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Abstract—A well-controlled technique for high-temperature
epitaxial growth on 6H-SiC(0001) substrates is shown to allow the
development of monolayer graphene that exhibits promise for pre-
cise metrological applications. Face-to-face and face-to-graphite
annealing in a graphite-lined furnace at 1200 ◦C–2000 ◦C with a
101-kPa Ar background gas lowers the rates of SiC decomposition
and Si sublimation/diffusion and thus provides a means to control
the rate of graphene layer development. We studied a wide range
of growth temperatures and times and describe the resulting sam-
ple surface morphology changes and graphene layer structures.
The experimental results are compared to a kinetic model based
on two diffusion processes: Si vapor diffusion in the Ar-filled gap
and atomic diffusion through graphitic surface layers.

Index Terms—Diffusion processes, epitaxial growth, graphene,
quantized Hall resistance (QHR) standard, quantum Hall effect,
surface morphology.

I. INTRODUCTION

G RAPHENE is a natural 2-D system with outstanding
physical and electrical properties [1], including evidence

of the quantized Hall effect (QHE) at room temperature. This
material’s unique 2-D magnetotransport properties for quan-
tized Hall resistance (QHR) standards equal or surpass the
existing technology based on 2-D transport in semiconductor
heterostructures and MOSFET devices [2], [3]. Because of the
linear conical band structure near the Dirac points resulting
from the hexagonal reciprocal lattice, carriers in graphene
mimic relativistic Dirac particles, and conduction is supported
for either electrons or holes. An anomalous QHE is observed in
a strong magnetic field such that these carriers in monolayer
graphene occupy Landau levels with energies that scale as
the square root of the magnetic field. The separation of the
levels is particularly large between the n = (0,±1) states in
monolayer graphene, allowing the QHR plateau with resistance
RH = h/2e2 to be quite robust [4].
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The unique aspects of graphene’s electronic states represent
a theoretically important picture that may lead to a basic under-
standing of the stability of QHE plateaus while enabling a more
advanced standard in which the QHE persists at higher currents
and temperatures than in other 2-D materials. For some national
measurement laboratories, where strict international guidelines
[5] for measurement conditions, treatment of devices, and elec-
trical transport characteristics are used, graphene devices may
soon be the benchmark of QHR metrological quality.

II. EPITAXIAL GROWTH PROCESS

The epitaxial growth process on semi-insulating SiC is par-
ticularly suited to QHR device production since it can pro-
duce large-scale monolayer graphene directly on an electrically
insulating substrate [6], [7]. Unlike in some other processes,
e.g., CVD or exfoliated graphene, postproduction transfer to
an appropriate substrate is avoided. On surfaces roughly par-
allel to the hexagonal-symmetry basal plane of 4H-SiC or
6H-SiC polytype samples, graphene self-organizes at extreme
temperatures as Si sublimates. In the process we describe here,
these 6H-SiC substrates naturally develop 0.75-nm-high steps
at temperatures between about 1200 ◦C and 1500 ◦C due to
the small miscut angle (0◦–0.5◦) relative to the basal plane. At
higher temperatures, these steps transform into terraces through
step bunching, a self-limiting process that lowers the chemical
potential of the surface.

Extended regions of few-layer epitaxial graphene (EG) can
be grown on the Si face, or SiC(0001) surface [8], [9], while ir-
regular graphene regions of different layer numbers and relative
orientation are produced on the opposite C-face, or SiC(000-1)
surface [10], [11]. The graphene structure in EG (Si face) is
created by the initial growth of a covalently bonded buffer layer
(BF). This carbon layer is nonconductive due to partial sp3

hybridization with Si atoms and orients itself in registry with
the crystalline structure of the Si face. The BF does, however,
induce strong negative doping in EG, and the resulting high car-
rier concentration disrupts the QHE, so doping control during
or after process stages will be required.

The true conductive EG layer consisting of sp2 bonded
carbon atoms forms by a lifting process as a new BF grows [12].
These processes are aided by carbon diffusion at the SiC sur-
face. As shown in Fig. 1, at high temperature, the partial pres-
sure of the dominant Si-containing species in equilibrium with
6H-SiC increases rapidly. Suppression of the diffusion of Si va-
por can reduce the rate of BF formation, allowing better control
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Fig. 1. Equilibrium partial pressure above a bare 6H-SiC surface, calculated
using ThermoCalc®.1 Note that Si and Si2C are the dominant vapor species,
which results in the incongruent sublimation of silicon carbide and formation
of graphene layers.

at higher temperatures [13] where carbon can readily diffuse on
the SiC surface. As in [14]–[16], we control the Si sublimation/
diffusion rate during annealing at very high temperature by
using Ar background gas and by physical confinement, both
of which lower the sublimation rate. The Si-rich decomposition
products are confined in our laboratory by creating a narrow
gap region through which the vapor must diffuse [17], [18].
Suppression of the sublimation rate of silicon species is also
known to slow the nucleation process, such that graphene forms
at higher temperatures, with larger domains and fewer lattice
defects, thus improving the large-scale 2-D device transport
characteristics for metrology applications.

We describe a systematic study of EG growth on the
SiC(0001) surface by controlled sublimation methods similar
to the face-to-face (FTF) method developed in [18] and the
face-to-graphite (FTG) method used with SiC(000-1) in [17].
The sample surface structure and the ambient conditions of
the annealing process both contribute to the eventual graphene
morphology and electronic properties. The electronic properties
of graphene can be studied directly and in microscopic detail.
The full development of QHE devices presents many technical
challenges, i.e., control of the number of graphene layers [4],
graphene–metal contacting [19], and equalization of carrier
density over large areas [20].

Our complete epitaxial growth process combines most or all
of the following steps.

1) The EG layers are grown on the chemically–mechanically
polished (CMP) Si face of diced semi-insulating 6H-SiC
wafer samples [Abrasifs Grains et Pouders (AGP, Ltd.1)].
Prior to processing, samples are prepared using a standard
cleaning process (see the Appendix).

2) The FTF samples are positioned with the Si face either
up or down, facing another bare or previously graphitized

1Mention of commercial products or services does not imply endorsement
by the National Institute of Standards and Technology (NIST) nor does it imply
that such products or services are necessarily the best available for the purpose.

Fig. 2. Disposition of samples in the furnace for annealing: (a) Side view of
samples in the FTF method. Both Si faces (darker areas between samples) are
facing each other, with the bottom sample resting on a graphite disk which is
in contact with a graphite platform. (b) Optical image of two samples placed
over each other as in the growth processing step. Note that Newton’s rings are
visible due to the air-gap interference of fluorescent light. (c) Side view of the
disposition in the case of the FTG method, where the sample’s Si face is placed
against the polished face of a graphite disk. Interference fringes are also visible
and are used where possible to position the samples for uniform gap spacing
over most of the sample surface.

6H-SiC sample of similar size [Fig. 2(a)], while FTG
samples are annealed with the Si face down, facing a
25-mm polished graphite surface (Fig. 2(c), substrate-
nucleated pyrolytic graphite disk from SPI Supplies,
Inc.1).

3) Dehydration and cleaning [standard cleaning-dehydration
(SC-D)] is conducted in the furnace at 500 ◦C (60 h)–
725 ◦C (12 h) in Ar background gas. No significant
differences in surface morphology for these preprocess
baking treatments have been seen using atomic force
microscopy (AFM).

4) The epitaxial growth process is controlled by annealing
in a sequence of temperature ramp and dwell stages.

Our maximum 2000 ◦C growth temperature is at least several
hundred degrees higher than the range reported by most other
groups. A significant exception is Virojanadara et al. [9], in
which Ar ambient background gas is also used but without
the FTF/FTG methods. Similar to [9], we have found that our
processes do not require a prior H etching to create a highly or-
dered SiC surface, so that the processing complexity is reduced.
The surface covering in the FTF/FTG also protects the sample
from contaminating dust deposition.

In the FTF case, two 8 mm × 8 mm samples are placed
together with their Si faces touching each other, as in Fig. 2(a).
The average gap between the surfaces is at least 1.0 μm due to
the flatness error of the polished wafers (determined by interfer-
ometric measurements of sample flatness; see Fig. 3). A rough
estimate of the actual gap spacing is based on visual inspection
of fluorescent light interference fringes in the cavity [Newton’s
rings; see Fig. 2(b)] and is estimated to be 1–2 μm. To deter-
mine the effect of FTF contact pressure, a small additional
weight was occasionally added by placing a second graphite
disk on top of the two-sample sandwich. No significant changes
were observed under this condition. In the FTG method, the Si
face is placed against the polished face of a graphite disk; see
Fig. 2(c). An optical interference pattern can also be seen in this
case, and careful orientation on the surface is used to obtain a
similar gap of 1–3 μm between the Si face and the graphite disk.

Processing occurs in a commercial furnace [Materials Re-
search Furnaces (MRF, Inc.1)] equipped with a 10-cm-inner-
diameter 20-cm-tall cylindrical graphite heating element and
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Fig. 3. Laser interferometric measurement of wafer flatness: (a) Section of Si
face of a 50-mm SiC wafer, with the measured flatness deviation in false color.
Each 8 mm × 8 mm sample area is identified by a sequential number and its
peak-to-valley flatness error; (b) flatness deviation of each sample area.

a maximum rated temperature of 2100 ◦C. The typical pro-
cess stage temperatures we use are between 1200 ◦C and
2000 ◦C with an estimated uncertainty of ±10 ◦C based on
type C thermocouple probes. The uniformity of the sample
annealing temperature is better than 10 ◦C in an 8-cm-
diameter region (1.0 ◦C/8 mm) and is probably improved by
annealing the samples in contact with pyrolytic graphite disks.
Three commercial temperature and pressure controllers, a mass
flow valve for the Ar supply, a butterfly valve, and a roots-type
dry pump are used to automatically control the pumping speed
and hot zone temperature and pressure. The graph shown in
Fig. 4 gives a profile of temperature and pressure versus time as
recorded for a complete sample annealing period. In all of the
work described here, the background pressure is maintained at
101 kPa ± 0.5 kPa.

III. RESULTS AND DISCUSSION

The FTF or FTG methods are crucial in our system since we
rely on confinement by the surface covers and diffusion limiting
through inert (Ar) background gas to control both surface mor-
phology and graphene growth. Most samples grown uncapped
above 1750 ◦C in our furnace have undesirable surface recon-
struction, i.e., the regular terrace development is not obtained
and pitting is widespread. Typically, for a wide range of process
parameters with the FTF or FTG methods, a large central area
of the sample is covered by terraces of uniform widths of

Fig. 4. Example of a temperature and pressure profile during the graphitiza-
tion process: Brief dwells occur at 250 ◦C and 1200 ◦C; BF formation begins at
1800 ◦C (900 s) followed by a 2000-◦C (300 s) step. The overshoot after ramps
is < 5 ◦C, and the temperature stabilizes to ±0.1 ◦C in less than a minute.

Fig. 5. AFM images (height in nanometers and phase in degrees) of samples;
in all cases, the length scale is the same and a single annealing step was used.
In (a), annealed at 1750 ◦C for 2700 s with the FTF method, good step devel-
opment and phase contrast indicating growth of the BF are observed. Samples
shown in (b), (c), and (d) were processed uncapped and open to a 101-kPa Ar
background. (b) Annealed at 1750 ◦C for 2700 s, no steps are obtained, and
the surface is highly irregular. (c) Annealed at 1800 ◦C for 600 s, the surface
reconstruction has produced irregular atomic steps but pits are beginning to
form. (d) Annealed at 2000 ◦C for 600 s, a high density of raised pleats indicates
advanced graphitization. Note that (b), (c), and (d) all present significant
concentrations of surface defects which are absent in the FTF case.

2–6 μm as shown in the AFM images in Fig. 5(a). Samples
grown with uncapped processing, as shown in Fig. 5(b)–(d),
may have surface morphology with clear atomic steps
(0.75-nm height in 6H-SiC) or irregular terraces, but a high
density of surface pits develops and is thought to diminish the
electrical transport quality of the sample.

Annealing in Ar using either of our methods typically results
in BF formation at 1500 ◦C–1800 ◦C, with much longer anneal-
ing times required at the lower end of this temperature range.
Many of our samples were processed with a second annealing
step at 1900 ◦C–2000 ◦C for 300 s. This causes little further
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Fig. 6. AFM measurements showing (left) height measurements and (right)
phase measurements. (a) Sample grown with FTF annealing at 1800 ◦C with
a 900-s dwell showing “fingers” near the edge of the SiC-substrate atomic
terraces that are believed to be a stage of BF development. (b) Sample annealed
with a two-step FTF thermal process, adding a dwell of 300 s at 2000 ◦C
to the 1800-◦C 900-s process; the white lines in the phase measurement are
pleats in the top EG layer(s) indicating more advanced graphitization at the
terrace edges. (c) Sample that shows thicker graphitization due to processing
described in (b) with no second wafer in contact, i.e., the SiC(0001) surface was
exposed to the Ar environment; notice that the pleats cover the whole surface
and terraces are not well defined.

terrace development but more advanced EG layer development.
The FTG method acts similarly to the FTF method. The main
difference between the methods is a larger terraced area in
samples grown by the FTG method; in this case, approximately
95% of the sample surface presents well-formed terrace struc-
ture and EG growth is thus more uniform.

Fig. 6 shows AFM images of three samples representing dif-
ferent stages of EG layer growth, from the formation of a
covalently bound BF to the development of primarily mono-
layer graphene and finally to a surface covered with multi-
layer graphene. The last sample was processed open to Ar
background, as in Fig. 5(d), so the partial pressure of the
decomposition products near the SiC surface was much lower.

In our two-sample FTF process, if neither sample has been
previously graphitized, the SiC terrace morphology after an-
nealing at T > 1800 ◦C is sometimes very irregular, with a
few very wide (50 μm) terraces developing in some areas and
with corresponding regions of erosion or terrace growth in the
nearby area of the facing sample. A more uniform surface
morphology (straight, parallel, and evenly spaced SiC terraces)
is usually obtained if the facing sample has been previously pro-
cessed to obtain significant graphene layer coverage. This may
be because the top sample is exposed to direct radiative heating
and the bottom sample is in contact with an initially cooler
graphitic surface. Within the gap, a high density of Si- and
C-containing species in the vapor phase may initiate mass trans-
fer from one sample to the other, resulting in unstable growth in
the terrace formation process of the cooler sample. Presumably,
SiC mass transfer due to differences in the temperatures of the
top and bottom samples is favored over graphene formation
when both surfaces have bare SiC surfaces.

Fig. 7. Geometry of the problem. J(r, T ) is the gas flux, r the radial distance,
rm is the maximum radius, T is the temperature, and 2h is the gap height.
(a) Cross section as indicated, after the BF growth, (b) we assume a cylindrical
geometry for the gas to diffuse. Image dimensions are not to scale (rm ∼=
4 mm; h ∼= 1 μm).

A. Diffusion Model

In this section, we describe a model for the FTF/FTG
graphene growth kinetics. We assume that the Si-rich decom-
position products undergo two distinct consecutive diffusive
processes: atomic diffusion through graphitic surface layers
followed by Si vapor diffusion in the Ar-filled gap.

1) At first, the diffusion of sublimated by-products in the Ar-
filled gap of height 2h between the samples (or sample
and graphite) is associated with the BF formation step of
epitaxial growth. We assume that all the sublimated Si
enters the gap volume directly as the first carbon layer
(BF) is formed. Then, the Si vapor diffuses to the edge of
the gap and escapes into the much larger furnace volume.
Thus, the BF formation is controlled by vapor kinetics,
and we calculate that this requires a radial diffusivity con-
stant Dg in the gap on the order of 10−3–10−4 m2 · s−1.
A Monte Carlo simulation was developed to model the
effect of collisions with the surfaces in the gap. Calcula-
tions show that, at 1800 ◦C–2000 ◦C, the effect of surface
collisions can be described by a diffusivity term Dgs,
with Dgs/2h = (0.56× 103 m/s ± 0.05× 103 m/s). The
diffusivity in Ar is 0.6× 10−3 m2/s, and thus, the contri-
bution of Dgs does not include a significant effect in our
model for gaps greater than about 1 μm according to our
simulations.

2) Diffusion of Si across the BF or the BF plus one or
more layers of EG allows progressive EG growth. In
order to match the observed rates of graphene growth,
we assume a solid-state diffusivity DG in the z-direction
between 10−12 and 10−14 m2 · s−1. The kinetic process
is controlled by the Si vapor concentration profile in the
gap, which drives the diffusion through the carbon layers
as well as the radial vapor-state diffusion through the gap.

Fig. 7 shows the geometry proposed to solve the radial
diffusion problem for the gas that fills the gap, for which we
assume rotational symmetry. If ρ(r) is the Si concentration at
distance r from the center of the sample, then the diffusion of Si
atoms through the carbon layer with flux ϕ(r) can be described
by the following equations:

d2

dr2
ρ(r) = − DG

Dghδ
[ρeq − ρ(r)] (1)

ϕ(r) =DG
ρeq − ρ(r)

δ
. (2)
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Fig. 8. Plot of the time-dependent solutions of (3) at five points in time for
annealing at T = 1900 ◦C, as described in the text.

Here, ρeq is the calculated equilibrium concentration value for
Si from Fig. 1, and δ is the carbon layer thickness. The equi-
librium radial concentration condition at a given temperature is
reached by continuous diffusion through the carbon layer. The
solution of these equations for the simpler 1-D problem is

ρ(r) = ρeq [1−A(b, rm) cosh(b · r)] (3)

where A is a constant that depends on the sample radius rm and
b = (DG/Dghδ)

1/2. The 2-D problem solution is given by a
linear combination of Bessel functions. For the boundary con-
ditions, we assume that dρ(0)/dr = 0 and ρ(rm) = 0. Fig. 8
shows graphs of the solutions for annealing at T = 1900 ◦C for
2700 s, with Dg = 1× 10−3 m2 · s−1, DG = 2× 10−13 m2 ·
s−1, ρeq = 2.45× 10−4 mol · m−3, rm = 5 mm, and 2h =
2.5 μm.

The layer thickness δ is allowed to vary continuously as δ(r)
and is calculated at the end of each time period. The results
of the 2-D growth calculations shown in Fig. 9 represent this
statistical distribution of graphene layers. They simulate the
increase in graphene coverage in each time period; based on the
Si concentration profile and layer distribution found for the pre-
vious time period, a 5 s step time was used in this case. The Si-
rich vapor can more easily escape closer to the edges, and the
resulting lower Si concentration allows graphene to grow only
near the sample edges initially. The growth extends toward the
sample center over longer times as the Si gas-phase concentra-
tion decreases near the center. The layer profiles shown in Fig. 9
become more uniform with time since extra graphene coverage
lowers the sublimation rate at the edges than near the center.

Surface analysis techniques have been used to determine
the extent of graphitization on our samples. AFM is routinely
performed on all samples, and coverage can be roughly gauged
by the observation of phase contrast and characteristic step
height changes and by pleatlike folds in the case of multilayer
graphene. Ellipsometry has been used to identify the transition
from SiC to BF. Micro-Raman measurements at 514.5 nm
verify the presence of EG layers and can be used to identify
disorder and layer thickness from peak shapes and positions.
Raman measurements also have identified a transition from BF
to a quasi-free-standing graphene monolayer in some samples
subjected to hydrogen intercalation processing. Finally, low-

Fig. 9. Plot of the time-dependent solutions for the graphene layer coverage,
with a bare SiC surface being −1, at five points in time and an annealing
temperature T = 1900 ◦C, as described in the text.

energy electron microscopy (LEEM) and related techniques
give quantitative data on the number of layers. For example,
LEEM indicates that primarily monolayer EG was formed over
a large central region of an FTG sample processed at T =
1900 ◦C for 1800 s. Our preliminary results indicate that a
range of temperatures between about 1800 ◦C and 2000 ◦C
may produce uniform graphene growth that can be controlled
to produce monolayer EG with desirable electronic properties.

IV. CONCLUSION

We have been developing a reliable process to create large-
domain graphene on semi-insulating SiC substrates for metrol-
ogy applications. Both terrace formation and the rates of SiC
decomposition can be controlled at temperatures of 1600 ◦C–
2000 ◦C by increasing the concentration of Si-containing
species at the solid–vapor interface. Using the FTF and FTG
methods, the diffusion rate is reduced by confining the vapor in
a gap between a SiC(0001) surface and a second parallel surface
in close contact. We find that this inhibits Si sublimation so that
the graphene layer formation is uniform and controlled. While
we do not obtain terrace steps for sample surfaces exposed di-
rectly to background Ar gas at 101 kPa, terraces form over 95%
of the sample surface when a CMP polished SiC(0001) surface
is processed facing polished graphite and over 50%–80% of
the surface when heating occurs facing a pregraphitized SiC
surface. In our system, samples open to the environment de-
velop several EG layers at 1800 ◦C–2000 ◦C. These results indi-
cate that very high temperatures are not readily applicable for
monolayer EG growth without the FTF/FTG methods, even at
a 101-kPa Ar background pressure.

We have modeled the process to study the formation con-
ditions required for both BF and first EG layer coverage. In
our methods, two distinct processes are involved. SiC substrate
terraces develop, and a BF forms with rapid outward diffusion
of Si/C species through the surface-to-surface gap, and the first
EG layer is obtained with the added constraint of diffusion
of Si-bearing vapor in the z-direction through the BF. This
second process is limited by a diffusivity roughly ten orders
of magnitude lower than that for diffusion in the Ar-filled gap.



REAL et al.: GRAPHENE EPITAXIAL GROWTH ON SiC(0001) FOR RESISTANCE STANDARDS 1459

Stepwise calculations assuming kinetic equilibrium between
gap vapor concentration and the two diffusion processes allows
the calculation of the BF and EG layer thickness as a function
of time and temperature. We find that the model describes the
growth process qualitatively and is in good agreement with
the experimental results for reasonable values of the diffusion
constants.

APPENDIX

The samples were cleaned using the following standard
cleaning process:

1) Industrial soap cleaning.
2) Hot solvent sequence: Samples are immersed sequen-

tially in heated trichloroethylene, acetone, isopropyl al-
cohol, and deionized water (DIW).

3) Cleaned in room-temperature concentrated hydrofluoric
acid (HF) solution for 30 s and immediately washed in
DIW and blowing dry with N2.

It is noteworthy that the cleaning and baking process does
not always lead to well-formed terrace morphology in the
FTF method, particularly when two bare SiC samples are
graphitized at the high end of the temperature range. Silicon
carbide samples may undergo extensive mass transfer prior to
graphitization, sometimes forming nearly mirror-image surface
features, or the processing may lead to the development of
deeply etched pits. In placing and removing the samples in the
water-jacketed top-loading furnace, the Ar flux is increased to
5000 standard cm3/min, and the furnace is not opened until the
interior temperature is below room temperature. In this way, the
graphite lining of the furnace suffers minimal exposure to air,
which might increase the reactivity of the SiC surface.
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