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Figure 1 The role of gases in fabricating graphene/SiC composites
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fRibf B A K, RIEARAE T )12 K e,

TR T 2 bl R, EE SR, & AT
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SR 2 RS DIIESE (E]2(e)).

BN ERESSHABEE RGNS, Hitk
JEFM & MR 13,5 Sakakibara®: A\ **IE4H-SiC
(0001) AT A 2 Pt B AR B T S RIS 7
1600°C Ar+Hy(4%, 1 slm)# EIREGSP, #HI/10.19°
14H-SiC(0001)Z 1 B Se A il B A 5~10 nm, P55
BER2~3 umB KRG RE, HEAET minNR A2

4715



M4 Z b B 2025598 FI0% L27H

(a) (b)
30
1. Dissociation and Si (l) formation II. Si Removal ’
SiF2 20
SiF2 v
AG=159 = 10
keal/mol ¢ =~
=426 E
2
P2 a0l
o
5 -20
T=1900K C:zH: CHa i
& rc=286 30
AG=29.2 keal/mol
1 [( keal/mol 40|
S
-50

(d)

m-direction
¥ " —=—1500 °C
Miscut angle (degree) a-direction —e—1550 °C
UI.S 1 IO 1 I5 ZiU

Etch Rate (um/h)

Temperature: gij 1 .

1600°C 0.5] 4 4

Hz pressure: o06d L O e N
1atm 0.79 150 210

(9)

77 ) 14700t
&£ L 4

4 &
w (um)

(c)
" Time = 1 n/’Siface
I |Si deposition T= 1600“%,,»—' 4
#, 15, 5¢sackward by Si)* | ” ‘I~
P il 1ffbackward by CsHe) | ' supply by nt
#11,5° |
1 Cycle l
| |Etching |
#11, 14*
R i ‘ HorO
—e—Ha + 3.6 sccm CsHs b g supply
—e—H:+ 10 sccm SiFs ] '
«=©--H2 + 10 sccm DCS

0 2 4 6 8 12

Ha flow rates (sIm)

10

®

B2 SRZIRILEEAS R, (a) BRALEE R H+SIF 2B, (b) SRR . MIEBIRAZIMEEY, (o) brEE FRZIMm T A%
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Figure 2 Gaseous etching of SiC substrates. (a) Mechanism of SiC etching using SiF4 and H,!"®); (b) etch rates using various precursor gases with
various concentrations in H, gas'"™); (c) process sequence of SiC atomic layer etching (ALE)™”); (d) step-structure diagram of the etched 6H-SiC(0001)
surfacel®”); (e) lateral etch rates toward m-direction and a-direction of 6H-SiCI*"; (f) schematic diagram of the process of the step unbunching
phenomenon'®; (g) AFM results of 4H-SiC(0001) surface annealed at 1600°C for 10 min, subsequently cooled to 1400°C in 1 min and kept for
60 min**%; (h) AFM topography of 4H-SiC(0001) surface etched in H, pressure of 200 mbar at 1450°C for 20 min'*”
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2(h)), [RIE 3T A A A 220 Tk B0 By T R [1120]5% 48
SRR REAKAY[1100].
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SiF CF  SiF CF
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AP ET SICHL RS HUL, ALER TR W3 ()R, 2495
FE=100°CHY, SiCFR MM KR EALIZSIO H APz,
TESICETIE M SI-FHIC—F5, 100~200°CME; 4k Rk
FEH (-CF,MI-CFs), X4 S8 mii e 22 f b f 4 i
W 125, 1%L K 3 AE =300 °C A A DU ULk
(CFy), BN T S (A HELRE B A3 K M (E 3 (e)).

2 AT AEEAK

AL RESME T FICVDIE R TESICH G EA K % SE
A EZ I AHHLCVDIE R 2419 SAH R &
FAHI N, B PRk SN EVE A ML T 5, 38 AE
1B 2S £ (ultrahigh  vacuum, UHV)BZERARE ST
FEflSiFAE, MIMTER A KA B, [HRIEMF
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BIRBRACHESMIE I AP I AN EIE S 5 40 5
WA, B A s R K B A 28 R A

()
1000,
500

SiOz Thickness (nm)
o 3 g 3

B3 SURSPERRALTERTIR. (a) %585 TAE SR BHLIEEY, (b) KIMASMTSIOZE MY (c) Hi-Nicalon™-SZ 44 1kiF AR LSIO, Deal-
Grovesli J12(HIZR)™; (d) AFRIFALTREE T Fallebk i SICHR AR B (e) AU BUANTEALIS SICRE AN 7 K ST 7 B8 . ARM., K fil fi 5
Figure 3 SiC substrates modified by various gases. (a) Plasma induced grafting reaction mechanism™”; (b) KIMA analysis of crystallization of the
Si0, scale™!; (c) Deal-Grove kinetics (thick lines) for Hi-Nicalon™.-$ fiber oxidation for amorphous SiO, scale formation™'); (d) schematic of the
surface states of SiC samples modified at different fluorination temperatures with F, gas™; (e) field emission-scanning electron microscopy (FE-SEM)
images, AFM images, and water contact angles of the untreated and fluorinated SiC samples'™

4717



M4 Z b B 2025598 FI0% L27H

H. ESMEEA KGR, SICHM A JE— B BRI
I, R A C-Sif A MR, o TSIl ZE kit
mTC, PISIEFSETClRFIHE, FTCHEF7E
SICE M [ 4B A 8 s KR se R, et
EEZS T, SICRMmSIREFAEATEE, X TFREGE
BARMCIH T, Ir LUZA N A S0 i A R AT 45k
ik, AP . B RSTD, BANERRE A SEIX
SR ALAEEOTL AR A 0 1 Ay B T PRI T e AR
el FA IR R, R, i SICER I SiTHE T
SR A AR e i AR R DT R, iz R A
JI#E1 (confinement controlled sublimation, CCS)P*Ji;
ialiitE, BP¥SICE T A8 % b (s sl Ak )
PRSI 1, MMPRFRES S RYSIZE UL, My a5 di
TEE T VA 560 T AR (Kl 4(a)).

de Heer®: NPt T SiCHE A 5 B2 FBR il 42 il
TG N A SIS AR R, SICEETER kit
BHIERI S G By, BRSNS A K R
FIAS T, SUMITE M = FL25 SMEAR B GOR PR
I, HABHESIHR(E4(0)), ORGSR THEERE
S TE ST ARAHHOK BRI S B 2 A Sl (K4 (c)), it
IR 42 ) A A ST C TG A R AT BB AR (151 4(d)), K
KM EFIEIEAANA, AR 1 RS Ak
RERS A AN R SIA TR R G TR . fLIWIE
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Figure 4 Comparison of UHV and CCS grown epitaxial graphene on SiC substrates. (a) Schematic of the UHV and CCS method®"); (b-d) AFM
images of UHV grown monolayer on the Si-face, CCS monolayer grown on the Si-face and multilayer epitaxial graphene on the C-face (Insets are
corresponding LEED patterns)”*); (e) LEEM image of a UHV grown graphene film on 6H-SiC(0001) with a nominal thickness of 1.2 monolayers
(ML)P%; (f) LEEM image of graphene on 6H-SiC(0001) with a nominal thickness of 1.2 ML formed by annealing in Ar (p=900 mbar, 7=1650°C)>; (g)
the profile of graphene on 6H-SiC(0001) formed by annealing in Ar (Inset is the corresponding AFM image)"*®); (h) comparison of Raman spectra of Ar-
grown (red) and UHV-grown (blue) epitaxial graphene on 6H-SiC(0001)1%); (i) Cls spectra of the 6H-SiC(0001) surface taken during initial stages of
graphene formation in argon atmosphere or UHV at different temperatures®®®); (j) schematic illustration of the graphene/3C-SiC preparation process and
cross-sectional HRTEM images of the buffer layer, monolayer (1L), bilayer (2L), and four-layer (4L) graphene samples grown on 3C-SiC*”; (k) LEEM
image of the graphene grown on the off-axis C-face 3C-SiC!; (1) u-LEED patterns collected on the bilayer domains!®”!
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Figure 5 Direct growth of graphene by CVD on SiC substrates. (a) Partial pressure of the C- and Si-gaseous species as a function of temperature in the
H,-Ar-C;Hg-SiC and H,-Ar-C;Hg system[m. (b) Graphene structure deduced from LEED observations as a function of pressure and temperature.
Graphene takes the IRD structure for most of the growth conditions (green hexagons), but at low pressures and high temperatures, graphene takes the
expected 643 structure (orange stars). Orange and green stars correspond to 6+/3/IRD mixed structures, blue circles to low quality graphene, blue
triangles to SiC surface reconstruction, and red circles to samples without graphene®”. (c) STM observations of a sample grown at 1450°C, 800 mbar
(800x800 nm?, z=2.5 nm)"*”). (d) Schematic of graphene growth on SiC in the presence of ethyne and silane at 1300°C!%!. (¢) SiC surface with ordered
terraces after pre-treatment'®’), (f) Monolayer graphene grown on SiC'®, (g) Histograms of the positions of 2D bands of CVD-EG and S-EG (Inset: The
corresponding spectra within 2D line range)"). (h) Peak positions of G-band and 2D-band as a function of strain'®!. (i) Schematic representation of the
CVD growth process at high- and low-H, flows!®.. (j) STM atomic resolution images and LEED patterns at high- and low-H, flows!®*!
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Figure 6 Direct transformation of amorphous silicon carbide into graphene under low temperatures and ambient pressures. (a) Schematic of a-Si;_.C,
alloys transformation into three graphene morphologies!®”; (b) the SiC@a-Si,_,C, nano-particle HRTEM image!®”; (c) schematic of the transformation
of a-Si;_,C, alloys into graphene[“]; (d) schematic of the transformation mechanism of a-Si,_,C, alloys into graphene with the nuclei of ordered
graphitic domains®®; (e) the SiC@Graphene nano-particle HRTEM image[66]; (f) the a-C@Graphene nano-particle HRTEM image[“]; (g) the a-

C@Graphene@a-C nano-particle HRTEM image after 72 h ECE technique!®®!
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Figure 7 Decoupling graphene assisted by various gases on SiC substrates. (a) Schematic of quasi-free-standing epitaxial graphene on SiC obtained
by hydrogen intercalation®”’; (b, ¢) LEED patterns for the zero-layer graphene before and after hydrogen intercalation!®; (d) LEEM micrographs and
the electron reflectivity spectra of a hydrogen-treated graphene sample after outgassing at 400°C and annealed at 900°C*; (e) dispersion of the 7 bands
measured with ARPES perpendicular to the T K direction of the graphene Brillouin zone for an as-grown graphene zero layer (ZL) and monolayer (ML)
on SiC(0001) after hydrogen treatment and subsequent annealing steps'®”); (f) hydrogenation of epitaxial graphene on SiC(0001) results in the
elimination of the buffer layer at the graphene/SiC(0001) interfacel®); (g) Raman spectra of epitaxial graphene before and after hydrogenation!®®); (h) the
enhancement of epitaxial graphene after hydrogenation in carrier mobility and a change in carrier type from electrons to holes!®; (i) process for the
synthesis of quasi-free-standing bilayer GNRs on SiC(0001)!""; (j) cross-sectional phase-contrast TEM image of a bilayer GNR that extends along the
surface terracel’!); (k) C1s core level spectra of the pristine buffer layer, pristine MLG, water-treated buffer layer, and water-treated MLG'"*); (I) Raman
spectra of the MLG and buffer layer after water treatment and MLG after annealing in hydrogen!”
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As the semiconductor industry approaches the end of the Moore Index roadmap, there is an increasing need to explore new
materials. This has led us to focusing on non-traditional materials with unique physical and chemical properties, such as
graphene. Graphene, the thinnest carbon material with sp>-bonded carbon atoms arranged in a honeycomb lattice, exhibits
exceptional morphological, electronic, and optical properties, which have stimulated significant scientific and industrial
interest. Silicon carbide (SiC), one of the typical representatives of the third-generation semiconducting materials,
possesses high thermal conductivity, low thermal expansion coefficient and excellent wearability. SiC wafers are highly
suitable semiconducting materials for high-temperature, high-frequency, high-radiation and high-power electronic devices.
Additionally, SiC fibers and powders, known for their high-temperature resistance and electromagnetic wave absorption
properties, continue to be valuable in thermal protection materials and aerospace applications. By depositing continuous
graphene films onto traditional SiC substrates, highly competitive thermal, mechanical, electrical, and other functionalities
can be introduced. The integration of graphene with SiC has given rise to a novel class of materials, significantly expanding
their applications in electronic devices, aerospace, and various other fields.

Although the preparation of graphene/SiC composites has consistently attracted significant attention, achieving high-
quality, uniformly controlled graphene layers directly on SiC substrates remains a challenge. Currently, the main methods
for in-situ growth of graphene on SiC substrates are chemical vapor deposition (CVD) and silicon carbide epitaxy.
Graphene grown by these two methods typically exhibits larger domains and higher charge carrier mobility. The CVD
method requires carbon-containing precursors for the preparation of graphene making the gas-phase reactions and mass
transport processes critical. Compared to CVD, the uniformity of graphene layers grown by silicon carbide epitaxy is
generally lower and the growth temperature is higher. This is mainly due to the less precise control over synthesis
parameters and the difficulty in manipulating graphene quality through factors, such as face polarity, off-cut angle,
polytype, and type of intercalant. However, controlling sublimation rates by introducing silicon or by flowing an inert gas
over the hot SiC surface can improve graphene quality. Thus, gases play a nonnegligible role during the synthesis of
graphene on SiC substrates.

This paper focuses specifically on the gas components involved in the preparation process of graphene/SiC composites.
We review the various roles of gases during pre-, middle-, and post-stages of graphene growth on SiC substrates, including
etching and modification of SiC substrates, and the facilitation of graphene growth and decoupling. A smooth SiC surface
with uniform steps, which is crucial for high-quality graphene growth, can be achieved by etching with various gases.
Modifying SiC substrates is an effective approach for synthesizing heterostructures. Gases significantly impact the quality
of graphene, whether they are directly involved in the reaction or not. Additionally, decoupling is a key method for
obtaining quasi-free-standing graphene on SiC substrates. This comprehensive review covers all key steps in the
preparation of graphene/SiC composites and provides new insights into an integrated approach for their development. It
highlights the significance of gases in the composite preparation process, identifies challenges, and outlines future
directions for research and development.

graphene, silicon carbide, chemical vapor deposition, composites, gas component
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