 4(c)). The passivation effect of ALD ZrO2 was
also revealed as a dramatic enhancement in the air stability of
GFETs. The GFETs showed nearly identical transfer characteristics after exposure to air for 2 weeks (ﬁgure S9).
Additionally, the ALD ZrO2 layer removed charge-carrier
trapping sites in graphene, which led to the enhanced drain
current of ZPG devices compared to that of PG devices
(ﬁgures 4(b) and (c)). The increase in drain current of ZPG
devices can be also caused by the increase in gate capacitance
by deposition of high-k dielectric, e.g., ZrO2, as a top dielectric layer [41]. However, the increase in gate capacitance
should appear as the increase in the slope of GFET transfer
curves as well. In our experiment, transfer characteristics of
GFETs before and after ALD of ZrO2 as a top dielectric did
not show much difference in their slope as shown in
(ﬁgure 4(b)). This indicates that the change in gate capacitance by top dielectric is negligible in this study. Also, we
observed the increase in electron mobility and the decrease in
hole mobility after ALD of ZrO2 on plasma-treated graphene
as shown in (ﬁgure 4(c)). This asymmetrical change in
mobilities is not attributed to a change in gate capacitance that
causes symmetrical change in transfer curves of GFETs.
Therefore, the increased drain current mainly stems from
passivation of charge carrier-trapping sites on graphene by
ALD of ZrO2 rather than change in gate capacitance. The
removal of charge-carrier trapping sites in graphene by ALD
of ZrO2 also helped the negative shifts in Vdirac of GFETs
because the trap sites are mainly p-doping ones [42].
The dielectric properties of the ZrO2 ﬁlms such as dielectric constant and leakage current density on untreated and

Conclusion
In conclusion, we have reported the functionalization of
multilayer CVD graphene with minimal structural and electrical degradation by atmospheric oxygen plasma treatment.
The plasma-treated graphene allowed the growth of thin,
polycrystalline, pinhole-free, and relatively uniform ALD
ZrO2 ﬁlms on it, even at a low deposition temperature of
150 °C. The facilitated nucleation of ALD ZrO2 ﬁlms on the
plasma-treated graphene was due to the formation of
O-containing groups such as carbonyl or carboxyl groups,
which caused the formation of hydroxyl groups upon exposure to water vapor in air, as proven by XPS analysis. The
number of charge-trapping sites decreased by the ALD of
ZrO2 ﬁlms on plasma-treated graphene. The ALD ZrO2 ﬁlms
worked as an effective passivation layer for graphene,
resulting in Vdirac close to 0 V and the high air stability of
7
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