Chinese Physical Society

Mﬂﬁﬁ Acta Physica Sinica

. Institute of Physics, CAS

AEIFTE Al,0;(0001) FRE A KHVIEIUM 5

THM T34 B S fTRA

Growth of graphene on Al;O3 (0001) surface

Li Jin-Jin Li Duo-Sheng Hong Yue Zou Wei He Jun-Jie

5| 15 & Citation: Acta Physica Sinica, 66, 217101 (2017) DOI: 10.7498/aps.66.217101

TE£8 %152 View online:  http://dx.doi.org/10.7498/aps.66.217101
23y 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2017/V66/121

A RE R A S
Articles you may be interested in

BT HRT ST O M1 S 3 A4 i) A1 SR A AL (9-C N )6 BT i FE TS5 A MG RS P o

First principle study of electronic structures and optical absorption properties of O and S doped graphite
phase carbon nitride (g-C3N,4)s quantum dots

YH % 4.2017, 66(18): 187102  http://dx.doi.org/10.7498/aps.66.187102

BB RS XS HTE a-Fe H 5 A7 K4 5 sE
Influence of single axis strain on site occupation and diffusion of hydrogen atom in a-Fe
PP 24,2017, 66(18): 187101 http://dx.doi.org/10.7498/aps.66.187101

Sm-N 4B Z 0 B ERH HH TiO (14 F, 145 F4 FHIR ST i 52 M) 1) 28— 1 i R
First-principles study on the electronic structures and absorption spectra of Sm-N codoped anatase TiO,
PP 22H%.2012, 61(16): 167103  http://dx.doi.org/10.7498/aps.61.167103

e D B SR R B S T VAT AT
Modification of zigzag graphene nanoribbons by patterning vacancies
YE=4.2012, 61(13): 137101 http://dx.doi.org/10.7498/aps.61.137101

Ti, C, N1E a-Fe J o () i A RUSE B 0] 8 5 P S5 F) 521D
The Alloying of Ti, C, N in Bulk « -Fe and Their Effects on Bond Characters
YE4.2012, 61(12): 127101 http://dx.doi.org/10.7498/aps.61.127101


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.66.217101
http://dx.doi.org/10.7498/aps.66.217101
http://wulixb.iphy.ac.cn/CN/Y2017/V66/I21
http://wulixb.iphy.ac.cn/CN/abstract/abstract70823.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70823.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70823.shtml
http://dx.doi.org/10.7498/aps.66.187102
http://wulixb.iphy.ac.cn/CN/abstract/abstract70778.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70778.shtml
http://dx.doi.org/10.7498/aps.66.187101
http://wulixb.iphy.ac.cn/CN/abstract/abstract49488.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract49488.shtml
http://dx.doi.org/10.7498/aps.61.167103
http://wulixb.iphy.ac.cn/CN/abstract/abstract47518.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract47518.shtml
http://dx.doi.org/10.7498/aps.61.137101
http://wulixb.iphy.ac.cn/CN/abstract/abstract49175.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract49175.shtml
http://dx.doi.org/10.7498/aps.61.127101

) I8 ¥ 48  Acta Phys. Sin.

Vol. 66, No. 21 (2017) 217101

RBIFTE Al,03(0001) REE K IR

Fhm FHAT

HE AF RN

(R Bz KRR S TR0, T8 330063)

(2017 4 4 A 23 HUH; 2017 4 7 A 25 HI R E8H )

BT Rz PR R BT SO LI AR, % AL 22 SO TRIAFE 35 54 (a-Al203)(0001) 2 EAE KA 5
IEEAT BRI 7T, DRAAE LW CHy 7E 0-Al2O3(0001) 00 LI 40 2 G 72, i CHy B2 i C &
TRGRRERE LRV L, IXEER R AH T C AT RAR I AL, £ a-Al2O3(0001) &, £1 880 AL HiE BRI
TIHEAGRIEH N C 1, T2 CHZEH]. @it CHZEHIE a-Al203(0001) i b KT F R 5 S0 TE Bt &
BUKH (CH), £, BRI (CH), X875 J5 S S8 A A KL LR AT B S

KA CHy, A (a-Aly03)(0001), PR MR, % 232 B FES

PACS: 71.15.Mb, 68.43.-h, 63.20.dk, 73.20.Hb

1 58 =

WRAER FEA 10 eV IR, & —Fss
PEREE R B AT RL, BAT B s il i
Pk AV RERR ST R R A SRR LA
R NS NI 5 AN EO ol T 5 % NN 73U =B )
FERFOL I R B DRy B A BNz
FA U381 B B AR 1) 5 L L A L SR
PSR RE, K AR RS I S0 4
AR, R S TS AL B AR AR
U0 R B AR I 8 A
RIS, B AT R S A K 2 R
SEAMUIRNE, R e A2 A B R T A IR B A
ST AT R 10101 U AE S R A SR T 2R
& R ARG AR T, FERMAE
Ja& Xt B e 0 R A o A FH BRI < B 3o C IR 14
(B VA AT L R (18] PR AR R A R AR T I KR AE
A AR b A ) A S A TR LB IR M,
PRIE AT AT LA S ORI 7. AR I 5 A0 A
JRA T A Kl 8 280, BB BB e AR
b SR T L AR PR 3 R, DA AT SRR AEAT IR

DOI: 10.7498 /aps.66.217101

R AZ T 20, AR F Materials Studio 844 %
IR R AT S M R B A 3 1% (MD)
L.

2 BEREUEHETZ

THE B K H Materials Studio 241 CASTEP
g ML15] - CASTEP 5 8 /& 2k % FE 17 o #1188,
SR A R B R A R T T JR Pt AT 1 5 L1017,
T 5 OCHRRE R )T OB FE AT AL VA T 1 Perdew-
Burke-Ernzerhof 812 B8 R #3k. N T M54
BUFHIR s sE 8, K H Broyden-Fletcher-Goldfarb-
Shanno ! Ak VL AT S5 AL, 283 YT S5tk
R, BUSCSIChRTEE: 1 [ e T (1 AT B HX 400 eV,
A L X PR A% B3 x 3 x 1. R T 45 ik
R ER T T B2 73/ T 0.1 eVonm ™!, B
TRER /N T 5.0 x 107 eV /atom, J& T AL F A5 1L
/NF5.0 x 107° nm; B IEAGE RSO
1.0 x 107% eV /atom. T15 CHy 43 I JEAS I K
Fl CASTEP #% 5t B () COMPLETE LST/QST £
JFp 2OV Fr AR 0 K ik AT, CHy R =)
CHs, CHy, CHEHA C, H JF T4 a-Al,05(0001)

* ERERRIAES (MHES: 51562027) AITLIREHE % 5 M A H G HoAR 5 g st &= 24 (HES: JKL2015001) % Bh 5.

T #{E/E#. E-mail: duosheng.li@nchu.edu.cn
© 2017 FEYIEF S Chinese Physical Society

http://wulizb.iphy.ac.cn

217101-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.66.217101
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 21 (2017) 217101

T IR AE (Faqs) 3T (1) 20T HHEL
EadS = Etotal - Eadsorbate - Esubstrate, (1)

(1) X, Eaqs 8 CHy 4> T CH3+ CHy CH 2
8 C. HJE T 1F a-Al,03(0001) 2 T (1 W Kt e,
Fiorar 75 WY 5 K 2R S AE B, Eadsorbate 2 78
CH, % 7« CHs. CH,. CH 3 5k C. HJE T [ fE
H, Faubstrate 278 a-Aly03(0001) 3 T o JE A T 1)
fE

e

I B % a-AloO3(0001) R 18 F A7 58 1 T 4% ¥)
1B 35 BRI M T MD BRI MD R LR T
CASTEP H ] Dynamics #2)7, XH NVT R4, &
1300 K Fig172.0 ps, 6K 1.0 fs, TELEZ
0.01 ps 515 E P47

3 HEERRAMN
3.1 a-AlL,O; FRMEIEE
X a-Al, O3 B R GG & AT g5 Mt AL, 15 2140

LGS a = b = 4.807 A, ¢ = 13.122 A,
EFrEENR IS8 a = b = 4.766 A, ¢ = 12.996 A

(a)
@o
@ Al

FA - P % F 0-Al,05(0001) 2 TH 2 H e fa
52 1A AR AR T LR 45 g 7 o 1229290 DAk T Ay
(2 x 2) B RS MR R IE A R TR, dn
K1 (a) Pros: SRS 3RO T 16 2 Al T,
it 60 AN T HA R R R 4 ZAER T E R T
[, #A 15 5 2R MR R T 8 a4 22, [
B 12 ARES )R, LB G 2 R R T 2 TR AR
H .

K1 (a) A1 E 1 (b) 73 1) 2 a-Al,O3(0001) 35 TH
sERALRT R X EE . R LRSI R TR
JZ R PR I AR, AR MEL, ATLVE
AR S IG a-Al,05(0001) R ZEJE TN
s WER1TUUE N, &INEWARETZEEE
BREORM MG, THRE —RIETZEERER
K. Bl F AR, 2 18] B AR A AR AN s ),
X5 AN T SRS 20 AR X e
W EAENE 22 ERTE -86%——93.8%
Z A5 AE —51% BTV A AE 22 BE ) I T SE e
LI B PR85BS B R R I R, FE ST
Wk (28] 5 BT (AR, DR FRAT T ST P Ao AR R 2
AR

(b)

E1 (MTEM) a-AlOs (0001) REHE () HRALET; (b) ditatiibE

Fig. 1. (color online) The surface model of a-AloO3 (0001): (a) Before structural optimization; (b) after structural

optimization.

R1 a-Al03 (0001) K& LA R Z MR (R E Ll = (TRAG)5 ABERS — DUAL B (B 1) /e A A Ao

B x 100%)

Table 1. The interlayer relaxations of the AloOz (0001) surface as a function of slab thickness (magnitude

percentage = (relaxed distances — unrelaxed distances)/unrelaxed distances x 100%).

This work/%  This work/A  Ref.[24]/%  Ref.[25]/%  Ref.[26]/%  BExpt Ref.[27]/%
Al1-O4 —88.64 —0.752 —93.8 —89.93 —86 —51
0O2-Alj3 4.71 0.040 3.19 10 16
Al3-Aly —46.46 —0.223 —46.7 —45.11 —44 —29
Aly-O5 19.67 0.167 20.16 25 20
O5-Alg 6.12 0.052 6.23 8 —
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3.2 CH, 7T fEF=HIETa E WML

CHy4 1E a-Al,03(0001) 2 [ 43 fift J5 T2 A% 1 2%
P 2 DR 1) o e s PR A R W o ) 25 P 2 B,
28 T e AE. CHy 7E a-AloO3(0001)
R LR R EZHR LT 40588 CHy — CH3 +
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H. £ Ao JiG 3 1 1Y) 70 il o 77 A ae Y e AL R i1,
Iy 5N CH3, CHy, CHERIAIC, HIR 1. 253t
BRI e i A I Ji - A6 A G R T R - (R THAE MR Az
AL N E R BRI R &, UK R A BRI 5 M 1F
R e R B 2548, LIS X e B P K R 1 S5 4 iR
THI A B A i, e CH 2k ] 5 a2 W B A2 7
K O JR-¥ T, Wt aEy —2.428 eV. CH,, CH
B A e AR 8 R AL TE R TH O, ALJE T2 (Rl AR Aor,

W B I, C—H Bsg a8 m, M55 17 C—H g aEkaE,
ARFEA P C—HEE— DRI E. C, HET
TR e W BT 2 0T O JRF (R TOUASE, BB 23 1 R
—4.903 fl —4.083 V. J& T IX S ¥, Rt —P
5L T CHY 7E a-Al,03(0001) 2 1 (1) 5 iR fE.

2 IR T M e S R e TR M AT
Table 2. The adsorption energies and stable site of

groups and atoms.

Group or atom Eags/eV Most stable site
CHs —2.428 O HITiAL
CH» —4.460 O 5 Al HIMrfz
CH —3.940 O 5 Al [\MFfL
—4.903 O HTifz
H —4.083 O M THAr

BEAr A —4.460 F1 —3.940 V. iR FaE

— ] (b) o

= -_(a.) —‘— =
.. 0eeC
AICOH

2 (TR ) HIEE BT LE a-AloO3(0001) 21 E WP A AT A T s 18] (WL AR E) - (a) CH3 1A
WL (b) CHa BIRGEM AL, (c) CH MREMRINAL; (d) CHIRREMHIAL; (e) H AR E W AL
Fig. 2. (color online) The schematic of different groups and atoms on the surface of a-Al;O3(0001) based on the

most stable site (shown looking down onto the surface and sideways): (a) The stable adsorption site of CHs; (b) the
stable adsorption site of CHz; (c) the stable adsorption site of CH; (d) the stable adsorption site of C; (e) the stable

adsorption site of H.
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3.3 CH47E a-Al,03(0001) REHI S fREE
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PORRE 22 3 AT A, B 32 N AR & TS RE R
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N 1.659 eV, TEALAE N 3.985 eV. fEX 45 e N,
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S VYD I N FIT 75 11 s . R 8 R s LY A i 22 B

i 8B TE a-Al,03(0001) R I FEAZ, 8% A
972 LA CHy AEAT IR I 73 R I C N EEA LT, C
TR IR R TR REIEEE]— 2 REJG, A5
TEAZ B A K 2932 JEad ek & 3 N 3 o b

RIL, CHy TE a-Al,03(0001) 2 T [ 43 fiFt 2 W #4 i
F2. BE# CHy 1 a-Al,03(0001) 3 M i & 3847,
BAKRBEEAAWTE. CHy MR 0 il 1435
LIS RERTIE 1 9.073 eV, fE#H 12 b XA
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B, CHy 7E a-Al,03(0001) 2 [ A& 43 i i C #¢ A
M, IXFELE a-Al,03(0001) 2 1H 1R X2 AL 2 9% 1 C
HTHEMIEZ, A SI6E a-Al,O3(0001) R
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12
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-\].FS
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TS3 :

s
o

Energy/eV

u TS1

IS
[ ]

CH, — CH;+H — CHy+H — CH+H — C+H
H 1 H 1 | 1 I 1 I

Reaction coordinate

3 (MFIEt) CHy 7F a-Al2O3(0001) K5l e
Fig. 3. (color online) Decomposition Energy of CHy
on a-Al;O3 (0001) surface.

3 CHy M RRIIIAZE LS LRSI 6 (E)
Table 3. Relative energies (E) of the initial state (IS), transition state (TS), and final state (FS) for CHy

decomposition.
E/eV
States CH4 —-CH3+H CH3 —-CHa+H CHy; —CH+H CH—C+H
1S 0 0 0 0
TS 3.348 2.787 1.796 3.985
FS 2.873 2.777 1.729 1.658

3.4 AFHTZENR

AL ZE S TTRNE A KA S50 I ) 2% FE
AN C IR+ IR R I sth BT AR BE N A
IR AL R A5 P32 R EEAI T CHy £ —
S 4o JEC b 1 o R AR TR I R B A B Aok T R T X
CH, 77 i th (1) C i i 5. andE Pd A R i& K
&R AR b, CHy )70 i 2 iad 12, BVRE S

CH, JBi 201 R AT I N A 2R 1) 6 52 7S W7 PR A (9934
FHRF T EA T CHIAELE, AeN A S0 T 1% S 4t
ARSI BRIE. PR IX e 4 R A SRR I AL 2
DL CH, 24/ H 1 C NG R H 7, it C 7R 4 IR R
A T SRR A K T oA 82 0. 7E Ni R T
I, CH4 I iR 5 1E a-Al,03(0001) 2 T 4 i
[FFE 2 W R A, AR T4 ISR T C AR %, 3 Ni
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X CH G = AL, FI TR0 C ISR T4S
JEC R T, 38 I Y AR AT O R A A SR 7E NI R T
% 39301 1 JextF CHY 7 a-Al,05(0001) F 1H
(13 il MR RIS 7R, IR a- Al O 4 X C IRV i
FEARAR, X L8 F R IAF] T CTE a-Al,03(0001) &
T TR, A 3B TE o-AlbO3(0001) R
TEAZASE A A T ki 77 =

i3 R B, E a-AlL05(0001) FE i L,
CH fEELRL CoHa I RE22 R 1.822 oV, HiZidFE 2
ARG FE, (REEE 1A R AE R FEAK 4.283 eV. it —2P
THE T H CoHg BB — A CH #7485 C3H 13 2,
ZILFRAE 22 2.689 eV, A RBEELFEAK 3.740 eV, il
WK A FT8. 1 a-Aly03(0001) F i L, CHEFZ
] AH AR B A% (CH),, 4514, AL AE22 /N T CH—C
(o3 A B2, AN A R RE R PRI, Z0d R R )
7. BATINTE a-Al,05(0001) K I, A S0
1% [ 9] 3 2 1Bl 5 35 CH J: A1 3 47 1 T S & €, 12
Ru(0001) [ 45 2 S BLH L 30w 78 BT, A& 1A
SBIG T R 7T, a-Al,03(0001) R TH L 1) CH % [4]
6] S AR HARCAE — BT B g UK K (CH),
SEH. AR, B SERIG I OE R E AT (CH),
SER M HOI AR, ORI H Bl B R AE — 5 RT
(CH),, S5 MY U 5 HEAT 1, AL FE o s e 1
I R AR T fig 1281,

£4 (CH), WIS SHEA L LA WA E (B)
Table 4. Relative E of the IS, TS, and FS for (CH);.

E/eV
States CH+CH—C2Ho> CoHo+CH—C3H3
IS 0 0
TS 1.822 2.689
FS —4.283 —3.740

3.5 CHEAAEZEKBEZEREFHMD
L

MY B IE A S A T A% W 2 B S
CH R BT A A C, #E— 5P 8 T MD Bl
1E a-Al,03(0001) F 1H 78 55 CH 3 [, H 78 % %
50.41 ML, KA NVT R4 7E 1300 K KR JE Fig
172.0 psIH. RS RN 4 R, W LUVE AR
a-Al,03(0001) KT b CH 2 H (A5 3L T 8 2
FEE A 1) B R a-Al,05(0001) 1 b i CH 2

BIF A KA C—HE K2, a-Al,05(0001) F
%A B MR C R T, B CH-C i
I R BE 224 3.985 eV, IAE 22 & PAFE 1300 K
R IR, ()G 1) CH A 1R K 1A =R 55 5T
SiGAE i, XFE, IR A LR CH 5E# 1) 77 fif
2, 2) 7F a-Al,03(0001) F 1 b, HEL TR Z 1
CoHy 5 F/b CaH &), Gn ] 4 Hp 2 €[5 P v
Frbrid, KR CHEEBIRE 5 456 48— BFE T
a-A1,03(0001) i, CH 3B 454 % (CH).,
SilE, BT AR BRI AT R, BEMA R E A
i, AFIT CHEAT R P AA(E. Kb R R T
K& (CH), 45t AR AE /& s ) TE A% I 24l CH
Fe A SRR TAL IS BRI 1

4 (MTIEM) %5 CH I a-Al203(0001) [ MD
VRS

Fig. 4. (color online) MD simulation result of a-AlpO3
(0001) surface covered with CH.

4 %

AL A a-Al,03(0001) F AL, K %
FE 3z bR B AR X CH, 78 3R T F i W B 23 i DA &
BTN AT BT, K I CHy 2k 4] )2 C,
H J5 710 56 W B AE O i B T Az, W B RE 29 0
—2.428, —4.903, —4.083 eV. CH,, CH %1k 4
FRTE O, AL [ IR, W B e 230 —4.460,
—3.940 eV. CHy fF a-Aly03(0001) 2 1 #) 43 fift 2
WG AR, B CH—C il FE g 2250, IX S8R &
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A F T CHE a-Al,03(0001) F [l I F1E. 1E a-
Al,O3(0001) 2 [ _F KB AL ) CH 2 B2 1 5247
TEAZ [P0 3% BR AL (4], 3 SLHE P AE IR 3R TR S T A g
BRI (CH), 458, TR S AL 0 SR 1.
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Abstract

At present, high quality graphene is synthesized mainly by chemical vapor deposition. It is crucial to decompose
and adsorb methane (CH4) on the surface of substrate before CHy grows into graphene. The graphene is grown mainly
on metal substrate due to the catalytic effect of metal. It is difficult to grow graphene thin film on the surface of
non-metallic substrate, especially on the surface of a-AloO3 (0001). In this paper, the density functional theory based
generalized gradient approximation method is applied to simulating the nucleation of graphene on a-Al,Os (0001)
surface, synthesized by chemical vapor deposition. First, we establish a scientific a-AloO3 (0001) surface model, then
simulate the decomposition process of CHs on a-Al,Oz (0001) surface by calculating the adsorption sites and adsorption
configurations of groups and atoms. Finally, we investigate the groups of CHy4 decomposition and atom coupling process
on a-Al;O3 (0001) surface. The results show that the CHs groups, C and H atoms are preferentially adsorbed at the top
of the O atoms, and the adsorption energies are —2.428 eV, —4.903 eV, and —4.083 eV, respectively. The CH2 and CH
groups are preferentially adsorbed on the bridge between O and Al atoms with the adsorption energies of —4.460 eV and
—3.940 eV, respectively. The decomposition of CHy4 on a-Al;O3 (0001) surface is an endothermic process. It requires
higher energy and cross reactive energy barrier for CHs to be completely decomposed into C atom, which makes it
difficult that the C atom stays on the substrate surface. The coupling process among CH groups on the surface of
a-Al;O3 (0001) is an exothermic process. When CH and CH groups are coupled, the energy of the system decreases by
4.283 eV. When (CH)2 and CH groups are coupled, the energy of the system decreases by 3.740 eV. The (CH), can be
obtained by continuous migration and coupling between the CH groups on the surface of the a-Al;O3 (0001), and (CH),
group is a precursor of graphene growth. The energy of the system decreases in the process. The above results show
that the activated atom or group of graphene nucleation is not C atom but CH group. The CH group migration and
aggregation on the surface of a-AloOs (0001) give priority to the formation of lower energy (CH), structure. In order
to better understand the microscopic growth process of graphene on sapphire, it is important to study the role of (CH),

in the surface of sapphire for revealing the nucleation mechanism of graphene.

Keywords: CHy, sapphire (a-AlyO3) (0001), adsorption and decomposition, density functional theory
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