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Operando spectromicroscopy that bridges the gap betwenn material properties and
device performances of 2D materials

Fukidome, Hirokazu

13,000,000

2D

70 nm X

The gap between material properties and device performances of 2D materials

inhibits high performance of 2D material-based devices. To solve this gap, we performed studies on a
development of operando x-ray sBectromicroscopy and its application to novel devices. As a result,
we established the method to probe electronics states of surfaces and interfaces of devices with a
high spatial resolution (70 nm in lateral direction). By using operando x-ray spectromicroscopy, we
developed a novel graphene transistors that enables to the drain current saturation. Furthermore, we
observed electronic states of Molybdenum disulfied FET microscopically. Finally, we extended our
research into other novel devices, such as topological insulators.



¢ X C—19, F—-19—1, Z—19, CK—19 (#m)

1. WFFEBRMA LY DO &

AL B : Rt QD)#E AT N
A AR, ®X Y U T RBEEEOENT-Y
PEDN B O PR A FEl-> TW5b, ZDFKOD
— %, WU 72 AR~ D AL K (Fukidome et
al., J. Mater. Chem. (2011), MRS Bulletin (2012)
& Proc. IEEE (2013))72 & D 7 11 2 DAL
S LWV ) HATHRRETH 5,

b 9 —ODJRKD, FiEIIx 3 2D &
BURME & W ) AR CTh 5, Z DORURRME
23, 2D FEERTENT S A A BV TEARR 7R
WPED FEBLA LA, IEN T, FlxIE, 77
Tz NZUTURZORMYE (Y Y TEE
JE - mREARERE) 25 b S D Z L&,
HIFE& DIZALH L7= (Proc. IEEE (2013)),

P EDOE RN, REEEIL, 777200
T A ZABEICB T D R0 BICET S
WFge % B 44 L 7= (APL(2013) & Sci. Rep.,

being revised.), #—BpEL LT, F— LNEE

FOONME L okfe T, KEHREZHNTEIR
HE 4 30~ % Ot EE - B EE (Horiba et al., Rev.
Sci. Instru. (2011))Z#HWT, /' F 7 &V
— A R LA BB RERKTEE nmIZE
5 BMBEEI(CTRINFET S Z L2 6
Mz L7=(X 1 1) (APL(2013)), Z D X 5 72 it
8 IRED LN T A ARES IR
WHEHETRSND,

UL, g IR s— FEEEMIC
EVENT D720, BEOT /A AL OPfiF

Bt gl E T 2
» 2 A D R R W D SE TR R
PIDE RN T A A0 EEE

-
ARTERERICEL T AAEROST
# o EL. Y—-FREAMEEL+

A RSUER B TR DR
il S @SS A ADRED

w " O pGurrmTEmER
™ / ,L__?tﬂ}ﬂimznniimmﬁh
50 ‘gz TALADEATLE

LT R

ERABRDT A AR EOEEEES
+ T 4 AT L O R

B 1 AHFIE DA
I3, AT FBEPLE LR D,
LIEDZ b, BEEHIL, AT 2 P
EFHMEBRIC L (X 1 H), T/351 8
TEIZ X 2 Fim s IR e D2 Ak & & B AT
NLHZEERAME LA Z S LT,

2. WHEOHEM

7T 7 2 RM0S, 72 E D 2D R TR O A
7 v MCEFIEMEERIEIC L Y . SmE IR
A REICBRE L, 7 Y22 OE L

OEHESEL X 1 F), SHIZiE, A7
REEM X S5V % VT RIS i
72 2D JRF-TEIET S A Z OWFEBIF 21T 9,

3. WrFED kL
UEHERL A
AFRICBNWTBETHNT IV RZOTF
YINERDBTFT T2, FiR oDk
TERIL 7=
WA TFT—TERHNWES T T 2
B L O MoS, Ji 7 J& D FIHfE - #r75
- SiC AR DO EIBRBSLIRIC X 5 Si FHF-HiE4
B2 v E
ZOXIICLTHER LT 7= B
WTHER L7=EBRIR N7 P A& 25k
s L7,
B TIE
757 2 ORER X OVEEIIIEM Raman
Sy IeEE A WD CEME
CEELTWD h T PR ORI E
WD E( %2, wZER o fEee (70 nm) 26
THME MBI LI BIE LT,
4. WF7EEE
ESVANDES
AWFFE T DN BRI, =2t KRp S
N5, €ONEOHNZ TRlcied ;
« AT R X AR L DO fifENL
EZE Ry fREE A2 A T D AEEADEE B
BB L., ZOWEDEEOFREFR L F —IT T
FKah L, m2EMafEE (70 nm) T, F—
NEEE DR R LA VEEDHM T T, T34
ADFH - FEAREEZRIE KD K O 7 bk
L L7z, ZRICED., 2D JRFEIEZ vz b
TUVABRETF TR, MOT A AL Bz
X, BIE, X N2 Kb U RE~OISH N
HA TN D GaN-HEMT OBIZE L ATREL 725 T
W5,
c ATV R X E N7 S
T T TN ZADBEE
T 72 BHWIZ N T U UAX DI EIL,
T3 72D XYy 7N0THDH I
LITERLT, FLA UERNAEAFI LRV &
WIHI R THoTz, Fexld., #H7-IZ Lateral
Dual-gate B/ T 7 20 « "I U RZ B
EL, FLA UEREZREISES 2 L0
L7z (X2), 2D KL A BRI L

; Eiea
VRTINAR | =, #EFR
DEASEDG E
~— 2
1 =
= B ¢ —
g5z BE(V)

X 2 GFET & K L A v Eififafn o iERL



FIRRN T T 7 20« b T 0P AKX OHMME
BEICHD Z L&, AT REEM X RO
BIEIZLVEIE L, AL, Z® Dual-gate
BTS2y« hTUIAAD R A UEHR
RN RZIT ORI WEARS S, ZOHRE
X, 779 7= EERLRNE Y YT -« F—
BT BEI o TWDLZENRERTHD Z
EM. AT RBEM X BEN O 5
meigoi,

« MoS, JFL{- T[T /N A A D#IER
MoS, A F v x & LT b T VPR H
ZERLL . F DA LT 2 REEM X 5 esizs
ZiTo72 (M3), EDREF. MoS, Ji -l &
=R/ R A EmBEEE DORE T, EA
VW (~1 um) BTN BIZ I N, [
ROBMBEEKIL, 777 20 L EHEE
EORHIBWTHBEINTWVWSE, ZDZ
Eon, ERBEIERIL, 2D R T
RENDZHLDOTHDLZENHLNE -
770

BZIE, 2D JR- LA Z t . GaN-HEMT
X bR a T hEREE L THER ST
W5 BisSes IV BT VR Z T B BFSE
R L7,

® 52,

i W S LR

(43

crgy (oV)
E
o,

4

L 20 R BN -
{AR) Allsoug Bupug ¢

S 2p, , Binding En
EEEFEE

3 MoSz FET @ Jit it O )8 52

PLEASHT

EZEE Sy fiERE (T0nm) TIHET NA AOFKMHE -
S E T REOMENBIEZZ/iEE 354
AT REE X By Y6 O BRHRIZ B9 2% ARHF5E
%, HRICEBR T 72 b D TH B,

AL RT K

AT 2 NP X # e & DB i S
SHFZERHSgIC RV, 7T 7 = FERALEIR
R BEORERBELFIRCE T2, ZDZ &I,
757 2 ERAWT THz 8 CEMET A L5 >
VAXDOFEREAFEL L, fFROITHRERE
EERBEFICRELSFGTILDOLERD
EEEWRT D,

F7o, EXBELINOAT o REAMK X %
AW EFZEOBE LERH 722 Lid, K
WFFEDNIEBER 720 T < IS I b EE
LOTHDHZ EEERT D,

At DY
At BIZET A AOEERE T fhis
DI, AT v REER X R e~ DR

® G Venugopal,

I FREDIR G- AR AR T TH D, BlE, f{
REDIEZ, 20L& ) MO HELZ AT S
FRT U RXBO TR A TS L 25
THY., PHHRFERT —F2H TN D,

5. FreRFEimLE
(BFFEANEEE . BFSE0 38 I ONEHERF 7R & 1
EEN)

UdERsamsC) (G 814F)

@ K.-S. Kim, G.-H. Park, H. Fukidome, S.
Takashi, |. Takushi, K. Fumio, |. Matsuda,
M. Suemitsu, A table-top formation of
bilayer quasi-free-standing epitaxial
graphene on SiC(0001) by microwave
annealing in air, Carbon, #:#¢ 4 . Vol. 130,
2018, pp. 792-798. https://doi.org/10.1016/
j.carbon.2018.01.074

@ K.-S. Kim, G-H. Park, H. Fukidome, T.
Suemitsu, T. Otsuji, W.-J. Cho, M. Suemitsu,
Solution-Based Formation of High-Quality
Gate Dielectrics on Epitaxial Graphene by
Microwave-Assisted Annealing, Japanese
Journal of Applied Physics., & #i4 . Vol. 56,
No. 6S1,2017, pp. 06GF09-1-06GF09-5,
https://doi.org/10.7567/JJAP.56.06 GGF09

@ T. Someya, H. Fukidome, H. Watanabe, T.
Yamamoto, M. Okada, H. Suzuki, Y.
Ogawa, T. limori, N. Ishii, T. Kanai, K.
Tashima, B. Feng, S. Yamamoto, J. Itatani,
F. Komori, K. Okazaki, S. Shin, and I.
Matsuda . Suppression of Supercollision
Carrier Cooling in High Mobility Graphene
on SiC(000-1), Physical Review B, ##t
A, Vol. 95, 2017, pp. 165303-1-165303-7,
https://
doi.org/10.1103/PhysRevB.95.165303

@ G. Venugopal, G.-H. Park, M. Suemitsu and

H. Fukidome, Fabrication of Multi-Layer
Bi,Se; Devices and Observation of
Anomalous Electrical Transport Behaviors,
Materials  Science in  Semiconductor
Processing, ##cfA. Vol. 68, 2017, pp.
128-132 https://doi.org/10.1016/j.mssp.
2017.06.010

® M. Hasegawa, K. Tashima, M. Kotsugi, T.

Ohkochi, M. Suemitsu, and H. Fukidome,

Inhomogeneous Longitudinal Distribution
of Ni Atoms on Graphene Induced by
Layer-Dependent- Internal Diffusion, ZF&t
4. Applied Physics Letters, # @i/ . Vol.
109, No. 11, 2016, pp. 111604-1-111604-5,
https://doi.org/10.1063/1.4962840

M. Suemitsu and H.
Fukidome, Observation of Insulating and
Metallic-Type Behavior in Bi,Ses Transistor



https://doi.org/10.1016/
http://iopscience.iop.org/article/10.7567/JJAP.56.06GF09/meta
http://iopscience.iop.org/article/10.7567/JJAP.56.06GF09/meta
http://iopscience.iop.org/article/10.7567/JJAP.56.06GF09/meta
https://doi/
https://doi.org/10.1016/j.mssp.2017.06.010
https://doi.org/10.1063/1.4962840

(=

)

at Room Temperature Nanosystems: Physics,
Chemistry, Matematics, ##i4. Vol. 7,
No. 3 . 2016 . pp. 565568 .
https://doi.org/10.17586/2220-
8054-2016-7-3-565-568

R. Suto, G. \enugopal. K. Tashima, N.
Nagamura, K. Horiba, M. Suemitsu, M.
Oshima, and H. Fukidome, Observation of
Nanoscopic Charge-Transfer Region at
Metal/MoS; Interface, Materials Research
Express, Z#ifr. Wol. 3, No. 7. 2016,
pp. 075004-1-075004-5 . http://do.org/10.
1088/2053-1591/3/7/075004

WA — | IR O A I &
T NA ARV 2 B < RO B RO D A
Z v FERMGOG, A, A

Vol. 36, No. 3, 2015, pp. 303-308.
https://doi.org/10.1380/jsssj.36.303

2R GE 14140)

KB — . AT > REAf X B 6ic &
D ZWRILE T RE LT A ADOEVEH
WOEENFEYN, HABEMEIYS (20
LB ). o RV AR gERT (B
IR T7) . 2017.11.17.

H. Fukidome, K. Omika, Y. Tateno, T.
Kouchi, T. Komatani, N. Nagamura, S.
Konno, Y. Takahashi, M. Kotsugi, K.
Horiba, M. Suemitsu, M. Oshima .
Quantification of Surface Electron
Trapping of GaN Transistors by Using
Operando Soft X-ray Photoelectron

Nanospectroscopy . ISSS-8 | Epocal
Tsukuba (Tsukuba, Tbaraki)
2017. 10. 26

R — . AT v FEY 2 iz
BT T 72 s NI UUAXDRIE,
SPring-8 i 7 /N A ARFGEL. dh)ll AP
(AR &L)1IX) . 2017.3.21.

W — “IRGEEFRDOA LT R
WO, BT 2 MR g . B ERR}
RF CREREARX) . 2017.3.2.

AT — . ZIRGLE R T A ADF
7 v RBAM X #de, <X TIA 2807
(=g P = IZE 7/ NN e o %= s 15
TR TR (RIS < 1E7f) | 2017.1.30.
R — . AT o FEAY 2 vz
TWRITTETRT N ADRAF, # 36 [A]
FmFHFERHAS, 4 HRERESEYS
(B4 E ) . 2016.11.29.

WA — . LR T EREIXE X S0
M. kIarrrL A, WHEE (F
FRIRHE AT . 2016.11.25.

KA — | 42T o REEfR X #5506 %
W IRIEERE b P22 DB,
B - FMra. BTRY CGE TR

). 2016.9.13.

H. Fukidome, Operando Spectromicroscopy
on Graphene Transistors, Global Graphene
Forum, Stockholm (Sweden), 2016.8.22.
W~ /T 7 = EEME N T Y
AL DT v RESS G, SPring-8 ik
BHES v o XTI R O
JFACERTT) . 2016.6.7.

RREH— . AT FERIS G2 Tz
B IR DT o "I K D kw7
A ABAZE, BALSARTIERT U s U
—7 v a v 7 [ZEHPEEE O i &
WERERRE) . P ZU— GUEETREX),
2016.2.16.

H. Fukidome, Operando Nanospectroscopy
to Designate High-Performance Graphene
Transistors, HA MRS 4, R Bk
FLR Rl (PRSI LRI TT) . 2015.12.8.
W — . @EL QDT /3 ADE TR
REDWR HEDBRH & FPITEES < ik
TCEART 7 ADIIGE, Wk 27 FFEAHE
RSB B, FASCSREE
(=sdRlari) . 2015.11.27.

H. Fukidome . Operando Analysis of
Field-Effect of Graphene Transistors .
Conference on Energy, Materials and
Nanomaterials (EMN) Phuket 2015, Phuket
(Thailand), 2015.5.1.

(XEF) GF o)

(72 PERE)

O ifgiRdL Gt

@

@

®

1 21F)
ZF R E
AR AVCE A - IREE T — - R B AR -

fif] FE B
MERIE - ARSI - RAERF
TS« H5RT

&5 . 2016-242417
HFES#E A B : 2016.12.14

EWsoR] . BN
G T T T2 RT U URAZB LT
Dk

HIE KL EA - R — - FE B ZRED -
fi] FH A,

MR - EAERTE - JIL KRS
FEXE : BFEF

%5« KiFE 2016-234207

HFESEH B : 2016.12.1
EWNS DR [EHN

LT SIC RS X OV o B TEE OY
(R LG

FAE AL EA - R - B 2R -
fi] FH B H,

MR (EAERTE - mib Kk



https://doi.org/10.17586/2220-
https://doi.org/10.1380/jsssj.36.303

FE¥E @ HFEF

%5 FrlE 2016-217291

544 H B : 2016.11.7

ERNAOR] . BN

ZFR : SIC RIS & OV o B AR OY
|2 R AR 1

T A EA - R — - Ri#gLsE -
fEiE S i)

MR - (EAER T - ALK

FEXE : B

%5 KFRE 2016-172296

HFEAE A B 2016.9.2

ENS DRI [EHN

B T T T2 T UV RAABIOE
D R

FEE  ALEA - R - Bi#ILSE -
P ARG

MR - (EKESRTE - JIbKF

FEEE : RFeF

&5 : ¥FRE 2016-141610

HFESEH B : 2016.7.19

ERNA DR EN

Y4B FEREIR

TR L A S - B ARAE - AL EAT -

R —
MERIE - EACESR T - AL R
TS« HFRT

%5 : FFlE 2016-083869

HFEAEA B ¢ 2016.4.19

ENS DRI [EHN

S4B FERE IR

SRR —AG S - REEPARAE - R EA -
R EE 1 —

MR - (EAERTE - Jib K

FEEE « BFeF

%5 ¥FlE 2016-083868

HFEAEA B ¢ 2016.4.19

ENSAOR] : [EHN

L EBARE T R OEEE

SO B ARE - AL E A - A -
F#LE

MR - (EKESKTE - ALK

FEEE « BFeF

F5 : H5FE 2016-036124

HIFEAEH B 2016.2.26

ENSA ORI EHN

B B R T R OEEE

T AR ARG - AL E AT - R -
FEILE

MR - (EAERTE - Jib Rk

FEEA « HFEF

%5 : H5d 2016-036123

HFEAE A B ¢ 2016.2.26

ERNs DR EHN

B BB R OREE

A EEEP AR - A EA - A — -

Rei#5LE
MR - EARERTE - JAbKF
TEEH - RFET
F5 : HFFE 2016-036122
HiRESEH B : 2016.2.26
ENA DR [EN

@ 4%k : Layered body and electronic element
F BA % . Fuminori Mitsuhashi - Takashi
Ishizuka - Masaki Ueno - Yoshihiro

Tsukuda + Yasunori Tateno, <+ Maki
Suemitsu + Hirokazu Fukidome + Hiroyuki
Nagasawa

MEF 4 : Sumitomo Electric Industries -
Tohoku University
FHEH - RFEF
#5 : US15/343,679
HFE4EH A : 2015.11.6
EWsoR] . FEik
@ 4% EErBsLOETFRET
FIE  SAES - HEEE] - HEGL -
IR - L EA - R — - REEL
3=
MR - (ERERLE - JIbRT
TR - BT
%5 . RFlE 2015-218773
HFEA-H B : 2015.11.6
EWNSADRH] . EWN

ORI Gt 0ff)

(F Dfth]
MIERAR — L_X—
http://www. suemitsu. riec. tohoku. ac. jp/1i
ndex. html

6. WFFERHRK

(1) Wrgefks
ey fE— (FUKIDOME, Hirokazu)
WAL KRS - EROBEMIIET - HEHE=
e E R 10342841

(2) W ge sy i
KN EAT (SUEMITSU, Maki)
WAL KRS - EXGREMTCAT - 2%
WgeE A 00134057


http://www.suemitsu.riec.tohoku.ac.jp/index.html
http://www.suemitsu.riec.tohoku.ac.jp/index.html

