REIRLSF—MHICETSIEFRE I2L—Ya Y

REREE
REH B PE - MHEBAREE
]

RR M, LiE R BE OF-. BHE BXY.
“1ME - MR

Hoh Z8#4, K% R

MEKRIEIEDFREEHOLN TS ZBRIERFDHLEEHIFICH L THEREAENSERXRS Z LIEZ 0, K
FEBETIE, BBHEFTNAAMBELTHEINTVWE TS T VDERFZEND—DTH S SiC DEDERE
ICBVWTEBBMLRELGLIKENE, R, BRESHICAVOWAZERERE AL s OMEERICEALT
EF-REESFREAEFELZAVTHERNE, 572220 TlE, Ny T7—LA4v¥— (BL) T® H: HFIZ
IRLF—[ERRGLICHEERETSIC L. BRLE-HREFEIFEBIIRECLERTSIZLERVE L, £l &
HMHERFEEDELD2DODRDVIaL—avhb, REHEFHREOERSNEREIIKET SAHEEER N
Lz, ERERELOSMELOREMFAICOVTIE. AMERETORIKRELOSHMEOMOBEERN
KOFEBIZE >THEEICHEOHOATWVWDEWSHERENE LN, RILKRETAESHMEREIHEIES L TaEM
WEEZE L ETIEIMEEMERINTVEN., ThEFRECELIBEREY Tz, SBROFELIHME

AFENBECHTHD, SEBFLNERREISEDTF 7 UHR. BHEMHARICERICHERATHIEER

¥ (3

*—0—F: U571y, RIEBR. kK. GRERE. AmE. FRERE

1. AROEHK -

HIKEBEAS O TA LUV, ZOELRERME &
EHNTLSZBIERFOHEZHFICH L THESR
EMEMSHESZ EIFTZ0, FIZIE, KEEhEED
BRI RILEF—FA®, 57z 05 EQRIRFER
FTINA R, BREEM, VUFILZREMGEIZLDET
FILF—BEH LR EICE>TILRBREOFMAZD LD %
BT 2750, HAN KL— M MEEEFA L2
{LIRFRBERMGEENEZ DN TS, Th oDl
DOEBICITEMMFAORMA T/ 372 EDFIR
HHORK - BN FEICEBLMBEZLHHTWNS, £
CT. AMERZFETIE. BERFULETROOITMEH
HHEEARLBFOMAREHET . BENBEHEICE
DWW E—REBEETFIREE 0SS5 L PHASEO OF
R -BREEDHD LRI, AIRIILE—BFT/\( AH#
HELTHEFSATWEIS Tz o0, BitiHeE LT
HAENED SN TWSERERE (744 /) OHR
#11o1=,

2. HHEFE

PHASE/0 [4] &, RRARFEREEBMAER. RUY
B HEHAREES DL LG TRRShTE, BE
SURARIEER (DFT) IZEDWV#RT VO v ILEIZEL S
TEHEREENDE—RENFHHEEOTOISLTH
%, COFEATCEEFREEFHET S M5, BFME
EEOUN - BESHELNERICRER CETEHEST-
O, SEDO LS HESOEMMRZ (E2RIE) DHZHE
HUBRELIAL—2a T BRITXBEAEFETH
%, PHASE/O [EARY RILEE, HFEENS . F:
MathKeisan 5 EDS A4 TS5 ) ZIEBIZHEIZFIALT

WA=k S 2 L—4 (BS) IZH 1T HETIHEEENIE
BIZEW, SEY I A L—Y 3 v ETERICBLTIE,
64 / — RiFITE—5 1HBELLEY 25% (#9 4TFLOPS) %
ERLTWS,

3. 557 DM%E

JZ57zUERE (C) BENMNZHLEEEZE D&
SICFEMIHESLE. BF 1 BOOESZED 2 KT
HEMETH D, thiE & HE L THREVIZE LVSEIE
BEDHELEFHEENIS. FENEE - EBNEF
TINARE L THFSNEEERITHEAMICHELE
HoNTLNDS,

557z vOEBSRIZOWTIX. ST 74 kD
FEEE(1]. B LTOIEESMEBE (CVD) E[2]. SiC
EIROBN LB R ENMBESAHELAEH SR TL
%, M TH SiC BNEEIL, SiC & LS FE8RER E
IS5z v EEERHESZENLEREINGEA
MRS TULVS,

SiC LI Enf-CRFE (COBEN\vI7—L
Ax— (BL) &FESR) R 1 1TRY & 3 5 (6V3x6\3)E
HOEE LITTIRo3 #EET D) ERETEHIEN
MBNTULD, BL [FERIFMICIET ST 2 ERIFRIC
CEFA 2 RTHIHEA LN hLigEZED, L
L. TEIZH S SiC ERFKETH S Si RTFOREEF

(dangling bond, DB) & HEHEELHLTHEY. ¥
TTUDESHHER 2 REETIER (BN =&
ELTWS, BFBENICET S 7TV EIFRECEY
YU, £TO C BFHN sp? iBBEEEFH O>HITTIFEL.
SICEMREFEET S CIRERFIEsp  BRENELE>TH Y.



Annual Report of the Earth Simulator April 2018 - March 2019

BULBBEORTHET 4 I vy a—riBmshi
W EAHBN TV,

1 BLO6V3 i /NEWERIEsp BRENEZE EHEIR S RF
EEEELTVB CREF REVWFNIEp* BEBEEEXF D CRF T,
HELTLSEIED C RFEDHEIC n EEEF TS, BElE
SiC EH4RD C [FBF, FRAIE SiC EARD Si [RF T, KEVAIEDB A
HHHLD, INSVHIEBL D CREFEHFLALTLDEDTHS,

ZDESIZ SiIC ERISGEIFEELT 70045
#%o=BLEM, kKEAR (H) BEAKFTT7=—/
F5HE. BL & SiC EROFEEIUBISN, 5Tz
DHEFRETLIZENMMONTNDS, D EIE K
% () EFHBL FITRAL. SiC RED Si [FRF L4
BTBHEICKYRBI2TLSEREBRENATLNS, L
L%EA 5 H FEFDORABREICOVWTIERESRHLZ AN
2L ZDBEOCERNRELS ST VDEREIY
FA—ILTBIZIZEETHD, CNETIC o HFOfE
BIREE2. H [FF0D BL LOHLENETE. BL OAER
D H FEFEBiEFE. Stone-Wales RFFDERMEUZF ZH
50 Ho BAZEFNT H FFHIEEEED BL/SIC FE
ISBATDAREEMNIFEAELW I EEZRH L, AES
NTVWEWKELBAONFET SAEEEZIREL .
SEEILBL & SiC DFRENMRAZOD H R FOHLERIZD
nWTov3salb—vavlt.

F9. BLSIC REIC R A FEEWNT. TOREMIC
DWTEHRI=ECA, R R OFIEETHREELTHE
] SiC O Si RFEEEEMRRT 5 L VS HEKRENE
bNtz, TD=®H. Ho BFIEREICFEELZELD, &
LLFEREREND =& LTHIESICHEE L 0T
WbDEEZLND, COZELD, RED H FEFD
PR DOWTIE Ho D FELTHET A 2 &<, 2
DOEMR Si Y MIEERRE L&, Si BFRZERY
EVT LTI 2EDEEZ NS, TDIED/\)
FIZDOWTEELZEZ A, $912eV THHTze hE
H, HRABHESFO7 ——/LREETORY EV IR
BEITLHE, 10 ELD, HEFOILRKIZIESICE
CYUDFTNT EATEEND,

LEROHE ) 7OFMEICILEEOHE (T FOE
—38) (FEY ANTULVEWL, 22T, BEEZEELT:
HEFHEENDS I 2 L—Y 3 v%{Tof-, CZTIEEE
DR 2 BEDHEEIT o=, —DIF 6\3 #EIC H,
NFEIBEBEL-IDTHS, thAlL4BTHS, HE

FOEKIZT B EMEIL 18, BEIELR &5, D
= MeJUICIFZERRE Si [RFH 36 Hbd. FDI=H.
HRFHEBERTERIEENTN 12, 209 L1325,

2 SiCUS Iz URAICEITEKEFR H) RFOBHBRE L
& 18 D HEF O ED H,57F) TREICELV-ED, TERIE
S EHD HEF @ @D H,5F) ZREITEL RO MD 5HEOHER
THb, A LBEKBORTIILKEFESF H) & LTHRAIC
HozLDOHBPELIZEDTHD. LETIE—DDHEFIZDOLT,
3600MD AT 7 (FRIE 1100MD RF v ) M55 40MD RTFY
78 (FRITIE 12MD X7 78) 1291 BADEkERT LTS,

X2 I<#EREHET . LRIEHRFOREBEEED 12
DiHE. TEIE20 DHEETHDH, LETIE, TORE
YA S ELHINTLVAEL EBPEF->TWWSED
) YEOHRFIHZIEOD, £<DOHREFIEKE
CHIWTWWSHFLARTEND EHBDEIL TS ES
%), HIZELEOHBRFRZDWLNTIX, TOREENE
MOMSEWNEEIZLSDED Si o FEBEILTL
%, TRITIKZFEAED H BFIZDONTEHIAESLT
BY L TWVENWI ENRTEN S, HE—DHIS A,
EIfFEROZALED H [RFT, TAEFIEEAIZ 1
YA FRDBILNTULNz, COBEFM S, HEFOIREIEER
mH FEFEEICKELTHY. BRENSLMGEIZTE
. BULSEICIGEVTTREEN B S, BEF 55500
—DNEBROFHLMNY & LT, BL OEFSOBREZEILIC
DWVTHT B, 1 I1Z5RY BL F SiC HiRRE & LA
BELOTVS, —MRICHERKEILTRV-OIERICKE
THAIN.HRFSEKTIOT7——) VI BEELLS
ENZYESNTWS, 3 ICHEFN ISEDIHZGAET
?. BL OFEDREMEILETT,

-21-2



3 18EOHRFHIRAHIIEENOMD HENRFv T ay
b (900MD XFy 78), 757 UHKE ELLTLDHFHN
Rohd,

RIZR5NAESIZBLIFFEEICKES LTICESNT
WBHBFAR NS, HIZ IERDAFDEEELERS
&. 1 aYBIEBL ARV TEBAZWNTWWS Z EhD
Mo, BRENZENTNS LS ZEFERERED Si R
FMABL EESLTWVEWL (FUF 1) IRy FAEH
LTW3) &S 2ETHY . HEFHIBET L LH
AEETHDI L EEHEKT D, D& D LREFHFICE H
BEFHIEZ 0T VDTIEELNEEZONDS, —H., B
BAEET A&, 3 avH, 4 avBICRADESICK
B LINE L2 TWVS, D& S KR TIEERE
E®D Si BFIEBL LB H-TEY. A5 ) Ry
ROVEELY, DFEY . HEFIERL TOL KA LNES
ZbNd, COLDHEMHICE H EFOILEHNG
SNBOTIHBEVNEEZ Db, ZOEZEREKE
ISEAT 5. HRFEENSULMESIZIX, JtABL & SiC
HIRRE & DEEHEADENDIE =6, BL DLTD
BoENBIYPTINEEZOND, TOREIT H IR
FOEEPT VEEENFET SDOTEELNEEZ
oMb, —AH. HREFEEMNMELMESIZIEBL & SiC &
RERE & DEEFHEENZ V=5, BL DLETDRESEMN
FBIYIZTKLDTIERELWANEEZOND, TD=OHIZH
FEFOIEAMZ SN TWNBDTIHELWNEEZ bR
%, EEE BB 2/9) O MD BfEAE V=85, S,
COMD HiZERE (HEE 12) LREEICTSHC
&5, BL D5 YDERZEHIBEILT S LT, IS
FRTIKFETHS,

4. BRHEEMAMHOBRR

BMHEEMORKIZEWNT, Oy H) OBEE (Pt
STAX /7 (+K) REIZBITABEE - RISHTE
HMEREIC K ELREEEFRIZT-OERIHANICHE

- Earth Simulator Proposed Research Project -

NEDHLNTNS, TNODOMHEIZIEEITRBERT S
DI ZDREEETH LD, TNIZOVTHHH>TLVDS
CEFDEL, ShlE, TAF/ T +HKIZEHNT Pt
EREZRFLANILTHET S EMNERECH L L
ZEIZEALTEY. WL OADREEH DI EDDEL
PO TNVEWN, AR TIET A4/ T LALDEA L
S TWBDRILRE (-SOsH) & Pt & DHEERIZD
WTEART=, CCTRRIVARELFEE LTS REFERE
& LTIECR: AWV, REBEIZTOVTIERIEKERS
EZZoNDHH.F & HOESEEEOREMEVLARIL
REDBECEEXRIFT -6, T TIFEBNIZED
RAubohdovERR F) #HRAL,

0.15
0.1 - i
>
L 005 T
Eﬁ \\
L
5 i \
L
= it
-0.05
-0.1
3 3.5 4 4.5
S atom height from Pt surface (A)
B4 RLAEPREIOES#EBRAIRILY— BEORAEPR

REDPREFIEL Lz, R CTEYEBS (mean free force) &
HEL., TOENE L THHEIRILY—%HE L/,

4 [2RJLIREE Pt REEDIE# E BRI RILT—
DERETT . ThENDEIZE T 5EEIC DOV TIER
5127 Y, TNEN, MD HD—aAYDHDRF v T
3y hEEE Lz, RILREE Pt EDORERIIKDEE
[SHELCTRELEDLD, TD=0. KOEBEIZDLTIE
ZSHOMETHER S BENH S, 2Tl Sprik 51
KO TRESNE=FEERLB[5]. COHETIIREE
EEEE L TERSEEZICEWTEE—ED MD it&
17U\, TOHE TS E L TEME L - EFHBE/R N E RIS
EEIZRA>TEANTHIETHRIRILE—ETD. R
ISEERZE LTIE, RILREIZEENS S [RFD Pt KA
NoDESIEFAL, BEL LTIEERE LT 300K
AW, B RGEZIZFH UV T 3400MD R Ty TDEHE
17UV, TRAID 400MD R T v FIZ D TIEFE L EFE
ERGE L TEHEHNDEEICIEEDHEIN o220, &
RISEAZIZHE LTI 3000MD R Ty FD#FEt £ALV =
CEIZH D, RIIVRETKPTIEERL T-SOsr& HT A
KEFEE LI OIZHB I EMFLENTND, B5 D
BRAF v T3y FTIEL CFHSOsr & H:OW BN TN
CEMLLoMNYEEBBLTWS I &M DD D,

-21-3



Annual Report of the Earth Simulator April 2018 - March 2019

h=4.068 A h=4268 A

h=4.468 A

h=4.668 A h=4.868 A

Bs5 RIKVEOEE P NOOEIBOMD 2aL—3vORFyFvavh RAA-DOFE () ($K 4 O
1LY %, FKITEER O) FF. BIkE @ FEF. BFAE P BF. EVIEHE ) BF. KEEREFE O BEF.
BERFI VR F) BRFERT. EXFTvTL a3y bHODLREVFATRL TS O [FH0'EHESTLVS,

41ZRT & SI2, RILAREIL Pt RAISEDL ET
RIF—MICEL D, DFY. RILKREE Pt REDH
SENTUWKHERIZH B, KO NE FITIFRLAREE
Pt REDEIZILIEE IRV AN HBD T, KDEFEIS
KO TENDTFEOONBSFEITTHL, ERMICHER LT
Wb EWSHERICHE Tz, LML, ZORAITIEFEIZEH
O BLEL 005V BBEEH TS, COFEEA
W=EtEE LTIE MD X7y THAZ < BEULGEICIE
ZTLETOREITHFLERGENEEZ NS, HE
YERMIEREIZHEL. EVWSHERICESEEZ LN, F
f=e KOZIaL—2 3 TIIKFHRILREN Pt 5T
[CHFENTWSEHERSFHEZAVTLSH.PLRT
TE#RATEML1=-SOs & H:0DMBEMERALTLES
TWWBATHEEDA H Y . RROHEE/EAIZAE > TLVELVA]
A H B, Pt RS TN LIE-HERZERT 571=6
2. KO LBIORE Pt RS TOTRIOREIZHELY)
B A, TIICAMERIEEE (Effective Screening
Medium) [6]Z@ M L CREGHRETEEDHT=LY, hFE
TRILKREL Pt REAICHES L TMIEEEEEGES &&
ZBNTERLDN, TNLICRTBHEREL o1, FHEIC
KEAWEDELDBERELICSEDERMBRITIZLE
FLI=LY,

5. FEDH
F-REHEFEZAVTI I 7 U RUEHKER
B +Pt i RE & OEEERICOVTHAN . Fon iz

BRESROINODOMHBOHERICERICIKESHFE
THEN RSN D,

3R

[1] K. S. Novoselov, A. K. Geim, S. V. Morozov, D.
Jiang, Y. Zhang, S. V. Dubonos, 1. V. Grigorieva
and A. A. Firsov, “Electric Field Effect in
Atomically Thin Carbon Films”, Science 306,
pp-666-669 (2004).

[2] T. Aizawa, R. Souda, S. Otani, Y. Ishizawa, and C.
Oshima, “Anomalous bond of monolayer graphite
on transition-metal carbide surfaces”, Phys. Rev.
Lett. 64, pp.768-771 (1990).

[3] M. Kusunoki, T. Suzuki, T. Hirayama, N. Shibata,
and K. Kaneko, “A formation mechanism of carbon
nanotube films on SiC(0001)”, Appl. Phys. Lett. 77,
pp-531-533 (2000).

[4] https://azuma.nims.go.jp/

[51 M. Sprik and G. Ciccotti, "Free energy from
constrained molecular dynamics", J. of Chemical
Physics 109, pp.7737-7744 (1998).

[6] M. Otani and O. Sugino, “First-principles
calculations of charged surfaces and interfaces: A
plane-wave nonrepeated slab approach”, Physical
Review B 73, 115407 (2006).

-21-4



- Earth Simulator Proposed Research Project -

First-Principles Calculations for Energy Materials

Project Representative
Takahisa Ohno National Institute for Materials Science

Authors

Jun Nara®™!, Takahiro Yamasaki®!, Junichiro Koga*!, Nobuo Tajima®!, Yoshinori
Tanaka®!, and Takahisa Ohno™!

*1 National Institute for Materials Science

We investigated the interaction between hydrogen atoms and graphene buffer layer (BL) grown on SiC substrate by using
first-principles calculations. We found that H molecules put in a BL/SiC interface are spontaneously dissociated and adsorb
at Si dangling bonds of SiC surface with no energy barrier. For H-atom diffusion in a BL/SiC interface, we found that the
activation energy is only 1.2 eV, meaning that H atoms diffuse in BL/SiC interface quite quickly. We also performed
a molecular dynamics simulation at a temperature of 1500 K for two systems with different H coverage and found that
H atoms diffusivity may depend on a H coverage i.e. H atoms diffuse faster on higher H coverage system than those on

lower H coverage system.
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1. Purpose

To stop the global warming, the decrease of the amount of
carbon dioxide in atmosphere is one of the urgent issues. For
it, materials science can play roles through the development of
new materials such as solar battery, fuel cell, and low energy
device systems. Graphene, which is made of only carbon (C)
atoms and has a two-dimensional honeycomb structure, is
known to have characteristic physical properties, such as high
electron mobility, and then expected as low energy electron
device materials. So far, several fabrication methods have
been proposed, such as the graphite-peeling method [1], the
chemical vapor deposition method [2], and the SiC thermal
decomposition method [3]. Especially, the SiC thermal
decomposition method is expected to fabricate high-quality
graphene, and then has been intensively studied. The C-atom
layer grown on a SiC substrate is not graphene but so-called
buffer layer (BL), which has similar honeycomb structure to
graphene but does not have the graphene’s characteristic
electronic structures due to the lack of the Dirac cone in
momentum space. To utilize BL grown on a SiC substrate as
graphene, it is necessary to anneal it under hydrogen (H)
ambient to intercalate H atoms between BL and SiC substrate
to break the covalent bond between C atoms of BL and Si
atoms of SiC surface. However, the lack of knowledge on the
intercalation mechanism make it difficult to control this
process to obtain high quality graphene. In this study, we
investigated the interaction between H atoms and BL grown
on SiC substrate by using first-principles density functional

calculations.

2. Calculation method

PHASE/0 is an electronic structure calculation program,
which has been developed by Institute of Industrial Science
(IIS), the University of Tokyo, and National Institute for
Materials Science (NIMS) [4]. This program is based on the
density functional theory and the pseudopotential scheme.
This code can calculate electronic structure and then describe
the bonding state between atoms quite well. This is important
for molecular dynamics simulations on complicated systems
such as the graphene growth studied in this work. PHASE/O
exhibited the performance of 4TFLOPS with 64 nodes of the
Earth Simulator (ES), which corresponds to 25% of the peak
performance.

3. Results and discussions

We already obtained the result that H> molecules
dissociatively adsorb on BL with a small energy barrier but
cannot penetrate the interface through BL because of a quite
large activation energy. This suggests that H atoms intercalate
into a BL/SiC interface through unknown large defects. It is
difficult to know the H: penetration path and then we
investigate how H atoms spread widely in a BL/SiC interface
after the penetration. H> molecule put in a BL/SiC interface
spontaneously dissociated and H atoms separately adsorbed
on Si dangling bonds of SiC substrate in all four cases studied
here. The activation energy for the H diffusion is estimated to
be about 1.2 eV, which means that H atoms diffuse easily at
the H annealing temperature. Then, to investigate how H
atoms spread in a BL/SiC interface, we performed the
constant temperature molecular dynamics simulation. We set
the temperature at 1500K, which is slightly higher than the
experimental annealing one, to accelerate the H diffusion. We
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prepare two systems with different H coverage. The first one
contains eighteen H atoms in a 6V3x673 unitcell denoted by
the black line shown in Fig. 1. In the unitcell, there are 36
substrate Si atoms and then its coverage corresponds to 1/2.
The other contains eight H atoms, whose coverage is 2/9. The
H atom diffusion trajectories are shown in Fig. 1. The upper
(lower) panel is for the higher (lower) H coverage case. The
MD simulation period is about three and one picoseconds for
the former and the latter cases, respectively. H atoms denoted
by dark red and light blue balls were put in the figure every 40
(12) femtoseconds for the higher (lower) H coverage case to
show the H-atom trajectories. This means that 91 balls were
drawn for each H atom. If 91 balls scatter in a wide area, the
corresponding H atom widely diffuse on a SiC surface like H
atoms around the upper right of the upper panel. If 91 balls
gather at one place like many of H atoms shown in the lower
panel, the corresponding H atom does not diffuse but stay at
one Si site. In case of higher H coverage, many of H atoms
diffuse widely, while some of H atoms do not diffuse but stay
their original positions, as shown in the upper panel. On the
other hand, in case of lower H coverage, most of H atoms stay
at its original positions, except for one H atom shown in the
middle right, as shown in the lower panel. These results imply
that H atoms diffusivity depends on the H coverage.

Fig. 1 H atom trajectory for the high H coverage system (upper panel)
and the low H coverage one (lower panel). Pairs of a dark red and a
light blue balls means the decomposed H molecules.

We discuss why H atom diffusivity depends on H atom
coverage. As shown in Fig. 2, BL swings up and down. If a

part of BL goes down, which means that there is not a room
for H atom to diffuse, H atoms diffusion would be suppressed.
If a part of BL goes up, H atom can easily diffuse because of
the emersion of Si dangling bonds. The system with high H
coverage has a smaller number of covalent bonds with SiC
substrate, which means that BL can swing up and down more
easily. This may be the mechanism of faster H atoms diffusion
in the high H coverage system than in the low H coverage
one.

Fig.2 Time evolution of the system with high H coverage. Blue, green,
red and black balls denote C atoms in BL, C atoms in SiC, Si, and

H atoms, respectively.

4. Summary

We investigated the interaction between H atoms and BL
grown on SiC substrate by using first-principles density
functional calculations. We found H atoms diffuse faster in
higher H coverage system than those in lower H coverage
system
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