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Epitaxial graphene (EG) on SiC is promising owing to a capability to produce high-quality film on
a wafer scale. One of the remaining issues is microscopic thickness variation of EG near surface
steps, which induces variations in its electronic properties and device characteristics. We
demonstrate here that the variations of layer thickness and electronic properties are minimized by
using microfabricated SiC substrates which spatially confines the epitaxy. This technique will
contribute to the realization of highly reliable graphene devices. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4740271]

Graphene is becoming a promising material in a variety
of fields, such as electronics,l_3 photonics,4 and even spin-
tronics,” due to its unique physical properties, e.g., tunable
bandstructures.®™® For device applications, one of the key
issues is to prepare high-quality graphene films on a wafer
scale. Epitaxial graphene (EG) obtained by thermal decom-
position of SiC is a viable route for wafer-scale synthesis of
high quality graphene films.® The capability of EG has been
in fact demonstrated recently as the active material for inte-
grated circuits.’

One of the remaining issues of EG is to suppress the mi-
croscopic thickness variation due to unintentional nucleation
of graphene near SiC surface steps.’ The electronic structure
and device characteristics of graphene are susceptible to
layer thickness.*®*"'® For highly reliable graphene devices,
reduction of the step density on SiC surfaces is therefore a
prerequisite.

One possible solution for the reduction of the step den-
sity is to spatially confine the surface reactions by using sub-
strate microfabrication.'""'? It has been demonstrated that
spatial confinement of surface reactions on Si surfaces, e.g.,
homoepitaxy and sublimation, on microfabricated Si sub-
strates induces self-ordering of steps and even step-free
surfaces.'"*'?> On EG formation on SiC, the Si sublimation
from the SiC surface is the key reaction,’ so that effective
spatial confinement of Si sublimation is anticipated to sup-
press the step density and the microscopic thickness varia-
tion. Studies on epitaxial graphene on structured SiC
substrates have already been made, but to form graphene
nanoribbons at edges of the microstructures.'*'* No EG was
formed in the center of the microstructures. No clear rela-
tionships among the substrate microfabrication, the step den-
sity, and the thickness variation of EG have been established
yet.
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In this letter, we clearly demonstrate that epitaxy of gra-
phene on microfabricated SiC(0001) makes it possible to
suppress the thickness variation. This epitaxy is effective
also for controlling structural and even electronic properties
of EG.

As a reference to the epitaxy of graphene on microfabri-
cated SiC(0001), structural and electronic properties of EG
on a non-fabricated SiC(0001) were investigated, as shown
in Fig. 1. EG was formed by annealing the SiC(0001) (n-
type, 0.01 Q cm) at 1923 K in Ar ambience’ using a custom
build oven."” Figure 1(a) shows an image of EG taken by
low-energy electron microscopy (LEEM). The brighter and
the darker regions, and the finger-like features are imaged,'®
as indicated by white arrows in the LEEM image. Figure
1(b) shows the electron reflectivity spectra of them, taken
from the LEEM images.'” In the spectra, the dips result from
the resonant electron transmission through quantized con-
duction band states of graphene, whose wave vectors are nor-
mal to the graphene films.'” A single dip exists in the
spectrum from the brighter regions and the finger-like fea-
tures as well, while two dips exist in the spectrum from the
darker region. Since the number of dips corresponds to gra-
phene layer thickness,'” the brighter and the darker regions
are identified as monolayer and bilayer graphene, respec-
tively. In the same manner, the finger-like features are identi-
fied also as monolayer graphene. The finger-like features are,
however, believed to possess a slightly different electronic
structure from that of ordinary monolayer graphene (the
brighter region). The electron reflectivity spectrum of the
finger-like feature shows a blueshift in its dip position. This
blueshift suggests that the finger-like feature has a smaller
work function than the monolayer graphene regions since the
dip position of the monolayer graphene corresponds to the
conduction band level at the A point (B4, =Er+7.0eV)
along the T-A direction normal to the graphene sheet.'” To
verify this, the very same surface of EG was imaged by pho-
toelectron emission microscopy with a Hg lamp (cutoff
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FIG. 1. (a) LEEM image of EG (field of view:
35 um). The incident electron energy is 0.5eV.
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(b) The electron reflectivity spectra of mono-
layer, bilayer, and finger-like features, which
are indicated by white arrows. (c) UV-PEEM
image of EG (Field of view: 35um). The
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(d) —iMonolayer

kinetic energy of collected electrons for the
imaging is 1eV. (d) The onsets of photosecon-
daries of monolayer, bilayer, and finger-like
features.

energy: ~5¢V) as a light source (UV-PEEM), as shown in
Fig. 1(c). The contrast in this UV-PEEM image reflects the
difference in the yield of electron emission at photothres-
hold, which is in many cases related to work function.'® Fig-
ure 1(d) shows the onsets of photosecondaries of monolayer,
bilayer, and finger-like features. It is revealed that the work
function of bilayer graphene is larger than that of monolayer
graphene. This result is consistent with a previous report.'”
In addition, the work function of the finger-like feature is
determined to be smaller than that of monolayer graphene,
consistent with the electron reflectivity spectra (Fig. 1(b)).
The structure (layer thickness) and the electronic properties
(work function) of EG thus fluctuate when formed without
substrate microfabrication.

The fluctuations of EG are suppressed drastically on
microfabricated SiC(0001) substrates. The microfabrication
was done by using conventional electron beam lithography
and fast atomic beam etching.20 Figure 2(a) shows a typical
LEEM image of the epitaxial graphene on the microfabri-
cated SiC(0001) (u-EG). The microscopic thickness varia-
tion almost disappears in smaller patterns, e.g., pattern A
(side length: 5 um), while the variation exists in larger pat-
terns like B (side length: 6 um) and C (side length: 7 um).
Figure 2(b) shows a Cls core-level PEEM image. At the ki-
netic energy (61.25eV) for the imaging, the Cls peak of gra-
phene is dominant. In larger patterns of B and C, thicker
graphene layers (brighter regions) indicated by the white
arrows are visible, in addition to monolayer regions (the
darker region). On the other hand, only the monolayer region
(the darker region) is visible in pattern A. This accords with
the LEEM contrast (Fig. 2(a)). The suppression of the thick-
ness variation in smaller patterns is realized by decreasing
the density of surface step which induces unintentional for-
mation of multilayer graphene. The surface step density
decreases on the smaller patterns by gathering the surface

1 2
Electron energy (eV)

steps at the peripheries of the patterns.'' The threshold size
of the triangle pattern is about 5 um. Details of the suppres-
sion shall be explained later, by using Fig. 4.

The substrate microfabrication is influential to compres-
sive strain due to a difference in a thermal expansion
between graphene and SiC. Figure 2(c) compares the Raman
spectra for four different sizes of u-EG pattern. In all the
spectra, sharp G and G’ bands of graphene are detected,
while D bands (~1360cm ") originating from the presence
of the defects in graphene are not detected. This indicates
that u-EG in the patterns does not contain an appreciable
amount of defects.”! Figure 2(d) shows the compressive
strain estimated from the peak position of the G’ band,*” as a
function of the pattern size. The compressive strain becomes
stronger by reducing the pattern size. This increased com-
pressive strain can be related to the reduction of the defect
density in smaller patterns. A similar negative correlation
between the defect density and the compressive strain can be
found between a low-quality EG produced in ultrahigh-
vacuum annealing and a high-quality EG produced in Ar
ambience. '’

The impact of the microfabrication on carrier doping is
inferred also from the Raman spectra. Figure 2(e) shows the
peak shift of the G band due to electron doping in graphene.
The peak shift due to the compressive strain (AGg,;y,) 1S sub-
tracted by using the G’ band peak position with the relation
AG grain/ AGtrain = 2.1.%> We find that the peak shift of the G
band due to electron doping is smaller in 4-EG on smaller
patterns. We therefore suggest that the work function of -
EG becomes larger by reducing the pattern size. This can be
corroborated by measuring the electron reflectivity spectra of
u-EG. Figure 3(a) shows typical electron reflectivity spectra
of y-EG. Figure 3(b) shows the dependence of the dip posi-
tion on the pattern size. It is clarified that the dip position
redshifts by reducing the pattern size. This redshift can be
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FIG. 2. (a) LEEM image of y-EG (Field of view: 50 um). The incident elec-
tron energy is 2.2eV. (b) Cls core level PEEM image of u-EG (Field of
view: 35 um). The incident photon energy is 350eV. The kinetic energy of
photoemitted electron is 61.25eV with the energy resolution of 0.5eV. The
white arrows indicate the thicker graphene regions in pattern B and C. (c)
Raman spectra of an epitaxial graphene on non-patterned region (i) and u-
EG whose lengths of a side are 7 um (ii), 6 um (iii), 5 um (iv), and 4 um (v).
(d) The lattice constant change due to compressive strain. (¢) The estimated
shift of the G band due to electron doping.

explained by the increase in the work function of graphene,
as discussed above (Figs. 1(b) and 1(d)). It is therefore con-
cluded that the epitaxy on smaller patterns can produce
higher quality u-EG with less electron doping and larger
compressive strain. The increase in work function may be
ascribed to the reduction of defect density which contributes
unintentional electron doping in graphene and also relieves
the compressive strain.

The variation of graphene thickness is believed to origi-
nate from the step recession and collection of steps at the pe-
riphery of the pattern during graphitization. To verify the
relation between the nucleation of graphene and the step, the
effects of the pattern shape and size on the thickness varia-
tion of u-EG are investigated by LEEM and atomic force mi-
croscopy (AFM). Figures 4(a) and 4(b) show LEEM and
AFM images of u-EG in the rectangle patterns whose dimen-
sions are varied in the direction of [1120], respectively. For
u-EG on larger rectangular patterns (Al, B1, and Cl1), a
comparison of the LEEM image with the AFM image indi-
cates that bilayer graphene exists near steps, probably due to
random nucleation near the steps. On the narrow patterns
with side lengths below 1 um (D1, El, and F1), the LEEM
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FIG. 3. (a) Typical electron reflectivity spectra of ¢-EG on different pattern
sizes. (b) Dip positions of the electron reflectivity spectra of u-EG on different
pattern sizes, relative to that of EG on the non-patterned region.

image shows that bilayer as well as the finger-like features
diminishes in y¢-EG. Furthermore, the surfaces of the narrow
patterns are step-free, as shown in the AFM image. On the
other hand, both thickness variation and surface step density
do not change by shortening the length of the side in the
[1100] direction, as shown by LEEM (Fig. 4(c)) and AFM
(Fig. 4(d)). The reduction of the side length in the [1120]
direction is thus proven to be effective for the reduction of
the thickness variation. The threshold size of the rectangular
pattern is about 1 um, which means that the uniform mono-
layer graphene is formed on the small pattern whose side
length in the [1120] direction is less than 1 um.

This result can be explained as follows. The suppression
of the thickness variation is achieved by decreasing the sur-
face step density, which nucleates uncontrolled number of
graphene layers.” The decrease of surface step density on
smaller patterns is understood in analogy with the reduction
of surface step density on microfabricated Si substrate.'' On
the smaller patterns, the surface diffusion length of surface
adspecies emitted during the step retreat becomes larger than
the length of the patterns in the direction of the step retreat.
The surface steps are then gathered at the edges of patterns.
The difference in threshold size of triangular and rectangular
patterns may be attributed to the change in mutual angles
between the step retreat direction and the direction of the
side of the pattern.
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FIG. 4. (a, b) LEEM and AFM images of u-EG on the patterns whose side
lengths vary in the direction of [1120], respectively. (c, d) LEEM and AFM
images of u-EG on patterns whose side lengths vary along [1100], respec-
tively. Field of view of the LEEM images (a, ¢) is 50 um.

In conclusion, we have succeeded in producing high-
quality epitaxial graphene without thickness variation by
spatially confining the epitaxy of graphene using a microfab-
rication patterning of the SiC(0001) substrate. Furthermore,
the spatial confinement makes it possible to control the struc-
tural and electronic properties of the epitaxial graphene. This
novel technique will boost the development of electronic
devices based on epitaxial graphene.
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