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a b s t r a c t

The oxide/semiconductor structure is key to controlling current in electronic devices and HfO2 is a
common gate material in conventional electronic devices due to its favorable dielectric properties.
Graphene devices also require insulating gates. We demonstrate a unique direct growth approach to
obtain the bottom gate structure (graphene/HfO2/n-SiC). The present approach involves transfer of
graphene grown by chemical vapor deposition (CVD) on Cu to oxidized Si wafers, a complex process
prone to low yield and reduced performance. Furthermore, HfO2 is preferred to SiO2 because of its su-
perior properties. The proposed concept consists of the direct deposition of graphene by solid carbon
molecular beam epitaxy on Hf metal coated n-type SiC, followed by oxygen intercalation to form HfO2.
The oxygen intercalation will then convert the underlying Hf into HfO2 due to the strong affinity of Hf
with oxygen. We identify the graphene/HfO2 formation by Raman, X-ray photoelectron spectroscopy
(XPS), Low energy electron diffraction (LEED), Low energy electron microscopy (LEEM) and electrical
properties including Hall mobility and leakage current measurement.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In modern device technologies, the dielectric layers play an
essential role to control charge transport in the in-plane channel
region, which is the fundamental principle of logical and analog RF
field-effect transistor (FET). In the proposed novel vertical
tunneling field-effect transistor (TFET) architecture (dielectric/
Graphene(Gr)/dielectric/Gr/dielectric/substrate), the oxide dielec-
tric materials also provide key functional structure for charge
tunneling. [1,2] The gate voltage through the substrate induces E-
field across the dielectric layer and then allows manipulating the
charge carrier type and concentration in graphene which cause the
k).
shift of Fermi level. This allows the vertical charge transport as well
as in-plane transport [3]. In addition, dual gated graphene structure
sandwiched between top and bottom dielectric layers allow the
bandgap opening in graphene, allowing the extraordinary trans-
port properties of graphene to be incorporated into next generation
semiconductor devices [4]. However; due to the lack of satisfactory
growth methods, all experimental implementations of the gated
structure have been performed at the laboratory level by time
consuming processes such as exfoliation and transfer. Recently,
graphene formation on an oxide surface has been proposed by CVD
method by using two step approach [5,6,7]. To overcome the low
surface energy of oxide surfaces and improve graphene nucleation,
low and high carbon gas flow have been adapted for graphene
nucleation and growth. However, this approach is suffers from
controllable graphene nucleation density and growth rate on the
dielectric surface which results in small single crystal graphene
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domain [7]. The sublimationmethod of SiC surface allows the direct
graphene growth on single crystal SiC, but for use as FET is typically
implemented as a top-gated structure. The dual gating structure is
difficult to achieve. In order to overcome the drawback of the state
of the art growth techniques and to provide scalable production
route, we demonstrate a unique direct growth approach to obtain
Gr/dielectric/n-SiC heterostructure platform.

The HfO2 thin dielectric layer will be used for the gating oxide
materials. Hafnium-based oxides are an ideal candidate to replace
silicon oxide as a gate insulator in a graphene FET device due to its
high dielectric constant, good thermodynamic and mechanical
stability. The dielectric constant of HfO2 is 25, whereas the dielec-
tric constant of SiO2 is only 3.9. The high dielectric constant has
been shown to be better for charge impurities screening located in
proximity to a graphene layer [8]. The thermal stability of HfO2,
melting point (2700 �C), will be ideal for a high temperature gra-
phene growth environment. A recent theoretical study showed that
there is no chemical bonding at the graphene-HfO2 interface and its
energetic stability is ruled by the van der Waals interaction [9]. In
addition, HfO2/graphene structures exhibited ultra high mobility
compared to other oxide/graphene structures [10,11] and well-
developed half-integer quantum Hall states and magneto-
resistance oscillations [12], similar to that of pristine exfoliated
graphene [8]. Due to the lack of direct graphene growth on HfO2,
however, the graphene device structure is top gating, HfO2/Gra-
phene, that limits its application. For dual oxide structure such as
HfO2/Graphene/SiO2, the underneath SiO2 significantly reduce
electronic properties of graphene due to strong interaction. To
preserve pristine graphene properties in the graphene/oxide device
structure, therefore, the direct formation of graphene/HfO2 is
desired. In this work, we first attempt to directly grow epitaxial
graphene on/HfO2 heterostructure by both solid carbon (C60) mo-
lecular beam epitaxy (CMBE) and intercalation. The direct deposi-
tion of C60 results in graphene formation on Hf as well as Hf-C due
to carbon reduction. Since themetallic HfC cannot provide isolation
between graphene and n-SiC, we adapt an O2 intercalation process,
which allows converting HfC into HfO2 due to the strong affinity
with oxygen.

2. Experimental

Since the direct epitaxial growth of graphene on HfO2 surface is
the most straightforward route to obtain Gr/dielectric hetero-
structure, growth was first performed by deposition of C60 on the
HfO2 surface directly. In addition, graphene growth was also per-
formed on a metallic Hf surface. The Hf metal (20 nm) was
deposited by pulsed laser deposition (PLD), followed by the
oxidation of Hf metal layer. The deposition was performed in vac-
uum with a 10 Hz repetition rate and ~5 cm target to substrate
distance. The oxidation was performed for 45 min at 700 �C under
40 sccmO2 flow at atmosphere pressure to obtain a HfO2 layer on n-
SiC. The graphene growth on both HfO2 and Hf surface was con-
ducted by C60 (1.6 � 10�7 Torr C60 flux) deposition at 1400 �C for
30 min in UHV by a carbon molecular beam epitaxy approach [13].

The samples were then characterized in-situ/ex-situ by X-ray
photoelectron spectroscopy (XPS) and low energy electron
diffraction (LEED) in a system previously described elsewhere.[14]
Briefly, high resolution XPS scans were acquired with a pass energy
of 20 eV and 0.1 eV step size. After acquisition the elemental regions
were fitted with component peaks that consisted of a combination
Gaussian and Lorentzian peak shapes. An additional asymmetry
parameter was added to metallic components. Raman analysis was
performed on a Renishaw spectrometer with a laser wavelength of
532 nm. Low energy electronmicroscopy (LEEM)was performed on
an Elmitec LEEM III instrument.
3. Results and discussion

Fig. 1 exhibits the x-ray photoemission spectroscopy of gra-
phene grown on HfO2. The spectra in Fig. 1 show the evolution of C
1s, Hf 4f, and O 1s spectra at the each stage of process. The bottom
panels of Fig. 1aec exhibit photoemission results from the SiC
substrate. The C1s peak from SiC is located at 283.4 eV. O1s spectra
indicate physisorbed oxygen contamination. As shown violet
colored spectra of Fig. 1aec, SiC C1s peak disappeared and a high
binding energy (BE) peak resulting from carbon contamination is
observed after oxidation of Hf metal. The Hf 4f peak positions for
each spin orbital coupling peak, Hf 4f7/2 and Hf 4f5/2, is located at
18.9 and 20.6 eV, respectively. The peak separation between split-
ting is ~1.7 eV, which agrees with the reported values for HfO2 [15].
The measured peak position for Hf 4f shift to higher binding energy
is due to charging effect. The corresponding O1s (Fig. 1c) peak for
HfO2 was located at 532.3 eV, agreed well with reported values. The
Hf and oxygen ratio is not stoichiometric but Hf rich with a ratio of
1e1.8. After C60 deposition, C1s core level spectra clearly show the
graphene formation, which is located at 284.1 eV (top panel of
Fig. 1a). An additional peak is observed at lower binding energy
(281.3 eV), which is the similar binding energy of C1s from HfC.
Further support of HfC formation after C60 depositionwas observed
at Hf 4f core level spectrum as shown in top pane of Fig. 1b. The Hf
4f peak exhibits the shift to lower binding energy. The Hf 4f7/2 and
Hf 4f5/2 are located at 14.1 eV and 15.8 eV, respectively. Although
the Hf 4f binding energy between pure Hf metal and HfC is very
close each other, the shift toward low binding energy allows
determination between two chemical compositions. The BE as
shown in Fig. 1b shows 0.2 eV shift compared to the reported
binding energy of pure Hf 4f (14.3 eV).[16] O1s spectrum in Fig. 1c
also shows disappearance of HfOx bonding peak after C60 deposi-
tion. These results suggest that the C60 deposition converts the
HfO2 into HfC. The formation of HfC upon C60 deposition could be
explained by a carbon-thermal reduction reaction [17]. A Gibbs free
energy calculation [17] shows that HfO2 reacts with carbon to form
HfC and release CO gas above 1300 �C. The high substrate tem-
perature, 1400 �C, during C60 deposition can initiate carbon thermal
reduction reaction between C60 molecular and HfO2 surface. Since
HfC exhibits metallic behavior, the obtained Gr/HfC heterostructure
is an unlikely candidate for electronic applications. To achieve the
G/dielectric heterostructure, one should find the optimal condi-
tions to either avoid HfC formation during Cr60 formation, or
convert the formed HfC into HfO2 after graphene growth. One
possible approach to resolve the issue is by the oxygen intercalation
process. The intercalation method is currently widely studied
because the intercalated graphene such as hydrogen, oxygen, and
gold results in the quasi free-standing graphene by saturation of sp3

hybridization at the interface between graphene and substrate and
shows significantly improved electric characteristic [18]. The
intercalation process occurs due to strong affinity of Hf to oxygen,
which allows HfC to be converted into HfO2.

Since HfC formation after C60 deposition is an inevitable by-
product of the growth process, direct graphene growth on HfO2
does not provide any advantage, Therefore, growth of the graphene
on Hf metal instead of HfO2 was attempted, which was followed by
oxygen intercalation to convert the HfC into HfO2. First, we inves-
tigate the as-grown graphene quality as a function of growth con-
dition such as growth temperature and C60 flux. Fig. 2 shows the
Raman spectra of graphene grown at different growth tempera-
tures. The graphene growth time and C60 flux were kept at 30 min
and 1.6 � 10�7 Torr. At the 850 �C growth temperature, Raman
shows only the formation of amorphous carbon. By increasing
growth temperature, we observe graphene growth on the Hf metal
surface at above 950 �C. The graphene fingerprint, 2D peak, is



Fig. 1. XPS core level spectra showing evolution of chemical composition from initial SiC surface to C60 deposition on HfO2 surface. Fig. 1a, b, and c represent the C1s, Hf 4f, and O1s
spectra, respectively. The blue, orange, and red curves in each panel correspond to XPS spectrum of SiC, HfO2, and C60 deposition, respectively. The solid wine color curves in Hf 4f
spectra (Fig. 1b) represent the curve fitting with Gaussian/Lorentizan combination. (A colour version of this figure can be viewed online.)
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observed at 2678 cm�1. Since the D peak itself is not visible in the
prinstine graphene and requires defects for its activation, one can
qualitavely estimate the defects in graphene. The observation of the
high D/G ratio (~0.84) suggests the growth of the poor quality of
graphene.[19] The D/G ratio continuously decreases as the growth
temperature increases, which suggests the higher growth tem-
perature yields improved graphene quality. The peak position of 2D
and G peak experiences the blue shift as temperature increases. The
blue shift of G and 2D peak resulted from either doping or strain in
graphene. [20e24] However, we rule out the doping effect since it
results in less sensitivity in 2D peak evolution, which is not
observed in our data. Our data shows that blue shift of 2D peak is
more dominant than that of G peak. The blue shift of 2D peak re-
sults from compressive strain because the graphene and Hf metal
have negative and positive thermal expansion coefficients,
respectively.[25]. In addition, the absence of G peak splitting in our
Raman spectra suggests that the graphene on Hf metal has biaxial
strain [20]. The studies of C60 flux dependence (from 0.8� 10�7 Torr
to 3� 10�7) showed that the 2D peak experience the red shift as C60
flux increase, which indicates less compressive stained graphene
formation at higher flux deposition (not shown in here).

To investigate the structural and morphological characteristics
of the Gr/Hf surface both LEED and LEEM analysis were employed.
Fig. 2b shows the LEED results from the Gr/Hf sample. A hexagonal
pattern is clearly evident which is consistent with graphene. The
LEEM image shows differences in reflectivity we attribute to gra-
phene formation on the surface. As further evidence of uniform
growth the mirror electron microscopy to low energy electron



Fig. 2. a) The comparison of Raman spectra of graphene grown on 20 nm thick Hf metal surface at different growth temperature. The peak position of 2D and G band experience the
blue shift, indicating the compressive strain on graphene. b) LEED image of G/Hf at 306 eV showing a hexagonal pattern consistent with graphene. c) LEEM image at 7.2 eV starting
voltage. Differences in reflectivity indicative of the presence of graphene. Scale bar is 1 mm d) Work function map created by a pixel by pixel analysis of the reflectivity curves
generated from the image stack. The color bar indicates work function values. Scale bar is 1 mm. (A colour version of this figure can be viewed online.)
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microscopy (MEM-LEEM) transition was used to determine the
spatially resolved work function across the surface. By acquiring a
series of images as a function of increasing starting voltage a
reflectivity curve can be generated for each pixel location in the
image stack. Examining the voltage onset for each reflectivity curve
a work function can be determined.[26] Fig. 2d shows the results
from this analysis. The image is highly uniform across the surface
with work functions values of 4.0 ± 0.02 eV. These values are higher
than what has been reported for HfC, [3.87 eV] [27] or Hf metal
[3.95 eV] [28] and slightly lower than values reported for graphene
on SiC.[29] The structural and electronic characteristics of the
surface are further evidence for graphene formation as a result of
the CMBE process.

Fig. 3 exhibits the change in chemistry during the O2 interca-
lation process. The graphene sample was grown by C60
(3 � 10�7 Torr) deposition on 20 nm Hf layer. The growth tem-
perature and time were 1400 �C and 90 min, respectively. The ox-
ygen intercalation was performed under 1 � 10�4 Torr oxygen
pressure at 725 �C as a function of intercalation time. HfC is clearly
evident in the as-grown spectra shown in the high resolution C1s
(Fig. 3a) and Hf 4f (Fig. 3b) spectrum. After 60 min the peak asso-
ciated with HfOx begins to emerge as shown in Fig. 3b. The peaks
located at 14.1 eV and 15.8 eV correspond to the doublet associated
with HfC. The binding energy at 16.9 eV and 18.8 eV is the same
peak location as Hf 4f doublet from HfO2 [15]. In the O1s core level
spectrum, Fig. 3c, we clearly observe the oxygen peak at 530.3 eV
attributed to HfO2 [30] after 60 min intercalation. At 180 min, sig-
nificant reduction of HfC atomic concentration and enhanced HfO2
concentration is observed. The atomic concentration ratio of gra-
phene/HfC increased from 1.94 in as-grown sample to 11.8. The O1s
spectra also exhibit the enhanced oxygen peak for HfO2. After
300 min, we observe the complete conversion of HfC into HfO2 and
only the peaks associated with HfO2 and graphene are present.

Fig. 4a shows the Raman comparison before and after O2
intercalation. The graphene was grown at 1400 �C for 90 min with
1.7 � 10�7 Torr C60 flux. As-grown sample show low D/G ratio
(~0.07 ± 0.03), indicating lower defect density. The 2D peak is
located at 2710 ± 2 cm�1 with ~37±5 cm�1 FWHM. Fig. 4a shows
the Raman comparison before and after O2 intercalation. The gra-
phene was grown at 1400 �C for 90 min with 1.7 � 10�7 Torr C60
flux. As-grown sample show low D/G ratio (~0.07 ± 0.03), indi-
cating lower defect density. The 2D peak is located at 2710 ± 2 cm�1

with ~37±5 cm�1 FWHM. The O2 Intercalation process, red curve in
Fig. 4a, shows no change on the Raman signature of our graphene.



Fig. 3. XPS core spectra showing evolution of underneath HfC bonding as increasing O2 intercalation time. Figure 3a, b, and c correspond to C1s, Hf 4f, and O1s, respectively. From
bottom to top represent as-grown sample, 60 min., 180 min., 300min. oxygen intercalation at 725 �C under 1.4 � 10�4 Torr oxygen pressure. The curve fit results for Hf 4f shows in
Fig. 3b. The blue and red colors represent metallic HfO2 and HfC components, respectively. HfC doublet is located at 14.1eV and 15.8eV. The binding energy at 16.9eV (Hf 4f 7/2) and
18.8eV (Hf 4f 5/2) is corresponding to HfO2 doublet peaks. (A colour version of this figure can be viewed online.)
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The D/G ratio (0.09 ± 0.03), 2D peak position (2711 ± 1.8 cm�1), and
2D FWHM (~24 ± 9 cm�1) remain unchanged after O2 intercalation.
The fact that 2D peak position has no shift suggests that the high
temperature intercalation does not induce any strain on graphene.
The constant D/G ratio also suggests that intercalation under O2
environment does not induce any defects on the graphene sample.
Ramanmapping was used to demonstrate the uniform formation of
graphene/HfO2 heterostructure. As shown in Fig. 4b and Fig. 2D
peak position shows narrow variation within ±1.8 cm�1 in the
scanned area, which indicates the uniform formation of graphene
on HfO2 layer. In addition, narrow variation of G peak position
(1584 ± 3 cm�1) was observed. In order for our approach to be a
viable method for bottom gated graphene device applications, the
leak current through HfO2 should be very low. Fig. 4c and d exhibit
the leakage current measurement before and after intercalation,
respectively. With ±1 V gate voltage range, we obtain pA leakage
current (Fig. 4d), which indicate that HfO2 layer obtained through
intercalation has good dielectric characteristics. The room tem-
perature transport measurement results in 260 cm2/Vs mobility,
7� 1013 cm�2 carrier concentration, p-type graphene. The obtained
value is comparable to that of graphene directly grown on the SiO2
surface by CVD approach [31]. The graphene/SiO2/Si grown by



Fig. 4. a) The Raman comparison between as-grown graphene on Hf metal surface and oxygen intercalated graphene/HfO2 heterostructure. b) Raman mapping data of oxygen
intercalated graphene/HfO2 heterostructure. c and d) the measurement of leakage current before and after intercalation. Sandwiched HfO2 layer between graphene and n-SiC
formed after intercalation. (A colour version of this figure can be viewed online.)
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direct CVD showed that room temperature mobility ranges from
100 cm2V�1s�1 to 220 cm2V�1 s�1.

4. Conclusions

We demonstrated that the large area graphene/dielectric layer
heterostructure could be achieved by the solid carbon MBE
approach, followed by oxygen intercalation. The direct growth of
graphene on HfO2 layer resulted in graphene/HfC formation due to
carbon reduction. To resolve metallic HfC formation, we adapted a
high temperature oxygen intercalation process. After intercalation
process, Raman measurement showed that the top graphene layer
was not affected by O2 intercalation and the uniform graphene
growth was confirmed. The obtained Gr/HfO2/n-SiC hetero-
structure showed the pico-ampere leakage current through un-
derneath HfO2 layer. The p-type graphene with 260 cm2/Vs
mobility on HfO2 was obtained by CMBEmethod incorporated with
intercalation approach.
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