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T
he realization of a graphene-based
electronic technology necessitates
large-area graphene production, as

well as the ability to integrate graphene

with highly insulating films that act as the

gate dielectric in field-effect transistors

(FETs). Interest in dielectric materials with

high permittivity values (high-k dielectrics)

originates from the aggressive scaling of

traditional silicon transistors which produce

unacceptably high leakage currents in the

silicon dioxide (SiO2) gate oxide.1,2 As a re-

sult, high-k dielectric materials such as

hafnium oxide (HfO2, permittivity (�r) �

25), aluminum oxide (Al2O3, �r � 9), tanta-

lum oxide (Ta2O5, �r � 25), and titanium ox-

ide (TiO2, �r � 80) have been explored.1,2

The use of high-k dielectric materials in

graphene-based FETs is also of interest be-

cause of the reduced Coulombic scattering

of charge carriers3,4 and enhanced charge

carrier mobility.5 Although the use of high-k

dielectric materials may limit graphene mo-

bility through phonon scattering,6,7

graphene FETs fabricated with high-k di-

electric materials still outperform those uti-

lizing SiO2.8�10 In this article, we present a

means to integrate the high-k dielectric ma-

terials Al2O3, HfO2, Ta2O5, and TiO2 with epi-

taxial graphene grown on the silicon face of

silicon carbide (SiC(0001)), compare surface

pretreatments, and provide electronic and

structural characterization of the dielectric

materials on graphene. We present evi-

dence that, by providing the proper nucle-

ation layer, atomic layer deposition of

high-k dielectrics may improve the mobil-

ity of epitaxial graphene by up to 22%. Fi-

nally, we discuss the use of multilayer films

that provide uniform coverage and mini-
mal degradation of epitaxial graphene’s
electronic and structural properties.

Thermal atomic layer deposition (ALD)
provides a means to produce high-quality
films for gate dielectrics at temperatures be-
low 300 °C and has proven to be an excel-
lent technique toward the integration of di-
electrics with graphene.10,11 However,
because this type of ALD is a water-based
technique, graphene must undergo surface
preparation processes that will permit the
deposition of a uniform dielectric film. Pre-
vious reports suggest that functionalization
of graphene via ozone,12 nitrogen dioxide,13

or perylene tetracarboxylic acid (PTCA)14

prior to ALD of Al2O3 can result in more uni-
form dielectric film coverage on graphene,
with fewer examples of uniform deposition
on pristine graphene.15 Additionally, Farmer
et al.11 introduced the use of a low-k poly-
mer on the surface of graphene prior to
deposition of HfO2 to achieve uniform cov-
erage on exfoliated graphene. Finally, suc-
cessful integration of Al2O3 and HfO2 has
been accomplished by depositing a thin
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ABSTRACT We present the integration of epitaxial graphene with thin film dielectric materials for the purpose

of graphene transistor development. The impact on epitaxial graphene structural and electronic properties

following deposition of Al2O3, HfO2, TiO2, and Ta2O5 varies based on the choice of dielectric and deposition

parameters. Each dielectric film requires the use of a nucleation layer to ensure uniform, continuous coverage on

the graphene surface. Graphene quality degrades most severely following deposition of Ta2O5, while the

deposition if TiO2 appears to improve the graphene carrier mobility. Finally, we discuss the potential of dielectric

stack engineering for improved transistor performance.

KEYWORDS: graphene · epitaxial graphene · gate oxide ·
atomic layer deposition · Al2O3 · HfO2 · TiO2 · Ta2O5

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 5 ▪ 2667–2672 ▪ 2010 2667



(2�5 nm) metallic Al or Hf film via physical vapor depo-
sition, which fully oxidized when exposed to atmo-
sphere and served as a uniform nucleation layer for sub-
sequent ALD processing.10,16 We find that this last
method is highly reproducible and have adopted it as
the seeding method in the current work.

RESULTS AND DISCUSSION
Uniform coverage of ALD dielectric films on epitax-

ial graphene is possible through the use of a nucle-
ation layer and optimization of deposition tempera-
ture. Our initial work focused on the deposition of
oxides on few-layer epitaxial graphene at tempera-
tures �100 °C without a nucleation layer. While the
use of a nucleation layer may not be required for HfO2

films �25 nm,17 successful deposition of continuous
HfO2 films benefits greatly by increasing the deposi-
tion temperature from 80 °C (Figure 1a) to 110 °C (Fig-
ure 1b). We must note, however, that the deposition of
thin HfO2 films (�20 nm), such as that presented in Fig-
ure 1b, does not result in a uniform, continuous film.11,18

Further increase of the deposition temperature to 250
°C (Figure 1c) leads to the growth of a discontinuous
HfO2 layer on the graphene surface. Additionally, Ra-
man spectroscopy and TEM indicate that the graphene
has been etched away in those regions where HfO2 is
not present in Figure 1c. While the true mechanism of
graphene removal is not well understood, we speculate
that it may result from an unwanted reaction with H2O
or the Hf precursor at elevated temperatures. Deposi-
tion of Al2O3, Ta2O5, and TiO2 also results in non-uniform
coverage up to the maximum deposition temperature
of our system (300 °C) without the presence of a nucle-
ation layer on the graphene surface.28 Figure 2 illus-
trates the evolution of film coverage, uniformity, and
roughness when a seed layer is present for seeded Al2O3

(Figure 2a,b), TiO2 (Figure 2c,d), and Ta2O5 (Figure 2e,f).
Film uniformity and coverage significantly improve for
Al2O3 as the temperature is increased from 150 °C (Fig-
ure 2a) to 300 °C (Figure 2b), with film particulate size
decreasing from an average of 50 nm to less than 10
nm. Additionally, according to Raman spectroscopy,
there is no apparent increase in the defect density
(measured by the ratio of the D and G peak) for films de-
posited at 300 °C, indicating that the oxidized Al nucle-
ation layer may protect the underlying graphene dur-
ing high-temperature ALD depositions. Deposition of
TiO2 on graphene with a Ti seed layer results in films
that are conformal and continuous at both 120 °C (Fig-
ure 2c) and 250 °C (Figure 2d). Finally, deposition of
Ta2O5 on graphene with a Ta nucleation layer results in
a poor film morphology regardless of temperature. De-
spite the uniform deposition of a Ta nucleation layer,28

ALD deposition of Ta2O5 results in large particulates and
film buckling with peak-to-valley measurements
greater than 50 nm. Surface morphology alone does
not yield direct evidence of how ALD affects the under-

lying graphene structure; however, without further op-

timization, it indicates that the use of Ta2O5 as a gate di-

electric may result in poor transistor performance.

Deposition of dielectric materials via ALD impacts

the structural quality of epitaxial graphene. Graphene

structure is often qualified via the comparison of the D

(1360 cm�1) and G (1590 cm�1) peak in Raman spectros-

copy.19 Graphene grown in the current study exhibits a

Raman D/G peak ratio of 0.04�0.10, corresponding to

an approximate crystallite size range of 140�340 nm.19

Subsequent processing via the deposition of nucle-

ation layers and ALD of dielectric materials generally re-

sults in an increase of the D/G ratio to �0.1, with ra-

tios as high as 0.3 in the case of Ta2O5 (Table 1). Figure

3 presents TEM micrographs with corresponding Ra-

man spectra of the graphene D and G peak (Figure 3e)

Figure 1. Atomic force microscopy of HfO2 films deposited
on epitaxial graphene at 80 °C (a), 110 °C (b), and 250 °C (c).
Island formation of HfO2 occurs at low temperature, while
complete coverage is accomplished at 110 °C. The coverage
at 110 °C, however, is accompanied by a high density of
cracks and pits in the film due to incomplete coalescence of
the film. Increasing the deposition temperature to 250 °C re-
sults in a dendrite-like growth of HfO2 on the graphene sur-
face, accompanied by significant degradation of the
graphene film.
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for Al2O3 deposited on an Al-seeded graphene film at
300 °C (Figure 3a), HfO2 deposited on pristine graphene
at 110 °C (Figure 3b), TiO2 deposited on a Ti-seeded
graphene film at 250 °C (Figure 3c), and Ta2O5 depos-
ited on a Ta-seeded graphene film at 150 °C (Figure 3d).
According to TEM, the deposition of Al2O3 and HfO2 re-
sults in an interface consisting of a high density of de-
fects. Averaging 100 Raman spectra confirms a slight in-
crease in the D/G ratio for Al2O3 (Table 1) following
ALD processing. Similarly, the deposition of TiO2 ap-
pears to result in the degradation of the top layer of
the epitaxial graphene. However, according to Raman
studies (Figure 3e and Table 1), no significant change in
the D/G peak ratio can be measured for TiO2 com-
pared to as-grown material. Finally, the deposition of
Ta2O5 on Ta-seeded graphene results in considerable
degradation of the graphene (Figure 3d), with all but
the very bottom layer of graphene being completely
destroyed. Direct comparison of representative Raman
spectra indicates that Al2O3, HfO2, and TiO2 have little

impact on the structural integrity of graphene; how-
ever, TEM presents evidence that the top layer of all
graphene films exhibits defect densities much higher
than underlying layers. While both techniques do sug-
gest an increase in defects as a result of the ALD pro-
cess, Raman spectroscopy indicates that the level of de-
fectiveness in as-grown graphene is very near that of
processed graphene. We have also observed similar de-
fect levels in the top layer of graphene grown on
SiC(0001) via TEM;20 however, the defects were thought
to have occurred during TEM sample preparation. Given
that the graphene is protected during TEM prepara-
tion when a dielectric overlayer is present, we specu-
late that the top layer of graphene grown on SiC(0001)
in this study may already possess a level of defects com-
parable to that measured by TEM post-ALD. As a re-
sult, we can only definitively conclude that Ta2O5 re-
sults in a significant increase in the defect density of
epitaxial graphene following deposition of the Ta seed
layer. This claim is further supported by recent work on

Figure 2. Film uniformity and coverage on seeded graphene is dependent on deposition temperature. Atomic force micros-
copy of seeded Al2O3, TiO2, Ta2O5. Films deposited on graphene via ALD indicates that Al2O3 requires temperatures �150 °C
while complete coverage of TiO2 and Ta2O5 occurs at <150 °C. The use of Ta2O5 as a dielectric material, however, may re-
sult in an unacceptable surface roughness for subsequent device fabrication.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 5 ▪ 2667–2672 ▪ 2010 2669



exfoliated graphene transistors that utilize a seeded

deposition of Al2O3 for the gate dielectric.10 We do not

believe the reported results would have been possible if

the Al seed layer introduced a high density of defects

upon seed oxidation.

Deposition of dielectric materials via ALD impacts

the carrier mobility of epitaxial graphene. Table 1 sum-

marizes the Lehighton mobility values at each process-

ing step,30 absolute change in mobility (��), and Raman

D/G ratio following ALD. Lehighton mobility (a noncon-

tact method of measuring mobility and sheet resis-

tance) correlates well with Hall mobility in mature ma-

terials systems exhibiting a two-dimensional electron

gas (e.g., gallium arsenide, gallium nitride)30 and is used
here to evaluate relative changes in the graphene mo-
bility over large areas. The majority of the samples ex-
hibit a room temperature Lehighton mobility of ap-
proximately 1000�1300 cm2/(V · s) prior to undergoing
nucleation layer deposition, oxidation, and dielectric
deposition. For comparison, the mobility of as-grown
graphene exposed to water vapor pulses at 100 °C (oxi-
dation step) degrades by 15%, with an increase in the
D/G ratio by 1.7�. Similarly, we find that the electron-
beam evaporation of a thin Al and Ta nucleation layer
on graphene results in degradation of the Lehighton
carrier mobility by as much as 25%, in agreement with
Farmer et al.,11 who report a 40% reduction in mobility
following the use of an Al seed layer. The utilization of
HfO2 deposited at 110 °C without a nucleation layer pro-
vides a dielectric/graphene interface that does not sig-
nificantly impact the carrier mobility, in agreement with
Raman spectroscopy. Finally, the deposition of a Ti
nucleation layer appears to improve the Lehighton car-
rier mobility by 10%, with further processing resulting
in an increase in the Lehighton carrier mobility by as
much as 22%. Structural and electronic modification of
graphene appears to occur primarily following deposi-
tion of the nucleation layer.

The increase in D/G and magnitude of �� is well cor-
related to the deposition and subsequent oxidation of
the ALD seed layer. This phenomenon may be linked to
a potential significant change in density and atomic vol-
ume during the metal-to-oxide transformation when
the nucleation layer is exposed air. Of the nucleation
layers explored in this work, the Ta to Ta2O5 transition
exhibits the most significant change in density (�2�)
and volume (�14�).21�23,28 Likewise, we measure the
largest degradation of structural and electronic proper-
ties in Ta-seeded graphene. Similarly, oxidation of alu-
minum results in nearly a 4-fold increase in unit cell vol-
ume, second only to Ta, which correlates with the
second highest D/G ratio and reduction in mobility.24,28

Not surprisingly, the direct deposition of HfO2, which
precludes density or volume changes upon exposure
to atmosphere, does not affect the D/G ratio and results
in a Lehighton mobility very similar to that of pristine
epitaxial graphene. Finally, the Ti to TiO2 transition is
only accompanied by a small change in volume,21,25,28

which not only does not degrade the graphene struc-
tural properties but surprisingly also improves the mo-
bility of carriers in the graphene. This suggests that the
deposition and oxidation of Ti metal may be mild
enough to not disrupt the underlying graphene and,
with additional optimization, may ultimately meet the
potential of high-k solid-state dielectrics to reduce Cou-
lombic scattering of charge carriers.5 While a complete
understanding of the mechanism for carrier mobility
improvement is not fully understood, we note that,
upon deposition and subsequent oxidation of the Ti
seed layer, there was a noted reduction in the carrier

Figure 3. Deposition of dielectric materials on graphene can
result in structural degradation of the underlying graphene
layers. Transmission electron microscopy of (a) Al2O3, (b)
HfO2, (c) TiO2, and (d) Ta2O5 indicates the presence of a de-
fective top layer accompanied by an increase in the Raman
D peak. Raman spectroscopy (e) confirms that Al2O3, HfO2,
and TiO2 introduce only a small amount of disorder; how-
ever, the deposition of Ta2O5 appears to significantly de-
grade the quality of the underlying graphene.
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concentration (	2�) as measured in Lehighton. This
suggests that the TiO2 may compensate26 for some of
the substrate doping that is known to occur in epitax-
ial graphene grown on SiC(0001). We also note that,
while the density and volume changes discussed above
are for crystalline forms of Al, Al2O3, Ti, TiO2, Ta, and
Ta2O5, the transformation from a thin, polycrystalline,
metallic film to an amorphous metal-oxide film will still
result in molecular density and atomic volume changes
that may induce mechanical strain at the oxide/
graphene interface.

The development of high-k gate dielectric stacks
may result in superior graphene transistor performance.
To date, graphene transistors have utilized SiO2, Al2O3,
and HfO2 as a gate dielectrics with mixed results. Data
suggest that the use of high-k materials such as Al2O3

and HfO2 provides superior performance compared to
SiO2,9�11 but little work has been published on the true
nature of the graphene/dielectric interaction. We have
shown that the use of TiO2 could potentially improve
transistor gate performance even further by minimiz-
ing extrinsic scattering centers and providing a barrier
to Coulombic charge scattering. However, we note that
previous work utilizing TiO2 as a high-k dielectric for
silicon-based and silicon-carbide-based transistors of-
ten resulted in unacceptably high gate leakage during
device operation.1,2,27 While this work does not focus on

optimization of gate stacks for transistor performance,
we present limited Raman and Lehighton data (Figure
3e and Table 1) of an oxidized Ti seed/Al2O3 gate stack
that indicates the use of a Ti nucleation layer prior to
Al2O3 (or other oxide) deposition may minimize degra-
dation of the underlying graphene and provide superior
gate dielectric for high-speed graphene transistors. Ad-
ditional work is currently underway to examine the
use of multilayer stacks in graphene transistors.

CONCLUSIONS
We have shown that the impact of materials integra-

tion on the structural and electronic properties of epi-
taxial graphene can vary widely based on the choice of
dielectric material and the processing conditions used
for film deposition. The depositions of Al2O3, HfO2, and
TiO2 are shown to introduce minimal degradation of the
epitaxial graphene structural properties, while Ta2O5

can significantly degrade the graphene structural qual-
ity. Furthermore, the deposition of an oxidized Ti nucle-
ation layer prior to ALD appears to minimize the im-
pact on the carrier mobility as measured by Lehighton
and may be a good candidate as a high-k nucleation
layer. Finally, the work presented here serves as the
building block for dielectric gate stack engineering that
may provide superior transistor performance in radio
frequency applications.

METHODS
Graphene samples were prepared using an in situ hydrogen

(H2) etch, followed by Si sublimation from the Si face of semi-
insulating 6H-SiC (II�VI, Inc.).28 The in situ H2 etch was performed
by heating the sample to 1600 °C in 5% H2/Ar mixture at 600
Torr and holding at 1600 °C for 60 min. Following the etch step,
the chamber was cooled to 1050 °C under the H2/Ar atmosphere
and the cycle purged between 1 � 10�6 and 1 Torr with Ar to re-
move the H2. Subsequently, the temperature was ramped to
1600 °C under 600 Torr Ar atmosphere to prepare for graphitiza-
tion. When the growth temperature was reached, the pressure
was quickly reduced to 1 Torr and held for 15 min for graphitiza-
tion. Following graphitization, the pressure was returned to 600
Torr and the furnace was cooled to room temperature. Graphene

films grown under these conditions are primarily one- to three-
layers thick according to Raman spectroscopy and transmission
electron microscopy,29 with a D/G peak ratio of 0.07 
 0.03.

Atomic layer deposition of Al2O3, HfO2, Ta2O5, and TiO2 was
performed in a Cambridge Nanotech, Inc. “Savannah” ALD sys-
tem.28 Two sets of graphene samples were prepared for deposi-
tion. The first set received only an organic degrease (acetone,
methanol, and deionized water wash) prior to ALD. The second
set was loaded into an e-beam evaporation chamber and
pumped to 1 � 10�6 Torr, after which 2 nm of the appropriate
metal was deposited. Atomic layer deposition was accomplished
in the following manner: (1) seed oxidation (10 s pulse of H2O,
30 s wait, 10 cycles, 100 °C); (2) oxide deposition. Each oxide
deposition requires a pulse of water followed by a wait period,

TABLE 1. Summary of Lehighton Mobility (�) Following Each Step in the Dielectric Integration Process and the Raman
D/G Peak Ratio Following ALDa

Lehighton mobility (�) (�50 cm2/(V · s)) Raman

dielectric materials deposition temp (°C) as-grown seed deposition seed oxidation dielectric deposition
post-ALD

��

post-processing
D/G ratio

as-grown 1050 0 0.07
oxidation only 100 968 817 �151 0.12
Al2O3 300 978 722 776 737 �241 0.11
HfO2 110 1300 1400 100 0.08
Ta2O5 300 1240 930 970 1031 �209 0.17
Ta2O5 150 1160 854 866 879 �281 0.25
TiO2 120 1263 1367 1371 1520 257 0.08
TiO2 250 1372 1390 1541 1677 305 0.07
Ti seed/Al2O3 300 1185 1325 1380 1100 �85 0.09

aThe impact on Lehighton mobility ranges from �25 to �22% and depends on the choice of dielectric material. Noticeably, the Lehighton mobility is most heavily af-
fected following deposition of the nucleation layer.
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then a pulse of the correct precursor followed by another wait
period. The necessary pulses and wait periods are material- and
temperature-specific and happen according to a set number of
cycles. Oxidation states and surface morphology of the seed lay-
ers were assessed using X-ray photoelectron spectroscopy and
atomic force microscopy, respectively. The dielectric/graphene
interface was characterized using a JEOL 2010F transmission
electron microscope. Carrier mobility and graphene sheet resis-
tance was evaluated with a Lehighton noncontact mobility mea-
surement system (LEI 1605).30 The spot size of the LEI 1605 lim-
its the sample to �10 � 10 mm2, thus we utilize 15 � 15 mm2

samples in this study and measure an average mobility of the en-
tire sample following each processing step. X-ray photoelectron
spectroscopy (XPS) confirmed complete oxidation of Al and Ta
nucleation layers’ exposure to atmosphere. However, Ti nucle-
ation layers contain a combination of TiO2, TiO, Ti2O3, and metal-
lic Ti.28 To promote full oxidation of the Ti nucleation layer,
samples were exposed to a series of 10 s pulses of water vapor
at 100 °C. Consequently, all graphene samples with a thin, metal-
lic nucleation layer in this study undergo in situ oxidation prior
to dielectric deposition.
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