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Abstract

CrossMark

Selective epitaxial graphene growth is achieved in pre-selected areas on the 4H-SiC(000 1)
C-face with a SiN masking method. The mask decomposes during the growth process leaving
a clean, resist free, high temperature annealed graphene surface, in a one-step process.
Depending on the off-stoichiometry composition of a Siz 4 ;N4 mask evaporated on SiC prior
to graphitization, the number of layers on the C-face increases (Si-rich) or decreases (N-rich).
Graphene grown in masked areas shows excellent quality as observed by Raman spectroscopy,

atomic force microscopy and transport data.
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(Some figures may appear in colour only in the online journal)

Epitaxial graphene (EG) on SiC shows compelling physical
characteristics such as ballistic transport in nanoribbons [1],
half-eV band-gap structures [2], metrology standard quantum-
Hall effect [3] and high frequency transistors [4, 5]. Epitaxial
graphene on the 4H-SiC(0 00 1) C-face shows high electronic
mobility [6], up to 10° cm? Vs~! at room temperature for the
inner layers [7], a record high maximum oscillation frequency
transistor operation [5] and two-orders of magnitude longer
spin diffusion length than any other material [8]. Because SiC
is a monocrystalline semiconducting industrial substrate, epi-
taxial graphene on SiC is directly compatible with established
scalable device fabrication techniques, making it interesting
for advanced electronic devices as well [9, 10]. Patterning of
clean graphene devices is key for the study of physical proper-
ties and devices. In most cases, 2D graphene is first grown then
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patterned by oxygen plasma. However resist residues, that can
cause unintentional doping or scattering, are difficult to elimi-
nate. Selective area growth of graphene is a more straight-
forward approach, as it could in principle provide patterned
structures directly during growth. Local control of graphene
growth has been previously achieved by AIN capping [11],
ion implantation of Au or Si [12], or on side-wall nanoribbons
[13]. However, in these cases the foreign atoms remain in the
system or the graphene is limited to very narrow structures.
In this article, we report on a method for controlling gra-
phene growth selectivity down to the sub-micron level in a
one-step process with a vanishing mask. We find that depo-
sition of a 120-50 nm-thick silicon nitride mask on C-face
(000 1) 4H-SiC prior to graphitization modifies the number
of multi-layer epitaxial graphene (MEG) sheets. The silicon
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Figure 1. Calculated ratio of Si over N in the grown SiN film as a
function of SiH4/NHj3 precursor ratio used in the PECVD reactor.
0.75 corresponds to stoichiometric SizNy.

nitride mask decomposes and vanishes before graphitization
is complete. Importantly, the off-stoichiometry of the Sis ; Ny
coating controls whether the silicon nitride layer enhances or
suppresses graphene growth relative to uncovered areas. We
find that N-rich Sis ; N4 masks (x < 0) decrease the aver-
age number of layers by three compared to uncovered regions
while Si-rich silicon Sij ; (Ny(x > 0) increase thickness by
two to four layers. The graphene layers of samples prepared
with nearly stoichiometric SizN4 show good mobilities up
to 7100 cm? . V7! . s7! with electron concentrations in the
10" cm™? range. Raman spectroscopy and AFM measure-
ments confirm that the graphene grown in areas initially cov-
ered by the mask has good structural quality.

After preparation of the surface of 3.5 x 4.5 mm? 4H-SiC
wafer dies by a high temperature hydrogen etch [14], silicon
nitride is deposited by low-power plasma-enhanced chemical
vapor deposition (PECVD) using SiH4 and NHj3 as precursor
gases. A hard mask (glass slide) covers half the SiC die so
that the evaporated SiN layer covers only half the sample. We
have confirmed by AFM measurements after removing SiN
with hydrofluoric acid (HF) that the plasma does not result in
detectable damage to the SiC surface. Patterns of SiN were
achieved by standard lithography, using PMMA as the resist,
and HF as the etchant (harmless to SiC).

We estimated the stoichiometry of the SiN films as a
function of the precursor ratio (SiH4/NH3) by measuring the
refractive index at 632.8 nm (ng3,g) of the SiN films with an
ellipsometer. Following [15, 16], ng3y.g is approximately lin-
early dependent on the ratio Si/N in the deposited film:

%: n632_g741.35' (1)
Figure 1 gives a calibration of the SiN composition as a func-
tion of the precursor ratio (SiH4/NH3) in the PECVD process.
The straight line is a linear fit of the data.

The confinement-controlled sublimation (CCS) growth
method is used for graphitization [14]. This technique
consists in heating a SiC chip in a graphite enclosure con-
nected to a vacuum chamber (about 10~ mbar) by a cali-
brated hole. This increases the built-in Si partial pressure,
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Figure 2. Local control of thickness as a function of the
composition of the silicon nitride film, of stoichiometric formula
Si3Ny. In blue, Si-rich Siz ; (N4 mask. In red, the Si3 ; (N4 mask was
N-rich.

which controls the rate of silicon sublimation from the SiC
surface, bringing the graphene growth process close to
equilibrium.

The growth process consists of 10 min at 800 °C, followed
by graphene growth between 1420-1550 °C for 8§-20 min.
One exception in figure 2 is sample Si4, which after the
800 °C annealing, was held at 1150 °C for 20 min, and then
graphitized.

After graphitization the SiN mask has vanished. The
Raman spectra show neither the Si—H nor the N-H stretching
modes [17], respectively at 2190 and 3360 cm~!, that were
observed before growth. AFM images (see figures 3 and 4)
show the typical SiC terraces and the typical multilayer epi-
taxial graphene pleat structure with no AFM nor Raman evi-
dence for left-over SiN in both Si-rich and N-rich cases. The
SiN layer is expected to decompose into solid Si and gaseous
N2 during the 1150 °C plateau [18-20]. The remaining Si sub-
limates during graphitization around 1500 °C, consistent with
CCS growth [14].

Ellipsometry measurements (Horiba Jobin-Yvon AutoSE)
on half-masked samples are reported in figure 2. We used
a spot size of 250 x 250 um?, and analyzed response in the
range 440-850 nm, with a three-term Cauchy model opti-
mized for 4H-SiC and graphene layers [21]. Each thickness
reported in figure 2 is the average of 12 measurements, spread
on the whole analysed surface. We observe 2-3 additional
layers of graphene under the Si-rich initially masked (IM)
areas, and consistently 3 fewer layers under the N-rich IM
areas, compared to the initially bare (IB) half on each sample.
Sample Si4 (Si-rich Si; ; ;N4 mask), which had an additional
higher temperature annealing step at 1150 °C, shows 4-5
additional graphene layers. The increased (reduced) number
of graphene layers depending if the mask is over (under) stoi-
chiometric was observed in a total of 20 samples, of which 8
have a precise composition measured as reported in figure 2.
Note that the excess number of layers doesn’t seem to depend
on the over-stoichiometry; however, the over-stoichiometry
impacts the quality of the graphene films. For the same growth
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Figure 3. Sample N1, N-rich Si3 ; ;N4 mask. (a): Raman spectra (SiC contribution subtracted) of IM and IB areas. (b)—(c): AFM images of
(b) IM area and (c) IB area (scale 20 x 20 um?) showing the typical graphene pleat structure observed in MEG samples.

conditions graphene is more disordered for Si-rich SiN, as
shown by a higher Raman D peak.

Raman spectra (wavelength 532 nm) and AFM topogra-
phy images of samples N1 and Sil are shown in figures 3 and
4, respectively. Of all the samples studied, the silicon nitride
films deposited on N1 and Sil were the closest to stoichiomet-
ric SizNy, see figure 2. These samples had the lowest Raman
D peaks, sharpest 2D peaks, and smoothest AFM images, and
hence were patterned for electronic measurements. More spe-
cifically sample N1 was grown for 10 min at 1450 °C and
sample S1 for 9 min at 1480 °C; the mask composition for S1
is Si/N = 0.78, and 0.70 for N1; the thickness is 130 nm.

Raman on the IM and IB areas of N1 and on the IM area
of Sil reveals the characteristic graphene peaks, see figures 3
and 4. The graphene 2D and G Raman peaks are clearly iden-
tified (the SiC Raman contribution was subtracted). The 2D
peak can be fitted by a single Cauchy-Lorentz distribution
[22] centered at 2699 cm™' for the IM area of N1 (2700 cm™!
and 2689 cm™!, respectively for the IB part of N1 and the IM
half of Sil) with FWHM = 29 cm™' (36 cm™! and 29 cm™!,
respectively). The D peak at 1350 cm™! is very small, and
even undetectable for Sil and N1. This indicates low defect
density in the graphene lattice. For the other samples of fig-
ure 2, the 2D peak is centered from 2706 to 2726 cm~!, with
FWHM from 52 to 70 cm™!, consistent with 2D MEG [11,
22]. The higher D peaks and the broader blue-shifted 2D
peaks (at FWHM 52-70 cm™") for the other samples refer-
enced in figure 2 reveal respectively smaller domain sizes and

compressive strain in the graphene [6, 22]. Specifically, we do
not observe the characteristic shouldered 2D peak of highly
ordered pyrolitic graphite (HOPG), as already reported for
multilayered epitaxial graphene on the C-face [22]. The slight
asymmetry of the IB 2D peak in figure 3(a) may be due to a
variation of strain in the graphene stack or a small fraction of
Bernal stacking fault [6, 23]. MEG on SiC with a 2D-FWHM
of 58 cm™! [11], 68 cm™! [24] have already been reported.

The AFM images of figures 3 and 4 confirm the presence
of graphene, as shown by the MEG characteristic pleat struc-
ture [14]. In the graphitized areas, the AFM images in fig-
ures 3(b) and (c¢) and 4(b) have comparable characteristics in
terms of pleat structure, including pleat height (1.5-2.4 nm),
pleat surface density and semi hexagonal orientation. Sample
Sil is particularly interesting in that while the IM area is
fully coated with graphene with an average of 3 layers, the
IB area is essentially not graphitized, as seen in the Raman
spectra, ellipsometry and AFM images. On the AFM image of
figure 4(c), a bare SiC step structure can be observed, which
is confirmed by Raman spectroscopy, see figure 4(a). MEG
growth is observed in some spots, most probably initiated at
screw dislocations in SiC, as already observed [6, 25]. This
indicates selective growth, with graphene where the mask
was, and almost no graphene elsewhere.

Hall bars (5 yum long, 3.5 um wide) were patterned in sample
Sil and N1 using electron beam lithography, oxygen plasma
etching and Ti/Pd/Au contacts (thickness 0.5/20/40 nm). From
room temperature Hall and magnetoresistance measurements
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Figure 4. Sample Sil, Si-rich SiN mask. (a): Raman spectra (SiC contribution subtracted), showing the typical MEG spectrum. For the
Raman spectrum the intensity is normalized to the SiC plateau at 1900 cm™". Note the quasi absence of D-peak. (b) and (c): AFM image of

(b) IM area (scale 10 x 10 um?), and (c) IB area (scale 10 x 10 um?).

(figure 5), electronic mobilities are found between 3200 and
7100 cm? . V7! . 57! and carrier concentrations are in the
10'? cm~ range, showing excellent graphene quality.

As a demonstration of the capability of the method,
graphene has been selectively grown in the shape of Buzz,
Georgia Tech’s mascot. Figure 6 demonstrates that the sub-
micrometer resolution of the SiN mask pattern (figure 6(a))
is directly transferred to the selectively grown graphene, as
shown by optical contrast (figure 6(b)) and Raman spec-
troscopy maps of the characteristic 2D and G graphene
peaks. The optical image correlates nicely with the Raman
maps, as expected for graphene on SiC [26]. The absence
of 2D peak in the grey areas of figure 6(c) demonstrates
selectivity.

The main result of this study is that the presence of a sili-
con nitride mask evaporated on silicon carbide prior to gra-
phitization enhances (Si-rich Si3 4+ N4 mask, x > 0) or reduces
(N-rich Siz 4 ,N4, x < 0) the number of layers grown com-
pared to uncovered areas. Control samples, grown in the same
condition but with no mask, have the same number of layers
(within one layer) as the IB areas.

A simple explanation for the reduction of the number of
layers under the N-rich masks would be that graphitization
is delayed under the mask, starting only after SiN decom-
position. It is known that capping SiC with an AIN mask,
that doesn’t evaporate, prevents graphene formation [11].
More surprising is the enhanced number of layers under the

Si-rich mask. A possibility is that Si dangling bonds present
in the Si-rich-SiN mask [27-30] react with SiC. The role of
Si in promoting the growth of graphene was demonstrated by
implantation of Si in SiC. The implanted SiC surface results
in graphene formation at lower temperature than pristine
SiC [12]. Si dangling bonds at SiNj sites have already been
proposed as the dominant defects in Si-rich and stoichiomet-
ric PECVD silicon nitride, acting as amphoteric traps [29].
Moreover, in N-rich films, electron spin resonance (ESR)
studies have shown that the density of these defects is greatly
reduced or even suppressed [31], making N-rich Siz ;. N4 a
better dielectric than Si-rich Siz ; (N4 films. However the exact
mechanism per which the growth is enhanced will require far
more study. The decomposition of SiC and graphene growth
is not well understood even in the simple case of a bare SiC
surface. For instance the growth rate is extremely slow on
the Si-face but is much faster on the C-face. Out-diffusion
of silicon is clearly the key, pointing to the role of Si in the
capping SiN mask.

We have shown that, by using a SiN vanishing mask evap-
orated onto SiC prior to graphitization, the number of gra-
phene layers varies between masked and non-masked areas.
Depending on its chemical composition (Si- rich or N-rich)
the Siz ; N4 mask acts as an enhancer or inhibitor of gra-
phene growth (of the order of +/ — 3 graphene layers with the
present growth conditions). Areas with and without few layer
graphene can therefore be produced side by side during the
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Figure 5. (@) and (b): Magneto- and Hall resistances at room temperature of IM area of Sil: n=7.7e¢'>cm 2 and g = 7100 cm? . V™' . 571,
Hall bar (SEM picture in the inset) is 3 yum wide. (c) and (d): Mobility and carrier concentrations at room temperature measured on the IM
area of N1, IB area of N1, and IM area of Sil.

Figure 6. Buzz-of-principle, MEG on SiC using Si-rich SiN mask, demonstrating sub-micron resolution. (a): SiN pattern. (b): Subsequent
MEG growth on SiC, contrast-enhanced optical image. (¢): Raman 2D map. d: Raman 2D/G map. Scale bar is 10 um.

heating process. The mask evaporates during graphene growth
so that patterned, mask-free graphene layers are obtained

directly in a single heating step.

This is a very simple yet potentially quite powerful method

to obtain clean resist-free patterned graphene structures. In a
further development, the process can in principle be integrated
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with carbon contacts deposited prior to graphitization [32];
in a one step process graphene is grown where desired con-
tacts are provided by the predeposited (thermally stable) car-
bon pads. This provides clean graphene, ready for transport
measurements, with no further processing. Moreover the
pre-defined growth location may help solve a long-standing
problem of patchy growth for single layer areas on the C-face.
For instance, using adjacent Si-rich and N-rich masked areas
could allow to reach growth selectivity at the monolayer level.
This is particularly important for quantum Hall effect metrol-
ogy applications, which could benefit from large clean single
layers on the C-face that has a much higher mobility [6] than
the Si-face generally used.
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