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Abstract

Etching with atomic hydrogen as a preparation step before the high-temperature

growth process of graphene onto a thin 3C-SiC film grown on Si(111) greatly improves

the structural quality of topmost graphene layers. Pit formation and island coales-

cence, which are typical of graphene growth by SiC graphitization, are quenched and
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accompanied by widening of the graphene domain sizes to hundreds of nm, and by a sig-

nificant reduction in surface roughness down to a single substrate bilayer. The surface

reconstructions expected for graphene and the underlying layer are shown with atomic

resolution by scanning tunnelling microscopy (STM). Spectroscopic features typical of

graphene are measured by core-level photoemission and Raman spectroscopy.

Introduction

The integration of graphene into devices of modern and future electronics will be a trade-off

between the benefits offered by its promising properties and the associated costs for devel-

opment and production of this unique material.1 Currently, there are several methods for

producing graphene flakes of various dimensions, shape and quality, each method having

a particular associated cost for mass production.1,2 Graphitization of silicon carbide is an

attractive choice,3 its main advantage being that graphene layers are formed directly on a

semiconductor substrate and do not require any transfer steps for subsequent device process-

ing. Heating SiC to temperatures between 1200◦C and 1400◦C in ultra-high-vacuum (UHV),

or above 1600◦C in inert atmosphere,4 causes Si atoms to desorb from the surface,5 and the

remaining carbon atoms may rearrange to form graphene as the topmost layer.6–10 This

reaction occurs on various hexagonal polytypes of SiC, and differences in the reconstructed

layer are observed when the the experiment is performed on silicon vs. carbon terminated

faces of SiC(0001).6,11,12 On the Si-terminated surface sublimation of silicon atoms from the

step edges generates a carbon-rich surface reconstruction, also known as the buffer layer.

The C buffer layer and the underlying SiC substrate present an electronic structure different

from that of pure graphene,7,13,14 which can be formed above the buffer layer with further

annealing.

Since single-crystal SiC remains substantially more expensive than pure silicon, the

growth of graphene from thin layers of cubic SiC grown on Si has been proposed as a way

to limit production costs.15–17 Other options have been explored, like the growth by CVD
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on 3C-SiC/Si.18,19 However, growing thin-films of cubic-SiC over silicon wafers by chemical

vapor deposition (CVD) looks the simplest way to exploit existing silicon-based produc-

tion lines for electronics.20 Graphene synthesis on Si-terminated 3C-SiC(111) thin-films on

Si(111) has been recently demonstrated, by heating in UHV at temperatures ranging from

600◦C to 1300◦C.16,21,22 Improved surface quality and morphology of the graphene layer was

achieved by polishing the crystal prior to the annealing experiment.23

Improvements to the atomic-scale morphology and roughness are still desired. Hydrogen

etching has been proven to be an effective tool for obtaining high-quality SiC surfaces,24,25

and this could lead to higher-quality buffer and topmost graphene layers.26,27 In this work,

we combine the previously demonstrated surface polishing technique with monoatomic H-

etching of the substrate before final annealing for producing graphene on 3C-SiC thin-films

on Si(111). By using a complementary set of characterization techniques, including Scan-

ning Tunneling Microscopy (STM), X-ray photoelectron spectroscopy (XPS) and Raman

spectroscopy, we demonstrate a definite improvement of the graphene layers at the atomic

scale, and an increase of the typical domain size by almost one order of magnitude, with a

significant reduction in roughness down to monolayer step size.

Experimental

The graphene growth was performed on a Si-terminated 1 µm thick 3C-SiC(111) film de-

posited on p-doped (ρ =1 - 10 Ω·cm) Si(111) wafer, which was subsequently chemically and

mechanically polished (NOVASiC - France). The as-received wafer was cut into a 13×3 mm2

size, and was cleaned ex-situ by sequential 10 min. sonication steps at 50 ◦C in isopropyl

alcohol, deionized water and acetone. The sample was subsequently inserted into ta UHV

chamber (base pressure 1× 10−11 mbar) and degassed at 600 ◦C for several hours by direct

current heating. The substrate was then heated to 1000 ◦C in a monoatomic hydrogen envi-

ronment (7.5 · 10−6 mbar) for 15 minutes in order to remove the majority of the native oxide
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species from the surface and to form a carbon-rich superstructure. The atomic hydrogen was

produced by thermal cracker (EFM-H, ScientaOmicron), fed with ultra-pure hydrogen gas

through a leak valve. The sample was cooled down to room temperature while the pressure

recovered to base value of 5 · 10−11 mbar. Finally, an annealing process at 1250 ◦C for 10

minutes in an overall pressure better than 3.3×10−9 mbar was used to produce graphene on

the surface. For comparison, an alternate graphene growth procedure was also investigated,

whereby the the monoatomic hydrogen etching step was replaced by an annealing step at

950 ◦C for 10 minutes in UHV.

The sample chemistry was investigated by XPS, using 300W source of unmonochroma-

tized Mg Kα radiation (1253.6 eV) (DAR 400, ScientaOmicron). The photoelectrons were

collected at a take-off angle of 70◦ by a hemispherical electron energy analyzer (SPHERA

II with a 7 channel detector, ScientaOmicron). The angle between the source and analyser

is 65◦, and the overall experimental resolution is 1 eV. The morphology and the quality of

the graphene grown by the methods described above were investigated in-situ by means of

STM (VT STM/XA, ScientaOmicron) at room temperature in constant current mode with

a W etched tip, and ex-situ by Raman spectroscopy (inVia Renishaw Raman Microscope)

at room temperature and atmospheric pressure, using an excitation laser wavelength of 532

nm.

Results and Discussion

The evolution of the surface chemistry at each of the different steps during the sample

preparation was tracked by XPS, as shown in Fig. 1. The as-received sample principally

comprises carbon and silicon, identified by the presence of C 1s, Si 2s and Si 2p peaks,

though a significant quantity of oxygen (O 1s) is also observed. After degassing at 600 ◦C

in UHV, only a small amount of oxygen is removed. Annealing at 1000 ◦C in presence of

atomic H significantly reduces the O content. The atomic H exposure is found to improve
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the surface sample quality (see below), however annealing at high temperature in vacuum

also reduces the O contamination (see SI). Annealing at 1250 ◦C in UHV leads to graphene

formation in all cases.

Room temperature STM measurements were performed in order to assess the morphology

of the graphene including of microscopic defects, roughness, domain size and shape. In

Figure 2c it is evident that the surface prepared without H-treatment has small flat areas

but presents irregularly-shaped steps and residual nm-sized pits and islands.

Figure 1: XPS survey of 3C-SiC(111)/Si(111) after different annealing steps, from the as-
received sample at room-temperature to the graphene layer at 1250◦C, assisted by atomic
hydrogen exposure at 1000◦C. Spectra are vertically stacked for clarity.

By contrast, the H-treated sample shown in Figure 2a has no pits or islands, and we

can clearly see large regular terraces almost one order of magnitude wider than on the

the non-etched surface. The remaining triangular shape of the surface features reflects the

anisotropic in-plane growth rates of the fcc(111) faces of SiC over Si(111), and represents the

grain structure of the SiC film rather than the morphology of the graphene overlayer.21,28

The action of H in the treatment of SiC thin-films on Si has been explained as modifying
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the terrace dynamics, favouring lateral sublimation of Si from the step edges over vertical

sublimation from the terraces (the latter effect being ascribed to pit formation). This favours

a more uniform Si sublimation and widening of the terrace.5,26 The improvement of the

surface quality on the H-etched substrate can be appreciated by comparing the line profiles

of panels b) and d), respectively. We note the complete suppression of the formation of

pits, as the surface is completely covered by homogeneous terraces that are only a single SiC

bilayer step apart (panel b). The average surface roughness calculated on a 100x100 nm2

area is reduced from 3.7 to 0.7 Å by using the hydrogen treatment.
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Table 1: Fit results for the C 1s XPS spectrum of the the hydrogen-treated and the untreated
samples. Binding energy (BE) position (±0.2 eV), full-width at half-maximum (FWHM),
and relative intensity (peak areas).

Sample Peak Component BE (eV) FWHM (eV) Area (%)

H-treated G 284.6 1.5 48
B 285.7 1.6 14
SiC 283.4 1.1 38

un-treated G 284.4 1.5 44
B 285.6 1.6 13
SiC 283.3 1.1 43

seed graphene growth.

Raman spectroscopy is a well established tool for determining the graphene quality, the

influence of the substrate interaction via strain and defects, and to estimate the number of

graphene layers on a sample.35,36
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as well as the strain inherent in the epitaxial confinenent and on the graphene doping.43

The width of the 2D band (88 cm−1) is inversely correlated to the number of layers, but is

heavily influenced by defects, vacancies, strain and doping,43–45 as has also been observed

for graphene grown on hexagonal polytypes of bulk SiC.40 The presence of strain, vacancies

and defects has an overwhelming influence on the width of the 2D band, far surpassing the

contribution related to the number of G layers. Neglected these leads to an overestimation

of the number of graphene layers,40 whereby the estimate by XPS should be more reliable.

The high number of dislocations in the thin epitaxial SiC film prepared on Si, is expected

to contribute to a higher density of defects in graphene with respect to the growth on bulk

SiC. This is indirectly confirmed by the relatively high D/G ratio in the Raman spectrum

(Fig. 5) and by the STM image shown in Fig.3a. We notice that Raman is very sensi-

tive to local defects in the single hexagonal rings which cause peak D, even in presence of

large ordered graphene lattice domains as imaged by STM. We remark that the D/G ratio

in the H-treated sample is lower by about 15% with respect to the untreated sample (see

Fig. 3 of the Supplementary Information), and there is a reduction of the D’ shoulder, both

associated to an improvement of the final graphene quality after hydrogenation of the SiC

thin-film substrate. Overall, the Raman fingerprint of our sample confirms the formation

of good quality graphene, similar to that obtained on polished samples in Ref.23 However,

Raman does not provide a full account of the improvement in the surface quality shown by

STM, indicating that edge defects at the dislocations are affecting heavily its sensitivity to

surface quality, and to the beneficial effect of H etching.

Table 2: Fit results of the Raman spectra of the hydrogenated sample.

Position (cm−1) FWHM (cm−1) Area (arb. un.)

D band 1359.3 58 4195
G band 1594.0 46 2925
D’ band 1627.0 37 761
2D band 2703.4 88 3422

D+G band 2946.8 100 871
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Conclusions

In conclusion, we have performed a detailed analysis of the effect of atomic H-etching on the

3C-SiC thin-films on Si(111) substrate, for graphene grown by high temperature annealing.

We find superior quality of graphene after etching the SiC substrate at 1000 ◦C in atomic

H atmosphere (10−5 Torr) before the final annealing at 1250 ◦C. The STM images show a

substantial improvement of the morphology when the H-etching is used, showing pit-free

large (hundreds of nm) and flat (single layer steps) terraces of graphene with a clear (6×6)

moiré pattern coupled to a (6
√
3×6

√
3)R 30◦ reconstruction. Raman spectra confirm the

good quality of the graphene layers, and point to the presence of unavoidable strain effects.

In summary, H-etching is an excellent method for obtaining high quality graphene surfaces

on SiC. While XPS and Raman spectroscopy are essential tools for probing the overall

quality of graphene, STM is an extremely powerful technique for providing detailed surface

information, required for determine the subtle differences in graphene quality at the atomic

scale.
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Supporting Information Available

In the Supporting Information we report: survey XPS spectra of both H-treated and un-

treated samples at lower annealing temperatures, with corresponding high-resolution C 1s

data and fittings, and Raman spectroscopy data taken on untreated sample.
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XPS analysis on lower temperature annealed samples

Survey XPS data taken on both 3C-SiC(111)-Si H-treated at 1000�C and untreated at 950�C,

respectively, are shown in Fig. 1. Data on both samples are very similar as it concerns the

O reduction, since a high-temperature annealing of the 3C-SiC(111)-Si sample reduces the

natural oxygen contamination present on the as-received surface, even without using H-
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Figure 1: XPS survey data for 3C-SiC(111)/Si(111) after annealing at 1000�C assisted by
atomic hydrogen exposure (lower spectrum) and at 950�C without treatment (upper spec-
trum). Spectra vertically stacked for clarity.

exposure during annealing at lower temperature than that necessary to fully form graphene.

In fact, the H-treatment strongly improves the sample surface quality, as outlined in the

STM images of the main paper, while the XPS data show an analogous result.

High-resolution C 1s core-level data for both samples (H-treated at 1000�C and untreated

at 950�C) are shown in Fig. 2.

Lower temperature annealing than the final T necessary to get full graphene layers, give

the same trend observed for 1250�C annealing as it concerns the H-treated and untreated

samples. In particular, the G component starts forming above 950�C on both samples.

Thus, the atomic hydrogen treatment improves the sample quality already at intermediate

temperatures (950-1000�C).
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Figure 2: C 1s XPS spectra for intermediate graphene growth on 3C-SiC(111)-Si in UHV
at 1000�C with hydrogen-exposure (left) and without H treatment (right). The three dif-
ferent features can be attributed to the substrate (SiC), bu↵er layer (B) and graphene (G).
Experimental data (open dots) and results of the fitting analysis through Voigt curves: sum
fitting curve (continuous line), and the three fitting components (coloured peaks).

.

Raman shift analysis for the untreated substrate

Raman measurements were performed after the final step of the graphene growth without

using an hydrogen-etched SiC substrates, to be compared with the Raman data shown in the

main paper. All the typical peaks associated with graphene layer/s were fitted with lorentian

curves, and along with the contributions coming from the SiC substrate, are plotted in Fig.

3.

Position, band-with and relative intensity of every band in the Raman spectrum (Table

1) are in excellent agreement with those recently presented in literature for a sample grown

with the same procedure,1 and they do not show strong di↵erences compared with the

Raman results obtained on the hydrogen-etched sample (shown in the main paper). In fact,

the Raman spectra are strongly influenced by the rather large strain,2,3 associated to the
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Figure 3: Raman of graphene grown on 3C-SiC/Si(111), without Hydrogen etching. G and
2D bands, typical of graphene, D and D’ due to defects, and SiC features arising from the
substrate. Peak parameters resulting from a fitting analysis with lorentzian curves, is plotted
in Table 1.

growth on the underlying SiC substrate, responsible for the G-band blueshift and 2D-band

broadening. These data confirm that Raman spectroscopy on graphene for samples a↵ected

by important strain e↵ects, cannot be straightly used for determining the number of graphene

layers. However, the D’ shoulder of the main G band appears higher than in the H-treated

sample, bringing to light the presence of more defects in the un-treated sample with respect

to the treated one.

Table 1: Fit results of the Raman spectra of the untreated sample.

Position (cm�1) FWHM (cm�1) Area (arb. un.)

D band 1360.2 57 1559
G band 1590.4 48 934
D’ band 1626.4 38.4 327
2D band 2704.0 84.9 1258

D+G band 2953.0 92.6 314
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