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Abstract

Formation of abrupt and defect-free Si/Ge heterostructures is of great importance
for device applications. One of the advantages of this structure is that the lattice strain
due to the 4.18% lattice mismatch between Si and Ge may be helpful to improve the
optoelectronic properties of the two materials. However, when such heterojunctions are
fabricated in thin-film structures, misfit dislocations are inevitably formed at the
heterointerfaces, losing the desired strain state. One approach to get rid of this obstacle
IS by growing the heterojunction in nanowires, in which the strain can be relaxed
elastically. The aim of this study is to grow nearly perfect Si/Ge heterojuncitons in
nanowires with sufficient understanding of the controls of their morphology,
composition, interfacial abruptness, and strain field near the interface. An ultra-high
vacuum chemical vapor deposition (UHV-CVD) reactor is used for the nanowire growth,
and it is equipped with in-situ metal evaporation systems for preparing the catalysts. In
order to create compositionally abrupt Si/Ge interfaces, AgAu solid catalysts are used to
fabricate Si/Ge/Si heterojunction nanowires via the vapor-solid-solid (VSS) mechanism.
The high-angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) analysis shows that the Si/Ge heterointerface can be as sharp as
merely 1 nm and no misfit dislocations are observed at the heterointerface; therefore,
coherent strains are produced in the lattice near the interface and the strain distribution
is quantitatively measured using the geometric phase analysis (GPA) method. The strain
effect on the electronic property of Si is revealed in electron energy-loss spectroscopy
(EELS) analysis — a slight shift of the loss energy is observed in the strained silicon
lattice. For applications, the heterojunction nanowires should be long enough for device
fabrication and we therefore use a two-step growth method using AgAu alloy catalysts:
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a long Si nanowires is grown via the vapor-liquid-solid (VLS) method and Si/Ge/Si
heterojunctions are subsequently grown via the VSS method on the Si nanowires. In
order to create a larger strain in Si lattice, we propose to grow Ge/Si/Ge heterojunction
nanowires. Yet, the Ge nanowires can be grown using Au as the catalysts and it is found
that the individual Ge nanowires are fabricated with the use of disperse AuSi eutectic

droplets prepared by a pre-annealing treatment.

Keywords: Si/Ge heterojunction nanowires, vapor-liquid-solid (VLS), vapor-solid-solid
(VSS), transmission electron microscopy (TEM), geometric phase analysis (GPA), and

electron energy-loss spectroscopy (EELS).
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B2 ;ﬁd SRR R m ke #F 4 misfit dislocation e = o ZRm o F #
AR PR TG R K S 4p-ik 4p - F4p (vapor-liquid-solid, VLS)[9] * i2 % d
B D BB ALY 0§ F1S K o RIAP P B RAE B R LA R KIRIRN
RS Y E R K SRPALE- S RN v SRR B i A %1‘]&
W% 5 reservoir effect[10] - 2t £ £ B4 EF 2 A RATA L PBES 4ol B

o
=
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£ o g CHP] MR EREE . FRFE NG TRF A
B e B
IR B S e 4
TR e > R - FREEAG
BrfEEd FA RS EPHI AT HREES T
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¥ 2 % 2

21 THEWEFRAIE

£ 2K RN G i F et B § 4p i 2 (chemical vapor deposition,
CVD)[9] ~ & i) % % (laser ablation)[11] ~ » + & & & /# (molecular beam epitaxy,
MBE)[12] 4 % /3 /% i (solution-based method)[13,14] - & = 410 ¢ 7 7 F 4p-% 4p-
F4p = & #4](vapor-liquid-solid, VLS) ~ § 4p-%F4p-F4p-= & #%+](vapor-solid-solid,
VSS) ~ i3 % -i% 49 - F14p 8 41 (solution-liquid-solid, SLS)[13,14] ~ ¥ - 3~ # £ = £ #541
(oxide assisted growth , OAG)[15] & A % & = = 2 &4 ¢ - 1% * & § jpicfi
ERIELZARNESBRZR* L A B Ue PR Ad » g ARSI
Ed AN BRI B RSRFFHAR TIN5 BT AR E -
MAEF KRB F MfERET L@ BT %(SiHg) ~ & & 7 % (SICly)
F T 2 (SipHe) % o A& & 3414 VLS &7 VSS 4] 2 o 4038 (714 i o

2.1.1  # #p-i 4p- 4 (vapor-liquid-solid, VLS)# #1
VLS 4545 3% t 1964 & d Wagner - Ellis #74% #1[9] > # #* &s A4 + 2<% 4

ko S i &

SRA 3 A RIS SR RSB ERIRY o ERIRN p R Ebefols o {3 ER

/'T—BE ]Qﬁk , 1@' . \% BRI (S|C|4)]/9 , _;F fflj&. $'€]7‘BBB

AN Gt Ao K T & (Whisker) g4 0 4o Figure 2.1 #7om o ipfd &

F 5P~ AR~ AR A AR S VLS #4] WU {r Yang * 2001 & % -7 5
3% B pic g $(in situ transmission electron microscopy, in situ TEM)E # & TEM #
BRACH haF e nd o £ 2R > SRR N RE AL E KRk
£ 47 N85 R K S 4o B Figure 2.2 #7577 [16] - #* *F > Lieber {- Yang %3+ 5 &7 3 &
ﬁ # Wagner #r4% 1) e VLS 41 0 L& 37 5 m i dhian- o $41[17,18]
4o *%(Siand Ge) ~ = 7 *%(GaN, GaAs, GaP, InP, InAs)[19,20] ~ = = *%(ZnS, ZnSe,
CdS, CdSe) ~ § i 4 (ITO, ZnO, MgO, Si0,, CdO)[21,22] 2 % & i+ 4= (SiC, B4C)[23]

AL
= o
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SILICON
VAPOR CRYSTAL

\l/ Au=-SL LIQUID
ALLOY

SILICON SUBSTRATE
Figure2.1. VLS 2 E4#4]7 A H :(@QAax HEAE N > £8P AL E 8 iRk
FUMARKRDLG A f2 > RITEHRMP D H EH 4 o (D)BFfraE HiRH A
RAPEEApZ BT o E A G S £ [9] -

e

»

e

Figure 2.2. ®
%/¢¢§ (€)% & 453 fo itk 5 ()& st iRk 6 & 0 5 @ﬂ%* s a
EEA R ERE X
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2.1.2 % 4p-%4p- ¥ 4p (vapor-solid-solid, VSS)# #1
AR REAIT VIS IS E A A S RERAF VR KIER > R EARK
BFLREUBERESE ARG TERFFIFAIEFER > ZAAT UK
WE R R 2T 5 B & BT B4 AT 0S50 8 7 A K [24-28] - Kamins & «
B 2000 & 2 EFREAR & B IV 2 KA R o 5E 18 Hofmann = Wen & £ 4]
W R R G AR L IR 0 VSS R E R K s TR
v npein s & (ledge-flow propagation) -7 » e+ 2% 7% 3 f2 VSS = £ $%+4][24,25] -
Hofmann 41 * in situ TEM B2 & igi- #2 & 3 X A4 6 Jww > 4o Figure 2.3 #7571 >
Wil AR E Rk N R ARSI N Y - B % B o VLS
WAldprt > VSS A E A MM R RERAMNTEAFIE > AAERIF R ERS
CMOS @WA2FE & o bl4ofl* dr a2 i 402 VSS 841+ £ 3 K S & 55
400°C[24]

E %0; o/ o /°

PO X5}

= Vi e (o]

B 40 @ o /

e / 20 el

H o 00 - o°

g 3 Vo e/° 00900000
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g 2 o

< 20} @eo 0©

P °
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° gaaee°°°°°°
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Figure 2.3. 1 Pd,Si = & 2 K seninsitu TEM #ifc o (a)id * PdySi i = & 1

BiA > FREARNIE D GG EBRT GRS BBLE K A

b IR RS AEE] o (b-d)? B R RS S AT % BRI - (e)47
ERle 23 g Hhhr R F > Y Ak ke L FER 0 130

nm/s »
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Wen % 4 8- A0 5 M EfER R S £ ahdp M IZL5[29] 6 i ik
oK AR £k kR B 0 F135 K 38 0 4o Figure 2.4(c)# 7 0 & - 1B 5 FE(Step)
B ARG b R

u:v
t= Tl(n + ¢): ¢ = ,,(1 i Z))gvl ’ vV =k(Ucqr — .ustep)

BPtAR3PPER 5 5 2L - B m@F onirLastep ki ¢i BEEP
NFF o PT R - R PR R E D RS B R N it 8 A

(chemical potential); V;, 5 it &} 7 & el g" 5 p o fo = > ehs ek
Con PP S RPFRLICEPN ek R C Vs A2 - Ko & atlif s vi Ak
KRRl VL TR T RO SR N - 3 Sl S ST - AR I N 1
FoH¥ B wB PRl > BV RS R ELES &SR ERY RS
i X P H VLS & VSS s £ P L B3 KR A A R HR R S R g0
LE-BRAPPERF A PRiE1 €k 2 VSSaa ke » Ak A
A3 BMBAZ ARG RIRE T ZERDY - B do(d) o @ & VLS #4]°

FEtrhk RS hH A4 2 18 p%ﬁfwmfﬁﬁp\i‘w EERER RS oA 4 0 de Figure 2.4

AT o
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Figure 2.4.  (a) =14 VSS 84107 F M2 = £ 427 BED Pk K 85 o (b) i
BRAOEBET RERZIA B KA S H DAL o (C)Step-Flow = & 9% F 7]
TR B BEA P Bk I B AR Y B RIFRNR > 2 oF S E 25 60nm o
(d)F]* VSS 4|2 £ 2 2 kS S =8 PR AE o ()2 VLS 4] £
Aol sz KRR R s R BI[29]

213 2 fmaLd4 E

A Wagner 2 VLS = £ 4] = £ # % & 1 > Givargizov >+ 1975 & % VLS 5+
2 kB4 F g e 34 [30]0 5 4p 4 VLS 417 < R A G ow B i 424 Figure
25977 () F WA FFERMCA LG > (QF AT ARERCH LG EFIEFR
BEHPE QF R+ R EECHIFi OrFEAEI e 2 HELR
& m e b0 47 0 A K & e Givargizov # 4 80 VLS 4] cig 5 -2 Fx (rate
determining step) & (4)° iz Bootsma fr Gassen 7% 5 VLS #4]chig 5 -3 2 5 (2)
SRR o= REd KUA R g7 8 + Schmidt & + # 1 f& & (steady state) #-3] - i¥ 7

7
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S R AR B g WP B VLS 1L G 4 e 5k (32 - ik
% Shakthivel % 4 *+ 2012 # &£ F4£ & #4] > 48 &) { % & ends 4 5 7] - Shakthivel

h
21 Givargizov #7% Jg che f@;g}j\ﬁ%ﬂ s LB A K AR xR R A

—H

MR ORI RRIR RS o BB RIREA 0 E AT 5 0 4o Figure 2.6 AT o

Figure 2.5.  Givargizov *73 41 VLS = £ 417 2 FIFE T L B - (1) F # 4 5 7
ERitAEie  QFWMAF LRREBIHAGEFCEF BHAFE B)F RFE
REBCAITHI (DRI ERENEe PN HEERE MG > P 702

3§ 5 [30] -

S |6 Adsorbed layer

Figure 2.6.  Shakthivel #f3% #12. VLS {41 % % 27 LB - (1) Sei~ # M i 40
R Qo Al sk A R 0 ARG Rk 5 B)F MR F AR
Wi Mg d e BATL RN ()R FRKRN 2 FHIT O) KN R
AR A S AB IRk (B)iR sk R g (desOrb) AR iR sk 5 (7) % A K
% 5k &[33] -

EEAMAELE®AEFY > 3 A RNE JEE SR SR IR AR
%2[30,32-36] - 4- Figure 2.7(a,b) Givargizov sn& % %7+ » 2 f = L FgF 3 K
REfThea A[B0] e B PRE A A MRrE SR 0 R KR F g L
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# 2778 & Z >l (Gibbs-Thomson effect) sz i

At e P OBt AR A RS B A A L £ 6 % 4 (surface tension) ~ r 5 3 F AR
BT o jE_Figure 2.8 it H = FL @) > APV AR IR(n' ) 3 ok M ()it B gz
£ 5 4=y —p0 > % fL 5 ¥ & ik sh2 i 4 {0 & (Supersaturation) - 5 2 5f s A £
WAEY o BRI R A 6 ke i(Figure 2.5(b)s % (7)% B)hskds 4 o Tt 3K AR
BAEH AR N AR ,u'siv‘g%c ciE@ de PR KM RS o 22a Weyher 4
Nebol’sin % 4 en& % RIEEF AR F ABH > T4 ¥ M A £ 3F F5E8 S 4em B0 o 4o
Figure 2.7(c,d)*7-7[37,38] - #* *t » Kodambaka % 4 A g B g & £ R4 T XK

€30 100 Nm hE F SERE S £ F e ok AP TR B[36]

4 A
(a) 4 Au ®) o —
C.5 * 9 N
= at* o~ 8¢ . Pt
| Car . 2 .
z & i r Ak o =
= 03 ey 3 . E 6 & o’
= & L - e > 4 r a
T ol T Gk ™ . & °
L oozl B
Y 01 ot Y = AP ’f
".fwl 1 a8 a = Fa @ ARE 3+
T L i i ; i . : . :
0 1 2 3 4 5 0.0 0.2 0.4 0.6 0.8
1 (um) (1m)
C
13 \ Cu
_12r .- .4
a
|7t \
o
= 6
3 s ——— 2
—l< 5F
E 4r \.\‘""Lv“‘———wf 3
= 3-&“1—*%;

0 70 20 30 40 5C €0

20 40 60 8C 100 120 4.
d (um) d (pm)

Figure2.7. ztsm=£ 5228 Rk (2@ > 2 SICly 1F5 5 54 5 W7+ &
B
DA 4 5B A RA[30]: (D) B &I & K p 2 5k A0 3 1130°C T & K

[B2]- (@) &Mt *E A K> A PRSI TXEEFHE TH GRS 2P 1

ETS

[30]; (C)41* o £ fi- & £ % k4 » 2 £ & 1000-1100°C » 1 % 0.9% =1 SiCly > 2
5 0.95% [371:(d)f* 4F Wit X E A H S A7 FEA TSR H Y 15 A KE
5 % 5% R [38] -

doi:10.6342/NTU201602478



vapor

. . "
liquid 7

17

nanowire 1

!-1'8

substrate ! Y 1

Figure 2.8 AARCE LB o 40 FPRAFECEER D iR
ZARCEFECR M FAALRPCECRLE ) SR pEIARCE L E

EFBEFRCERLE -

214 &7 R E

ARG O APERLSEMIARE S EBF-HRET A6 o Fl A E K
PR R K SDE KB o o AR 0 VLS 1% K g2 A A
B 05 [30-43] o f A frgienk RIE RN S 360°C 2 AR 2 &k R RAP
B PR AER P &S S o Table 21 S 2 Al VLS B £
B A M2 T o KA EF A MA LT A 275°C 1 VLS fliz AR > gt 4
g £ & o Kodambaka # 4 % #4572 A M2 FALEFLREAFY B PR3

<)

> AR B OK RTE A WA o § X TR A & A R AT R AR[44]

B

Table 2.1 12 VLS 4] & £ 4% % 3 412 % f£5w[30] -

Pressure  Partial pressure  Diameter Length
7(°C) (mTorr) (mTorr) (nm) (um) Growth species  Catalyst ~ Carrier gas  Deposition technique  Reference
400-600 0.04-10 0.04-10 12-150 0.15-1.3 Ge,Hg Au . CVD This work
320-380 9750 6 40 1.5-2.0 GeH, Au H, CVD 8
275 760 000 6909 23 >1.0 GeH, Au H, CVD 5
380 30 000 3000 26 . GeH, Au Ar CVD 7
1000-1100 30 . 80-150 >4.0 Ge+Gel, Au .. Vapor transport 4
500 900 074 . 20-180 >1.0 Ge Au Af Laser ablation 6
600-705 500 000 . 12-83 0.1->1.0 Ge+GeO, . Ar Laser ablation 15
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Dailey ¥ % >+ 2004 & 12 VLS #8841 = & 2 44 3 o G0 Flm e df 34 [39] » #
Al = g5 e z(digermane, GeoHg) ¥ 3 0 Zhde f A8 B AR L F AL S & B
LA o & EIE & 400-600°C ~ £ R4 5 4x10° 3 1x102 Torr - ¢ 43 S E B R

R R K B AR TR h o s (nanowire) d 3 5 2 5 41 (nanopillar) -
&rﬁwmzwmﬁﬁoﬁwm29m®bﬁ%m$ﬁﬁ§ﬂﬂwﬁmﬁi4%ﬁﬁ
(scanning electron microscope, SEM)# i - Dailey % % zn % 2 5 5027 2 5 e 3%

FOFFPYEMRT 2 gfe g tenit B o R R AT AT R AR 2 2O RUF
A2 e S EEFFRTR - FIRF IR phe 2L FFRM 0 &5 BT
(surface diffusion)* T & erfg v * £ - 2 F - @ T4 RS AR LR U

EiE S Apk 0 3 N mE Ao MU -

(a)
)

Increased Layer Growth

Temperature (°C)

No Growth

1<‘)4 10° 10?
Partial Pressure (Torr)
Figure2.9. (@7 FEREBRS Tz fMmEz %kt LB (b))~ £ RS

1x10™ Torr> & £ ;8 & 400°C #72 £ 2 % # 4+ SEM & #.(c) = £ /&4 3x10° Torr -
% £ R & 400°C > & £ &5 % F sz SEM Bif o
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22 PHEAFAGE KRS E
221 F1* VLS= & 4= & »Pfﬁﬂ FAG 28R

Wu {= Yang % « »+ 2002 & J1| * "% br g 572 fie & 1V B § 4p g e 3800 VLS
Wil = & Gphe R Ao 2K R[A5] o B A £ TRA] S BAp R ¢ 4
BUICEFAARFZAEF AR PR REFT o F - BT F IR

T AR g A A 2 ey o FI PR F BSOS S
*P%rﬁmﬁﬁwf's@ﬁﬁﬁﬁ’%?$£m£¢vav%iﬁmm
(Block-by-block) i & =% 3 &t > 4] Figure 2.10 #7157 » # P 4]* TEM 22 i £ 4 4
% 3% (energy dispersive spectrum, EDS)Fxzs 5 # -# £ 2 F 42 £ 7 oK o
F-RERTAe 2 A RELS H200nm - # -7 &1 5 TG A0Nm e AR
Sip® - > 4o Figure 2.11 #7737 - Redwing & Clark £ A *7 3 g @ S22 487 = > 1Y
VLS 41 & & -# 858 A 5 2 K 5[46,47] - = PrF D] cp 5B TR & A
&% 258 s 4e@) Figure 2.12(b)#17 -

Programmed

Ge Target
Laser Pulse -

Si substrate
=

SiCl+H, Residue Gas
(a)

m S
B SiGe

Au
E Au-Si(Ge) alloy

(1) (2)
P

(b)
Figure2.10. fI* it EF i F & T8 B> LR B TR (QF &%
ALE0)> &EF-# a7 KR T LR ()R BHEE BRI S RBER ML S
(23 » 2 &2 P S L 28 Q)RR M GRS AP E &
2A S (A EAFRAR(LB) & IE - EF NG F S [45] -
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Counts
|
Counts

—&— Si
- 7] = Ge
_|1Ge " - /
e 1
_#- - e - e\ A s — \~'/ ./ \ \ / \ / \.,/
l LI I L l . E B | I LA I LI l L I % JrITrTTYTITITITIJTITITTITTITJ[YIYTITITITITITIJrrrrrrr
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Figure 2.11. (a)SEM T L2 F -#7 453 K & ot )2 £ B 5 LHcK o &+ 2 - 9
4 ST IRG kS ?u' #gretig ey (D)TEM T & § 2 5 IR -
Fasha 2ok S5 (YD) ¢ F e EDS = > 2 478 (d)(b) B F ehz ok A
fhe 2 % 0 R e L AT R S B et 5)[45] -

GeH, On Ibel-'t, Off

g y : by Intensit

j- Exponentia y

: e

(b) ) L Error \( Decay Models
E M—v-‘/ Function \-., »

f T T L] 1

0 100 300 400

z = Axial 8ggition (nm)
Figure2.12. (@)% -# # % FTHH 2 F MBI [IFHH 7570 T F Bla i
(high-angle annular dark-field scanning transmission electron  microscope,
HAADF-STEM)®: i 5 (D) B ifsb R A # 7 g I -F B A6 2 K &4 6 TR
X H ML [4T] -
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d 2T Ao J)r VIS 84S £ 2 @ 4 gj FAG 2 AR Flak Higsk
MAFRARIE A4 reservoireffect m @ 8 4 & TARRT A 9S4 L % H[10]-Perea
£ A 2011 EAI* Ghiedp it SN R B AR R B A Y R R 0 X
#2 VLS 41 “rd»w R e 2K SUA 6 A [10] - 49 W Figure 2.13(a)#77F >
ode 50%eggiE ~ £ ¢ 5 T :Ié%ﬁ A 28%AFEREMT 45% - s L &
s TR Ao s VLS g8 = £ — BLEE 3 0K S J2 330 » = 7 A4 (trimethyl gallium,
TMGa) » )% & 45 & 2RI A > £ 3 & - Bp 248 3P #BF A6 2
3k & > 4e Figure 2.13(b)#77 - Figure 2.14(b)* < EDS R 4F 4 B om o 21 % W & i
S EGE A REBFAGOT RS 40 nm 24 0 A Ir b4p L & DA
FEFEAREFT AR 2T AMNTELIEY100m -

a) 1064 b) SiH,
\ Au-Si AuGa
ry 0 — AuiosGasns Ge Si
‘g Gl S e G(H. x> // esehasisan o
% » N ',_.""-A“'Ge SiGe >< g
- 1T Y ," 2 _"' """
361 rpunnnnnn ‘ ,‘y_‘ " ‘.y"
04— ———t
0 45 15.7 186 25 28 50( o 100
Ge Eutectic Comp. (at. %) Comp. (%)
Figure 2.13. (a)7 It blehk 45 & & 2/ ﬂii A B (b)%gs* i@~ TMGa )= &
GEETURMSEPERT M6 2 K RTLH
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EDX Intensity (a.u.)

0 40 80 120
Distance (nm)

Figure 2.14. (a)"2 &4 & £ 1% 3 ML B+ & o827 B 7 4 6 % F sz SEM #if

()2 B 5 A% &R HFEFERFT NG 3K SS e G B 4 STbGEw R A

Foa TR BB E L RhGIEARG R TR PHTE

222 1% VSS= & 4] = & F fcﬁﬂ FAG 28R

3 A FF R VSS I M fosy b B P 0B ER A VLS 4
#1473 % enreservoir effect i & # FH R H 4 5 o Wen 3 4 [48,49]:F 5 &2 2 2 & i
BEHERDERFHTERIA S AAL ¢ £ T RS E-F DR LHER © 3
TRV ARFOIEFRTEFSE @ @ 2 K FRPE o 4 Figure 2.15(@) 5
FfE AlA B0 S ESp R4S %K@ A e AR Figure 2.15(b)
HADDF-STEM ¥ 1§54 & B8+ ~ & 1.3 nm- F p Figure 2.15(c,d) EDS %4 $5 8 = 4
I A I
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Inlc|\§ity (a.u.)

EDS counts

(=]

:f‘Mf""‘f' —

Dlslbtance (nm) |
Figure 2.15. (a)f1* AlAu; = & 11 0% F R B f247 TEM i - (b) HAADF-STEM
Py R R > g I e TR T 1.3nme (c-d) EDS shiadF dy 5 % 7

MERA G TRAT T 1om 2 %[48] -

fe

2015 & Wen % 4 [49]# £ 1% AlAup 14 VSS & & 4]+ £ dip 455 & B
B A% 3 5K S e Figure 2.16 (a) HAADF-STEM #ifo Bm & 2 K &7 » B B i &
PO NG g5 3 K R - Figure 2.16(b) 5 e o A R B R T AT S kS
(Cs-corrected scanning TEM, Cs-corrected STEM) #7 {8 §u +2 % e > B 7 L F F1 & 15 7
AL AT A L PR N 4 ﬂ,@ B A Goe gt b Figure 2.16(b) ¢ B i A o A T
iﬁ_’rﬁﬁ FERFZEE>HLIm; KA E AR AR e BAE S G F o
Wen ¥ 4 d #4 SR8 5% 8 0 AlAu 3455903 3 R 12« > Ft G4 TP
R FAR R § 4o 2.2.1 & “if chreservoir effect @ i 4 g G o o 22 A AlAU
FARTIAFEHEAESLVSS FER T A5 28 & & 4Rehip B[50]7
BRELGEDE EFGF 5 0 U S DE E b A I EPFEE L F
o EEY €R

\\\

HME S F M £ o
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20 nm

Figure 2.16. (ab)fI* AlAuz 12 VSS = £ 84| £ I -45 5 K R [ 5 2 A sz
HAADF-STEM #:if.« (b)¥ iz & o &5 B i3 & B > B & FI4% 4 o 5k 0 45510
o IR o

Chou 4= Wen % A R[>+ 2012 #35 % 7 41> 43 &2 7 s it A= £ 3 F
M[BL] o APFT £-Ren k5 Erdll G5 v 2 B K AE-SURET oo A K
RRETRAEARL L o p b Ao £ BER L 82T°C B e 2 £ 5
B & (365°C) > ¥ = ﬁ R EBERFARR o TP ,u,%%'gl B RN Y 2 AT
bl A @R SR 0 1 VSS & A& I E g 4G - Figure
2.17(ab) 5 £ 42L& & iBiv & £ g ﬁﬁ}l BAG 7ok &z TEM # i~ Figure 2.17(c-e)
SE-EE K GG in situ TEM Biif> d Bping 280k - BF 45
HAADF-STEM # 1> 4o Figure 2.17(f) #r-1 - 82 1§38 & Figure 2.17(Q)% -+ /i & & &

3 lnm =+ o

17

doi:10.6342/NTU201602478



Counts (x10%)
8888388

2 4 6
Position (nm)
Figure 2.17. (a)vf'J P EEASEP -G HRT G

BxT B MRB ﬁJ‘*‘Fﬁaﬁ@‘]lnmmG
v B d atd VLS #dE s VSS B 2K MA 4 chfER g (Ce)= K E 5 R A
o oefEd TEM 220 =9 H e 2% 3 p- e /E °(f)£f¢§/7\31%@é1”: HAADF-STEM

P QR F A6 Bk AR A A e TR S 1nm51] -

223 FHEAFT N6

*?20083%Li%ﬁ4?'1’*é”%mﬁ% VLS & § 4 6 B RN chad & 5 it
[521- % 3 ~ R 1z 48 A&  »HINFARSE > BF A6 HETS
9%@@%@%%:
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&K

£ iR E L
% p R 2T
BT 4o FRC S

'—;\l

¥ 1F

Li %

T

B

7~

012

Ho oS bR TR Ao EaEEN ER: C

4272

“&E]Af A2
roefd PRFUELS REFAR T REZER
Hbe> BH A5 ARF o
Fo iR IR 2205 fRR A H b o

vi
ﬂy 0 s)]

£ A O | S e 4 UK.

II ,max [1 eXp(

kR

11, max "

I
Loy
rS

I

S L AT ER Y TP RN

£

~
BSAR] PR SR RE AR

Li=vtr s 2 FAe %R 4

CoB s ke BE1E AR o [
[ A % o MU ARRT 2

| 2 f &= £ 2 pFaldcd

In@— 1)
i 11, max

3
,87300

7| Clark & ¢ ef 5 % % - #9484 > 4o Figure 2.18 #1

)

2 =

B AE

SEAPM O EFEZARD IS

Prh LI P T SR TR §EEA (4)

01

008

0.06

004

0.02

Fractional Ga concantration in Ny

0‘ e

Fitting curve B
Expenmenial data

x

002
0

Figure 2.18. Li 2 H #=

kaom H

1.l5
L {m)

2 25 3
x 107

A4t Clark[A7]5 2 ez 5F SUbbre 45 % i 2 Body bl SUR &

f B FE2[52] -
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23 FTHITIHKEZRBRLS R

TEKRIY TEMEFZH R BT DR¥ A7 % L (DR + 5
%+ 4 47 $ pt(convergent-beam electron diffraction, CBED); (2) 2 F & 3 & S84 74
#t(nano-beam electron diffraction, NBED) ; (3) i 4p =4 45 & jt¥(geometric phases

analysis, GPA)[53] - T % 5 f1* TEM > 27 B E P2 > 2L e o

Table 2.2.7 & Ji % & 47 > /2 2.4 & [53] -

53 &R TR R
CBED fIr g+ & 2x10 0.5-2 nm
NBED fir T34 107 5-10 nm
GPA AT 103 1-2 nm

231 EATF LT

B AT F %5(CBED) LA 5> TEM T @ * che @A 45 % - 1% TS H
W4T+ doecag & (convergentangle) > § R A R F RS iR S B TR ReNME
G IR (disk) > 32— BT F T G Rr R IR Bk o P S IR S
¥ BL% 1| higher-order Laue zone (HOLZ) ¥e44 7 & 4 e 400 4o Figure 2.19(a) #7177 >
Fd BRIF b B o A R L RS 1Y R [54] LR iR s
S SRR LS S SRR RS U T S R

@4]* CBED A4 s % @A™ Pl 107 #a 57 % 3 B HOLZ 2 5
R o NP A FE LM » 1 high-order zone axis o 4t + L &2 L (7 1 &
T %@ A G B [55] o 4 Figure 2.19(b,C)* T » ir B B Bi<340>EZ S b h i
fim VR o
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(a) E <340>

sample
<110>
N ———e®

i~

CCD!
Figure2.19. (@F AT+ %57 LB - 2 F AR E B Ltk 518 > FHFE PN

¥ 2 HOLZ g 4 - (b) T + & /1-<340>~ = #7{¥ Shallow trench isolation (STI)2. 1
TEM £ 5 (€)% + & 7#<110>7 o #7% STI 3 TEM £ #K[55] -

»«\ ‘!/‘

232 AT SN
24 RS AT (NBED)T 2 kL B 54k * AL Ay P E R
[53] c big B¢ » £#E 4 2 A} TS T FHTF AR AL RE
BI2 T S B o B F AT STEM ehfffs ot in » %2 4 23 A Bt
Bk b R NSRRI At R BB e 57 RS OSSR
B2 Ry 23 R ERHEORB[6] HZFEITABRANT S A5
% 5-10nm o ST ST BL A 0 A b BRI A4 BB eh& A ik
A Al Bl % o NBED 4 47 < 342 > e Figure 2.20 #777 [57] -

;lsu‘\

2 CBED #p+ » d 3% NBED « 24z & HOLZ m;u‘ Moo FM T FRT UL
low-order zone axis T PR gt T 0 @ Ak B o o 2@ 0 NBED £ R & % 5
R ZEYEEPIEGE L) o @ FacA R CBED 10 % en £ [58] o ¢k 5 d

% NBED #4542+~ = f PP > 1% NBED E 45 B 8 ez BB RH A F §

IEERE
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e AN

Acquislnon area - ; i »
Acquisition area set on STEM image S g‘ : w

[b]

E
©
@
2
c
)
-
=
o
2
w

Horizontal strain

Analysis

Vertical strain

$)
Energy filter GRS F
A8 [ S
S Q :
cco a,‘.f Compressive Tensile
camera &
j NBED results

Diffraction patterns

Figure 2.20. 41* NBED #ivi& 7 %A 177 & B o (@QFEEE A 17 % £ 5 (D)7

P g e Aot e T 2 ADF BRI B B £ 2. HAADF %R 0 B pEA

(charge-coupled Device, CCD)Jz & 7 + Y54 Bl 3% (c)%ggl HAADF % & 7z 3% NBED
TSR ORE  (A)F R % L 2 NBED S5t B 5 (6)¥ %3 T B HES B
Fipot o wa TR R RS L BGREA T [57]

2.3.3 Aiwip e 7 g
d »> CBED /4 ¥ # 3| high-order zone axis ¢ i& = /i & e’ fiohs » & 7 3§ & *
KR F A6 A %47 ¥ - 35 » NBED & L F g B W -
B RH A F1P-E A 45 o Hich % 4 3 1098 & #1% B & 7 4n (= A 47 3 #7(GPA)
FOOLEF LA G OEOR Y ) A zone axis b chF 247 TEM B2 e & 2 E A 45
VLY oS e 5N Ji g WY - RRRH[59] B AT T BN T
MBI S RGP Lk SR RFFHEEA AL KR HIE

3 B
X
(lattice fringe) - &b 12 8% fde R ¥ B (r) » B 2 e » 4o 54
B, (r) =2A,(r)cos{2zg-r+ P, (r)}
AP QR Fe B HEL P EFLREMDELDRG 5 BE 2 F R
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P - P HiEe A (r) P33R P, (r) & B i 4p i=(geometric phase) <
FRAETRGS B HREFEOLE > B5 - &8 S (lattice displacement
fieldyu » + iﬁ{r —>r-up]
B, (r)=2A,(r)cos{2zg-r-27zg-u}
AR AR R F RS RS H
R, (r)=-27zg-u
o gt ATy ;‘”ﬁ“é L O R A S A

# i 4% (Fourier transform) » ¥ 2k T - 2_* /] ek ¥ (mask) B]:E 2 2 0 Mg 2 %4

R
Sy
G

3 (Fourier filter) » £ i& {7 5 & = ¥ 44 (inverse Fourier transform) » f 4+ ¥ v 3% j#47
P BB FER () - d B RPRER @R ELEEBI ()i F Lt
PR QTR BES B hE G, g, k2N S 28 =5 5 (lattice
displacement field) - # 3| x fry » v ehdh R =B Fu (r)fru,(r) » &n F DK%
H-(strain field) -

Seipe Az BFEEAR L 122 0ms RE&TAD S 10°%. k@A) 2
FRAPRHEAPFRLL D58 § S HRAPEESBHE S5 - T B Figure 2.21(a)
&R T4 TEM R i Figure 221(b) 5 # 1-:& & = ¥ 4 & (fast Fourier
transform, FFT)55 % - # 45 & e dpen® o Ap 247 > 2 Bl& 7 3 F < ] LBl
FOMFCEEN oz B Rt A R R L € @ 32 4o e Figure 2.22 (a-i) [60]

:\zt

Figure 2.21.  (a)& 45 & 17 4 1% TEM &8 i : (D)TEM B i FFT & % o
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&, (mask size=0.1g) &, (mask size=0.2g) | (c &, (mask size=0.3g)

Figure 2.22. (a-i)# I £ Bl % | e o Ap A 475 % > (a-i) B ¢ sk BliE b
g r sk BAR A 0 2 T IRT R AR 0 FR3LL B 4 [60] -
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24 FPERFTAGE AR AR
241 FEBTAG 2 KRR

Vincent % 4 3+ 2012 & £p)01 VLS £ 1% £ 2 g5 B F A5 % K47 4
B s % [61] o 4 Figure 2.23 #15% > B 4 & 1T ¢0EDS MiFd B R B 4
N% TR B A o Figure 224(a) 5 #4547 B /i 6 3 F SF f247 TEM #6h d

Figure 2.24(b)% # % st | 8 503 & 11[112]° » » R » ¥ B 4 ¢ (220)
(111) 5 = & a5 8 (7 S @ 4p 24 45 o Figure 2.24(c,d)4 %] & ;1 b (out-of-plane) &
RF e, e v (inplane)e, (LR EE L ST RE) B P HRERT ES
R A RS A% BT B St 58 B ) o Figure 2.24(e) A i F o She 2 s %
AT BT AT G ks g FIR R R T eeral r 2 42 W % (tensile strain) @ e P
X Fin A oF b 2 B 45k % (compressive strain) o d g F B G2 £ b
FPERANG ERT PR o P T g "L 4 2 (finite element method,
FEMBCEF R T Ao 2 X R b REBHE - SR Befpriteripi o 4o
Figure 2.24(e)*77+ o

100

Atom %

0 ———— e — LE—
0 Distance (nm) 120

o= Si — AU

Figure 2.23. # £ # [ 11 & @4 % 2 EDS f4fds 5 % o
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(b) (e)

Ge reference : Interface & i
Zone axis [11-2]

[2-20], -
. £S5y 1

-+ Exxexp
v 3 w—Exx model

-39 . .

- tmexp :

w—=t22 model

-30 -20 -10 o 10 20 30 40 50

Distance from interface (z=<111>) nm

Figure 2.24.  (a)45-# R /i & 7 f |2 3 241 TEM 6 ()& 2 F 10 2
MEHRH BELY 5 BB T REA S (Cd) - BARES I, Te, 5 (0)
e B e, inthe RS T > ¢ 7 R RERET R 5[6]] -

Wen % 4 >t 2015 # B & mAp =4 47 > BB VSS & £ #4149 & 2 & -4
BREF A S 2K S[49] - # i £ B HAADF-STEM R if® 2 K & & g‘;é.ﬁvaﬂaféfif% I
(F B FHRE 55 ") EH DL E K R (radial direction) s % 3¢, (X, 2) ©
4o Figure 2.25 #75r » Bk ppd 323 A on B L RAPESTF L CH ) - Figure
225(b)% hizd Y M x - RETA FEFEF 05%L Y BR > HENP LhKk:
A R T A 1 X T+ B R HE i % (compressive strain) T 21T F & 1ok
FR%EFd VSS Al r 3 R P B A5 - 7 s A6 ki 2 < BR% - 0
b Wen % « = g_iE'JF-.» PEAR ARG B o s AT KR 6 nm & mé”‘
FOKSE P SR F TR < X 1nmo 4o Figure 2.26(a) TEM # 777 4% i Figure
226(b)% 1 g, (X 2) A TR T HERS J RS R AGVRLP LTI H
e ® G 9 0%I 4%cht A oo Mg AR 10nm e 2 1om A G B R 4R
OGP ER T A e frds g BRE 0 P ARTR TG PR TR

W% AR TIRGEE P Ie e s pul o T EREEEA Y5
26

E o

3

doi:10.6342/NTU201602478



Figure 2.25. (a)f1* AlAup 2 VSS = £ #41 =
HAADF-STEM # i (b) 2 5 %5 %+ (radial direction) e %
v d FHEN MR RFTIEE > P E N5 G0 05%E ¥ -

X TS &

3 0F |2 HF

:_rg E]l'%é—l\f—a
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$3F RRI2EHF

31 AAMEESHHH

AR &Y ROE RS R A F A B *ﬁ“ F -r-H
(vapor-liquid-solid, VLS) 1+ 2 # -#]-#](vapor-solid-solid, VSS) = & # 41 o feiz i & /2
¢ ﬁ BT L ARSI E P B RE T FRE A o HFEL N FHE
Bk~ (gas precursor) 5 ipikt F A F KL P E BRI IEF > ERZARIE o BT

fim PP 0 s & 3 Reagfer %ﬁﬂ PR KR R F T o

311 =& AHFw gL

AP AIAET N S & Fes & & A o f 023 5% 5 it 5%
Prend R APk LFAE P E TN L 20 mmx7 mm g 3 A58 e
FAFRANIE o 50 BFEILPRFRE > PBEPRY LR FRAREE
FREaRe AUURFARTFE D A@BNI LG B4 F - BFL R
t 10%:ha & p&i% % (HF Solution) 2 2 K,ﬁ%ﬁ A¥F & kR4 F & (native oxide) »
PG B 4G4l FAFAFEARZE Mk a BEGSY2

FANE o RIS F FRICHET Z2 G > T2 Wz R g Y oo

312 A48 EFFF i

LY CATRREF RFAGE APRYRRIEZCEFAARH
(ultra-high vacuum chemical vapor deposition, UHVCVD) i stk & & B & F 7 o & >
drFigure 3.1 #7% o« § 1t K ch 3 g BB A KRB A B LM %
3k MDA fo & VA A R R 4 (base pressure) s dF & 107 Torr 2 4 e 4 gpa B
AELF R E g e 7 - @ ¢ = (Disilane, Si;Hs, 2% diluted in He) 2 g7 =
(Germane, GeHy, 2% diluted in He) -
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Loadlock
s« Chamber

Figure 3.1.

313 £ e mE G &E

AFE g ¢ @ % % 4 (thermal evaporation)eh= SN H 2 K AT g & B H o
A E R T F 1 4R g 3 F i g S (Tantalum, Ta)4e 4 A0E] -
D BN M) EHES R FTF B HENRFL M EEEER
PR P AR E S PSP S BRI o @ REEAREHRS B A
5x108Torr 21 ® > p P E 5 T WR AR FHEE BRI B FIET Ao A
2§ fheogt by 50 F I

FEERE DI R NERT ERT & (quartz
crystal monitor, QCM) » * X &
&

AFTEY AN ERLEERL2ZARIE B H - £cBE AR PR
B BESURRY T UL ER BT o bR A kA &0 (4)
ik fo B R FFN 0L VSS Pl T LR A R ‘ﬁ‘rﬁm P W SRR P~ S
IR TR RIS B 5 R & fosUE R £ 5713 1 (preannealing) X L -

Wi B A E AR A > s 182 R 3 450°C % 550°C 734 0 i &
g a T T 3 o A g 4 £ B F R (eutectic reaction) 0 A5 = X & R IR
(eutectic liquid droplet) » % % 78 4 2 5F s & i ) o
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314 L HEMZ KR F &N
£ R IE (LA 1) (85) 3 A S5 X s i B F AR ff e 8L VLS 4
R TAeT E]Flgure32“r—r F] i«f:]’if P éll‘j-ﬁ/’ “"""‘i% &2 & AT

321 (annealing) r4 ) & & K ik 0 1T 5 R KRS £ DT A o BF RPN § A

2
W Bkt = F2  (disilane) 2t 45 7 b= (germane) i€ F s F 4 TR IO £ AL T
SR RN A B e 5t (re3|st|ve heating) & 4& 38 & 4 > ;ﬁ- IR B Fm

SRAER PR KA LU 2B T R R IIAE LG o L E ARKA
it dm AfEF R o SEEF RFRBB NIRRT 0 REREY P AERER S o
R RS SRR E TG om0 P g iRk R A R BT 0 A S

A EPERERS PHEEI P I RE Ko ot SEERPR S &
300°C % 600°C 2 [ » 34554 F ek £ 1@ -0 B4 Al 35 & 10° 3 107 Torr

2 e
@ (b) (©
Figure 3.2. VLS = £ X2 K I o ()i~ & A9 BEmTg &5

T S LA A QT s AR 0 AR R SR IR (3)‘} a5y > & SRk
Wi ARG P RS RIREL hrk o §RR AR HE g R T G 4
> & RN

315 WHRET e 2 A M= &3

e Fhez %}fﬁﬂﬁﬂ#%?%’gﬁ FE-EBEFEAAL v
TR DAL T R gt SR 4 ;ﬂl%‘rﬁmz?’ﬁﬁﬁgv‘ o 4T [] Figure 3.3 #1
oo R AN EEETEYIom g A > BFFINRLA S EAF R G
RIOBRFEEEE R A BRIk kgl » - 7 %R 4 G5 10° Torr

Ze o VSSEHIFEF RN R . EREEEF DR HERRF O RENZHR
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. P R R R 3EIC I FEFAE o ZF TRy €40k VLS $44K
ZREHHBEA N EBIAFERF A3 FEFEFEMR 2L - B ZHR
o Bl PR AT TR NS EPHEBT A6 2 XM AF
BEVALRBEIAMEL AL - B FAM AP P ZRET A5

‘%’ﬂo

(a) (b) © (d)

AgAu
T VSN e
Figure3.3. 1 VSS * £ 4|~ L P &R T 15 2 KA F - (> A iTfi £42
s (b)4e i £AUE )N B KR TRS R EY A48 & EICH S (C)i ~

SR BRI T IVSS LS LR A kA () e R R f

ML = SENPHERT A6 208
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32 B A E KA

KRR AN B R E DT AABA I ¢ § AR ST 5 A
AR T%ﬁﬁ“ J/T‘d’kv‘gili/fﬁ"ﬁ’f'ﬂb?—, {’EF‘H‘ MET F i gk
FARF Frrdled RIBEFANGRTAE - T0 BB EF

o
Gh
%
ew
\F’b «’é‘“

3.21 #H 4 =7 F & e (scanning electron microscopy, SEM)

SEM 1 £ £ RREERET I A LI ARFER I cp BBy 3
£* {424 - = T+ (secondary electron) 2 % = §z#t % + (back scattering electron) %
B L e B APlT SEMBE S F P50 fid 2T T MBI S
FEI NanoLab Nova450 - K’lf 7oplanview 2 e S @Al R K ROURT
oo IR & ELR > 4o Figure 3.4 #7oT o

E-beam E-beam E-beam

Figure 3.4. *§ % *® = ASEM@E %14 & -(a)plan view- (b)70° tilt & i (c)cross

section % i} °

3.2.2 7 i ;%7 3 & g (transmission electron microscopy, TEM)

TEM £41% % it £ 60T+ 4(200 KeV) 5 5 B /| * 100 nm AJLiE g & -
TIAEREIIEY AL D RRREG R TS T IR E GRS b o
eh AL R o L TN E TS A 30 Y TEM S5 RH & 7 o
LR 3R de @#upﬁd\m o A TEM B8 5 3 5 { nfl ;Lf? s Blhed f s
Ehtedm > o d K AL REAR LR B OFSP I RE AP L {1 TEM

4P 4t (phase contrast) i = 13 f£47 B if(high resolution image)fz & & = 4p
32
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T ET T ORI A PR TRE ST AT KT * e 7R B 5 JEOL 2010F >

323 #H# 7E VT 3+ Biksi(scanning TEM, STEM)

STEM & & - S5 T F st o X - /KRB RTF A RI= 2 A
(sub nanometer)+ |- » AFEF AIFR 0 TS EEPF A T T S5 4 s L
T FFHERY c DRBIRESE T PAMERDT F AT SR B
e STEM ¢ 4c 3k & £ & % (spherical aberration corrector, Cs corrector) % #%
AR+ &fEITR - ;;ﬁ d T 2 oIk A58 3045 P B (annular dark-field detector)
T < A RIS T+ 0 A2 F & B RA, % 38 tk(high-angle annular dark-field,
HAADF) - d %t % |r 2 R + 27 g 3 7 A2 R fgot 0 @ @ HAADF & itk
+ B AR AT AR A RS B F if(Z-contrast) © " e B4 T 5 8 3
BHERGNA AT RETET I EINFR T ENT T AL 52 (STEM bright
field, STEM-BF) - # i3 + ,u,%ﬁf STEM (F 3| F Rz it E A FhEm > * uA
TR T A6 2K Renfi 6 5K AR Rerit * 2 STEM 3|5 ¢ 45 JEOL 2010F »
fed Mo k£ ket %o JEOL 2100F f- JEOL JEM-ARM200 -

3.2.4 i & & 7% 3k (energy dispersive spectroscopy, EDS)

A X sEA & AATRFE A ITHIT ) A F R A o el &
B PSS HE TR BN RERE § AR BT Y -
R T RITEHB A E MR T BRI SRR KT RS
A2 e K Eoh BT F w i G 3 d) 4 e X st A (characteristic X-ray) > 4 Figure
35477 o dpf R+ ¥ AR R FFRPEE AR I e X SFSUL R AR TR o ViR 1R B
Yo X S R A F B o bk s AP E T Ffy T8N B ks i R

o 7372 k2% EDS. E’%\:”"‘Ec’
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Er @
Incoming

Continuum states electron

Atomic EL} @

® O oL
cergy E, @ @ 1L
evels i
Ery e O i
i /
Exk @ O K Characteristic
X-rays
Nucleus Energy-loss
electrons

Figure 3.5.  #c X 5+ & 4 #41[62] -

3.25 %A 17-5 0 4p 4 47 Fpk(geometric phase analysis, GPA)

I FE T I HMBEERBR Y A PERBSTRELAT o T H S
kA B thUR2 348 Digital Micrograph (DM) i (7 o #-% (347 & 12 8% il (7 -3k
i = # #& 3% (fast Fourier transform, FFT) » £ »™ g & {4 cndEst B3 + > 2~ L [B] > [§]
ED BESEL  TEFLTRE LR o NP RBRI . (XY) g (xy)
ey ) (RT3 A XS EFE 3w y) e M HTHAEEY LB NEFE

4 - BRI RS KA PR A T F o & P AR ik Wk (F4e Figure 3.6 #

High resolution image. Select two diffraction spots.

Set aperture size
and position.

> Define references
region.

Strain maps be
constructed.

Figure 3.6. B Ap iz A 4750483k (F7 XL W o
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3.26 =+ s E4f 4 % 4 17 (electron energy-loss spectroscopy, EELS)

AP EE AR FEAL A RN R APTET I > ST I N R
Lo TEFERF FL 4R BFAXCLID T # T W AP g
(inelastic scattering) o #% i jiic E4F 4 K k@ 8 ¢ T 3 BHET 0
Rt~ | a1y g (valance state)~ p 4 & + % /& (free electron density)~ it 14 (band
gap) ~ 11 EEBRE -

TIRBAEFARTUAIA BREBIELT TN

\“‘b

48 % % (low-loss spectra)
2% % s B4 4 % (high-loss spectra) o it £ % iZdg & + i £4 % ] 20 50 eV >

|

TFREBEFLLIL R ST FIEMETFLITNY  KFHFRNATER
(dielectric response) » & + it B4 2 <2050 eV eng st B4 ¥ 0 LK EF P A
TEOFAPMETIREN 0 g TS EE:E"_#F% k345 jonization edge > f¥ % et
H e o ok b it (binding energy) o &R A B4F 4 R3¢ ionization edge
T F B T 7 Mk S5 (energy-loss near-edge structure, ELNES)R| & 4
F PR RETA
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AR BEAUEH

41 VSSE#|= £ -ﬁﬁ-ﬁ’-ﬂ Fhiszd®

AP EB AL B 11 g R R AE > 1S B 530°C 2 T AR
RAELZ L4 &FA370°C e LFRMVSS &L 4]+ & 15 | @enp 3 F
Mo R I FRLT AL L] RSEXE 05 B AR IR
EEF R R AR A SRS N R R 5 R AR B
AR TRMUE A6 AR EEFST

411 B NG EARAH

Figure 4.1(a) 5 # -45-# & 7 /i 6 % 3 st HAADF-STEM R’ ffo> 2 oF &= £ =
B A <I11>7 % o @ AR R s F[110]2 B E 5 AR A 4 S o 40 3.2.3 &
% it » HAADF-STEM 2/ 1t #4302 % & A L A 57 » 48 ¢ a5 AT T 5 &
4 AxaE o HERARSE AR bt 0 Tl Figure 4.1(2) ¢ g R AT 1M R
S e d RIRBFARFAPTAPFREZARARELFEROETF A T
hr ad gk e o #70h Ge rich th7 Figure 4.1(a)® h45 2 of stf - Figure
A.1(b)R g B ¥ L AT - B PI R T e ALY Lnme BT R A S e
ERFAG G AR RAAEINFART A AL EEH o APRG
{ﬁﬁﬁéﬁ SNAFRER B TR o 1 ﬁrﬁi‘]ﬁ IR G R o v‘/,%:}ﬁ a3 K
AT LM E SRR T VLS &£ 47 2 £[63] 0 £_Figure 4.2 ¢ F -42
10 B (2) & 45 -4L4p Bl (D) 7 12 17 wdg-4hs R R 5 651°C MOt R -4k f i R
827°C» m ¥ ﬁ"ﬂ‘ﬁ’ A g ES ,;,_)%,‘”'3 360°C o Flpt AP daipl g 7 2 Kk R I A
FREF > R REREEMN ALEAPER S xﬁg«é?%ii*’ré z kML
m VLS #4]> i&m & 45 % £ 4101 &)Y B 2R &S - Figure 4.1(c) 5 # 2I45h R T
o2 8 BFRHo BT EA G dciE > 153 RIRFApd a2 g =/ misfit
dislocation =4 = > pt ¢t > Figure 41(d)F e A E T3 AT EFTha TR~ 4
0.7nm > i | *+i 3 = e[10] % - AATFHERT 5 2 A
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Si Gerich

NN N N N AN
SRRNASAENANANNSS

NN
NRERRNSNR RN

HANNARANR AR RN
MR RSRAARS NS
NN RANNNNL SN

\\\\sss\ss\\‘?
ARRARRSARRAANLY

'

Ge rich

Distance (nm)
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