\ >, == Y )
Bl = 2 ~ &

HRPEE 1 EE

oL owm 2

4ok b dR ot e (05 2 T 5 & S £

Homoepitaxial growth of (111) diamond with
embedded gold nanoparticles



34 EREEgrr (1) 2k F & dH > &
Homoepitaxial growth of (111) diamond with embedded

gold nanoparticles

VB B o Student : Ping-Hsun Wu
hERR® 2 Advisor : ChangLi
Bl =2 2 # + 7
Z R o R A X
L #wm o~
A Thes's

Submitted to Department of Material Science and Engineering
College of Engineering
National Chiao Tung-University
in partial Fulfillment of the Requirements
for the Degree of
Master
in

Material Science and Engineering
June 2011
Hsinchu, Taiwan, Republic of China



A £t g (L5 2 F 7 B s & &

SRR S s E 2 Bl

i

E

SEHEPE e RE LT
2
Am v L RARS R TR F F Ap Tt (MPCVD)ER R
Thd ikt &2 HE B4 (LD Hd chx L F2 A7 A& 5 A
PR R S B R e A R T R B R AL
AT F - AL RFHAAL AR A E Kger (11D 8 1 T
+ R AS(EQuUN) 2 H L 8FE Y e K o T MPCVD i Sup 1%
RESHger L2 ERAFFH B Gpd AR OROLS 57 kT
,};g\m}nzan}bggm!ﬁﬁ] B3 & o HRIDG NiE R o
SRRA R MY Rk R e TR & R A R iR
A AL PE HYET (L) 2 FE RS LB SRR S L RBYE

?%?ﬁﬂm%ﬁ’@—ﬁﬂ?%ﬁﬁﬁﬁ%%}%ﬁ%%uwﬂﬂ

i

A4 o

BAAF Z 2 IV AT FRIVERAET > AR YT L5 D



BARHIES B0 € % T S B (SEM) e R+ 4 BACE (AFM)
B G A RACE 6o RER > Te & X ki B0 % ¥ K (EDS)ie (7
~E LT o AF I E 800W ~ B4 80torr 2 ¥ =k A 0.5%T
R ERG 2002 £ K o wger (UD)e A ko5 393 o

FHNEENA A LA B M LAEAYE RS L

‘E_k
=%
a

o

o

-~

YR E MR hT S qrd § R G B B S R
R e AR R 2 B W eh R £ o e & AFM 112 Xk SRS 3

ST S KN > 2 TEM 2 47487 B 2 A £ 2 0} 5

-~

W25 S5 &R F PR UL LR A L 0 TR R E S
LEdger B e RE ARG E S (75 (epitaxia lateral
overgrowth » ELO) > B & & hx i D BT Fcnde & > B3 K
ERHUDGET 5 b i A EFE L RE 7 AR EETTE RS
Mo Adg2Famka s bF el LERYFDRF 5 - NG
B {7 A 4% & (tep growth) 2 2 % = 4% & (multi-layer growth of gold) =

B & HET 0 17 L F B (OM) ~ 42§ % 3 ik (Raman) #4467 e

]

FEde A REEZLIT - BEFRAE AN)FBER S 34 um e
HEF W tdn § Y VIR 1324~13260m ™ ik 8 0 A T HEE W Tk
et o BRA R S AEESK DM Ap WAERFE T 05 A

NI e A X kIEE 1 Z 57 B mapping (RSM)ea 478 5% - 73]



Yer2 Hixfredd B2 o2 T o FEEY %4054 447 p h4

A&k

RS B e LIRES > ERA T g BFER] o i fl* TEM
AAT S S SR M FIGET Koo 6 et F S {111 5
Fendkkno defp 2 AP AP BAEFHEEDTEH en THED
141x10° cm? s & F Ar kg B LR R O Y o i sk Frd)

(111)@ ,g;aaa .[YEE}' ng—‘ﬁ}iﬁl JR é.i °



Homoepitaxial growth of (111) diamond with

embedded gold nanoparticles

Student : Ping — Hsun Wu Advisor : Dr. Li Chang

Institute of Materials Science and Engineering
National Chiao Tung University

Abstract

This thesis focuses on the study of growth of homoepitaxial diamond
film with embedded gold nanoparticles (AuNPs) by microwave plasma
chemical vapor deposition (MPCVD). The first part of this thesis deals
with the preparation of ~gold-nanoparticles on diamond (111) single
crystal substrate. The -effect of various plasma conditions on the
distribution of gold nanoparticles on diamond (111) was explored by
varying power and methane concentration in plasma. In the second part,
the well fabricated AUNPS diamond (111) was used as the substrate for
further growth of oriented diamonds by MPCVD. Finaly, the results of
multi-step growth of epitaxial diamond film with embedded AuNPs are
presented.

The gold film was deposited on ~ 2 mm sized diamond (111) single
crystal substrate by electron beam evaporation. The as-deposited Au on
diamond was then annealed in vacuum. The higher temperature results in
more uniform distribution of AuNPs on diamond substrate. The
distribution of AuNPs on diamond is also affected with the thickness of

the deposited gold layer and the MPCVD conditions for homoepitaxial
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diamond film including hydrogen/methane concentration, microwave .
The morphology and roughness after the plasma treatment were
characterized by scanning electron microscopy (SEM) and atomic force
microscopy (AFM). The results show that the as-deposited diamond on
20nm thickness of gold layer has more uniform distribution in 0.5%
methane plasma at microwave power of 800 W.

In the diamond growth process, oriented diamond films were
deposited on diamond substrate covered with gold by the same process
parameters including mixed ratio of CH4 and H,, pressure, power, €tc.
Comparing with the diamond film in the various time, we can set up the
growth model of diamond characterized.-by AFM and X-ray diffraction
(XRD). At the beginning, the growth of diamond islands appears between
AUNPs, followed by |ateral overgrowth with coalenscence when diamond
islands covers the AuUNPS. From cross-sectional transmission electron
microscopy (TEM) observation, a graphite layer exists at the
AuNPs/diamond interface. Secondly, diamond films obtained by step
direct growth on diamond seed and by multi-layer growth of gold were
characterized by optical microscopy (OM) and Raman spectroscopy. The
results show that cracks appear after diamond film deposition for eight
hours, while the film processed with multi- layer growth of gold shows
no cracks. Raman spectra show the peak in the range of 1326-1332 cm'*,
suggesting that diamond films are in tensile stress. XRD and reciprocal
space mapping (RSM) were used to evaluate the effect of embedded
AUNPs on cracking by determination of the d-spacings of diamond and
embedded gold. The results show the out-of-plane and in-plane

d-spacings of diamond become larger than the bulk values, whereas
\Y



gold's d-spacings become smaller. TEM reveals the distribution of
embedded AuNPs and the microstructure of epitaxial lateral growth of
diamond with formation of stacking faults and threading dislocations
after the coalescence of islands in the step growth.  After 4 step growth,
the dislocation density can be reduced to 1.41x10° cm™. It implies the
embedded gold particles may restrain the formation of the cracks on

diamond.
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CAEE AR A BRI AUB G G E B A T
IE & LR hERD T RGBS S I GEE [8]c B EFEY N - 4L S
GET 0 A R g v T F o P (ASEAYRE Y A (B 4 4
st ) b B F A Y BIETRE o WERBET LA { R OER
el RERG - TR SO FEHRER LR EEAEZFY
*LLJ;:AL‘:,\.%E}»W”J”‘ LEQ R AT = A ] °ASEA & = #EF
B~ B4 H.2670 “C2 80~ 90kbar o § FEF] K & B AT

M2 B FR A e e & R o F301960 £ (4 - ASEA ik &
e itz B2 n 2R RS @L‘d»{qgizm'a‘sﬁ %% - 2000 &
oot ERPF]S AL R KA ZF iz A 077 2010 £ o
AZiE 900 4 EHPT SR AP A PRl m P AR LS G
TR 2 R T LB B 26477 0 2 G ERB I A FEA

A e BR EfR-R 2 & A BHET 0 R 26977 0 S fE2 A B

;{rﬁ:’ﬂﬁl{tl‘?{ﬁ'% BT ,:,\,F[é,:g '%/‘,ﬁ%,l‘j&%fg}ib}-gﬁ:lﬁa%
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. A,'_ 54 _T
Carboloy, B* s .
Anvil - = Bmd_mg

3

Graphite \“‘4.

Pipestone
__ "Gasket”
g Graphite-

Pyrophyllite

Sample’
P Gasket

Carboloy Anv

T e

Bl 2.5 (a) Bridgman /& 4ats & 3¢ (piston-cylinder) - (b)& /& 40 %78 3¢

(Bridgman Anvils) <8 & 144 B[ 7] -

(B) — GRAFHITE

( ! ) GRAFHITE CATALYST =" CATALYST
WELL MIXED .F OWDER OF DISE TYPE OF
GRAFPHITE & CATALYST BY CIF GRAFHITE & CATALYST

B 26 = 5 BHiTE 4T (A) » ¢ BHZ T LB o (B) » 5

P F T 2 A AT A A -
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222 B EB R
1953 #d Liander £ Lundbale % & & = 4% P53 i 4o 7% Al

#(Fe~ Co v Ni)™ § »cein'd (B B 3 BREATAF 0B & 54 % 407

AKFPEEREFMA S € ek o 4ol 27 97 [7] 2383
BATRBET A BEAR EHEEFAE B OB ER >
BT OB fRRAR Y MO FRVHEE T AGRARIT D o T OIS & e
RN

(Dpeiz fe ik M 7 ¢ 2aA S & Jiss & (AU £(AQ)~ 4 (Cu)~ 45 (Al) ~
i-(Pb) % -

QA F 243 2R 2 SR fui & (P~ 4= (Pd)~ 4£(Rh) ~ 44 (Ni) ~

#(Fe) * -

Bl 27 & BA4T b ¢ B SIS M7 S £ 55 BRAS - X

o — Lo T EAT KRS 2 T S [7]
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223 Bz

1961 & % EH 282 7 (Du Pont) ] # BT i — 4673 3 S 4
O] "ERAREFTR T FEER S HET iy o {1 RFBRE
frA 4 % 8 B (~1000°C) - H &R+ % iE 300 ~ 400 kbar 5 4-@] 2.3 #1
oo FEIRABRAES CRAR T AP EBRFGIE T R T
AR RAE NPT AP o F RS PR ET L F R AR R T RN S
B ] o gt A PR TR B AR T R S R DRE 0 AR
23 7 0 HORMFFFIS REMROBERET X v EH o 5 T L
B RRREY S ERALEY ThedE s RiR 2 T 5RO 0 AR
AP R RS T AP TR E g R AT S e

FAINARHEREY T & o

b AR B R R RBAR TG R engeR o d e
Tl B G R FRRIONEAL LR S R o G HEE KA K
BoREFRETOVEARENE KAM AT ANGEFREY &
% % Type |b eh8 f 467 (£ 2 A4 o B 28 2 407 chadg 2 H L

# [10] -
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TYPEI TYPE I
TYPES : c 5 .
ABUNDANCE
IN 98% 01% 1~2% 01%
NATURAL DIAMOND
SYNTHETIC MO | EyNTHERC: | ST e feo R e = ST
DIAMOND SUNTHE SIER |- POWDERS | S pvet ) S = B RvasAL CRYSTAL
= ] e 2
NITROGEN 2x10* 10%~10* 1~10 H;.(;H F'LA;:ELET
(PPM) PL%T‘S bﬂ e PURITY FORM
IMPURITIES
SOLVENT
OTHERS : METALS - : BORON ~100
(PPM) 10%~10°
COLORS veow | areeht | vELow | coLORLESS BLUE
ELECTRIC 1010 10 10" 10~10%
RESTITY SEMICONDUCTOR
(Q - Cm) INSULATOR = s
THERMAL
CONDUCTIVITY 800 800~1 600 2,000 2000 =
(Wim*K) H___

B 2.8 4E 7 A A A SR I [10] -

224 B F Ap i fh 2
d B 23 91w 0 Bt &R IR REARGE L4ET 0 5§ 4

-~

A AUG MR RAR 0 B 29 5 - SRR I B AP S K 2
i)

=

&

[e]

7T

BlP #4204 7829 %R EF L7 RfH B8R

0 &
’*‘;ﬁ,

‘m
7

F L F A Y T R E K fRAES B A E A g
B+ SR I dF AN A GBI @8 g~ B AR
RN B g ASPESE [1] % - I F AR

E MR PP E FA A A fR2 k&7 7 1960 # ¢ Eversole[12]

B S '15?61"%){—”&‘?&?379%“ ek oW~ F 4 BITAH

15



fRer o £ > 4ol 210 #7o1 0 d 2T & L_&EEI-E\I LY 7561 JnE
oo HTULLFZ XA G FRIFRE PRI FTELST R
PipckieF @Az A K F 2§ Lnmhre & 1970 & > Angus %3
WEAIELERT FaG IR - AT R FE BT AL Tk
*EER P APE R BRNZET Angus Hrik 1 eh

PEA o 4ol 211 #r7 [13] 0 BBENE AN E TP o i~ BT E 2

)

N

T R,z rgﬁﬂ‘lgf‘v?%@{’—\”"ﬁ T A4 mi&,ﬁféﬁ:ﬁﬁl»}ﬁ¢ ’ ln\ﬁ'¢7 M’E

S

B F AR A

3
%:

FRMA TR G T RS A

oo APz L EAE 2 SRS O (RN R E S A

o
=

2ERFETT AELGPTNS I S F AL g B AR K E R
I 1pmhro @ 7 EARGAR A MRIEES 2088 & RS o 4P S £
PN BRENZ A LR RSOMOL TR Y o & R LR
PF WP R hd ¢ 4o 500 [14]:
C-H+H -->C+H-H (' 2-21)
C-H + CH3 --> C+ HCH; (¢ 2-2.2)
C-H+CH,-->C+CHs (5* 2-2.3)
C-H+CH ->C+H, (5 2-24)
C + CHj --> C + CH3(Diamond Growth) (¢ 2-2.5)
dE AT @hrd BT EMRT LB R B
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o L S W XS TR BUNEIEE Nk

i

iR FE R+
B MG R R R AT S R AT RAE AR
EERF] EMELE T D RS AT RS R Y Y R

g d o

( o )

g

Activation
H:......->2H

CHa+H....->CHs+H:

.

& Nucleation

| Substrate

B129 MR E FAnmA R [11] - B 211 #£%5%% 7 LB [13] -

Furnace

Diamond grit

o O O O O
o O O O O

I
H, H “ CH,
i

210 # 4 jriz * £ 477 LW [14] -
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225 ek THFF AR

d IR F AR AE A 147

e
AN
F_*
er\
=1
T
&)
B
/\\_
s
|
=i
\;‘;
pom)

L3 B
(1) F 14 foe JE 5T B
@ Apt s ife 7 & fhmka i -
)itk F & FHET L Ff Frdl P g fE o Blhed ~ § o
d AR ATR Y U TR F F At A2 (1 42 MPCVD) -
FI* 245 GHz et 1% 5 THFH R > d WFMTRIHT T2 F

vig o R BT IHRPMER T AE L FEGT R v F e FE

"V

@ g ehit Rt o Rl APEREA S DI B ok T R L
MEEEF TR e RERY B E A 2 B e
PAEAZ A E T EEEPNCOBERL B R R ML R I TR
WL PO RARIFE I A% A AT g 4ol 212[15] -
B h S EHER Y X Behd R AN TR F YA S SOGEF
£ A HET S LB N1 2 B ASTX 2 P4 B 17 dhdn 3l eh
MPCVD %288 » & 41 % 13 & f = AUk § il o el - 457
T W E @ ASTeX 2 P 904 & o7 dhidk 7288 MPCVD i 5 o
EEEHET SRR L F L RTRR IR - A S
R R F RSB T ES TS B A
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A S S S AR 3 RN el BRI B I8
10~100torr 2. B » iz B B 4 % B < 3R ? P ahmde 5 4 0 RPF
Hred goB 2k h o S e K HRE i AR D8 Y B R
TR PR E R NE S o AL PR uBARY 0 X INAF fodoT

[16]

CH, + H=>CH; + H,

CH; + CH; => C,Hs

CH; + CH;=> C,H; + H
C,H, + H=> C,Hs + H,
C,H;s + CH;=> C,H, + CH,
C,H, + H=> C,H; + H,

C2H3 +H=—> C2H2 + H2

EN:

LR £ A AT CHy 57 %A T 24 RS
BB - & R+ ¥ A7 %032 - BE hFmAd it fd
y:3

4o B3 5 MPCVD ehfFd A7 1 i

34

Bl fe— i P QT AL
FERER O PR LEIECY E RGO ST U
EEFr R EE LG (P T H&H)PCVD 22 £ 225 L g &
SR E 2 P [17] 0 4 23 L E L4ET & CVD 4P7 R

[18] -
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Bl 212 NIRIM 3¢ % it & 4

CH
Ha
Ar

MICAOWAVES
(2.45 GHz)

‘E_
FLOW CONTROL
SYSTEM

OPTICAL WINDOW

TO PUMPS

2223 K gppreniiaig i i [17) -

Eate Aren Quality™ Substrate ad
Alethod vantage
(umb*) | (cm?®) | (Raman) material
100 - SiL A i i
Hot-filament 0.3-40 -+ . Mo, aifica, | Simple, farge
el Al Oy, sic. Ares
ABcrowave WIP} 40 - 51, Mo, silica, | Quality, area,
-—
(0.0 -2 45GHT) 3“:':5] T WC, efc. stability
ABcrowave
(ECE21.45 01 <40 -+ Si Area low P
Hi)
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4 23 ¥ W47 2 CVD 487 1 i [18-19] -

CVD #t7 H & 4T
% A (g/em’) 2.8-351 3515
Thermal conductivity at 25°C (Wm™K™) 2100 2200
Thermal expansion coefficient at 25-200 C | ~2.0 0.8-1.2
(x10°C™
Electrical resistivity (Qcm) 10%%-10% 10
Dielectric constant at 45 MHz to 20 GHz 5.6 5.7
Electron mobility (cm?V s 1350-1500 | 2200
Hole mobility (cm?v s 480 1600
Young's modulus (GPa) 820-900 910-1250
Vickers hardness (GPa) 50-100 57-104
Index of refraction at 10pm 2.34-2.42 240

23 CVD 47 ind 18 3 £33
-4 3 0 CVD PR AR o gPr LA A L AP R
BEAFIEFIE T FRE FHE 2N g -d P
BRET 312:'?3* P fRHLI R G B 0 SR FEMEAE mf (R T
#

BEES

CRETTT EY =Y B Y NIy ST
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231 B FAPHEFA R

IF & = +% (Homogeneous nucleation) » & it 7 ’J\F iR 1B
A PRSI oRE F AR T T £ ¢ 457 51— B AL
B ALE R fEch o 4pstd Dejaguin & Fedoseev 14+ £ & 413234
FRIGEE = 0w e it [20] > p A8 7 Matsumoto 7| = f&
# ¢ = 1 v @w 5% F (adamantane -~ tetracyclododecane -
hexacyclopentadecane) [21]...% > (I & P e P fEdc g © 0 47
B ERM G FF AR 0 1989 # > Frenklach £ 4 { BB D A ¢
SPET A 0 T o T A 50 nm 24 e 213 #7F [22] 0 %7
T A PIRG o @ &= 4% (Heterogeneous nucleation) - & 4p & F
A e g pplenid a2 Rk maP o - Az AH 4
BT S B B R E TR R R TRl T (Neitea) PF 0 2 R
FEERLF L YL PR AHEE R LY BEfoE R
§ Rl T BAR R P T BHET LG 2 R e feit R & T MART P
ko m i 0 R EMPT AT AR & [15,23-24] - d 3t F ARl TS
PR BB R 4 s Bl B E AR A Lo g

AP PRy A AR R BR F 4.8 [29-
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Bl 213 467 P4 [22] -

2323 £ F b2 HE7

FEEG e AR B RE AL o d SN PEE S LR
A rd R BT o R RVAR B F RS A TS
AR R T PR TN L RET

R THET R F L RS SRR T F 50 hE R

4y

4

S B R BT R AUEE A 6 i f B0 k0 REPT A S A
BB EAE e e P R AR AR E o F 4 ¢ el
GER CHUREREI TR FHFUAEY HER LS o A S
FENERY A EROLE L AR ARG §ETT ko 4o
Bl 2.14 77 [25] dE® &ode s £ B3¢ - (110)5 e K id B Ep

E8LA AR g #0(100) 2 (111) 5 & TR0 BT & B 2§ IR 3002 (111)

2 (100)4p 4 % & i 5 kb0 Wild % A JR5407 57 b 5 S o
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B TRNPTFE D e Sk 0l=\/§V100/v111’

EILL

Ly

£ i
Vigo * Vin A B & 47 {100} f{111} 6 eha £ iE F o o 17 24T
RO R 54 B 215[26] 0§ vin SRR R a0 o
{100} & % 3 > ¥ vio = K& R Hd PIE{11} 6 5 4 - 407 en
AEERETRER §ATHE NG P LR S o d B 216 477
[27-28] » 7 frgr & & (111) ch#P7 Mo A& T kR ® B AR
B TiE A g o
Higher growth rate
A

Lower growth rate

g] 214 é?;}' BBE] \}1 ‘:J\; ‘FF\ T—F fgx g] ’ ‘FF\ %gﬁ;&’}i‘ﬁjgag ‘i /ﬂ’ LJ-\ ’ ‘E\ %gﬁi'&éﬁgag

1 15 2 2.5
B 2.15 & #A) K &2 o Dricinfp L > REE D v 5 S KR R AP

w [26] -
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Cauliflower Rod Shapaid Graphite
S | a;;y 7,
§ L/ ’ﬂ% /% Bal Y,
% %%:E{Hill // {100} /// %S :‘E j yyyy, Transition
% égz Zﬁ';da% Face/%i " Area
2|g% | fg)
= 'C % If// LT
850 900 950 1000 1050 1100

Substrate Temperature
Atom Mobility on Surface

B 216 " =k RS AF ERT B4 RE [27-29] -

24 CVDEPFE Fdeh™ 2 2 AR
241 & S 4EF %
EA R S e 2 RE G RS M R ARG B BET

E
™

>R GG A M Y SRR A - B F & 5 (Homoepitaxy) > 7 &

7= B

S d 8 TR (DA AP L AMAEE S D Q7 2]
RS e S S R B G SR LR L
FESEEAY bk (DL R G FE > lFmE

24

T A E RS BT A S (Heteroepitaxy) » bl4e &r 5 B [31]& £

B OF rgdl s &k e o PSR &R [30] 0 o

§o&kH [320 S EMEE N Kb BT AN e S PR #

WETE TR AT E R R BT AERET ERE L BT

KRG I e AL AFTE AR B<ULD>S SR R

25



N T S AN T S

242 F F & S BT %

Chu %  |* HFCVD 4 4t ¥ § 47 (100) ~ (111)% (110)= &
Bod PEFE KRN AL (LOAF A EAPiES 2l @
(100)2 (111)R]# 5 T & [33] - Hartman % 4 [34] &t § <110>= £
% bdp 4 (110)5 24 37 5 (110) % (11-1)# ke & e &y 6 0 32 5 {110}
TG R B B{111) & rie L e 4oB] 2.7 #7 » p ¢F Machado %
L [35]ie- H# fI* X-ray, topography FHTiF 3| A H 2 B e B T
<11-1> + <111> — <110>.42:3{110} T 5 %> = B % o 4p >+ (100)

B o (1) 5 PG B e LR RE G TBRT o blird F E RS

i

(I

(1115 ehi S EF > E X EF S 5 2(100)5 Flig - 4 >33
semiin N-type 467 7 it t(111) 5 chger ¢ i (5 [36~39] » #3F 5 47
T ¢ ¥EA(l11)E %47 & £ o Badzian % 4 [34] { 45 1 (111407
= LAY H R W #ic(lattice constant) € KL ¥ = & PERF @ 4 0 1 (7
SR P SR LR B AR R Y EEFH T FLRRRE

AR TGN ERZ G EHNAIFEREN TRS 5 LT e ik
Fa o> d Wang % % [40]0%7 1 @ 45 4y CVD 467 8%

67
iy {111} B o i 4% T 0 F {100} & G 2. T e B rn)ﬁ:
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22¥ 5 4o 218(A-B)#ror 0 ¥ oo B{11} f i T enfE S £ 7 € B4R
FAe {11} 46 5T 77 598 # {111} T & *%&-T {7 4-F 2.18(B)
SR eI B SR R E 2 R IEY S A F Y BARE
Kasu ¥ + [39] 28 K47 (1U1) 5 b = £ 457 5 77 3 LB o 4% il
#(11-1)T 7 @ 22(111) > 4B 2.19(A)#7F > # P i SR EeY 5 A
- e A HRE S 2 2 deB] 219(B) 1o o & 2 £ B & (111)
s LT R 4 chR F 2 B Kasu B 4 sHElaeg B
5 660°-770° 11 2 HPHT ¥ & 47 c(111) & i& 7 4 17> 4o ] 2.20(A-C)
“ron oo dp A AR A W A 1107~ 3107 e 2 7x10" em ™t - B s ik 7 TEM
ZFEEm A7 4oB 221 #1710 # B kws CVD YT I HPHT 4¢
TR FIBdfr L AR Z A2 A CVD AT o P oL
AziR D HPHT 487 % 6 > o 20d gk g @ 01 %> Kasu 1245 4

5 24T 220(C) 7 eh2 gy 2lp X o d B A SEM T R R A R
P AHET A oG b enfe TR X KA KA 2 Isoya &
Twitchen 7= 45 &) HPHT 407 * & 2 5 & & e [41][42]2 st 7 €
BPLERERAZER EAMA T (11D bRl 1807 0 ER
R4 > 4eB] 219(B-C)#17r [39] > m iz F ¢ % 1 k&

imﬁb}'"iéi %BEB BB?‘ » ¥ ‘3\"5»13.)25&"5 ﬁ'; }igd‘ﬁ% °

27



(A) (B) <n1n>

e —————
o e
-F-I' "'i"'l."'l-!-l s ! ot

.|. | r_ q. -

e e .

""i""l-ll" .lll- i‘l‘
B e h‘u-- ;.L.

Bl 217 <110>- & = & 7 L. B (A) & A& 0.3mm(B) A & 1.2mm

[34] -

B12.18 Wang % 4 A uljE4E7 & #2{100} f & 12 2 {111} & & 85 2
T HESTE 5 () {110} & & 10 5§ B S SRR g F[110] & phei
eI o (D)BART R BT S EH {26 2 TP @Rk

(111} 4 & 7 = = [4Q] -
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Twin plane B Twin plane A

{B) Twinned layer A
\ [001] Parent layer
Untwinned layer B Vgt .
_ A
@ o9
gl {3
: 2 '
Grain \fl o el ..
bounda N -
Y. Gixd a4 ®

CVD layer . - [
s ==~ @ Q ® ‘-.\\. (017
HPHT substrate . .

e 9



Bl 219 (A) Kasu & % &4z it 2GR F G d = & » FI S £ )
RepfEfh ¥ 2 2 RA{I} e T 70 F &[11-1] R4 & chiEstat
(B)d zone[01-1]4s % B cA) = » 12 & K g 4 (C)d zoneg[2-1-1]
¥ 4§ a3-b2-C2-dA-C3 B B & RS 0 F A3 0 a3 b Ak Rt

[39] -
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£ (T10] (10])

b

"o

(A) 660°C B) 770°C MM () HPHT substrate

Bl 220 @* 1% = kAT &2 FRABLAET +&(@)660 % (b)

TI0% » (Qfss2 AH4s [39 -

Interface

B 221 (111) % & 457 2 H 8 5 TEM BLEF > £ 5 As A2
CVD #E7 %2 Jt A FIBIN & CVD 457 5 ey £ 525 -

ARAZRI R G R [39]
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2434EF b F i do i £

d 235 &7 wa A R R F kY o F i3 BB
£ A& 4 CHz; 34 = (radica molecules) » CHy 253 4 3+ & {7 i & v v

BT M aiE i (active Site)f 5 48T ehE £ o o ST E B Y
DIV A% AT E g e BAESE S RTL > aF L4407 Tk
B (MIERT %=)E ¥ - &g~ 305 3 & vk CHy et + 21 4
PAME LA L Z B (DA RS 24T A 5 - BaEY
5 %% ¥ (surface site) it E v s Qe+ B A5 @ BaES > 5
T i 8 (kink Site) 1+ 5 st (3)82 24k = B ot b, 5 s enfE 2 i >
BT AR - 34 R & K CH A Adibr 2 (111) - (110)
% (100) % £2 #L45 :& (T e genfi ) o d B 2.22(A) » A (1) w A4+ 2
BALRF ¥ G 15§ 2 CHy A + (RLAIR )i 7 - Fex it d ) 2.22 (B) »
CH; & + & (110) % F 25 = s Hh(Step) 7 = WAt Jn + 7 1035 R 4l
B 2.22(C) » £ (100)zh4 + 7 5 & fEpk o + 7 r0ex Kt o (7 2 1300
do® 223(A) ()5 2 P ZE=ZBARF AN EFSP B
223B)> 2 (110)+ =& Z &3 Bk~ [13]; &(100)5 + &7 & - B
FRF TeEE AP E[43] B 223(C) B o 7 Uz A gt i k)%t
Voo dgdrd 2N (100)G R F B - BARR RS TR 20 % (100)
B LA SRR (110)s 2 > (D)6 £ £ F 5K o i s
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FHET AR UREEFRIRR L F @2 R Cheng ¥ 4 4 [ E S 40
#(100) ~ (110)* (111)5 & {7 & T 4% > 4 R 40%H(100) 5 546 &
THENE §HR{UY K6 0 5 (105 £ F 10%: % - (111)5 B
Lid o knfo o [44]F fod THH(L00)6 criv® &ra 3] § 0 (110)
1A (D)6 & 0 AT AR BB T 0 <105 B R K S o o
boB] 2.24(A) 0 G 4PF (111)5 2 step £ (110)5 % 0 - J ** step /L

[110]% & & £ #a b » step ehd ML MEE 2 L@ T % > 4-F) 2.24(B) -

B 2.22 CHy ' 6407 4 & 2 1575 (A) 407 (111)5 - (B)4F% (110)

& 0 (47 2 (1007 -
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R (AT (111) 5 (B)4E7 (110)5 -

>

na

B 223 4F7 & B o 2 =+ 17

W ©

(100)

(CYHET 2

12[110] *

(B) step

=z
IR

£

step & £ (A)4 =

+ 2

]

Bl 2.24 467 (111)



244 HET e S K
Tokuda % * 4% 7 %k & (0.0025%) » &(111) 8 & 467 4 &

BV ML G RN e g I d TR R T T A

(L11)E 5 467 & - 5 fsh step > 4oB 2.25(A)ie 7 v + £ > &
"FGEE g ML > B 225(C-1) 0 A -7 =ik R4S 1 0.05%RF

Al ¢ 32 = 2D = #%(2D> nucleation): 4§ 2.25(B) ) = = & 4 (hillock)
15 R HET > hoB] 2.25(C-2) [45-46] - B] 2.25(D)F 4§ Ak HET £ 5
<-1-12>= wehistep @ ® 5 ¥<-110>2£ ¥ > Tokuda % 4 2 & step 13
Boogmsep s &5 21am A T (111) 5 T 5 B e 2.06nmM > 4o
Bl 2.26(A)#1m » 2 15 § = M[-1-12]% paE = G R HEE ch £ D
A > 4B 2.26(B)*7o+ o Tokuda & A fapl & B+ 7 'Jf;#;}iﬁ‘ F =
IR FEd s pRETRERTAGHE LB ML E AT 5D
Fer o Ay FE AN e THRE G AR HE L Ra 1 (11)

bR REE R IRIEY RS AT R [47] 0 d R

4:»?»
/J

PR AG LM G JIFRMER DT R WS LA S R
WG E M A Tokuda % < 7 3 ¢ 4T A £ i 55 80 nmvhr
SIGR USRS U RS § R e AR S i

it o Rle SRR FARMPY 0 ¥ gl

F1* SO, % 1 mask & {7 ip» = & (Epitaxia Lateral Overgrowth>ELO) >
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IR kRS 5am g AL E [48] T A4t
SO, ~ SNy £ 7§ 1ed% % 5 3¢ £ #(threading dislocation » TD) = * >
o 227(A)#77m [49] 1% g it 5 A AT L 1* A SN, mask
HAEF g s o SR ALY B mask T eI 4
EIFTEREEL DA E L ol 227(B) T [50] 0
AP 1% mask crd e T R e T R Y i B
B oo

B4E7 (100)5 + = 5 73 £ 4 (Fmask it ELO= £ » &
FAYET I ELO = £ bl A » nL 2 4EFaenst 4 (75 > 4eof] 2.28

“r7 [51] 0 AAEATR L RIe R e S e R - R fgE

SpAt 2 HET W RA Y PR 2 F 3 5P A (L1)E S g
AL T EEEAY Y ELOER e 7 & & 407 0
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(A)

Misorientation angle . Atomic steps

AR R =]

Lateral growth direction Island formation
Iby 2D nucleation
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% 31A~F2 B2 5L £ 2 £§ 2 & 5 (FWHM, cm™) -

Fl 32A~F 467 ¥ -
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3.5.2 &k 1 £ § 49w (MPCVD)

F Sk Y ASTEX Mok TRH R FF ApiTg ks Bl 37
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3.6.3 & Xk3# & (Raman Spectrometry)

AT ERE T AT 0 TR g KRS AN PR v
HOROBA Lab RAM HR » 3 &k ik 2 4 £ 488 nm > B fs = &4 58
;4 &% %8 T 5+ (Diode-Pumping Solid State, DPSS, & £ 5 488 nm) 5 f%47
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¥ i 0 s X oA J1* 72 e 0 confocal hole = /] i {7 507~ 47 > %
confocal hole #i ~ ¥ ¢ WAg ¥ L JET 6 1 F dRUSLE » > AT T 2
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% 33 2 P g o

Wavenumber (cm™) | Different carbon species

1150 Nanodiamond or trans-polyacetylene band
(C=C)

1324~1326 Strained CVD Diamond film

1332 Diamond ( sp° 4 %)

1350 D-band ( sp? 4&¢)

1580~1600 Graphite G-band ( sp° 4 %)

5'_"—"'-*' Detector

i o Pinhole in the
i
T confocal plane
o f
Laser fight source (g——ru["
¢ Maln dichroic
beamsplitter

Collimator )
~ Scanning mirrors
Beam path of the excitation
and emission light in a confocal
laser scanning microscope. b I 4

The confocal pinhole screens /i L T 7 Specimen

off fluorescence signals from i
non-focal planes and thus Focal planeﬁ
permits optical sections to ‘_/
be made.

Objective

B3l xR ELE LFHRK -
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3.6.4 X & ¥6+i%k ( X-Ray Diffraction » XRD)

Ahe oorie * (i XRD 2 R R32 ok F % % % 215 XRD & 7 )
¥4 % PANalytical X'Pert Pro (MRD ) > ¥ 44 5 4F e (K, T 3o £ %
154184 A > Kypit £ 5 1.39225 A) » 1 & # rupip] & £ {6 chiE g

<

4 kw41 % Reciprocal space mapping (RSM) == 8Lz kT

>‘1

Y TG BPEER(d )2 1A e e HETE T G E W 2511 m
iﬁ#}i‘i? fpm A5 o Bl E_ 2 < 48k Bruker AXS D2 PHASER it 7
2000 Frds HF 5 207-1207 o £ 34 i AR P SRR & & st T
» 2 & B 20/0scan © £ ke Rocking curve #_12 Bruker AXS D8
PHASER i& {7 - 4£% 2. Rocking curve ¥ RSM 5 MRD % %47 XRD >
® % F4e®] 312 770 ROM 5 Rocking. Curve {r 20/0 2 ¢ 1 &
PR 0 AR R XRD 8 F R4 0 4B 313 47n 0 » Sk IR
# 1* X-ray Mirrors{- The Hybrid Monochromator- & = i £5(220)
H 55w =X Y58 Jratz kiR 0 @ detector 3% > 45" Triple Axis >
m = B(220)5 PEgH 5 (VEST = 1) MR F AITR © fRITA 6
7 20/m2 ¥ 45 step size % 0.01 & /step-d & f2 47 & % 0.00002 A/step -
RSM % & $HfidfF fo & 2230 i 1 Q 2 B Z bz 47 & 5 [111] 507 » -
X % % 0.000045 A/step > [220] = # @] §_0.000014 A/step » Q 7 ¥ %
FAF 4 2> 0 (111) 50245 & 5 0.0000359 A/step » (220) 24 #4545 %
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0.000018 Alstep - it {7 % fat+ XRD p¥ » ¥ & 467 L0 i WA b

By oo

i34 METE AL LA LHENLR (B )

(111) (200) (220) (222) (311) (400)
Gold 38.187 44.373 64.558 81.698 77.543 98.030
Diamond | 43.917 75.304 91.498 119.526
. e B — %7 scansE @B A &%
i fdetcor scan * A& #2Thedao& A E o g
EMFE A - Zscan s B [T | (1115544 » #47RC - — g;%ﬁéiﬁgﬂﬁg
HREESE - BRBAERKE- %15 & 8148 G MRC o
BRAFTREEZAE - T #2Theda 2 oA 44 (220)
RBF & % 2572Theda/o K| S a4 - EFChilE - &
#45 - Bifin-planez 28475 #A AT - BiTdscan
W - 8o B E # scan - B -BRBME%AE -

@ 3.12 ¢scan > Rocking curve 42 0 /o # ¢ -
AR Y Y hitis XRD £ RIFFRD 200407 (111) 5 2 153 it
I/,E'i 4-39.1.703;E f'? E'BB \ii *’IJ}. °

Gabel mirror Channel-cut analyzer

Sample

Channel-cut monochromator . _ Detector
Motorized slit

B313 5 ~47 &% 2 % 247 XRD fie & B(#%2:MRD) -
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3.6.5 kg k&R (Photoluminescence s PL)

Ao i v chE o He-Cd 3 54(325.0 nm » 15 mW) 5 % ik o
fe & 350 nm g 4t B PR B i B b i RI4e ] 2 350 nm ~ 645 nm
T LKL E s FHERE S Imme 3 & PR LT RBIGET O
BNF R IR AR s R R (TR R I R o d T AP BT ik
Mg LD SRR LG DHPE AL 5 22mm’ e § R LRT M
Benf Ao G P W S 60 F ARG AL AF L 0 RTFF S
(DF ¥ i PPl f? ¢ N LpF R % - (L E5

AAF P GET SO 2 R E e B R L B UL sl -

3.6.6 ¥ ¢k ke gz k¥ &k (Ultraviolet-visible absor ption spectroscopy °
UV-vis)

A G AR fc % @ A 5 ¢ o 4 % Hitachi-U2000
spectrophotomete 4 47 41 4L e UV w3 fc » #rlip| st B 5 350 nm ~
A5 NM 17 Bk B> P G 7 AR PL ¥ AR e LI g o 22
PL 4ple ey FRRFFEDEI o a2 P BH =6 > {1 3 9 28
FERIP Y > T AR R - B 22mm 3t s B E 5 TR Kk

BreihR St @ B o 4oB 314 41T o
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Bl 314 5 o ek R o

367 7# ;% + Biks (Transmission Electron Microscopy >

TEM)

AB k¥ B RE K P 5% % o JEOL JEM-2010F 3% 4%
T AN R ITT RS 200KV 0 A& £ k447 CVD H4RT
ik farl 2 g BT gET e g B g BT o 0P AR YR (bright field,
BF) ~ & 4L ¥ (dark field, DF)fr4% % $E£4 3 f(Selected Area Diffraction,
SAD) % % i 0 & 4 2 Rp i S HE 0 02 B f% 47 B f(High-resolution

image, HR image) & @i i 3 &aidiig o

368 F g3 4 (Focusedlon Beam » FIB)

d 0 ger LA RARF b Flt AR FIB k@l # TEM 2
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(dual-beam FIB) » #t+ R 5 R i £ 45> =+ A i@ TR 5 05~ 30
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1 fFpEdE s 050 cme A & R IT £ RN E R 12 CVD 47 F
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42 &£k ¥ H47 (L) 3342 73

L1854 k(5 RS9 10 nm) i MPCVD @42 ¢ %8 & 5582
it AELP Y E2BEBME LI 10%0MEFF FE AT
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Bl 42 ¥ & 457 2 &40 SEM #.if (A) 1020°C+ (B)1060°C> (C)

1080°C » (D) 1100°C it {7 i3

>

JedZ - o] B o

Bl 4.2 (E) 354 50t 6B o

Number of particles { counts )
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8 & (°C) 1020 1060 1080 1100
E |
<30 nm 345 237 450 187
> 30 nm 46 56 70 175
> 30 nm/total 11.76% 19.11% 13.46% 48.34%
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