Chinese Physical Society
M!l ﬂ Acta Physica Sinica

. Institute of Physics, CAS

NFNERENEE B m S RE M A B HFER TE KRG
FHE ME KKK PP EZEL &5

Phase-field modeling of facet hexagonal spirals with anisotropy, deposition, and kinetic effects
Dong Xiang-Lei Xing Hui Chen Chang-Le Sha Sha Wang Jian-Yuan Jin Ke-Xin
5| 115 & Citation: Acta Physica Sinica, 65, 020701 (2016) DOI: 10.7498/aps.65.020701

1E 281713 View online:  http://dx.doi.org/10.7498/aps.65.020701
2P 2% View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/12

il /\@E’]Efmjzﬂ

Artlcles you may be interested in

— Pk BLT J5 R A FLAEAR 1R B i R e 1505 vk

A BLT equation-based approach for calculating the shielding effectiveness of enclosures with apertures
YE % 4.2015, 64(1): 010701 http://dx.doi.org/10.7498/aps.64.010701

— A R NFL R RS B FLRE A5 R A T ik
An equivalent approach to modeling aperture array with considering size effect of apertures
YyHE 24,2014, 63(12): 120701 http://dx.doi.org/10.7498/aps.63.120701

BRI 1 Sk 55 R A B AR A oK Ak o R 10 22 RUBE 23 #r
Multi-scale analysis of nanoscale contact process between spherical indenter and single crystal aluminium
YEZ24.2013, 62(18): 180702  http://dx.doi.org/10.7498/aps.62.180702

A S0 A R R T R AT R L G A B T B O R BORAE

The numerical-aperture-dependent optical contrast and thickness determination of ultrathin flakes of two-
dimensional atomic crystals: A case of graphene multilayers

YHA4.2013, 62(11): 110702  http://dx.doi.org/10.7498/aps.62.110702

Tk A EE T b A A AT DR R M R AR S A5
Effect of temperature gradient on grain growth behavior from phase field simulations
YE 23,2011, 60(10): 100701  http://dx.doi.org/10.7498/aps.60.100701


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.020701
http://dx.doi.org/10.7498/aps.65.020701
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I2
http://wulixb.iphy.ac.cn/CN/abstract/abstract62308.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract62308.shtml
http://dx.doi.org/10.7498/aps.64.010701
http://wulixb.iphy.ac.cn/CN/abstract/abstract59718.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract59718.shtml
http://dx.doi.org/10.7498/aps.63.120701
http://wulixb.iphy.ac.cn/CN/abstract/abstract55514.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract55514.shtml
http://dx.doi.org/10.7498/aps.62.180702
http://wulixb.iphy.ac.cn/CN/abstract/abstract53911.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract53911.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract53911.shtml
http://dx.doi.org/10.7498/aps.62.110702
http://wulixb.iphy.ac.cn/CN/abstract/abstract17616.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract17616.shtml
http://dx.doi.org/10.7498/aps.60.100701

38 % 4R Acta Phys. Sin.

Vol. 65, No. 2 (2016) 020701

NFNETRERREE & RFE R E M A E
MNZEER TEKIEES

EHE AE

PRERT

TET &%

(PUAE T KA B2 g, Bk P A BER A SR SRR =, PH% 710129)

(2015 4E 9 A 7 HULHI; 2015 4E 12 H 3 HiRIE4F )

HFH RE AR AR FE 1 9 A% 170 St R MR B 23 DA% T 8 0 22 A T 26 TR /8T GalN BRUIe 45 #4) 1) 2%
B SS AERKALEE. JEIE 51NN % 1 S PR A B IR D5 R, BETE 7 AR 4% 1) S PR I AR AN R e T 3, R B
A T e P AR 5 A i ) R A SR e A A, 59 4% i S P R AR A R B ST 3 0 SRR AR AR R,
A 160 S5 P S R I i ) PR A B 5 1 S 2 PG i T 8K, S8 45 7 T 18 25 10 3 A R TR 65 Bt 11
Tr KBl WEFT 1 00 B R X/ T A e A R PR A FIATLERL, A EOUBE B 4 F 8 o 5 B0 7 A 2 e 1) BE PR PR ALK
AL MR 15 B R 65 B 96 P (AR AR B UL 9 1K) 2 T R S A % 1 S 1 it P58 AR I 1 MR 1 P ) AT S 1
I BB 7 WSS R 22 3 SR I T 3 0 S A F AR A T R T SRR LA A R e (] B AR AL 3, AT
T3] /3% 0 o AR A R e 1) B -5 REAE 3 R - IR 3 0B e AR K 30 70 LB, 5 4% 1) [R] VAR BL /) T A U

JeAE AR BAR B0 57 T 3 0 27 2R B

KR AUE AR S, RIS, HERA K SUUR, 312 E

PACS: 07.05.Tp, 81.65.Cf, 81.15.-z, 68.43.Mn

15 =

WER T 25 K 2 — A Jit A7 AE T R AR SR T AR K
AR 0 M A KA Ay, AR A A T LA el
FLAR R T BN BRAL S P AR IR, SR A
HNE A A (R T, SRS 2R K R & B i
EAAZ G E K E B 2. s el K
R E BT, AMXAE 8 B MR i IR S A &
2RSS, X U UG AR L 27 fL s WU E
AE S g 7= A O E B 200, @ IR S [
A AR R TR T S L, REAZ AR 4F
R R o 1 1) B A B 0 2 ORI B B 2 )
PR — A ). e AR KB R 5 A R IR 42

DOI: 10.7498/aps.65.020701

GaN 2 SRS iz R PR

Wi AE K ) B2 WL EE B2 9] BH Burton, Cabrera
Al Frank (BFC) PJ 1. BFC HgIA A, 12 e £
TS50 EH W B J 5 1 ol b A 5 ] - g T 9
W2 Bl WRE G B AR ) HEGE L V B T
IR R V(r) = Vo(1 — 1o /7). T 1%
g, EWNAMOBHT TAEF TR 7 REREISHS
552 B0 A 5T 1610 fig PR g e A Kk R Hh AR BT 2 i)
A KB J1 R R g g, SR, i s 774
IR IE 5 AT 5 T 3 e Rk &, B IE I fone
WS B IR ) s R S R T ST B ) SR A i
TIUI R e () FEAR A AT 30 5 T LB, AT5 98 2 1 i
Az AP 5 Ak i AR A 5 ) R R

« [HRERRERES (HHES: 61471301, 51172183, 51402240, 51471134). BR7i4E EAR ¥4 (HAES: 2015JQ5125). Fadt Tk
KE BSR4 (S CX201325). AP RERIEARIIL S5 3 (B 5 3102015Z2Y078) HIiH & i 22} a5 TR}

W4 (S 20126102110045) %% Bh 1) 8L
1 @f51/F#. E-mail: chenchl@nwpu.edu.cn

© 2016 FEYIEF S Chinese Physical Society

http: //wulizb.iphy.ac.cn

020701-1


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.7498/aps.65.020701
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 2 (2016) 020701

BUEAAN ANy — Mg Xt 7 B, T LU
A5 Hh, M 428 A0 ZE IR AR KBS T R AR EE )
REALL 7 ¥ e 0 Sl A7 RS B e 45 A T j 5 O IR T8
B MARGERE R, WK P42 07k I AT DL o B AR
HiASEOLBE e (1) T8 B 55 A0 ELAE ), A RR e B kAL
SR I, IR0 TR DA K PH PR ME e 25 4 (1) A=
S B SR BB vk 1] Bl i i
P g e A= K B TOR B ) 2 DA SR B A, G H&
G TR RSP AT VE T B B 138 Bl R Y S
M g (0100 SR, R B 12 7 B R A
G W S ) BARE BT G RE R S R R, HET
BB S T FRDAS A5 T PRI T B R S A
WORFE, ANRE A AL 3 AR R R R 4 2 A
v R, DT DA e b g A0 A5 38 (R MR i AR K3l
SRR SR AE RS R, A7 1620 BN
TR0 PR 5 A G BT B R, T RLE X A (7] A
2% THI WS e 45 4 1) 3y 77 2 AR K AR DL R SR T TR 30 5
17 B ST S TN, fEAHI R A o R 45
IS G nlEd AR RTS8 ¢ ILAX 5
(o, BrimfrE ¢ DURE, G ALE ¢ BUH M 75
). WG T ¢ WA TR, v BUR 2 5t
()5 2% S 18 3 n) FRUE AL B — A B ERad i n)
BR0E S 7 RDE R, $Em T BETHE R R, I
Gb, M BAOAE A — i R FE B TT %, o
B8 ST 0] R e i — o JELFE (R DR R S I, X A4S A
Y B iE A AL R R R A KBS 5 Ak ),
BRI, AT DA 280 SR e AR K 1) Bl 1 2L S
MESRE I N ETK 2.

H 20 t 22 90 AR LASK, H 3 77 1238 7 iR 4
JTZ S B N T 9T AR 2k B TR 3 A 1 3
fEBEL 772 2159 Beckermann 21 DLARF P 21k
AFEA, A Gibbs-Thomson 2 & H At [ & 1 3R
R EERS 7RI B AT, IF
BHAE S5 77 72, T T Bl — 25 58 25 1 AH 1 155 1Y
Karma il Rappel %23 $ 4 7 8 51 #7352 b
%, HE T i AE KRS HE M BT E EX R,
T FEAR T 0L B o B B A SRS 1], Karma 5
Rappel (KR) [f)7€ EHZEAM R, AU T
THRAGE, AT I € B 775 Gibbs-Thomson
KZFR. DOz YRR B 5038 75 & &k [F] 4508 F
J& T A R AR, ansCik (23] @ m A T NS
B T2l 4 e =4k 5 A 542K Echebarria

2 A Z A & A & A BEE P Ramirez
2 5] B — DG AL HE T B 0 A 4% Folch
5 Plapp [P0 Fi| FH 7 517 #7338 14 40 BT 1) 32 AR L HE
AL T T AR A A K E B 2 T I AR Y,
Wang 2 P75 T 5 181 % [ vh 4% 17 57 14 6 0 4
PR BT Xing &5 25290 5H8 7 5 ) it ] o it
R iR AR KB 75 B b X FRBH SRS s PR AR L
H: Duan %5 PO 8 S8 70 T BB S E SR AT
H A A A R, BUE R T WS, DA
TFa) S5 P AR 3 R 0 A A KRR AR DA SRR E 1 1Y
AP ZED

AH S RSO A1 S 7 15 A K O i e R TR i S
MLEE ) 8 O 28 52 21 [ ] AR 98 TAE #1972 R0,
Karma 55 Plapp BU 9 8@ H 7 88 A48 K 1 s =2 A
WA, FEWEIT 7GR R AR R R SR 1
AR — M Tl B A ATT R AP T SRR 1 T
WE T A K ) T B i PR 2R A A0 1) — RO A, DA &%
P18 A 5t TR TR AR R MR 7 B % BE AR LG . Yu
25 B2 51N AR T LA K A [R] R 1) 2 THT W PR AT
F 1 Si(100) F 1R AR e 1) 58 ML BE LA K & [ 5l 7)
AR, X TR B AR R S AR L R e A K
AR RRER I G IZ B, Redinger 55 P91 Jl it
XF LA S 5 5 (P R e 45 A8 DA R e R 1 2
J7 KRG, BWEIT T AR BN 1R S AL B )t
Pt(111) R AEK 5IE B L. 45 8%
B, B 75 S R M AR K 1R TR B 42 i 28 R il e
IR, XN AHA KR Pe(111) R, F
THI BE PR [ra) S o o W2 e A K 1R T B0 e 6 DA A A=
Kl 2 7= A ON B R AR, JE 32 BT X 7N 77 hep
RenREEIMNE, e R B NE R, mik
ARSI EN B R R RS Z BB
#. DL GaN - ARMEE NG, AS B A8 25
R I NAN A ) Fr IR RE 5 25 1) e e, LR DG HURR
P52 BIRRALET S 23 7 AR O W R 22 . DALt
T A AT % ) e P T R T AR K TR 3 S T L B
FRYSE MR, AT i T R B A ARk e WL A A ) ) 2 1 o).
A LA GaN £ (1) 75 77 /I H AR B2 Big A2 A 1, ) H
JE BB RGBT T & ) S 10 R e A K
AR TS UL LA KB ) LR B e B, O B
RNBRW 7 Sl 22, S R sh 1% S
T ) S AR G, 0B e A O R R AR K i
WL ST BRI FHATL .

020701-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

Y18 Z R  Acta Phys. Sin.

Vol. 65, No. 2 (2016) 020701

2 BAMRESRKBEFE
2.1 #1HiHER

NP RR e S5, WIGRERAL A i 25 (R AH o0 7 &

T g ML HUHR IR 7E A E AR Ko 8IS AE -y
FiH B E AT S o(x,y, t) KIX 53R
ﬁ/@ﬁﬁﬁqégﬂgjgﬂﬁ :/H\:EP, (bs, ¢s + ]-7 ¢s + 27 Y
s +n MARERIK, B2, H2E, -, FHnE.
FEZEP G HABLEE P2 2 ] I UE R R,
e A R R ) T RN

a¢ _ 1 22 : _

i %{W V¢ — 2sin[2m (¢ — ¢s)]

- Nufzeosr(o - 6] -2} ()
— =DV*u—— - —+F. (2)

Horb, (1) KO A ERITTRE, (2) XAIR 7%
[EY (i) AR TR, 7 iR G AEK
o B T Bl 77 52 Bt 5 (attachment) 2 5 F )
FRAEISTA); W5 O 6 B B 92 2, FHSRRAEAH
DR RO T R B N ONBR R AR 5 Y
IR T u = 2(c — coq) BARNTLENLIIR
B TR -, Jrh o B T AR SRR RSB R B I 1 1 3
H, QNEMITER, ceq NGB L1 7T % %,
D R HUOREL 7 AR JE 728 3% H L
B B 3R THT (R R AR N TR) ;. A B A5 IRF T A R i 1)
JI B THE B T 1) iR V2 A, RIS T W A 5.

DNRIEFE 7S J7 MR e S A, KR BRI () =
1 + ecos(60) 5| N7SXFFR & [a) 7 1%, (1) AT BLgE
RN

0 0 , 0 0 , 0
750 =~ 5w (M) + 5y (m5,0)
V2 076) — 2sin2m(6 — 6.
— Au{2cos2m (¢ — ¢s)] — 2}. (3)

AR 14 23 B, DR 5 AE 9 SR TR AL, T 1Y

PSR ARIA:

u = dok + BV. (4)

KB Iy R AE DL d =
ceqo/(kpT) & 5B R E A K1) & B R4 K
FE, Hor, o @ CAE IR, kg NBUIRE S0,
TONFE IR L. 55 W08 i 8 7 s 3 i AE I,
B = a1(ry/(AW) — aaW /D) & L N5 ET M &2

ENMRKIEN 122 R KL 2 g T 0, RUIJE T
B 5 38 B AE Ik 18] R LA SE AR, 6 B S I AL = 38T
s, Fhii L MRS SR 1 o0 A DU Eh 3 TR e -
u = dok. P JRICTT 10 T AL BT AT BAAT 2R
MR S I b b TR s s e A i AR i Bl )
I 750, A4S 3 RELADL R T DK RUBE T (A e A= K 1)
RRREAT E RAIE. FE RIS T, SRR IES 4
1R A E:

do=a;W/\, 74 =aA\W?/D, (5)

Hrr a; = 0.359174, ay = 0.510442.

2.2 /MEMBIEIE

XoFF/ANHAHA KT &, BRI 7 R
W 2 Mo BB A0 485 40 7= A R SR R e 8. BA D st
FRoNB, an B8 i v R el 1/15, 7EUAN B
A TT RN, G B ST IR SR % A 2
P-4 ) Gibbs-Thomas 3 &, i £ H AEfa &k
A MEUA. X FSXRR S SIS, ELE N
HH: Meilid 1/350), Sl AR AER, If
HAERS XSS 6 4. &4 ik, WEHRT
P 347360 S 3 o e 4% ) S 5 00 (i B AL S
FRASHHAT T BB TL, FEHEH T A L ) EE R A
. o Eggleston 25 BT ALt IO X FR % ) S 4 44
H T BONSEE B IE TAE, SR T 75 W R &
5 4% ) S P S IE 45 SRR RS B I6AE. AU A
Eggleston 25 [ 45 A& 1F J5 5%, 4 VU X BR (A& IE 7
FEHE) ZE KRR, F ELA I A i Sl o 4 it
(BB 45 AT 3 M 5 300IE .

16 TEAR 2R 1 S 5 ) S SR THD 0 56 5 e R 4
n(0) R 7(0), Hrb 7(0) H—ANEELE 7 B ki 5L
RN

n(0), Om <[0] <T/6, (6)
0] < Om,  (7)

1

71 =1 (0p) cosB/cos O,

Hor, 0 Rom N A BR AERR S K IG5 M, 24

0] < O, I, 2R 0] 57 1 3 BOBROR] AR RS, B

2 (5), (2), (4) 2x S 4% 7 7 1k RE 2R 4T € &
Bk, i,

€ (0y) sin b, + € cos b, = 0. (8)

X FE IR Tk, I B 9 A ) Sk T
N7 /INTEI AR (R R e 2B AR EAT R T AL A,

020701-3


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3k Acta Phys. Sin.

Vol. 65, No. 2 (2016) 020701

2.3 MMESHEE

A SC LA TR B F T W) PE £F £ 5 GaN(0001) )
(2 x 2) 18] 5 K 3 T FR M2 E &5 F o = BT A0 &,
RIS ESI TR L.

£ 1 N GaN(0001)-(2 x 2) H T HE A K HAH I
MRk
Table 1. Simulated parameters of spiral growth on the

hexagonal GaN(0001)-(2 X 2) reconstructed surface.
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Fig. 1. (color online) Illustration of the Initial phase-
field distribution for spiral growth. The blue region
corresponds to ¢ = 0 and the red region corresponds
to ¢ = 1. The value of ¢ changes from 0 to 1 as the

color gets warmer.
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Fig. 2. (color online) Growth rate as a function of the
evolution time at the deposition rate of F' = 0.5 ML/s
in isotropic spirals. The inset patterns correspond to
the predicted morphologies for different growth stages,
and lines with different colors correspond to the sim-

ulated conditions with different step widths.
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Fig. 3. (color online) Growth patterns upon the dif-
ferent effects of anisotropy: predicted morphologies of
the steady-state spirals, for (a) ¢ = 0, (b) £ = 0.02,
(c) e =0.06, (d) € = 0.1, respectively.
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Fig. 4. (color online) Growth characteristics upon the
different effects of anisotropy: (a) Profiles of the spa-
tial distributions of phase-field viable ¢ and the den-
sity u for the varied anisotropic effects; (b) the spacing
of spirals and the average height of layers depending

on the anisotropic strength .
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Abstract

In this paper, we perform the quantitative phase-field simulations based on the surface morphology and growth
regime of the hexagonal GaN spiral structure. We investigate the highly anisotropic energy, the deposition rate and
the kinetic attachment and detachment effects. A regularized equation including the modified gradient coefficient is
employed to study the anisotropic effect. Results show that the highly anisotropic energy modulates the equilibrium
state by changing the local curvature of the tip step and thus leading to the changed spiral spacing. Under the weak
anisotropy, the spiral spacing and morphology keep stable with the increase of the anisotropic strength. In the case
of facet anisotropy, however, the larger anisotropic strength facilitates the spiral growth due to the local interfacial
instability caused by increasing the supersaturation for the tip step. As to the effect of deposition, the deposition rate
imposes the reaction on the curvature of interface due to the variations of supersaturation and step velocity. The larger
rate of deposition enables the shorter spacing for both anisotropic and isotropic spirals. We carry out a convergence
study of spiral spacing with respect to the step width to estimate the precision of the phase-field simulation. Results
show that the larger deposition rate and the higher anisotropy give rise to the lower convergence of the spiral model.
Moreover, we find that the kinetic attachment affects the instinct regime of spiral growth by changing the step spacing
and the scaling exponents of spiral spacing versus deposition rate. The anisotropic spiral exhibits the more significant
hexagonal structure and the lower value of step velocity by reducing the value of kinetic coefficient. The scaling exponent
decreases with anisotropy increasing, but it increases with kinetic effect strengthening. The highly anisotropic energy

contributes to weakening the sensitivity of the spiral spacing to the kinetic effect.
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