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Effect of surface polarity and off—cut angle of 4H—SiC on Diamond growth

behavior

Ki Yeol Woo

Department of Smart Green Technology Engineering, The Graduate School,

Pukyong National University

Abstract

In this study, we investigated the effects of surface polarity and off—cut
orientation of 4H-—SiC substrates on the growth behavior and interfacial
characteristics of diamond layers grown by microwave plasma chemical vapor
deposition (MPCVD). Owing to its ultra—wide bandgap (~5.5eV) and superior
thermal conductivity (~2000 W/m-K), diamond is a highly promising material

for high—power and high—frequency electronic applications.

However, limitations in homo—growth of diamond, substrate scalability and
cost have driven interest in alternative substrate materials with favorable
lattice compatibility and thermal properties. Among them, 4H—SiC offers a
relatively low lattice mismatch (~18.2%) and high thermal and chemical

stability.

In this work, N—type 4H—SiC substrates with 0° and 4° off —axis orientations
were prepared using both Si—face and C—face surfaces. Prior to growth,
surface roughening was conducted through ultrasonic agitation in a solution of
diamond powder (170-250um) dispersed in ethanol. Diamond growth was

carried out using MPCVD at 1150°C, 5 kW power, 120 Torr pressure, and 6%

-vii-



of CH+/H. for 1 hour.

Atomic Force Microscopy (AFM) and Optical Microscope (OM) confirmed
that the C—face exhibited higher RMS surface roughness compared to the Si—
face after roughening. Field—Emission Scanning Electron Microscopy (FE—
SEM) revealed that diamond grains on the C—face were smaller but uniform,
while those on the Si—face were larger with lower density. X—ray Diffraction
(XRD) confirmed diamond crystallinity across all samples. The sharpest (111)
peak was observed on the C—face with a 4° off—cut, suggesting improved
crystal quality. Raman spectroscopy identified a G peak (~1520 cm™) on the
Si—face, indicating the presence of a diamond=like carbon (DLC) interfacial
layer. Transmission Electron Microscopy (TEM) — Fast Fourier Transform
(FFT) patterns demonstrated polycrystalline features for all samples, but
distinct diffraction spots on the 4° C—face implied locally better—aligned
crystallites, supporting the XRD results. Hall effect measurements were
performed only on the C—face samples due to the continuous diamond
coverage; further validation is needed, and the electrical characteristics of the
Si—face samples with interfacial DLC layers will be explored in subsequent

studies.

Conclusively, it clearly demonstrates that the surface polarity of 4H—SiC
significantly affects the diamond growth mechanism. Nevertheless, the
correlation between surface roughness (RMS) and growth behavior was not
directly established in this study, suggesting the need for more quantitative

and systematic investigation in future work.

Key words: Diamond, Hetero growth, MPCVD, 4H—SiC, Polarity, Roughening,
AFM, OM, FE—-SEM, XRD, Raman spectroscopy, TEM, Hall effect
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NBG WBG (> 2eV) UWBG (> 4eV)
HIT X K=
Si 4H-SIiC GaN B —Ga203 | Diamond
HY = 7
H=d atRT| 3.2 3.4 4.8 5.5
[eV]
Xt oSt
5 1,400 1,000 1,200 300 4,500

[cm*/V-s]

o= 8 0.3 2.5 3.3 8 10

[MV/cm] . ' '

g Mz

[W/em-K] 1.3 4.9 1 0.14 22

Table. 1. Major properties of wide—bandgap semiconductors [1, 5]

-11-




o]

I

8k 1300~1600°C2

w

A
5~6 GPa2

[e]

tholobZ =o] tigAate] de] ARg-Eo] gttt

Y (High pressure—high temperature)

A
i} (Fe, Ni,

=

A2 (HPHT)

o [}
H"'_TlL
e AN
=S |

2. tholob o]

al

il

G
/)

o

J_.NO

Mo

Aol

SHAME 7]=7

e, A4
H(CVD) 7]

°©

)

=

glo) 3 3} (scale—up)

A

=
.

o]
s 143

e

1

[}

= 7k
O]l‘___j_

e
PN
T

1

kel
=

B7} olj L,

al

S
=

LFERA ATH[2].
AQ) 9]
Azl =

3}

5}
=

el

to]ob i

o] 1™ A

oH5].

tfol o}

O]— ]

ol

T
Tor
Br
n

ol
Br

‘m‘O

-12-



Carbide High-purity carbon

. piston source
Carbide i Graphite
die ,
heater
Insulator
3 R B Solvent metal
N O QQ Grown crystal

Pressure -%)
medium

Heater

Seed crystal

Fig. 3. Schematic diagram of the HPHT method for diamond growth [2]

-13-



Pressure (GPa)

Metastable
) graphlle

Graphite- ;
Metastable
diamond

_....--"""Graphita

0 1 2 3 45 6 7 8 9 10

Temperature (10° K)

Fig. 4. Phase diagram of the carbon [5]

-14-



2) mfola gyt Ze}=wl 3tstr| S22 (Microwave plasma CVD)

mhelAm st Fetznt shel) AN (MPCVD) 2 71418 e dads &
ehzvl Adejel A Balsto] 71wk HHlo] thololr g 4gA 7= thEHQ
87| AE A (CVD) o2, 44 9 oA A tho
71 S8 7bE e AbgEs gEr1de A e o JEE, 53] ol

felx el A tolob = Aol a¥bAdd WHoR By (9]

tﬂ

ey
o
s
,
ju|
IS
o
X,
o
>
N

ARRE W, vlola RS Sl A LHEE Zovh oA HEle] &

Zo] WA WY weiz

%
)
2
N
oX,
o3
ofN
r (o]
&
i)
O
0
(N
o
1
D
o
O

Moore o] st Ao w=m, 4H-SIiC 7] 9o nle]A=23 &
gt=uls o] &3sle]  rtholotE=E AL 14 &= ¢

800~1000°C, mlolm =3} e 700~1300 W, BFS7FA Ul HEHQ %
1~3% Z7°]4 1332 cm™ol -3t 3 ebvt 37 #2E oy,

ol ARl FET tolotE FA Ax= A ATH[9].

Uwihoreye 52| ® o] w2, MPCVD A|AES AR &% 71 A
o7 d3(700~1000°C), t)7]etel 7M1 AT kA Zak=

n} 647} 7b5sked, 1e-wmete] Q@ E= HMEZAHO HPHT WA nls)

-15-



AN
.

9lef, tholo}

=
T

Sk
=

A =43

9

44

=

g7k 24N (CHY/Hy), vlol A= e,

34 shepulg
1 7143

%

T

F3t

[e]

7]
oA 71 HE:e

-

R

]
=

T

-

st

] Si, SiC, Ir, AIN, Al,O3 S9] t}ok
[e)

], MPCVD

-

o

[€)

°

=

7t

=
=

6} /g-

el

Wol A wo]o]

kv
ar

71

o
)

g T i

Ay ) (Bias—Enhanced Nucleation, BEN) 7] 3}

30 A
-

-
R

Tk, MPCVD

F7 A

kel
=]

tfo] o}

L —

§- N

St

wetA, MPCVD

gl 71¢

=

|
.

3H

H7H

FE Pe

[¢]

il le: i A | B o

ﬁo

-16-



REACTANTS

—

H,+CH,

N2

ACTIVATION

H, e, heat | 2H

Plasma Microwav
CH4+H T CH3+H2

FLOW AND REACTION

'l & v N
M/ : A1) 4
......................... *)i Diﬁusion.ﬁ..:}...j:!....... \

————)p

SUBSTRATE

Fig. 5. MPCVD system showing the mechanism of reaction and
diamond growth [2]

-17-



A

wd% tholol

my
) M P %
Bq ™ o p.m ¥ .
X " 5 W M wr -
o/ W %o . mw < i -
— = . _O
NS W T N wr v T ;3
: S g o TR 3N = M
Y Ho o o™ o XO ~ <o T T
Eﬁ : i : &o iy ,D_l _ z.L —~ M K
Lm ; = % N o= = o) o <0
o : =3y L3 "r ol T cl w
2 :
) G ~ Wl mm " mw %)
oy 24 %,mﬁﬂﬁ B T T . 9 :
— | )A ] ’
o 1 5 ® i it Mo B % M i T
@ mw‘m ﬂuﬂﬂ = m*,ﬁ o a.ﬂﬁ +~ @
~ e 7o : i : :
o) ) 110 - \ _ _
1 3 ™ o W WWLf - MW,W :
% oy Mp w [T HW BNow of 0! L
—_ o ~ ot s o o u.:u : o o]ﬁ
AqmdgfﬁﬂmzfaﬁﬂJﬂ
= > - : 3
L > i o L | 1T i~ R
y § = = e Mo X M_; %0 of- e ™
: : mo i o £ 3 o M % ok W
B o B AT E i 2
3 =7 3 5 o B UG 2
: s : -2 n ne flto | m.ﬂﬁMw W
¥ o mﬂ o o N < Mﬁ 7 i _ﬁ
ﬂ.o 0 — 0 L N ) , 7 i j.L z.L
T 63 N — or W 1 p y O Oﬁ
? § z mr i i RAEON ofu Y T o L T
T Lo % o Mo : " : : :
¢ - Moo n N — N
. v Nm _] [Ho i o ) ' X B
— ,._. :
1S N o X < = X o
™ i MJ MW mﬂ Mw i . :
< ) I .
6N ﬂ..@ i
L X°

-18-

&,
e 94y 7|3
7 9]

S

bl

SHA| =

|

o
RS



S RS Ytk e e BAE Ads] Adl, 4% AFHel S5

3k olg]FS MY EFo g &83 X7 AetEdon o] %4, Fig. 74

Hu
&
o
T
%
@)
2l
o
=
ne)
2
ax)
iy,
o
N
3
et
2
N
N
olr
_C',E
&
~N
rh
2=
b
i_'g

AgAow, o) A% 44 WAL W Fud go)4, v 27k, 7]
E EA 7120 9 SHA B 2 FAEe AUn], A A

A 22 S flst e 7Nk Zle® A etal Qi

-19-
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grown layer grown layer
“““ <— Seed crystal —> -

Siand SiC Diamond

Fig. 6. Lateral area expansion in Si and SiC crystal growth and area
reduction in single crystal diamond due to facet—dominant growth
behavior [7]
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%

Fig. 7. Various diamond hetero—growth approaches for single crystal
diamond using (a) Ir/Sapphire and (b) Ir/YSZ/Si substrates [3, 8]
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10.053 A

Fig. 8. 4H—SiC crystal structure
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cojot= = FCC P s
Ol=I® FCC 7.1 6.8
Al203 HCP 25.4 49
Si FCC 34.3 55
4H-SiC HCP 18.2 37

Table. 2. Lattice mismatch and thermal expansion difference between
diamond and hetero substrates [5]
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Fig. 9. Comparison of hardness between Si—face and C—face of 4H—
SiC measured by nanoindentation [12]
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Fig. 10. Fracture toughness difference between Si—face and C—face
of 4H—SiC evaluated by crack length analysis in nanoindentation [12]
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Fig. 11. Difference in activation energy between Si—face and C—face
of 4H—SiC estimated from thermal oxidation rate [11]
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1 pm

Fig. 12. Surface morphology of 4H—SiC substrates: (a, d, g) mirror—
like; (b, e, h) diamond powder grinding; (c, f, i) groove engraving [10]
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Fig. 13. Surface morphology of diamond grown on 4H—-SiC C—face
substrates: (a) without roughening; (b) after ultrasonication using
diamond powder and ethanol, followed by 30 min of diamond growth
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Table. 3. Conditions of the ultrasonication roughening
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Ethanol

Fig. 14. Schematic of ultrasonication using diamond powder and
ethanol in a beaker for 4H—SiC substrate roughening [22]
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kL of = CH4/H2 & A ZE s
[kW] [Torr] [%] [h] [C]

5 120 6 1 1150

Table. 4. Conditions of the diamond growth using MPCVD system
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Fig. 15. Photograph of the MPCVD system (SDS5250M, SEKI
DIAMOND, Japan) used for diamond growth

(Located at the Korea Institute of Ceramic Engineering and Technology)
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, ¥C
MW port~T | JTE-TM

converter
Antenna Activation
H, — 2H

! chamber CH,+H >

Gas inlet _

susceptor
(water cooled)

Fig. 16. (a) Schematic diagram of the MPCVD chamber structure; (b)
Mechanism of diamond growth through CH4 dissociation

41-



Fig. 17. Photograph of the diamond growth process inside the MPCVD
chamber
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Fig. 18. OM and SEM surface morphology of 4H—SiC substrates
before (a, c) and after (b, d) roughening
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Fig. 19. Surface morphology of diamond grains on 4H—SiC according
to polarity (Si—face and C—face) and off—cut angles (0° and 4°)
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2) AFME o] g3t 9 A=AV (RMS) &4

7189 e ans gFHor Frisy] A8, 948 dvF (Atomic
Force Microscopy, AFM)< ©o]&stel 4H-SiC 7| xWe] Hat
72 7] (Root Mean Square roughness, RMS) & #2434t AFMS 7|3
ZHe At A WIE YxvHom) 992 AdsA SA4% F
Aol AAE A5 3w A AolE AFH o ek o avzql

2] Ao},

A

=4 Ay, AAYE FHFHA &> A Foll= C—face= Si—faceel
vl o = 329 ARV @S vepdllon, ol dwkAo® Si-face”t
22k AR gl wol AREEZ] o] 384 7]AA Anl(Chemical
mechanical polishing, CMP)7} o]Fo{zl HbH C—facer= JF o=z
olefgt A HAo] gAY musty] wiieolt. AAZ 0° *2ZA Si—
face 7192 AA" A Hw ®d AFVI7F 1.97 nmld ®bd, T
Z79] C—facex 3.52 nmZ °F 1.8¥] =2 %7] AAV|E B 4°
Q2 TjFA = FARRE A Fe] UEhY, Si—faces= A2 A 2.31 nm,

C—facer 3.86 nm= C—face? AA7]7} ¢ At}
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Si-face C-face

Fig. 20. AFM images comparison of 4H—SiC surface before and after
roughening
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Fig. 21. Surface roughness (RMS) comparison of 4H—SiC substrates
before and after roughening
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XRD) A48 S}t Fig.22 o #A|Al¥ XRD ¥4 Aijo|q nE
o

¥A9l 54w (111) 9 (220) W] w3

J
o

38 vark gFEEder, ol AFAA spr AY 7xE Zde d4A4

TS 4 U e e A S4dS A¥Aew vlusty] fal, o
olofE o] Al FAW (111) "WML FWHMS LEE3sho] 4
steith. Fig. 239] vfA &350 Uepd vkel o], C—face 7|¥ollA A7E
AREL Si—faced] wl&] AWNAo® ¥ 2> FWHM #e yebflon,
ol Hu st A S AAREY. FAF SR, 0° 227 Si—face 7|
Hol 4= FWHMO] HiF 1119 arcsecl ® 49 v, 54 2719 C-

faceo| A+ 864 arcsecC ® ¢k 23% ZFASFTE 4° X7 FHAAE

-51-



7] kol A

FEL

LFERSTE. 4°

SHA

A

SRR

2‘5(‘)]:

,mvo

B

KN
| Y

FWHM #<& Bgon o]gl 7+

O
H

o] 0° 7)@urh o

tolob e
S

S 7}

ol

B

!

__AU

K
ol

-52-



— Si-face_0 deg.
111) (220) s, Doy
{ ( * ° —C-face:4 deg:
? * H
s
=g .
0 T ; 1
c
: A
£ . =
Diamond PDF #00-006-0675
1 1 ] ! - § = | l 1 1 1 1
‘ 4H-SiC PDIF #00-029-1127
20 30 40 50 60 70 80 90 100 110 120

2-Theta (degree)

Fig. 22. XRD patterns of diamond grown on Si—face and C—face of

4H-

SiC substrates with different off—cut angles
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Fig. 27. Cross—sectional TEM images and FFT patterns showing the
interfacial structure of diamond grown on C—face 4H—SiC substrates
with 0° and 4° off—cut angles
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