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Integration qf -V on Si

e~ mobility h* mobility Lattice

(cm?/Vsec) (cm2/Vsec) constant (A)
GaAs 8,000 400 5.65

Si 1,400 500 5.43

e Good electronic properties
« Compatibility with Si

GaAs on Si ' |> Selective Area Growth
I - Confined to the bottom

lattice mismatch > Dislocation

Difference in > Crack -> Inhibition of propagation
thermal expansion

coefficients

Polar material on > Antiphase —> Reduction due to
nonpolar surface boundary small number of nuclei

CpD -)[ Understanding the surface energy & growth kinetics }
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Con@ents

Morphology prediction by scale—bridging

[. Equilibrium crystal shape
—Surface reconstruction
—Surface energy

—Equilibrium crystal shape

(ECS)

/l. Growth shape

—Nanowire growth

“MP _Asymmetric stacking
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|. Surface energy &
Equilibrium crystal shape (ECS)

o
- Surface energy | Wulff construction
20— (hkl) (hkl)
d XYy
‘g"' Minimum total surface energy
gss-

(4]
(3]

(3]
o

6 59 58 57 56 -55 -54

K as(Gans) (€V)

y(T, P) = ECS(T, P)
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|I—1. Surface reconstruction

& Surface energy
of GaAs(100)
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Vapor environment of GaAs: As, & As,

Pi(Gas)
Hicas)(T) Picas)) = Ei(cas) * Ei(Gas) + Dhicgas) (T, PO) + kpT In—72—=

Apti(gas) (T, P°) = Ftrans 4 prot 4 pvib _ p T In [SPI"
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O

3.

GaAs(100) B2(2x4)

Sampling 21x21 k—points
Calculate D(k) at each k-
point

Frequency (THz)

DOS (a.u.)

Frequency (THz)

[ — 0 .
DOS (a.u.) DOS (a.u.)

Frequency (THz)

DOS (a.u.)

Obtain w(k) at eac """

M
o1 hw; (k)
FW*@ZZ{ZH

Without vib(y¢'¢€)

[= o ==1-==F---Top 1 layer
rerrEt 64 -===---r--=Top 2 layers
Ayvlb
‘ . Top 3 layers
yel(EC(T P) = (Efbltii‘) B NGa(Egéf( NAGZ ~Top 4 layers
<60
>
£
vib \ _ vib 58
Ayvib (T) — (Fsurf) NGa(FGa(Ga ;
’ 56 17 4 N
y(T,P) = (T, P) + ay"(1)| 54 / ; VNl
, 600 700 800 900 107°_ ¥
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GaAs(001) phase diagram (T, Pyy)
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|
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<L 70
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£ 65—
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I 52(2 % 4)
02(2x4)

Bl mixed dimer(2 x4)
(4 x2)
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T (K)

‘Surface vibration”
y = yelec + Ayvib

Bl c(4x4) As3
B 52(2 < 4)

T a2(2x4)
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GaAs(100) surface transition (T, Pyo)

107>

A c(4x4) > (2x4) PRB 59, 2947 (1999) :
® (2x4) > (4x2) PRB 51, 0836 (1995) [~ EXPeriments

A
10710

P As (atm)

B2(2x4)

10-15
600 650 700 750 800 850 900

T (K)

« Calculated transition lines show good agreements with experimental
transition (T,P) points.

At the transition lines, coexistence of reconstructions occurs in
C

. experiments.
M= 10/41



Configurational entropy; Coexistence of reconstructions

A real situation is not the ground state,
rather an ensemble of possible configurations with statistical probability

Population of reconstruction i: ¢; = 7‘ where i € {reconstructions}

P ZZ _zgle %p( _yl(T P)A)

at Ps=4%x107° atm
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| et l‘ i :
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|I—-2. Equilibrium crystal shape
(ECS)

Kl
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surface in zinc blende symmetry

“a(111}A”

[001] [110] [111]

side

bottom § % §
CmD
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Reconstructions of various surfaces of GaAs
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Wulff shape (T, P »,) of GaAs

(973 K, /10‘3 atm)

2 / , sta)\sExp. .
70 = Wulff construction:
Tos :Eﬁiiﬁ . (kD) o o Chikl)
> —
L >’<\//—\_‘"3’3 " Minimum total surface energy
%?_55 X . — =
. X '
45 : ' \ .
-6 5.9 58 57 56 55 -54
Fas(Gans) (V)
Pys (atm) Py, (atm)
10-3 10-3
[110]
[001j [1-10]
105 = (100) Surface vibration 105
== (110) elec b
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(111)B
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G’ ¥ > >
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Wulff shape vs. Growth shape 77

Calculated Wulff shape

T: 1023 K

[110]

[001] [1-10]

I (100)
I (110)
. (111)A
T (111)B
(113)A
B (113)B

Pas:
10-3 atm

{ (111)B does NOT appear.}

Experimental growth shape
J. Cryst. Growth 298, 616 (2007).

SA-MOVPE

T: 1023 K

[TMGa]: 2.7x10% atm
[AsH,]: 5.0x10* atm

T. 873 K
[TMGa]: 2.7%x10% atm
[AsH,]: 1.0x103 atm

J. Mater. Res. 26, 2127 (2011).

SA-MOVPE T

TMGa & TBAs or AsH,
T:973~1023 K

[ (111)B does appear!!! ]

- Questions?

« Kinetics dominant?

« Unknown (111)B reconstruction?

KIST *
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Newly proposed recqnstruction of (111)B

As vacancy(2x2) Ga vacancy a(2x2)

OGa
@ As

[-110]
[-101]

111]

I’ mode (6.38 TH2z)

“projection of bulk phonon

onto (111) BZ} Surface phonon of Ga vacancy a(2x2)

K (111) 10

8 ;

N ; m

T f - ®

£ 6 : G'g

= ———

—— e 2

o _— = <

S 4 : : 4 —~

o e - . ]
2 == = .
™ N Ga (orthorhombic)

Bond length (4):
B NS S 2.45, 2.63, 2.65, 2.73

|

mPD 17/41



Wulff shape in accordance with experiments

KIST *

Calculated Wulff shape Experimental growth shape [
. 1
T: 1023 K, yeee J. Cryst. Growth 298, 616 (2007).
Pas: 10 atm SA-MOVPE
[110] T: 1023 K T: 873K
[1-10] [TMGa]: 2.7%x10% atm [TMGa]: 2.7%x10% atm
[001] [AsH,]: 5.0x10* atm [AsH,]: 1.0x103 atm
B (100 1
—Euo)) yelec + Ayvib J. Mater. Res. 26, 2127 (2011).
=8ﬁ§g SA-MOVPE
(113)A TMGa & TBAs or AsH,
B (113)B T: 973~1023 K
yelec + Ayvib
with @ new (111)8
reconstruction
[ (111)B appear in calculated ECS & experiments. ]
o Il
MV
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Il. GaAs (111)B nanowire

Selective Area Growth

Si0, /

Si

" GaAs <111>8B

iy 1

Two basics of NW growth

« Preferential nucleation

 lLayer—by-Layer growth

Ka
Science and rmng 4 .l



lI-1. Nanowire (NW) growth

KT
2(§ 41



Anisotropic growth model

Nucleus (n) 20

Propagation
—

v

Crystal (¢)—
101

Source (s): GatAs,+As,

AGsn (ZB) (eV)
o

fe=———— 5 / / /

: <100> : 5

1 oor M

I <110> : 10¢
o |1 [(Eicaton]

|<111>A:

' oor i -20
A & /

Npisurs (T, P) = C(Surf,T,P) - ex

AGsn — VAﬂsn + Physn(side) + A(ysn(top) - ysc(top))

What is the key factor that determines the direction of preferential nucleation?

21/41



Variation of surface reconstructions wrt (T,P)
Pys= 4x 1079 atm (~MBE) .

S

KIST *

65

Pas= 107 atm (~MOVPE)

65
60 ~60!
< g
> >
® 55 et ® 55/
E  [Tlled(V19X V19 " EPy
0 C /L o] e </
';b5° Ga-vacancy(2x2) %\ %}b >?~5° S
o 2z
? 45|/ Exp. Cleavage(1><1) () 91@ ﬁ 457 Exp.
8 |l—(100) 2 Ay 8 |00
Q
&=an lIm(110) =anl—(110)
401 (111)a i 401 _(111)a
—(111)B —(111)B

Ga-vacancy(2x2)

35 e —
673 723 773 823 873 923 973 1023 1073

cleavage(1x1)

< 1
a
)
©

35 : ‘ : : ' !
673 723 773 823 873 923 973 1023 1073
T (K) T (K)

Where would sources(Ga or As) be adsorbed az‘ g/'ven (T,P) conditions?

(100) (110) @ @ C

4x2

O Ga Z( %) [1-10]

@ As 1—>[oo1]

[110] [110]

oo 1o ' filled(v19 x v19)

(111)A Ga-vacancy(2x2)

W, 3 “\,\’,
e, Lc*‘
M @ @ I
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Adsorptior] condition

As adsorption
Pis= (05 atm (~MOI/PE)

7(4x2)

(GGa adsorption

P,.= 107 atm (~MOVPE)

-3.5

-4 cleavage(1x1)

Ga-vacancy(2x2)

451 filled(v19 x V19)

Ga

>UGa(ad) = EGa(ad)

HGa(Gas) > EGa(ad):

(Ga prefers to adsorb

—FGa(Gas) o
W .35~ "Ga(Gas) zz -5.5 | FAs(Gas) “exclusive adsorption on?
—(100) (100} "
-—(110) _Bf—(110) [ bfa- ancy a(2x2)
—(111)A —(111)A
—(111)B —(111)B
-4 : : : 6.5 : : :
873 923 973 1023 1073 873 923 973 1023 1073
T (K) T (K)
Ga(g)+As(g)——> Hea(Gas) Ga(g)+As(g)——> Has(Gas)

As As

As

>Uas(ad) = EAs(ad)

.uAs(Gas) > EAs(ad):
As prefers to adsorb




(T,P) window of the preferential adsorption of As

Experiments

10°°
[Jsa-movee nw (0 ERRA AR
10'5 % g
: {SA-MOVPE NW (X =
i c
’E“ 7 . g
£ 10 E(111)B ; SA-MBE NW (O) o
& As(ad) | Faceted island A
'ﬂ b —
< La- 1 GQA— -
ol 10 : 1SA-MBE NW (X) .
. 1 « J. Cryst.
10 (T,P) where As adsorb g{(éwé%o??& —
.| preferentially on (111)B I | . Nanotechnolog HasGas) < Exs(aa)
10 873 923 973 1023 1073 y, 19, 265604
T (K) \__ (2008).

AGg,(Surf,T, P)
-exp| — T

Nn|Surf(T» P) = C(Surf: T,P)

“Preferential adsorption = nucleation = (111)8 NW
growth”

c s
~MD 04/41
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lI-2. Asymmetric stacking

KT
213% 41



Asymmetric stacking: ANW vs. BNW

1 ANW BNW

(111)A NW (111)B NW
™) ) -

" A A

| | ay|  |-(11n

OGa @ As

ANW growth

* VLS growth
Adv. Mater. 27, 6096 (2015).

J. Cryst. Growth 287, 5004 (2006). ANW << BNW

*\/S growth
Nanoscale 10, 17080 (2018).

Density of planar defects;

26/41



Anisotropic growth model

Nucleus (n)

Propagation
—_— 10+

v

Crystal (c)—

Source (s): Gat+As,+As,

N A Sy

AGsn(ZB) (eV)
o
y

Q

©n *

=
S

&

<111>A ‘ 0 . %,
or | NuCleation | 2 N\ X
SL=E o 10 20 30
r (A)
=Sy I —
- TN : AGsn (Surf, T,PY\ | oo e
N. n|Surf (T, P) —LQ_(_S_’L_‘Z‘LI'_?)_-' eXp\ — kT ANW and BNW!
AGg, = VAug, + Physn(side) + A(Vsn(top) — Vsc(top))
“ANW” ga OATS? e, n B NWH |
—><111>A  ©|lo 8= <111>B<—
What is the key factor that determines the difference?
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Energetics of fplly formed NW

“ANW” SF SF I|BNW”

<111>A <111>B

The total energy of stacking faults—embedded in ANW and BNW is the same!
The SF formation must be a probabilistic event during nucleation!!

Nucleus (n)
Propagation
Crystal (c) —
Source (s): GatAs,+As, }
-Twin region
— [ /

<M1>A
or
<111>B

Crystal-SF—f

Propagation
—_—

{110} side facet

£ —7 }WZ segment

Q 28/41



Nucleation-| without SF (ZB stacking)

T=913 K, P,s=3x 10 atm

Nucleus (n)

20

Crystal (c) —p

Source (s): GatAs,+As,

A /
without SF , L
<111>A incorporation “side surface r(A)
or NuZleation-/ enerqy” enerqy’ top SUfféICG‘
<111>B 6v3 6\3 energy”
AGsy = 4 7AzhAlisn + 6T'h)/5n(110) + 4 r (Vsn(lll) - Vsc(lll))
P,.=3x 1079 atm P,.=3x 1079 atm
-0.15 As ‘ ‘ 60 As . .
—(110)
I ﬁlled(\/—l—g x V19) —(111)A
0.2 55 ¢ o —(111)B/|
‘;: a0
3 0.25 %50" Ga-vacancy(2x2)
- £
<31"w -0.3 ;45; Cleavage(1><1)
0.35" 40
c: 773 823 873 923 973 2 823 873 923 973
“mD

KIST * T(K) T (K) ‘41



ide view

[111]  -[111]

Ga-vacancy(2x2) [-101] Ga-vacancy(2x2)| |Ga-vacancy a(2x2) [-101] Ga-vacancy a(2x2)

EmD w/o SF [111] with SF w/o SF -[111] with SF

oS

30/41




Source (s): Gat+As,+A$

<111>A

or

<111>B

[

A

v

Nucleation—| with SF

60

Pas=3x 1079 atm

[5)]
(3]
T

(3]
o

~ (meVIA?)
i N
($) ]

Ny
S
(=

T

35
873

P,s=3x 107 atm

By SF on (111)A

“l(-~aAbBcCa)Ac  Ba(AbBcCaA:-) |

By SF on (111)B |

‘873 923 973
T (K)

Nucleation-/

with SF

/ N\

S

KIST *

l6v3

3
AGg, = TrzhAﬂsn + 6rh)’sn(llo) + _7'2()’511(111) - ysc(lll))

Nucleus (n)-SF

{110} side facet—p

/]

<—CCrystal (c)

-

4

Stacking fault energy of GaAs
A5+7 md/m2 (=2.8 meV/A)
Phys. Stat. Sol. (a) 171, 99, (1999).
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10

n (eV)

AG

Nucleation—]: /B vs. SF

T=913 K, P,,=3x 10 atm

—ANW-ZB = BNW-ZB
—ANW-SF
—BNW-SF
S 10 15 20 25 30

r(A)

-—ANW-SF

—ANW-ZB = BNW-ZB8P, . =3% 1079 a

—BNW-SF

023
T (K)

973

973

22 .
—ANW-ZB = BNW-ZBP, . =3x 1079 atm
20 -—ANW-SF
—BNW-SF
18 |
€16
"= 14
12+
10
8 1
873 923
T (K)
0.004 .
—ANW-SF P,s=3% 1079 atm
—BNW-SF
0.003 _ linsm
™
£0.002} 8Glnisp
o f-C-exp(—T>
AG* AG”
f-C-exp(—M)_}_f.C.exp(_ Sn(SF))
0.001 | kT KT
N —
873 923
T (K)

973
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Asymmetric stack[ng In nucleation—|

NW calculations

107

10°°

P As (atm)

923 973 1023 1073 1123
T (K)

BNW experiments

ACS Nano 10, 2424 (2016).
SA-MOCVD conditions (~1075 atm)
“The average twin—free length = 531
e

P ~ 0.006 (=3.24/531) at 1123 K

N Nanotechnology 24, 475601 (2013).

SA-MOCVD conditions (~107°
atm)
“Stacking fault density = 3% "
P =0.03 at 1063 K

33/41



Nucleation—Il: on the SF-crystal

J ]—Twin region

“~.Crystal-SF—{~——
TW-stacking

Propagation
—_—

I Nucleation—lll

{110} side facet—> _stacking
/_ 7 /‘ . ‘7\< JI }WZ segment
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Nucleation—II: on the SF—-crystal

“ANW-TW”
(---aAbBcCdACc)Ch

a
&

...a Ab Bc CaiAc/\Cb
; /

>[111] -[111]

“BNW-TW”
Cb(Ba;AbBCCaA---)
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Nucleation—l.lt TW vs. WZ

10 | | . ‘ ‘
°| il LTI _
— - iQ. ..::::: ....
> /"“ §¥§~ o
L Ve N
g 0 / \s‘§‘ ',:_: |
O \e |
) 8,
—- ANW-TW N,
-5l ANW-WZ RN
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Asymmetric stacking in nucleation-I|

NW calculations

T (K)

NW experiments

Nanoscale 10, 17080 (2018)

“Unlike in A—polar case, 5—polar
NWs show high density of TW and
alternating sections of ZB/W.Z

phases.”

“The exceptional crystal quality of
A-polar NWs calls for discussion.”
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Surface reconstructions of;GaAs (100)
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—Surface energy

Nanoscale
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—Equilibrium crystal shape

Appl. Surf. Sci. 497, 143740 (2019).

—Nanowire growth

Nanoscale 12, 17703 (2020).

—Asymmetric stacking of nanowires
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