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Nanoscale control of physical properties of grapheen by site-selective epitaxy of
graphene using substrate microfabrication

Fukidome, Hirokazu
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Graphene is a promising next-generation device material. To realize
graphene-based devices, it is significant to utilize unique characters of graphene physical properties.
We have therefore performed a study on a nanoscale control of structural and electronic properties of
graphene by using substrate microfabrication.

In this study, we formed graphene on SiC thin films on a microfabricated Si substrate. The interface
structure of graphene thus formed depends on the microscopic crystallographic orientation of the
substrate. As a result of this, we found that the stacking and therefore band structure of graphene is
controlled by this method.

SiC



B X C—19, F—19., Z—19 (GtaH)

1.

WFFEBH A 5 W) D 5

7772 0%, FOENT-ME B &
X ¥ U7 BEE >200,000 cm?/Vs) 1k
0. BYERRERT A ZAETH D &

ENTW3, 20777 =rZEAvniE,

K E S (Si D 1/20) - #EE ST O
100 fi% : THz) CEMET 27 /34 ADFEBL
DIFRHEAICIZEETH D Z LR ERN
T2,
HL, 797 =« T, ZADEHIC
AT CIEEREN Z2H 5
HEO : BEEICE L Y REREKRD
BR (wiEE O 0BEICRR)
REQ : EEEERYNYE «RTEED
Ebo% (wities —7 v 1)
HESE H1E. GOS-IC mFEHIZMIT T, iR
EOIZE Y fHA TS, EPEICE L7 Si FEAR
LD SIC iR F i O EVLE (Si D H-E) T
ROV ESEEY T 7= (GOS)D kT
VIOARERIEL, Fohlxx U T
B E)% (6,000em?/Vs)iE, Si k0 b —H7
V(X 1), EIZ, GOS OFEMA kT Y
AL DA = ZEEIC L) L, GOS
AEFEE B S R ER A A RE 7 & & & SEEE
L7z, BI6, REOOME w Si| Th
%o WFFROEEMEFRD B, HEEH I,
NIRRT - WU OBFFm & 52T
776

{}Smﬁﬁﬁm

SiCHE

@ﬁﬁﬁ\%Siﬁi

4571(C) —

SiCEIR

F v ) TRE)E
: 6,000 cm?/Vs

X 1. GOS Ze4IHS

LU G, (KRE LT, EOHE
FHEEDIZ S O X IR TH D, ZD
SRREARTR T 1E GOS DF ) A4 — LAE TS

BRNETHD, ZOBEMKKE LT, H
AN

[Si BRI LE2EA L7277 7 =
Y ORPERE @ F5E GOS Ak
EWVWIOHEEEERLL

O miEZR = U ERA 152 A 20K
LT, THEBUSHN Lo Az kb
Sk 2 i R L 72 38R = B Rk
NEFTOEND, B2, FKELITLY,
WA T Si FE L CEmERET Y
FEDERINATRE & 72> TN D,

@ GOS I M THAF A3 fe Sz LT
5 SiwmEEE L THWD,

@ TAHAFTE & LC, Soliin T Sic BiAk
PR E TORRTEEREICLD
BB YT 7 = OAERIC RS LT
(% 2),

INB—2HUNELY
w ¥ —i2T571 !

(AVFS R @ BEHT)
X2 #M#EMISiICE@MESS T,

2. WEoOHB

777 = 0%, BARRRMRT S R
MELE 72 o TS, HEEHE DIX, EHEIC
L7z Si FERICRES® 77720
(GOS) % FH v 7= S #5 (GOS-IC) B E D
FEFEIZHID TRREh LT,

L2>L, GOS-IC Effkizix, 777
= OREERUR 2O T il L
IREIREENSIHENRD, DRI,

[ ARG T2 P2 L 7= SR AU R R
2L D7 T 7O - WD /il
W ZAMIEEE Lz, AHFFEO D)
(XD RBREEAST - mPEREZR GOS-IC
DEBDPATREL 72D,

3. WFED L



AAFIEH 2R T D72, Tiid
LB T e 2D 5 2
e Lz,

(1) B T2 A LR e v
BEEVE \ZHEREN A, <100nm @
Bk HECTHNI T D
OSi FEAR ORI TH
@PEAITIN T S1 Bl b~ SiCIEIIE

AT DFfE ST

QM T SiCH#FEEERD 7T 7 =
1k

M T AR L-@minE s 7 7
=V DBERT U RIEZ LT D,

Q) BRKESF T D)/
HEIE A 00 212, & o fiFRE (<10nm)
i - RmEBlEE1T O
D77 7 = v OfEfEE O E

DAPREE - JR1- M) B B B 2
@7 T 7 = /SiC RSt g o
JEEE MBI K DBl

(AN LoV A Xk E 7T 7 =
FEREE - R E O BR A E R
BRI 2,

3) BRZERES T 7= OF 7tk
HIHE D212, =5y f#REE (<100nm) 7=/
WPERIE 21T D
@&77:/®A/b\ﬁ®tﬁ¥

PEASEE K OV Raman 43 Y612
Blzs
@777;/®+/$*mgf@@
PREHERR 7 0 — 7 AMEEIC &

W E

kPHIM IOV A X JgikE 7T 7 =
YDF I MEON Ry v &
RABEE) O Rk %2 E 'R
Do Lho T, BREZEREREICL DS
7 7 = D) ) YRS % ST
T 5,

4. WFFERE

(1) #HMEMISiER E~DT T 7 = VEE

X 3 IO T Si e E~D 7T 7 =
FEE ORERS 2 7R3 (a), Si(100)FEHR 2 5 54
TNAV Ty TF U TABE_TZ LD,

Z OFRENHARAIT Si(112) i M O Si(100) i
ST 5 L0127 5, Si(100)HAk E~ SiC
FEBL(00nM) 2 E 2 A F LT T RN L
o H AV —A MBE ICLVWIERR LTZ, 2D X
512 L TR L7 SiC #il4 1250°CHnE L |
ZTOREMND Si FfEREISELILICX
D\%ﬁﬁtﬁﬁ7ly%ﬁﬁféo:@;

2L CERL L 7230Bk(b) & LA T IS RE 3 &
ﬁﬁ MBI LV EHE LT,

Fast atomic beam
using SFg TMAH etching

N Pi (] 444 (alkal)
$i0, Positive resist u

siioo) = b -

b EB lithography

3C-Sic(111) 3C-SiC(100) Graphene

— N\

si(111) si(100)
N

-—) m—

Bevel (111) facet

Bottom (100) facet

Top (100) facet

X 3 BN L Si et b~ 7T 7 =
R VR ORES,

(2) 7T 7 = ISiC RE DWW
7' 7 = [SIC(111) K YT 7 = /SiC(100)
S DAL SRS S & L E T BMEE I L v Bl
L7- (K 4a), ZDfEHR, 77 7 = ISiC(111)
REIIE, 797 ORiBRTH DNy 7
7 —BRER IO LT (K 4b), 7
Z 7 = ISiC(100) i (2 iﬂ/77~Eﬂ%
BENTWRWZ ERHLNE -T2 (K
4c), 26 DOFEE T BAMEIIC L A BIERR T,
757 = ISICHREDERIRETR~<D Z &%

E%kttﬁﬁéﬂmt 5 BRI
;@%Hw%nfwé(lm1@

I,‘\Graphene

Intensity (arb. um)

288 28628&282 280 %8 2% 284
g energy (eV)

B4 4 a o In L Si Jet £ 7T 7 =
BT, bec. 7T 7 = »/SiC(100)
LN Z 7 = ISICAI) R Dk #E 1s
WK E AT ML, dre. 777 x
qumm&0&77l/5mm®ﬁﬁ
D 51 22 (61 43 gt RE W 1 2 i - WA R



() 77 7 = FEEEE DR AFL
FROLIICLTBEINTNNY 7 7 —F
OHFIIL, V57« BOMEBHEEICKX e

WELMFTT LB ALND, TOMAIT,

7772 OHIBEKRTH DNy 7 7 —JE X,
77774 FEBEEPETLILOLERLT
Bernal @iz 77 7 = VB ED 4L T
HBENRH LN TH D,
FEERICHBIKEHEE AR L D777 =
A RS OMIIBIERE R A X 5 1T T,
SICUIY) /T 7= TiE, <»xbh L LT
RNAELEOARy "R, 777 R
Bernal fif@ % & 5 Z LG ML oz, —
75, SiC(100) ETIZRILD ARy B3R 2 5
b, XHbA L L Bernal BEE & S
WZ ERBHLNE o7z, LED L ST, F*
HEEDBE WML 7T 7 = U EBEEN
RN EREIND Z ERHALMNE o7,

5 SiC(L11)&% X SiC(100) 25 7 = »
D BRPSARH E 1B,

(@) 757z FEEOBIER S
777Dy RiEGETEBHEICLY
WED, TOEMBEIX, 777 = EROMA
TEHOEIZE D, N FOERUNR RFE
Yy INRED EHBUICTEIN TV
Mo Thb, BRI, BRICHAEER%Z
%72 57 Bernal fifEiEIL, 27T 7 =
DN RENRERIED,

ZDZ L ERADAICHM Raman )tk
Z F\N T SIC(L11) & Y SiC(100) D75 7 =
DN R ERANT (K6), N R

Graphene
13C-SiC(100)
15i(100)

Graphene
13C-SiC(111)
1Si(111)

Intensity (arb. units)

1200 1400 1600 1800 2400 2600 2800 3000
Raman Shift (cm™) Raman Shift (cm-)

X 6 SiC(L11) KX SiC(100) |75 7 =+
DOFEM Raman 435t

DAL, 2700 cm (FITICEND G R
DOWRIZ LV 5385, SICULY) LD 7T 7 =
YO Gy RiFEEOY—7 BRERY Ao
IR THDZENRALMNE o=, Z D
B, N RGERATTWD Z ENAL M
Lot

ZHIUZR LT, SIC(100) ETix G v KRix
H—bE—7 THERINTWD Z LM,
Llpol, TOZ &, SIC(111) & LKA
WX ROBENEZ > TWRNWT & ZIR
Bt5L0TH 5,

DlEo X oz LT, RufE=>EiE—
Ny F#EE, LWolZBE Tl I 7 =00
& AT ) R — VTR S 2
FUZSEBT CRsh Lz,

5. ERRERLE
(BFFEAREEE . WFSC 003 M ONEHERFFE 3 1
X THR)

UdEREam 30 (G 94F)

1._H. Fukidome, T. Ide, Y. Kawai, T. Shinohara,
N. Nagamura, K. Horiba, M. Kotsugi, T.
Ohkochi, T. Kinoshita, H. Kumigashira, M.
Oshima, and M. Suemitsu,
“Microscopically-Tuned Band Structure of
Epitaxial Graphene through Interface and
Stacking Variations Using Si  Substrate
Microfabrication”, ##tA , Scientific Reports,
4,2014,5173-1-5173-5
DOI: 10.1038/srep05173

2. R P “ERRBGRIN oI X D
BEWE YT 7 = OFERY | BHE, <
T YT INAT—, 13 %, 2013, 23-26
URL.: http://www.gijutu.co.jp/doc/magazine
m_2013_06.htm#3

3. REBE—. EA JII S,
RTNARRE, R TFEEZ, RICEA . AN
THRA~D T T 7 2 DT EREICL D
HERIG ORI, BHA, RmEFF. 34
#. 2013, 380-384
DOI: 10.1380/jsssj.34.380

4. H. Fukidome, Y. Kawai, H. Handa, H. Hibino,
M. Kotsugi, T. Ohkouchi, T. Kinoshita, M.
Suemitsu, “Site-Selective Epitaxy of Graphene
on Si Wafers”, ##:/A . Proceedings of the
IEEE, 101 %, 2013, 1557-1566
DOI: 10.1109/JPROC.2013.2259131

5. WKEE il &EIE, V77 ERAO
T EEEFORE SR RERT
Electronic Journal Archive, 438 %, 2012,
1-60
URL:http://www.electronicjournal.co.jp/archiv
€/0400/a0438.html

6. ¥ 1H—. JIIE&  thili, ROLER. &
e “HWMHAEERICEA 77720
FARREHIE” A5 k. ED2012-2 %, 2012,
5-7
URL:http://www.ieice.org/ken/paper/2012041
8j0Qm/



http://dx.doi.org/10.1109/JPROC.2013.2259131
http://www.ieice.org/ken/paper/2012041

7

1.

. H. Fukidome, Y. Kawali,

F. Fromm, M.
Kotsugi, H. Handa, T. Ide, T. Ohkouchi, H.
Miyashita, Y. Enta, T. Kinoshita, Th. Seyller,
and M. Suemitsu, & #Hif, “Precise control of
epitaxy of graphene by microfabricating SiC
substrate”, Applied Physics Letters, 101 &,
2012, 041605-1-041605-4

DOI: 10.1063/1.4740271

CREE P AR, R AR 2 4R

AL 570 F ) - Wik,
FHFA, 33 %, 2012, 546-551
DOI: 10.1380/jsssj.33.546

. T. Ide, Y. Kawai, H. Handa, H. Fukidome, M.

Kotsugi, T. Ohkochi, Y. Enta, T. Kinoshita, and
M. Suemitsu, ##ifi. “Epitaxy of graphene
on 3C-SiC(111) thin films on microfabricated
Si(111) substrates”, Japanese Journal of
Applied  Physics, 51 & 2011,
303001-1-303001-9

DOI: 10.1143/JJAP.51.06FD027

(Fa¥E) Gr2 o)
R CEEE BN AR AR
F v R AT X AMELE g 2D
X v 7O L, ¥Rk 25 B H AR
AR AR . 2014 4211 H 8 H,
WRUKZMERFZERT (TEERMT) (PR
)

H. Fukidome . ”Nanoscale operando
observation of graphene transistor by
combination use of PEEM and 3D

nano-ESCA”, SPEM2014, 2014 43 H 20
H. Ay 7 275 —F (3EH) (R
H. Fukidome . ”Nanoscale operando
observation of graphene transistor by using
photoelectron emission microscopy”. EMN
Spring 2014, 2014423 A 1 H, 7 A~H
A CKIE)  (FEfFasTE)

W - 25T NI UVRA
DB IRREDO AT o RHE T FREEE
%% SPring-8 V—2 v a v 7-SPring-8
ba—YP—DX bR 5H#ELHEEL T-,
2014 4£ 2 A 1 A, SPring-8 (JuJiE R4
RV FET)  (FAAsak )

H. Fukidome, “Microscopic Control of
Epitaxial Graphene on SiC(111) and
SiC(100) Thin Films on a Microfabricated
Si(100) Substrate”, AVS 60th International
Symposium and Exhibition, 2013 4= 10 H 28
H, r 27 E—F CKE)

H. Fukidome, T. Ide, Y. Kawai, M. Suemitsu,
T. Ohkochi, M. Kotsugi, T. Kinoshita, T.
Shinohara, N. Nagamura, S. Toyoda, K.
Horiba, M. Oshima, “Microscopic control of
structural and electronic properties of
graphene by growing on SiC thin film on a
microfabricated Si substrate”, Graphene
Week 2013, 201346 H 4 H, 7 Ah=>

(RA)
VNI SN A= AVAY (PO

8.

10.

11.

12.

13.

14.

15.

16.

T v R MR SR ET R AT
& HZEERAS - BRX BRI MERFZE D
FFk, 2013455 A 29 A, HHK%E (T
HEWAAT) (AR

UREE  fH— ” =¥kt nanoESCA 12 L 5 7
TT 2y TN ADZE DB
T”, ISSP Workshop, 2013 42 H 15 H,
FORORSY: (TR (FRAF )

H. Fukidome, “Epitaxy of Graphene on
Si(100) and Si(111) Faces Simultaneously
Formed on Si(100) Substrate”, SSNS’13,
201341 A 17 H, A7 /R (LR WL
)

H. Fukidome, N. Nagamura, K. Horiba, S.
Toyoda, S. Kurosumi, T. Shinohara, T. Ide,
M. Suemitsu, K. Nagashio, A. Toriumi, M.
Oshima, “Operando Analysis of Graphene
Transistor by Soft X-ray 3D Scanning
Photoelectron Microscopy”, ISGD-3, 2012
FEULHSH, N (7T R)

H. Fukidome, T. Ide, H. Handa, Y. Kawai, F.
Fromm, M. Kotsugi, T. Ohkochi, H.
Miyashita, Y. Enta, T. Kinoshita, Th. Seyller,
M. Suemitsu, “Spatial Confinement of
Graphene on Microfabricated SiC to
Suppress Thickness Variation”, AVS 59th
International Symposium and Exhibition,
2012410 A 28 H, # v /X CKHE)

H. Fukidome, N. Nagamura, K. Horiba, S.
Toyoda, S. Kurosumi, T. Shinohara, T. Ide,
M. Suemitsu, K. Nagashio, A. Toriumi, M.
Oshima, “Definite Observation of Interfacial
Charge Transfer in Graphene Transistor by
Using Soft X-ray 3D Scanning Photoelectron
Microscopy”, SSDM2012 MRS Meeting,
2012 49 H 25 A, mAERR=RY (b
JFHCH )

H. Fukidome, Y. Kawai, F. Fromm, M.
Kotsugi, T. Ohkochi, H. Miyashita, Y. Enta,
T. Kinoshita, Th. Seyller, M. Suemitsu,
“Modulation of Electronic and Vibrational
Properties of Epitaxial Graphene by
Spatially Confining Epitaxy”, VAS14, 2012
F9H 24 B, =F A A (fu i A =)
H. Fukidome, M. Kotsugi, T. Ohkochi, A.
Yoshigoe, Y. Teraoka, Y. Enta, T. Kinoshita,
T. Suemitsu, T. Otsuji, M. Suemitsu,
“Control of Electronic and Structural
Properties of Epitaxial Graphene on
3C-SiC/Si and Its Device Applications”,
2012 MRS Meeting, 2012 4=4 A 9 A, v
7Ty Aa (CkE)

WY H— "=/ T7 7= OXREM
MEIEMENT”, Rk 23 4R A AR mFHES
HAL - AeimE S A AR 2, 2012 4F 3
A8 A, #AERYE (ERGaT) (G
AR

W W " T T 2T ADET
RAED T/ 347, I1SSP Workshop, 2012
2117 A, BECRE (TRERMT)



http://dx.doi.org/10.1063/1.4740271
http://dx.doi.org/10.1380/jsssj.33.546

17. KRBl — HEAREHEIN TIC L 5=
77 = L Ot - B FREOHE", %
25 [Al E ARG, 2012481 1 8
H. S RS bt (R R R i)

18. Hirokazu Fukidome, “Tuning of Electronic
Properties of Epitaxial Graphene on
Substrate  Microfabrication”, MNC2011,
2011 4F 10 A 25 H, &2HZEAR TV (kb
JF 5B )

19. Hirokazu Fukidome, “Tuning of Structural
and Electronic Properties of Epitaxial
Graphene by Substrate Microfabrication”,
SSDM2011, 201149 H30H, v A 7 &
Wb (B RIRA R

20. R {li— 7T 7 = v ORE SR
. 255 49 BSHE e - S ET
DAY —)-T T T = DIERED S G
FT, 2011428 A 30 H, IWEKRF (1L
BRI H) (R4 E)

(XF) Gt 0ofh)

(PEEIA PEHE]
OiiRdt Gt o)

Offsikdt Gt 0fF)

(Z Dfth)
R A s

WAL KPR FEE R
http://db.tohoku.ac.jp/whois/detail/07d0b9809a3
935bd641ebf3d9ef57148.html

6. WFIERE
(1) B s

e  1H— (FUKIDOME HIROKAZU)
WAL K - BAOBEHFICAT - HEHER
WFgeE 5« 10342841

(2) WFFE55 14

JIIE #hdE (KAWAI  YUSUKE)
ALK « KB TR 5E8) - Bh#
e E &S : 20451536
(W3 a8 ClREl)

/N BN (KOTSUGI MASATO)
NS EIE N G YR et g v &
— « FIHMFFERHESRY - HF9EE
&S 60397990

kH  EEL (KOMEDATADAHIRO)
WALKE: « oo E RV EWSTAT - Bi%
WrgeE s - 303112234




