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model (nxn) (mxm) a (nm) £ (%) 0 (deg.) ¢ (deg) Eu(meV/A%)  Ah(A)
A V4848 V6161 2.748 -0.775 30 3.671 19.73 0.75
B 7x7 V63x63 2.793 -0.196 21.787 2.680 20.41 0.82
C 7x7 88 2815 0 0 20.49 0.86
D 7x7 88 2815 21.787 21.787 17.90 0.04
E V5252 6767 2.880 -0.089 13.898 1.682 20.50 0.84
F V57xV57 73373 3.007 -0.391 6.857 0.769 20.44 0.86
G V61xV61 795379 3.128 0.167 26.330 9.333 19.17 0.28
H 8x8 9x9 3.167 -0.979 0 0 19.74 0.86

#1 MoTe HUENEAN GaAs(111)B _LIZEER LI-EE T /L OMHEE

KR L2 17T DFTAD ) b I A~w v F

D 1%LL T, BN 2.50m~3.3nm O HDIZOWTHEHFR L T\ 5, 6D A-H IXTET V4 TH D, (nxn), (mxm)
XN GaAs(111)B, MoTex {2 DWW THAFEMTH H(Ix1)DXT DR E S &7 T, AITBKT (E7 LER) ©
B TH D, 0FTT LEAEOAE, olf MoTer, GaAs(111)B OO HNLDFE (VA A M) T b, Ead 1THNLHEFE
H72 0 OWFETFNF— Ah L MoTe2 D72 ADKE X TH D,

Tholcb@EIN TS (ET LI ET5), 22T
GaAs(111)B LIS L7z MoTe: HJBIZ DWW TR 2 725
NWEREE L TEOMAET IR — WSO R &%

~z,

2. HEFE

PHASE/O [5] 13, B KRR FERANIFFEHT, L OW'E -
MERHFZERE St & 7o TS SN T & 72, BEILE
HFEG (DFT) ICEDWIERT v v /WIEIC & 2w
REOE Ty T HHEO T 0 7T A ThDH, 20
FIETITBETFREZHET S Z LD, RSO
W7 - TG G722 EDRIEFITRE R S HEMR 272D, S0
X9 7B oMMz (LEIG) O & A HHE R
Ralb—arTAIIA 2 FETH S, PHASEO X
7 LR, IR E <. F7- MathKeisan 72 £ D
FAT 7V ERIFEITANFH L TODIDHERY I =
L—% (BES) (28T B FATHERRMNIERFITE,

V.75 AV A5/ TaVav. V5l a: &)
.Q%ﬁ%MWMHMWﬁMMﬁQMHQ. '
Q&WM%HMM&MWM@%A@MW&.
AWV A AV, VTRV U8 T4V, V- 95548,

AW ANV AY, %"
VAL EAN :

CCHR

K1 MoTe HiEMIA GaAs(11D)B EICHUE L-HE (5 1)

3. fEE - B

GaAs(111)B =® MoTe HJBIZ DWW TS F I A~ v F
DHEYKRELRNT DFFNEREE LR, BT
A~ v FORKE2FTIE MoTer DFEFTHE < JEHME,/{HE
INDZLICE S TR —UIARLEILIR D T M
BEBATREMIIEN S D & L TET MESD BTV,
#1217 DFETNVON, #TI ATy TN 1%ELTF T,
SRR 2.5nm~3.3nm D HDIZHONWTHED T, X 1 12
EFNAOHEETT, ZIUTETF L CRUF 2R LTV,
WX > _EEBIE MoTez T FHBAY GaAs(111)B MR Toh 2,
RI-BNKRELS B> TR, ZIUTET VNTD
MoTe: X, GaAs(111)B EMRD G NERIR D720 THY |
FEARGEIIRI U CTH S, M2 X, TNENDOTT ILVOWE
TRAF—%VA A MOBEKE LTy NLEHD
Thbd, VA AMPKEL 8D EWET L —D)
SLBRDMMNR DD Z LNy d, Elo, AT LIV A

& o.).:'fy‘
s h

ERETFIVC, ENETIVE ThHhD (F1BR),

DM, FREIEX & 7o T D, IR B i, R . BoIIENREN Te, Mo, Se, Ga, As, H/R
THEFT, BRiIa=y MeEAZERLTEY ., FrdifliXizg | Ao chHs (X z=208) ,

-20-2



CE
e
wLFBe |
Heg oA
¢
i 19- .o . B
-0 [ ]
Vi L ]
i D
v 18t C 4
VE
M agl 1
L ]
16 + B
L ]
15 b I L 1 1 L I
0 5 10 15 20 25 30

Twist angle (degrees)

X2 WEZRALF—DYA A MYKEE R
EERCEBIRIS T 3 DOFT VEEEICHY T 5, A-H
13E 1 OFF NV AH Th D,

A M THEREZINF—DORE BRDZET ARG D
ZEWMBINDIN, ENBITET I AT v T OENIZL -
THALEETHD, —IUNETIAT Y FO/NINET

ST —RREL Y, BFI ATy T DS
XVVET UL MoTe ENERE RS b Z Ltk =
AF—HUIARFNC 2 | WMAET RN — NS L2 D, #ilZ
ITETLVCEHITEDBLLLY A A NN N, BT
AT Y FRENTN 0.59%, -0.98% T D Z ENHEE
@ﬁﬁ%ﬁﬁﬁk%<Mﬂ@ﬁ@%ﬁﬁ%%ﬁ@?é:

WX VETRNFT =P/ NEL 2o TN D,

%1ni5 ETLCIIESNE (@) 232815nm, €7 L
DFE 0) N0, YAAM (p) N0 ELL-STE
V., EBRICBITHET L | T8N THEEZOND, £
7=, F7/VF1Xa=3.007nm, 0=6.857 &, ¢=0.769 J£T
HY, BETL284 TS, EF/VE 1T a=2.880nm TF
TL1EETL2OROMETHY, T L 3IZENSTD
EEZOND, TNHD 3 ODOFEFIVIK 2 THRFTR
LTW2, 20 3 DFA LN EEFT AL —DK
ERETATHDZ ENLFEREZ LHAL WD LE
bbb, —H, F1, K205, ETABIXZINL3 D

DT WL D2 WETRNFX—2 D2 LRG0 D,

LML, ZOETIIFEHET HET LIEERITFERR CIEA
DN TR, OOV THIEIXHSRZR A, >
AAN (o), ETLOME 0) BBHRL T Db L
nivy, ¢, BOKEETEZDHE, EF/LVC, F, E, BD
IEFTHRE 720 TN, BTV C, FRERET LI
T, B3, BBBEHISNTWRnEn s T ek,
HBEEDIEELRIC EEZAZ ENERS, 0z &
PO HNDOIH Te, 0D/NEWNHRWREFE TR F—&
IFRRLZHBTHRE R TVWD I ENBEZLND,

DO E LTI, RO B Tlde, 00/ FRT
FNAF—WIZHER TR INCT <, ZRBKRELTH
FoTWbHEWD Z EARDhbaiavy, =Rl fE
E LT, 7 VEEEOROEROIZER LTS

- Earth Simulator Proposed Research Project -

b LRV, @, 0DZENRKE W LR EERT 572D
TRNAF—NRREL ST LE I DT, M E Vg, 0DH
DEND L WS Zehont LitZe, T DEFRIZD
W IR EAR OB BBUROFETIET 7 e —F 7
HiSkZ2 W2, REET 272 BBI0T 7 a—FB0ETH
%o Bl KB H SmEdZeit B3 alie7e MD #HE %
WD HETH D, I CIIE— R O 5L % 2l
T—4& & LT MD SHEICHWARTHIART v LAk
A DL I CEDbILTE TS, 4% AlEE
THIUTE T2,

H1@Mﬁﬂ%ﬁé& MoTex BN FERITE:- 6 Tl
AT TIbA TS Z L3 0hnD, MoTe: D 7=
Aﬁkmk%é&LTMoﬁ%wzﬁrN%ﬁ_ﬁﬁ&ﬁ
M) OIRKIE &/ MEDZEZ SR | OFMIRT, £i2, %
DiEZEY A A My (¢) DR LT3 ITRLT, B
DAL E ST, VA A NN 0 ETlbAN—FEK
£, VAR MANNS L RBICON TURTHEFT/ NS
< (CEBI) 2o T ZEBDND, TOKRE S0 E
~wﬁifik%<wm¢é%®@\wg%ﬁzé&+
NS RFEEIC R D L O AfEm & r o T
%, MoTe: I, GaAs(lll)B TR OREES 30 EEEAT-
VA AR ONTIL (60 JF -¢) LIEFF UHEEIZ/R D
7oOIZ, 2DV A A MEEKFED 30 EA A 721413 45 &
FTIE 0TALUTTRIC L D ITHERB L, 45 A2 T 60
FEETHERELSELL, 60 ETIZ0ELRLL 08ALIE
DI=boAbied B2 D (2 ZITITHEHE L, Bl
DFRTIEZDZ L IIHERE A TH D), _IRILRWEDRE
MOBINET 7 T NI =NV AR ETH D, ZDb
A@k%éi T7 UFNAT— VAN L AW E TR

—CRE B E KT, 2RO RERFR (VA A B
ﬁ D/INST2R) T, MoTex lIRD FH D Te JF 1 &
GaAs(111)B EHE D Se JF1 & OFEEEN @R < /hEL 72

1 T T T T T

0.9 ,
F
“.d'o ® E
__ostf =i B 4
s ™ ® ®
\E" °, 0.8 =
2 A
E‘O 0.6 | L e
Ll
2] 0.7 o
g 0 2 4
= 04} 4
[
EIJ
)
: g
C 02 - ® _
[ ]
D
0 1 1 1 .I . 1 “
0 5 10 15 20 25 30

Twist angle (deg.)

X3 MoTe:[ D7=bADORE DY A A MR
WXL A4 A MAO/NS VR ZIERK L2 H DT
b D, FHTEBRCTHBR S IZE T LERRIZHEYS T
%, A-HI1ZFK 1 OFFT/VA-H THD,

-20-3



Annual Report of the Earth Simulator April 2021 - March 2022

[ Res!
[ Jes]
L@

Te
o
%

19+ 4

“

{meV/iAT)

18 1 4

ad
Ce

E

16 - 3

15 I ! I

(5]
e
(=]
—
[

Lattice mismatch (%6)

B4 PAETRNF—ORTI Ay FRFE R
FUTEBR T SN T-F 7 LEBEICHRYS 4 5, A-H 1
F1DOETINAHTHA,

=T, ImoBhD/NEIpH (VA A MIDKEVR) T
IE—5R8D Te-Se JE T HBEEE I/ NS < 2B L DD, FREEN K
XL o TLEIEATLE, FDIDICHIE TIIRE
TRNAF—PREL ALY | HBE TEHTEFZRLE =)
LB EEBEZBND,

X 4 1T E TR F— D1 X A~ THRTFEE R T,
BT IAZy FHR/NINEWEZRLF—DRKE R,
KBTI Ay FRRENEZOIEAITK S TWET I
F—=WNESL RDEEDRDH D, FRREOK I A~ v T
THRETRLE—IEORELLDITY A A MADE
WDEHTHD, 1, M2ITRLIEZE YA A NAD
INEVWRIZEWE TR NLF—=NREL D, —FH T, ®F
VG DEITKET I AT TN 01T%E/NEL THWHE
TRNAF =N RBHbHD, £ 1 0L, ETLVG
VA A MR 93 EHDZ RN TND EEZLN
%, K2, 4DOYA A ML IAY T EHDOETE
ZDE VAR NN ELT, KT I A~ v F OfEsHE
3 0.6% LA DR FEERIICHI 41D LW S fERIC -
TWb, ZOHMEIX GaAs(111)B LD MoTe: IEDHA T

K5 EF/NLCOHESIMEG  BKBTD3x3 DK
X XTERRLTND, ROVEEER CIXEREERE < .
ORI CIX B AME

ST, AT HOEFEE LV, LrL, Z<DRTIDL
S RBMENTEET DO TRV EEZ BND,
RICSIM#ay I 2l —yar iz, M5ICETLVC
DR STM %773, Z OBORR-I33CHN 4] % B < 81
LTW5, ZDESDELOEFIE MoTe: JBD LD Te
FAOEESEZ LKL TNDEZENE, ZORDET
LRI E IREEDOZ L &V D L 01X MoTe: EDT-H
ICEKLTWDZ EREZHND,

4, F£L®

GaAs(111)B _E® MoTe: HBIEIZ DWW CTHEEOET L%
HE L, O RAX—LEN, #EEIC OV TR
BEREINLBEEEE O T, EBRAICR 22> T5 3
DOET VOFFIORE E, WETZRALF—PREND
DDEBRINC LA TORNET NVDELENS, T
LomE, KUY A R MO/NSUWERIMBERIIZEND
AIREMEZHRT L2, ZOMEIZS %D TMDC %#7 /31 A
HEHIRELSFET D EEZBND,

B
AHFZEDO—ERIL, BhfRd TN b3 5 22 RRE R
TR CHERERIFE TPI004596 DB % % Tfi>7-, 2 Z CTH
W2 DOVERRICIE VESTA ¥ 7 b & L7=[6],

3R

[1] S. Masubuchi, M. Morimoto, S. Morikawa, M. Onodera, Y.
Asakawa, K. Watanabe, T. Taniguchi, and T. Machida,
“Autonomous robotic searching and assembly of two-
dimensional crystals to build van der Waals superlattices”,
Nat. Commun. 9, 1413 (2018).

[2] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi, E.

and P
superconductivity in magic-angle graphene superlattices”,
Nature 556, 43 (2018).

[3] M. Lao et al., “Precise control of the interlayer twist angle in
alarge scale MoSz homostructures”, Nature Comm. 11,2153
(2020).

[4] A. Ohtake, X. Yang, and J. Nara, “Structure and morphology
of 2H-MoTe: monolayer on GaAs(111)B grown by
molecular-beam epitaxy”, npj 2D materials and applications
6,35 (2022).

[S]1T. Yamasaki, A. Kuroda, T. Kato, J. Nara, J. Koga, T. Uda, K.
Minami, and T. Ohno, “Multi-axis decomposition of density

Kaxiras, Jarillo-Herrero,  “Unconventional

functional program for strong scaling up to 82,944 nodes on
the K computer: Compactly folded 3D-FFT communicators
in the 6D torus network”, Comp. Phys. Comm. 244,264-276
(2019).

[6] K. Momma and F. Izumi, “VESTA 3 for three-dimensional
visualization of crystal, volumetric and morphology data”, J.
Appl. Crystallogr. 44, 1272-1276 (2011).

-20-4



- Earth Simulator Proposed Research Project -

First-principles Study on MoTe, Monolayer on GaAs(111)B Substrate

Project Representative
Jun Nara

Authors

National Institute for Materials Science

Jun Nara, Tomoyuki Hamada, Takahiro Yamasaki, Junichiro Koga, and Takahisa Ohno

National Institute for Materials Science

We theoretically investigated the energetical stability of 2H-MoTe2 monolayer on GaAs(111)B substrate by the first-principles

density functional theory calculation. Our calculation shows that a structure model with a small lattice mismatch and a small

twist angle between MoTez and GaAs(111)B have a large adsorption energy, while that with a large mismatch and/or a large

twist angle have a small adsorption energy. We found that the three structure models with a larger adsorption energy correspond

to the experimentally observed three types of moiré patterns, based on the comparison of lattice size, twist angle, and rotation

angle. This knowledge must be useful for the design of TMDC-based electronic/optical devices.
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1. Introduction

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.

Transition metal dichalcogenides (TMDCs) have attracted
great attentions due to the wide variety of electronic and optical
properties. Two-dimensional (2D) materials, such as TMDCs
and well-known graphene, can be stacked flexibly due to the
weak inter-layer interaction mainly coming from the van der
Waals interactions. Stacked 2D materials has another flexibility
i.e., a twist between neighboring layers, which can also change
their materials properties. Materials engineering due to a twist
between neighboring layers in stacked 2D materials is called
“Twistronics” and the relevant research fields are growing larger
recently. Among TMDCs, XSz and XSez (X = transition metal)
are well studied, while Te group is not, because Te group has two
types of stable structures/phases (2H and 1T°), and it is difficult
to grow large scale films consisting of only one phase. Recently,
large size MoTe2 monolayer consisting of 2H phase was
experimentally fabricated on GaAs(111)B substrate [1]. It is
found that most of the surface is covered with two types of moiré
patterns, and another pattern appears in very small areas of the
surface. The former two have lattice sizes (@) of 2.8 nm and 3.0
nm and rotation angles of moiré pattern (6) of 0 and 7°. The last
one has 8= 14° and its lattice size is between the former two.
Here, we theoretically investigate the stability of 2H-MoTez
monolayer on GaAs(111)B substrate to see why the three moiré
patterns were observed in the experiments.

2. Calculation method
For the simulation, we employed the PHASE/0 code, 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)
[2]. This program is based on the density functional theory (DFT)
and the pseudopotential scheme. This code can calculate
electronic structures and then describe the bonding state between
atoms quite well. This is important for the simulations on
complicated systems such as stacked 2D materials studied in this
work. PHASE/0 has been tuned for parallel vector machines and
exhibits high performance on the Earth Simulator (ES).

3. Results and discussions

We totally studied seventeen structure models, and the results
for eight models among them, whose lattice mismatches (&) are
less than 1% and supercell sizes (a) are 2.5 nm ~ 3.3 nm, are
summarized in Table 1. The structure of the model C is shown in
Figure 1. For all the seventeen models, the adsorption energies

40 I %

Figure 1  Structure of MoTe2/GaAs(111)B supercell (C in
Table I). Red, grey, yellow, purple, blue, and black balls

indicate Mo, Te, Se, Ga, As, and H atoms, respectively.
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model (nxn) (mxm) a(nm) € (%) 0 (deg.) ¢ (deg) Eu(meV/A%)  Ah(A)
A V4848 V6161 2.748 -0.775 30 3.671 19.73 0.75
B 7x7 V63xV63 2.793 -0.196 21.787 2.680 20.41 0.82
C 7x7 8x8 2815 0.593 0 0 20.49 0.86
D 7x7 8x8 2815 0.593 21.787 21.787 17.90 0.04
E V5252 6767 2.880 -0.089 13.898 1.682 20.50 0.84
F V57xV57 73373 3.007 -0.391 6.857 0.769 20.44 0.86
G V61xV61 \79x\79 3.128 0.167 26.330 9.333 19.17 0.28
H 88 9%x9 3.167 -0.979 0 0 19.74 0.86

Table I Properties of representative structure models for MoTe2/GaAs(111)B supercell. (nxn) and (mxm) indicate the size of
supercells of GaAs and MoTez, respectively. a is the lattice constant of the supercell, € is the lattice mismatch between GaAs and

MoTe: supercells, 6 is the rotation angle of the moiré pattern, ¢ is the twist angle between GaAs and MoTez, Eud is the adsorption

energy, and Ah is the fluctuation of MoTe: layer along the normal to the surface.

are plotted as a function of a twist angle in Figure 2. We found
that the four models B, C, E, and F have a large adsorption energy,
i.e., 20.41,20.49,20.50, and 20.44 meV/A2 It is considered that
C(a=2.8nm, #=0°) and F (¢ =3.0 nm, 8= 6.9") correspond to
the majority two moiré patterns found in the experiment and E (a
=2.9 nm, = 13.9°) corresponds to the minority one, based on
the lattice size and the rotation angle. This result explains the
experiments well. B (¢ = 2.8 nm, 8= 21.8°) is not found in the
experiments, although it has an adsorption energy comparable to
C, E, and F. It is noted that for a twist angle, the experimentally
found three models C, E and F have ¢ = 0°, 1.7° and 0.8,
respectively, while B has ¢ = 2.7°. Namely, the dominant two
moiré patterns C (0=0°, =0°) and F (6=6.9°, ¢ = 0.8") have
smaller and @, followed by the minority one E (6=13.9°, p=
1.7°) and then B (6=21.8°, ¢ =2.7"), which is not found in the
experiments. This result indicates that moiré patterns with
smaller fand ¢ are dominant in the experiments, while those
with larger@and ¢ are rare or are not found. This may mean that
moiré patterns with small & are preferrable, irrespective of the
adsorption energy. We have no definitive answer at this stage, but
we have some hypotheses: (i) a boundary between areas with a
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Figure 2 Adsorption energy (Ead) for seventeen structure
models as a function of a twist angle. A-H indicate the
models A-H in Table I. Red closed circles correspond to the
moir¢ patterns observed in the experiment.

largely different twist angle (¢) and/or rotation angle (8) is
unstable and (ii) a quite small twist angle and/or rotation angle is
preferable during the growth process. We also found the flatness
of MoTe: layer depends on the twist angle. The fluctuation of
MoTe: layer along the normal to the surface (Ah) almost
monotonically decreases as the twist angle increases. The
protrusion spots of the moiré patterns in the experimentally
obtained scanning tunneling microscopy images comes from the
structural fluctuation of MoTe; layer.

4. Summary

We theoretically investigated the energetical stability of 2H-
MoTe: monolayer on GaAs(111)B substrate. The obtained
results well explain the experimental observations and this
knowledge must be useful for the design of TMDC-based
electronic/optical devices.
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