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ABSTRACT: Integrating graphene into nanoelectronic device
structure requires interfacing graphene with high-κ dielectric
materials. However, the dewetting and thermal instability of
dielectric layers on top of graphene makes fabricating a
pinhole-free, uniform, and conformal graphene/dielectric
interface challenging. Here, we demonstrate that an ultrathin
layer of high-κ dielectric material Y2O3 acts as an effective
seeding layer for atomic layer deposition of Al2O3 on
graphene. Whereas identical Al2O3 depositions lead to
discontinuous film on bare graphene, the Y2O3 seeding layer
yields uniform and conformal films. The morphology of the Al2O3 film is characterized by atomic force microscopy and
transmission electron microscopy. C-1s X-ray photoemission spectroscopy indicates that the underlying graphene remains intact
following Y2O3 seed and Al2O3 deposition. Finally, photoemission measurements of the graphene/SiO2/Si, Y2O3/graphene/
SiO2, and Al2O3/Y2O3/graphene/SiO2 interfaces indicate n-type doping of graphene with different doping levels due to charge
transfer at the interfaces.
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■ INTRODUCTION

Deposition of high quality high-κ dielectrics on graphene is
required for isolating top-gates in graphene field-effect devices.
For better performance of field-effect transistors (FETs), these
dielectric thin films should be ultrathin, conformal, and pinhole-
free with minimal disorder or traps at the dielectric−graphene
interface. Atomic layer deposition (ALD) is a preferred
technique for achieving high-quality, conformal, ultrathin
dielectric films with precise thickness control while preventing
physical damage to the interface by energetic particles.
However, the low surface energy of graphene basal planes
does not provide appropriate nucleation sites for the ALD
precursors, whereas step edges of graphene are selectively
decorated by ALD. To address this issue, either graphene has
been modified (for example, by fluorine1 or physisorbed
ozone2) or seed layers (organic3 or inorganic4,5) have been
grown on top of graphene before the growth of metal-oxide
dielectric materials. Surface modification of graphene may lead
to degradation of its electronic properties due to damages in
graphene,6 whereas seed layers increase the thickness and
reduce the effective κ value of the gate dielectric, resulting in an
overall decrease in capacitance.3

Numerous high-κ dielectric materials, including alumina
(Al2O3), have been investigated as potential dielectrics for
graphene devices.2−4,7 Several intrinsic properties of alumina
make it the preferred candidate for the gate dielectric material
in graphene FETs. First, the high dielectric constant of alumina
(κ = 10) allows device operation at a higher electric field, taking

advantage of the high breakdown field. Second, the large
bandgap of alumina (Eg = 7 eV) relative to other high-κ
dielectric materials enables adequate barrier heights at the
interface. However, the deposition of high quality alumina on
graphene remains a challenge.
We recently demonstrated that yttria (Y2O3) monolayers wet

graphene supported on metal surfaces.8 We also demonstrated
that good quality, crystalline yttria films can be grown on top of
metal-supported graphene.9 Our finding of the good wetting
behavior of yttria on sp2 carbon is in agreement with previous
reports for yttria growth on graphene or carbon nanotube
device structures.7,10,11 Although yttria is a high-κ dielectric in
its own right, it exhibits only acceptable properties as a
crystalline material. In most applications, amorphous dielectrics
are preferred in order to obtain uniform properties and avoid
lateral property variations due to difficulty in avoiding crystal
defects.
In this paper, we investigate if the superior wetting behavior

of yttria on graphene can be combined with the superior
dielectric properties of (amorphous) alumina to make better
dielectric layers. We demonstrate the use of ultrathin yttria
layers for seeding the conformal growth of alumina by ALD.
The potential advantage of yttria as seed layers over polymer
seed layers is that yttira is a high-κ dielectric material and this
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will not lead to a decrease in the capacitance of the gate
dielectric layer. Also, formation of charge trap sites within the
dielectric layer should be reduced in a pure-oxide dielectric. It is
worth mentioning that in a related approach hexagonal boron
nitride (h-BN) has been recently used as a buffer layer in
deposition of alumina on graphene.12 In that report, h-BN was
mechanically transferred onto graphene, while our approach is a
direct growth of yttria on graphene. The advantages of our
growth process versus a transfer process are in the conformity
of the grown films and easier scalability of growth processes.
In this study, we chose CVD-grown graphene transferred to

SiO2/Si as a convenient substrate for the study of dielectric
deposition. We have previously shown that yttria deposition on
metal supported graphene8,9 as well as on graphene transferred
to SiO2

10 results in a uniform and pinhole-free film; this
suggests that the graphene substrate material does not affect the
wetting behavior of yttria on graphene significantly and thus the
approach described here may be applicable to other supported
graphene systems. As has been shown in the past, CVD-grown
graphene can be successfully transferred to numerous flat
substrates like SiO2.

13−15 Furthermore, our group has also
transferred CVD-grown graphene to SrTiO3,

16 MoS2,
17 and

sulfur-protected W(110)18 and in all of these studies we could
show that a clean interface can be obtained by annealing in an
ultrahigh vacuum (UHV). Here we show by atomic force
microscopy (AFM), transmission electron microscopy (TEM),
and low energy ion scattering spectroscopy (ISS) that the
alumina film deposited on a yttria seed on the graphene/SiO2
sample is uniform, pinhole-free, and conformal. Furthermore,
X-ray photoemission spectroscopy (XPS) characterizations
indicate that the graphene is n-type doped when it is supported
on the SiO2/Si substrate. Moreover, the n-type doping of
graphene is increased by deposition of the low-work function
yttria layer.

■ EXPERIMENTAL DETAIL
Graphene was prepared by chemical vapor deposition (CVD) growth
in a tube furnace on high purity copper foil. Before transferring
graphene to the SiO2/Si substrates, graphene on copper foil was spin-
coated with a layer of poly methyl methacrylate (PMMA) followed by
chemical etching of the copper in ammonium persulfate. The
graphene/PMMA was then rinsed in DI water and captured with a
SiO2/Si substrate. Subsequently, the PMMA covered graphene
supported on SiO2 substrate was first dried at room temperature
(RT) and then annealed at 180 °C in air. At 180 °C, the PMMA melts
and helps to make the graphene flat on the substrate. PMMA from the
graphene was removed by dipping the sample in acetone for 3 h. To
further remove any organic residues from the surface, the graphene
covered SiO2 sample was annealed in a tube furnace at 350 °C for 3 h.
Graphene/SiO2 samples were loaded into a multichamber UHV

system, described in detail elsewhere.19 This system allows sample
transfer in UHV to an analysis chamber for XPS and ISS
characterization, to a physical vapor deposition (PVD) chamber for
yttria deposition, and to an ALD reactor for alumina deposition.
Graphene/SiO2 samples were annealed in UHV at 300 °C for 3 h prior
to yttria deposition. A thin yttria seed layer is deposited on top of the
graphene/SiO2 sample by reactive electron beam deposition of yttrium
from a water-cooled electron beam evaporator in a 10−7 Torr oxygen
atmosphere at RT. The complete oxidation and formation of Y2O3 was
confirmed by in situ XPS. For another set of experiments on
graphene/SiO2 and highly ordered pyrolytic graphite (HOPG)
samples, the yttria film was deposited in a separate UHV system
(similar growth conditions as in the multichamber UHV system) and
yttria growth was monitored by Auger electron spectroscopy (AES)
(AES data are not presented). These samples were then transported
through air and loaded into the multichamber UHV system for ALD

growth of alumina and further XPS characterization. The results for
the ex situ prepared yttria films were identical to those of in situ grown
yttria, suggesting that the yttria is quite stable under environmental
exposure. Alumina was deposited on the yttria covered graphene/SiO2
sample in a Picosun SUNALE ALD reactor at 300 °C using
trimethylaluminum (TMA) and water precursors. A single ALD
cycle corresponds to the following precursor exposure sequence: TMA
0.1s → N2 4s → H2O 0.1s → N2 4s. Graphene/SiO2, yttria/graphene/
SiO2, and alumina/yttria/graphene/SiO2 samples were characterized
in situ by XPS and ISS and ex situ by AFM and TEM. The thickness of
the alumina and yttria films on the graphene/SiO2 samples were
measured by TEM. For some samples, the thicknesses of the alumina
and yttria films were estimated by comparing the time of deposition
(keeping all the deposition conditions the same) with TEM-calibration
measurements.

XPS spectra were collected using a monochromatic Al Kα X-ray (hv
= 1486.7 eV) source and Omicron EA125 hemispherical analyzer. All
the spectra were measured at 45° emission with a 15 eV analyzer pass
energy. The C-1s core level was modeled by fitting it with a Doniach−
Sunjic peak shape to accommodate for the typical asymmetric line
shape of sp2 carbon. The graphene sp2 components of the post-
transfer C-1s spectra were fitted with a full width at half-maximum
(fwhm) of 0.71 eV, based on previously reported results produced on
the same XPS system for the C-1s spectrum of graphene on Cu prior
to transfer.15 Potential charging of the sample during XPS measure-
ments was compensated for by keeping the Si-2p core level peak fixed
to the value before any oxide deposition.

In ISS, the kinetic energy of the scattered He+ ions was detected
with the same energy analyzer as that for XPS with reversed voltages.
The primary energy of the He+ ions was 1000 eV, and the scattering
angle between a fine focused ion gun and the detector was 37°. A
typical spectrum was acquired in 5 min. Due to a small fluorine
contamination in the ALD system, we always observe a minor F-peak
in the ISS spectrum.

■ RESULTS AND DISCUSSION

Prior to alumina deposition, we have performed ex situ
characterization of the seed layer morphology by AFM. Figure
1a shows an AFM image recorded on ∼1.5 nm yttria film
deposited on a graphene/SiO2 sample. The morphology of the
yttria film is uniform, and there is no indication of cluster
formation. The good wetting behavior of yttria is not particular
to graphene but is universal for sp2 carbon.9 To illustrate good
wetting behavior of yttria for all sp2 carbon, we also deposited
∼1.5 nm of yttria film on HOPG. It is important to note that
the HOPG sample should be thoroughly outgassed prior to
yttria growth; otherwise, nonuniform yttria films are obtained.
Parts b−d of Figure 1 show AFM images measured on the
room temperature deposited yttria film on HOPG samples
outgassed in UHV at 400, 500, and 700 °C, respectively. It is
apparent that the surface morphology of the yttria film
deposited on HOPG outgassed at 700 °C is very smooth. In
comparison, the yttria films deposited on HOPG outgassed at
low temperatures (400 and 500 °C) exhibit clustering and a
tendency to decorate step edges of HOPG. For other high-κ
dielectric materials such as alumina and hafnium oxide (HfO2)
deposited on bare graphene or graphite, patchy and
discontinuous surface morphologies have been reported.20

Thus, our results for yttria indicate quite favorable growth on
sp2 carbon. Although the reason behind the much better
wetting behavior of yttria compared to other traditional high-κ
dielectric materials is not understood, it is worth mentioning
that yttria is not a unique metal oxide in terms of wetting sp2

carbon. For instance, recent reports show that europium oxide
growth on graphite also exhibits a wetting of the graphite
surface.21
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Yttria covered graphene/SiO2 samples were subsequently
used as substrates for the growth of alumina by ALD. Figure 2a
shows an AFM image measured after depositing 50 cycles
(∼3.5 nm) of alumina. The root-mean-square (rms) roughness
of selected areas (excluding graphene wrinkles) of this sample is
0.24 nm, which is comparable to the rms roughness of 0.20 and
0.30 nm of the graphene/SiO2 sample (Figure 3a) and the
Y2O3/graphene/SiO2 sample (Figure 1a), respectively. With
the yttria seeding layer, the resulting alumina film is uniform
and conformal. Without the yttria seed layer, the alumina film
on graphene is nonuniform and nonconformal (discussed
later). The alumina/yttria/graphene/SiO2 sample was also
characterized in situ by ISS. This technique is sensitive to only
the topmost layer of the sample. Figure 2b shows ISS for 3.5
nm alumina film deposited on the yttria covered graphene/SiO2
sample. The complete suppression of yttrium signal indicates
that alumina fully covers the yttria film.
The alumina/yttria/graphene/SiO2 sample was also charac-

terized by TEM. Parts c and d of Figure 2 show large scale and
high resolution scanning TEM (STEM) high angle annular
dark filed (HAADF) images of the alumina/yttria/graphene/
SiO2 sample. The uniform thickness of the yttria plus alumina
film in the TEM images suggests that the dielectric layer is
uniform and likely pinhole-free. A uniform-thickness dielectric
film is also in agreement with the lateral characterization by
AFM. The STEM also suggests that the alumina film is
amorphous while some crystalline grains are seen for the yttria
seed layer. In addition to crystalline and noncrystalline areas in
the yttria layer, Figure 2d also shows regions in which the
contrast in STEM appears less bright, suggesting a lower

density of yttrium. Since yttria and alumina form several strong
mixed line phases, namely, Y3Al5O12 (YAG) or YAlO3 (YAP),
we speculate that the alumina may react with yttria in regions
where the yttria film had a high density of crystalline defects or
was amorphous, which could facilitate a solid state reaction with
the deposited alumina even at the low deposition temperatures.
In order to unambiguously demonstrate the seeding effect of

yttria for the growth of uniform alumina films, we compared the
growth of alumina on bare and yttria-covered graphene/SiO2.
For this, we covered half of the graphene/SiO2 sample with a
Ta-foil mask during the yttria growth. After yttria film
deposition on graphene/SiO2, the sample was taken out from
the UHV, the shadow mask was removed, and the sample was
characterized by AFM. Figure 3a shows the AFM image of the
bare graphene on the SiO2 substrate, and Figure 3e shows the
other half of the sample that was covered with an ∼5 nm yttria
film. Comparison of parts a and e of Figure 3 indicates the
uniformity of the yttria layer. After AFM characterization, the
sample was reloaded into a UHV system and the sample was
outgassed in UHV at 300 °C for 2 h before alumina deposition.
Then, 100 cycles of alumina were deposited on the entire
sample. Figure 3b shows the morphology of the alumina
deposited on the bare graphene region. The rms roughness of
the sample (excluding big clusters and graphene wrinkles) is 4.4
nm, which is much bigger than that of the alumina film with a
seeding layer. The alumina film is nonconformal and
discontinuous, which confirms previous reports of alumina
deposition on nonfunctionalized graphene or graphite
surfaces.20 Parts c and d of Figure 3 show the large scale and
high resolution TEM images of the alumina/graphene/SiO2
region of the sample, respectively. The TEM images show that

Figure 1. AFM images and line scans of yttria films on graphene and
HOPG. (a) AFM image (3 μm × 3 μm) of ∼1.5 nm of yttria film on
graphene/SiO2. AFM images (1 μm × 1 μm) of ∼1.5 nm of yttria film
deposited on HOPG outgassed at 400, 500, and 700 °C are shown in
parts b, c, and d, respectively. The yttria was deposited at room
temperature for all the samples.

Figure 2. AFM, ISS, and TEM measurements acquired on ∼3.5 nm of
alumina film on graphene/SiO2 with yttria as a seed layer. (a) AFM
image (3 μm × 3 μm) with line scan of alumina film on yttria/
graphene/SiO2. The alumina film is uniform and conformal. (b) ISS of
the alumina film in part a. The absence of the Y peak in ISS shows that
the alumina fully covers the yttria film. In ISS, a very small fluorine
peak is observed due to contamination from the Viton seal in the ALD
reactor. (c) Large scale scanning TEM image of the alumina/yttria/
graphene/SiO2 sample in part a. (d) Scanning TEM high angle annular
dark field (HAADF) image of the alumina/yttria/graphene/SiO2
sample. The yttria film is crystalline, while the alumina is amorphous.
The graphene layer cannot be resolved in the TEM images.
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alumina is not covering large areas of the sample. In contrast,
Figure 3f shows the AFM morphology of the alumina film
deposited on the yttria precovered graphene. The alumina film
is continuous and uniform. Parts g and h of Figure 3 show the
large scale and high resolution TEM images of the alumina/

yttria/graphene/SiO2 region of the sample. TEM images show
that the alumina film deposited on top of the yttria film is
uniform and conformal.
To verify the chemical identity of the yttria and alumina

films, XPS was performed on the in situ grown yttria/

Figure 3. AFM and TEM images of alumina and yttria films. Half of the graphene/SiO2 sample was shadow masked with Ta-foil during yttria
deposition. Alumina film was deposited on the entire sample after removing the shadow mask. (a) AFM image (3 μm × 3 μm) with line scan of
graphene on SiO2/Si. (b) AFM image with line scan of 100 cycles of alumina film deposited on bare graphene/SiO2. (c) Large scale and (d) high
resolution TEM images of the alumina/graphene/SiO2 region of the sample. Alumina film is missing in some area of the sample, indicating alumina
film is not uniform on bare graphene. (e) AFM image (3 μm × 3 μm) with line scan of yttria film on graphene/SiO2. (f) AFM image with line scan
of 100 cycles of alumina film on top of yttria film. (g) Large scale and (h) high resolution TEM images of yttria film. The yttria film is uniform,
pinhole-free, and crystalline. The alumina film on top of yttria film is also uniform and pinhole-free.

Figure 4. XPS measurements of HOPG and graphene samples. (a) Y-3d peak of the ∼1.5 nm of yttria film deposited on the graphene sample. The
Y-3d5/2 peak is observed at 157.45 eV. (b) O-1s peak for the yttria/graphene/SiO2 sample. The O-1s peak at 529.75 eV corresponds to yttria, and
the peak at 532.7 eV corresponds to SiO2. (c) Al-2p peak of ∼3.5 nm of alumina film deposited on the yttria/graphene/SiO2 sample. The Al-2p peak
is observed at 75.5 eV. (d) O-1s peak of ∼3.5 nm of alumina film. The O-1s peak is observed at 532.10 eV. (e) C-1s peaks for HOPG, graphene/
SiO2, yttria/graphene/SiO2, alumina/yttria/graphene/SiO2, and alumina/graphene/SiO2 samples. The C-1s peak for HOPG is observed at 284.25
eV. For the graphene/SiO2 sample, the C-1s core level is deconvoluted with a graphene component at 284.40 eV (red line) and two much smaller
components at 285.1 ± 0.1 eV (blue line) and 286.5 ± 0.1 eV (pink line), which are attributed to carbon contamination and/or PMMA residue. The
C-1s core levels are measured at 284.61, 284.46, and 284.37 eV for the yttria/graphene/SiO2, alumina/yttria/graphene/SiO2, and alumina/
graphene/SiO2 samples, respectively. For C-1s measurements, only 10 cycles of alumina are deposited on the yttria/graphene/SiO2 and graphene/
SiO2 samples.
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graphene/SiO2 and alumina/yttria/graphene/SiO2 samples.
For the yttria/graphene/SiO2 sample, the Y-3d5/2 peak is
observed at 157.45 eV and two components are observed for
O-1s: the peak at 529.75 eV corresponds to Y2O3, and the peak
at 532.7 eV corresponds to SiO2. The Y-3d and O-1s peaks are
shown in parts a and b of Figure 4, respectively. The binding
energy difference between the O-1s peak in yttria and the Y-3d
peak is measured to be 372.3 eV, which is consistent with a
previous report for yttria.22 For the alumina/yttria/graphene/
SiO2 sample, the Al-2p and O-1s peaks are shown in parts c and
d of Figure 4, respectively. Furthermore, the Y-3d peak position
does not change after alumina deposition (not shown). For
thicker alumina films (∼3.5 nm), XPS spectra show the Al-2p
peak at 75.5 eV and a single O-1s peak at 532.10 eV. The
binding energy difference between the O-1s and Al-2p peaks of
456.6 eV is consistent with previous reports for alumina.23,24

When graphene is in contact with another material, even in
the absence of chemical bonding, charges are expected to be
transferred across the interface in order to align the Fermi levels
in the different materials. This results in charge doping of
graphene and causes a shift of the C-1s core level of graphene
in XPS measurements.25 This shift of the C-1s core level is a
consequence of the low density of states close to the Dirac
point of graphene which causes a measurable shift of the Fermi
level even for small interface charge transfers. Consequently,
since in XPS the Fermi level is the reference energy level for
core level binding energy, a shifting of the Fermi level causes an
equal shift in the C-1s core level binding energy. For the Fermi
level shift to be equal in magnitude to the C-1s core level shift,
a rigid band model for graphene is assumed; i.e., the energy
difference between the C-1s core level and the Dirac point is
assumed to be unaffected by charge doping of graphene. In our
experiments, we set this energy difference to the C-1s binding
energy measured in HOPG. Thus, a shift of the C-1s core level
in graphene relative to the C-1s core level in HOPG is
interpreted as an equivalent shift of the Fermi level relative to
the Dirac point in graphene.
For the graphene/SiO2 sample, the C-1s core level was

deconvoluted with a graphene component at 284.40 eV and
two much smaller components at 285.1 ± 0.1 and 286.5 ± 0.1
eV, which are attributed to carbon contamination and/or
PMMA residue.15,26 The C-1s binding energies for the yttria/
graphene/SiO2, alumina/yttria/graphene/SiO2, and alumina/
graphene/SiO2 samples were also deconvoluted in the same
way as that for the graphene/SiO2 sample. The C-1s core levels
for HOPG, graphene/SiO2, yttria/graphene/SiO2, alumina/
yttria/graphene/SiO2, and alumina/graphene/SiO2 are shown
in Figure 4e. The C-1s binding energy of the graphene
component for all the samples is compared to the binding
energy of the HOPG sample measured in the same
experimental setup. The C-1s core levels for the HOPG,
yttria/graphene/SiO2, alumina/yttria/graphene/SiO2, and alu-
mina/graphene/SiO2 samples are measured to be 284.25,
284.61, 284.46, and 284.37 eV, respectively. As the alumina
forms clusters on bare graphene, both bare graphene regions
and alumina-covered regions contribute to the C-1s core level
for the alumina/graphene/SiO2 sample. However, no broad-
ening of the C-1s peak after alumina deposition compared to
the bare graphene/SiO2 sample is detected, suggesting that the
alumina does not induce a significant peak shift for the C-1s
peak. For the alumina/yttria/graphene/SiO2 and alumina/
graphene/SiO2 samples, C-1s measurements were taken for 10

cycles of alumina deposition on the yttria/graphene/SiO2 and
graphene/SiO2 samples, respectively.
In all cases, we measure a larger C-1s binding energy for the

graphene samples compared to HOPG. Assuming no chemical
bonding between the oxides and graphene, this shift in the C-1s
peak suggest a Fermi level shift above the Dirac point, i.e., n-
type doping of the graphene. For bare graphene on SiO2/p-type
Si, we observe a ∼0.15 eV shift of the Fermi level compared to
charge neutral graphene. Alumina deposition on bare graphene
(i.e., without a yttria seed layer) reduces this shift very slightly
to ∼0.12 eV; i.e., the graphene may be slightly less n-type
doped after alumina deposition. On the other hand, deposition
of yttria, a material with a well documented extremely small
work function (the low work function makes yttria coating, e.g.,
useful for thermionic electron emitting filaments), increases the
n-type doping to ∼0.36 eV above the Fermi level, while
additional deposition of alumina reduces the doping somewhat
to ∼0.21 eV. All of these shifts in the Fermi level of graphene
are following trends in agreement with the work function
differences of the materials; however, precise values are difficult
to estimate because the work functions of dielectric materials
are ill-defined. The fact that the charge doping in graphene is
reduced after deposition of alumina also suggests that some
effective work function for the yttria/alumina sandwich should
be used. Finally, the fact that the low-work-function material
yttria causes strong n-type doping in graphene may have some
influence in the use of yttria seed layers for high-κ dielectrics in
field effect devices, since the dielectric induced doping may
have to be compensated for by the gate voltage.

■ CONCLUSION

We have demonstrated the utility of yttria as a seeding layer for
ALD Al2O3 growth on graphene. The morphology of alumina
film was characterized by AFM, ISS, and (S)TEM. It has been
shown that the alumina film grown on a yttria seed layer is
uniform, pinhole-free, and conformal. Formation of a yttria/
alumina stack of dielectrics is expected to reduce the overall
capacitance of the dielectric layer; however, this trade-off is
currently needed for the growth of alumina based dielectrics on
graphene. XPS measurements enabled the characterization of
the interface charge transfer. The low work function of yttria is
responsible for a strong n-type doping of graphene when
interfaced with yttria. This doping is somewhat reduced after
alumina deposition.
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