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Applications of Nanocrystalline Silicon on Photonic Crystal Light
Sources

Student: Yi-Yuan Lin Advisors: Prof. Pei-chen Yu
Institute of Display, National Chiao Tung University
Abstract

Silicon-based light sources are attractive components in optical communication
and optoelectronic systems, since one can take advantage on widely-available CMOS
technology; however bulk silicon fails for light source applications in optoelectronics
due to an indirect band gap of 1.1 eV. Here, we employ two approaches to overcome
the drawbacks. Internally, germanium (Ge) nanocrystals were employed in the matrix
for optical applications because of tunable spontaneous emission and better internal
quantum efficiency compared to bulk Silicon: Externally, due to good capability to
modify light extraction, photonic crystals were employed to enhance light extraction
efficiency. Moreover with photonic erystals, dimension of devices can be scaled down
much to integrate electronic devices on a chip. Enhancement of light extraction from
photonic crystals can be distinguished into two ways. One is carried out by the
vertical modes of photonic band gap. The other is performed by Bloch modes above
light cone. In the work, we investigate the Bloch modes above light cone. The emitted
light couples to radiation modes in accordance with phase match. We investigate the
spectra of vertical radiation on samples by micro-photoluminescence experiments

measured normal to the surface at room temperature.

We separate the subject into two parts. In the first part, we make use of data from
paper for simulation. The way to enhance external light extraction efficiency is by low
group velocity flat band modes near I' point. We employ the concept about photonic
density of states (DOS) to simulate light extraction spectrum. The simulated spectrum

il



resembles the measured one on paper well besides a dip. By the difference between
them, detail discussion about DOS simulation was as follow in context.

In the second part, We investigate light extraction characteristics from
two-dimensional photonic crystals with a square lattice of air box. The photonic
crystals are fabricated on mesoporous silica film with embedded Ge quantum dots for
potential applications in Silicon-based light sources. The peak emission from photonic
crystals exhibit 1.5- to 3-fold enhancement. Moreover, the spectral features are well
explained by the calculations of photonic density of states near the in-plane

wavevector of zero magnitude.
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EEHE o 5] FRELH (91 1eV) m 2 229 ) s |
A (.3%151116\[)’ D'L'r."lﬂ BTk F Y Mo I 2R enE S
BT U SUPRA DR 4 E R R RS L FE 5 g B e
B b o @ F e f i e o B ﬂpﬁ;\ﬁéﬂy%m?
LG £ RE[IL12] FIGHRME P ALt 221 95
Anm > FIP R EREANP LR B2 L E LT REDENN

1F &R SRR D[13.14] o @ B p Bae Ry ¢ oo W R
Mo g EBFI R RT A LA 36 0 5 - BRALESF BOLE
2O Hede 4Rk BB A R Y hE
FERAF AN rF o T 5 H B HI[15,16] - H = A KR
d 28 2 A BB RB3wMaHdIde ke (interfacial
state) * A R F 2 BR NS B A2 BT
(localized state) » Flu* i fAgv=F+ a4 & 3 L [17 18] -

(quantum confinement effect) :

Bt AT (450 3K de R 5 0 B R s kR LAY
%&%G&&éiﬁ%ﬁﬁw%%%ﬁﬂ’%ﬁ&aﬁ§#Wﬁf
PTILEE G Gl 2o B T e KRS I Akt §F R RS
Ewiﬁ%%vﬁﬁ(ﬁ)éﬂ%ﬂwﬁy*ﬁﬁiﬁ’?W“ﬂﬁﬁﬂé
At = F R EACh S 3l (30~T596) 0 B AV <l (2~
1%M’W%*%ﬁ5€¢¥%”$ﬁaﬁ%@ﬁ“’%*ﬂ*ﬁﬁ
P B i R P R e84 SR L DB RE > AT B { EGHP o

B fAS £ 5 * HDPCVDe R %102 2 B 9o & JF LBy i3 5F 1B 4%
e iiAz R HORIE . ot R hhe ¢ T Y g (45) 3 Ak

BBB’F’%LEF"" 'ﬁi{d"{ﬁjﬁ 5}:2%355%?%5}:4L735— 35 it E’i_,-,’f‘ﬁ,—’ SR

e

¢

W

JBA Ap-AF A F A2 F K3k - F i # (mesoporous silica,
MSE-IF 5 & 2 stk i fFenficr [20] - e B &2 3+ p (3
Faz Atk FiopiEna 2 g Aipfl- 3 0 3%R%
BT0C™ &k ~Bp -~ v ¢ § AP 2tetraethylorthosilicate
(TEOS) ~z min# R £90~ 45> TEOS: - % it kiR » &
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FHRFEF L2z ﬁki v M4t 45 (cetyltrimethyl Ammonium bromide
(CTAB)), =& 23+ ACiEOw polyoxyethylene cetyl ether
(Brij-56), #Triblock copolymer Pluronic P-123 (P123))= &%
TS FESERPEVEE I O N EAR S WP il =l 53y % I

B WIBAA A AR JPHITF A ) ek T E -
Hoo- ARk EF S fiE- AT %ﬁftté Btk =~
ot hER B U R RV ER B3 KRRV Z § PR
H[20] > 4oBI2-2-1%77m > @ 2 B3 43l 825 2 5K 34 F e /1
fo o ATAPEALE R D {3 FL A S0 £ o g F R HIR &
Bt bl 2 1:0.008-0.03:3.5-5:0.003-0. 03:10-34
(TEOS/(P123, CTAB, Bri j-56)/H20/HC1/ethanol ) > @ & ¥ ** 2 8 7 &
o oppER L I Ry R RIFIE R AR R R R
o g 22008 > FFRF304p0 RS R AA0CT I PRI 2 50% 0 G
Gy N RS Aok 8 - Jé;g); B>, B L RET ER-3
- B ke B A Ok 2 8 1 110CT = ) pF
hotplate*§ sz i¢ 2 ILHFH R G| Hp (TR E =+ 2 34 =
FUOP o RERAMAE L IVFERSF  RBHELFERET
[21] e R A K ZHF-F P a8 AT F5
PAREZFWPH TR RIS F R RGO E S RS
Mo Sk F i A sl > 7 A1 EMDSHe £ & -k 14Si-0H
(Silanol group) 7, =4t (Silylation Reaction) if F|i%zE it %
[22] > 4 B12-2-2%777 » & & trimethylchlorosilane(TMCS)~ %
feHMDS I $k 3t e > ¥ 4ok £ § B Af_i R L e TR - ) N1

FWFFUENES AL F R T SAES N -
AT WA E S BT Pl e e Al g 18
VRS ARG R ¥ S a0 AL E S E R g
W pm e > FERF AR £ 2-2-1577 o
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20 nm - f
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%2-2-1 AER > & 2 FIVF-F PR
33—"'1’—3‘ ‘% l:’r"//‘ 8;\ 5;\-”7‘%

MS template preparing flowchart

Precursor sol gel :
TEOS/H,O/HCl/ethanol 70°C, 90min

L

Addition of triblock copolymer
template

- =

Aging for 3-6 hours, RT

__

Spin coating on Si wafer

- =

Drying at 40°C and baking at 110°C
(Self-assembly aggregation )

ﬁffﬁ?'ﬁ*?f}ﬁfiﬁﬁ:}im’ug\ N o R N
;@pgmﬁﬁﬁw’?&ﬁgﬁiﬁ é%ﬁ}ﬁ(mmaWHy
coupled plasma-chemical vapor deposition (ICPCVD)) & B L&
AR * A1 L AYAPERYZRART % LB LR
(High-Density Plasma Chemical Vapor Deposition (HDPCVD)) -
ﬂ%ﬁ%%%%@@4ﬁ%?ﬁﬁ%%&i%&»?&ﬂ*iﬁ%é
ﬁ@»ﬁ@7%%$éﬁ%ﬁ@%*%% DA F Pk SR E
2R+ FiE10 torr» Lk P T_EFAE 4 5000 o & X K 3 K
Mede o TP AR R T3400C > 4r & S £ &2 K e o 3 (TpF
AR R 30250°C > @ 10mtorr > B 7 3 iv/R A > SR P FF
Brde 4k > 283V F = F v Eataic o U i~ He/Sils(or
Ho/GeHs) & & 5 %8 ’Jjg(é'* S R 5‘]@* LIRR M= F)/ = F)iF
& T12-18=% -

BROKIVE S F R EREE R R 2 A R 2T SR
F R B2 K S TEM®B 5 B2-2-3 > 7 2% F B in 4240 B 2-2-4 977
[19]> 2@ A= BHF % - BHI - TP Y DS L TREE K
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-3 f“ﬁ«?“‘}}?}’\%%"ﬁﬁ— By S o REF-F LR IVF A G
Si-OH#FAx g hi %k » %= BHI > = F LPIVF L5 A= 81-01
#wHr Lt @ SiH(Gell )& » R i€ X F e R RS &
iv & % 4t # (Atomic Layer Chemical Vapor Deposition, ALCVD)
¢ P ASLRF & (self-limiting reaction) [23] > F#t 3 F &
PR RESF BRFRT ’J" 23 e0Siln (Geln) p d A B-FF4cp]Y)
noo S B & fs WHERF B (hydrogen-elimination reaction) =
FEFEHE R [Si—OH + SiHn(Geln) — Si-0-SiHn(GeHn) + H2] >
B BHI PRI MR ERNTF o F e
[S1-0-SiHu(GeHn) — Si-0-Sin(Gen) + H2] #-d% 3% Si-0-SiHn(GeHn)
*Sin (Gen) =427 B[24] > et & R U 7”’“}
PREECF A ERARY L F A ANEEREY G i
GEERRRER R R e S IR E

"v.!-?

AR B Lp i85 éwﬂﬁ S E G A i 4 D R

S e R s SRSy XY L

£0.7x10%/cn’ » 2, 5x101gzgn§%EM4"’ 43~5nm » 2 TEME] 4o
g

""‘r—r o 4 [ t'n:'._:"g w'|.I1; .

B2-2-3 2 A3 k=3 -# E‘f’is_mfg_ﬂb;p\
Gt B B i o cOTEME
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F2-2-4 (a) % FaLiEZ & @ g BHORT LR
(b) P-123% & B 2 Ao E 41 5 4 & F urc < )
(c) BT &4t » >0 2 ASHREF 5 4 [ erSilhit s
(d) f1* ICPT HASL FHERF o2 5304 34 = § ¥

2 N4 4 W\ 7 -
AR W & R N )

2-3 Al P KL VP EY

B A R E AP A S S RS P B AR T
B AT & LAY R RA DR FFAAH L S R L
AR R A = s R S AR = R
¥EFErFL26] -
oD R gy ¢ R Rl S i R AB A R iR 2R 4
#5350 % - ERAEELEF RO (quantun confinement
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effect) : fI* S B B B ALY R BIUE 2 A
Hrg o R B R HI[27] ¢ % AR R E K Mk 2 0

W

fe B i m end o & (interfacial state) 2 & F 4 43 K
Hedo e € A 2 R FF (localized state) » Flut B P
BEFR[28] - BEFREEFNTAF RORED pL -3
o BANPATER Y GPF - fE RS F R enE D AP i kgl
HARpEF BT FP Y G R AI L E R s gE ot en
MELK R > A A 4T o
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BAMPERERAGTIRL A TN A R T REG REF
ForeF o BN R FETPLERTERIERS AF BT LT
FuF o PURE v 3 1 e £ AT RS S AR K e
o g AR R Y o T R LR B ehiRiE K [29] 0 @ iR
Pl ERAMA S F AR FIAR G - o p AR A
Kg > FEAEL F B AR AR FENEFEF S 7 H
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P E w3 ek entlazs N4 T S (1) 35 6
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FF o FIM € SR R ETE A et ¢ BRI WAt
TEREIGRE T e BEFERESNCHE S TR RS R
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S 4 - o o o
o = gap0+7r2h m, dJ:zmh +mt ;TM L m ;rlinm (2. 1)
08 300K HEac 1. 12eVon - B o R e 3 2 £
(longitudinal and transverse electron effective masses) = m; = 0.92m,, m,
=0.19m, » £ % F & £ (heavy-hole mass)¥? &3 ** /'3 » g T
FEE & my=0.54mg, mpL = 0.2mg > de Sk B F L = BRI
Bagf - 74diode o dsy P Eray 0 bigE o0 g 50w @i
:aE(eV) = Boulk + C/a’ > Flr kA E ERAEY o Fpr v gl
AN e o - E R &P (1.5~1.6eV) 0 112 ¥ B NCE(H
RFF )t 2 58 fieds P 3 BURAR o 22004# Tae-Youb Kim
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CERR R Ol R R N Vb Sl LR RS E

22



FFREF B FREFAE RS LR £ - o R
Beofp- PR R E e APM A FE 0 el 3 K B h T E
FOOE e B R A e PR R S B i o 2.2006-# Tae-Wook
Kimn¥ A ptm g § 575 BFHM-H3&208H[44] 7 ik
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5.3V = 5= 1§J%J w2 %1983&Mr. John Robertsond|* tight
bonding method = /2 #& J1ehic F Bl 5 A B [47] > — S5 k4 faa FE
CRATIEIF LT SR F g RS =N =S =N)
11 % =Si—Si=> & Mr. John Robertsony FF ¥ A & 4\ chF 4p B 44 1n
B H AP kA ot PR Ao B12-3-1975 [48 0 49] » #-F Y # i
M. %_% beV > d Robertson= ),%J YA i M E @ =N R
food A H G PF A H E L R A LT > @ =Si— SiEEﬁJO A Fg
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Fro #0217 2 A Mcde = K o) 01 8m o A R & g8 TR R
KM de o drd &G HEATB-R o B LR T G ALF A B st
PR BRI FSZF Y FMUF AT RAF n D kF TRIE
FH T - BStHME 30 F P AP A S fAHAP[03]
4eBl2-3-2%77 > a-F B R-F o kL AR a-F W
¥ % ciphendt fp g i £ ABCDABCD @ 5-% 1 # 5 ¥ chersa fp g B &
ABAB » d # e 6 W4ER e F T G il > SiaNo0# 7> 3¢ ¢
d [SioNelnle o — G e § 28 % = b @ ot 27 R i\sp3$iié513
RoMeERTFTAMBERL F ity LHFEPEIEgRIRT] H
ot S Bche £ 2-3-197 7 o

(a) a-SizNg

(c) SioN2O

© Si
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#2-3-1 § & Z4pM B St

Crystal a-SizN, B-8i3N, a-Si0, Si,N,O
Lattice constant (A)
a: 7.766 . 7.586 4913 8.843
b: 5.437
c 5.615 2.902 5.405 4.835
Space group Hexagonal Hexagonal Hexagonal Orthorhombic
Cs, Cin D3 ci
Formula unit Z' 2 4 3 4
Bond distance (A)
Si—N (average) 1.738 1.730 1.714
Si—O (average) 1.610 1.623
Bond angle
Si—N—Si 118.8 119.9 120
8i—O—Si 144 147.4
Effective charge Q* in electron
Si 1.48(0.85) 1.50(0.86) 1.40(0.81) 1.46(0.84}
N 6.89(1.12) 6.87(1.13) 6.90(1.10)
O 7.30(1.02) 7.25(1.01)
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QAR & poeho M TR AR S R SINK B B4 A > AR
PR S FRIL AR A A SR
(recrystallization)[62 » 63 » 64] o fz $F3> 2 {70 p E 5 & ~ 2 L
PR R R RS R O A
kg WD e R EYE R B ER O e 50 B B
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] ICP:Bias o N&
SiH4 Temparature | Pressure | Deposition .
N, | NH; | Power . ] Thickness
(sccm) (C) (mtorr) Time(sec)
(W) A
1.9994&
25 475 | 50 50:10 300 300 1800 11146
(x)
1.9229&
25 475 | 50 50:10 350 300 1800 12450
(x)
1.9454&
55 475 | 50 50:10 400 300 1800 11636
(x)
10000
8000 |
2>
‘n
c 6000 [
g
=
4000 }
o
2000
0 |
300 400 500 600 700 800
Wavelength
B2-3-3 #2-3-2%F %%z FPLZ PFI®
#2-3-3 ¥ - REFHR LK
] ICP:Bias o N&
SiH4 Temparature | Pressure | Deposition i
( ) N> | NH; | Power ) (mtorr) Time(sec) Thickness
sccm mtorr ime(sec
(W) A)
1.9594&
25 475 | 50 50:30 300 300 1800 13745
(x)
2.0991&
25 475 | 50 50:30 350 300 1800 10914
(x)
2.1588&
25 475 | 50 50:30 400 300 1800 10819
(x)
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8000
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3000
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2000
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300 400 500 600 700 800
Wavelength

Bl2-3-4 #2-3-3% % 583z EPLE P F

P~B12-3-3A % 300°C $-#kce g B PLEB kL% > T BI2-3-5%777 > #-F
v endr bt e 274 ~ > AV=0.56~0.63(10714) > 4v% 5 & %E
k5 » AV=0.6(10"14)# » Fabry-Perot = ;% - AV=c/2nd > %42+ ¥
1. 25pm - ¥R & 2-3-24k & B Ko MPBabry-Perot £ = k5 - £ & 7
BRI R Ak L i de2h ko M SR 6 R AL B E
g @ /I?\‘?B B B F YR GERRSA Ry PR TS S g sl e W (49 ]
Bl2-3-6£2-3-T*777 » e 3R e & £ B3% 7 € X Tl L4242
FoomegHd D kEE A Tl b

10000

N

561nm
502nm

8000

6000

4000

PL intensity

2000

300 400 500 600 700 800
Wavelength

R2-3-5 ®2-3-3 300°C % £ PL®E
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£2-3-4 REWLELER Lk

] ICP:Bias o N&
SiH4 Temparature | Pressure Deposition )
N, | NH; | Power . ] Thickness
(sccm) (C) (mtorr) Time(sec)
(W) (A)
1.84&
25 475 | 50 50:10 300 280 1800
8642
1.84&
25 475 | 50 50:10 300 280 1200
6732

20000
—&— 1800sec,865nm,n=1.84
=== 1200sec,673nm,n=1.84
15000 |
>
=
(7]
C
@ 10000 }
=
-
o
5000 |
O =0 = _
300 400 500 600 700 800

Wavelength
B2-3-8 #2-3-4% 5 k& %# % EPLE

by ARG IR HF R T R T AT & B S
5 £ F g9 7i¢ = (Multi interference effect)[65] > 4-®2-3-9
er—r’g‘;Jo @1?&#@@3 FRA KT IR R B R SIS O

Z R= ( Tﬁ%“l‘@hg—}g{’k lmﬁﬁfj'u;i ?E’s’??f“jig'}"g”ﬁ
(n+1)

2‘?/‘ » e LLJ’}% '117-'311!5&, L FB‘ ﬁFabry —Perot :I")EEJ'

BHE RS A RT 0 TG E TR LT e
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#& 0 QDg with different sizes

:SialN4 Matrix

(a)
®2-3-9 &+
BERFAFEHES
BRPE FLE BRI ERBY LR €5 %?fl%wf%fﬁrﬁ%\ o
B ANGERS W hE 4 T 5% S £2-3-59TT 0 F AR S
ARG ey AR AR T g Pl A IR R A A
BF AR kAR o % s 2] 2 R B e %:‘;'f’wf% m L B2-3-10% %

PLB] » 7% I & Ak on /B 30Wrs HPL3s & 533 » § ARie
FRTYA FE R mﬁi,—&ﬁ%iéﬁﬁ@ﬁ%ﬁTﬂﬂﬁﬁgﬁ
oo koS PUH R R R RS RRSTE G iR R 30WRE H PLA & £33
dog KR A g S FIA LAYk ) NAR G ERET

GRTE R A R E S A kTR .
7000

—&— Bias=10W 1114nm
== Bias=30W 1292nm

6000 —O—Bias=100W 1409nm

5000 |

PL intensity
N w S
o o o
o o o
o o o

1000 |-

ol—L
300 400 500 600 700 800
Wavelength

B12-3-10 £2-3-5% &% & in /&R 5 FEPLE
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%2-3-5 WAFIIRHERS I % T

] ICP:Bias o N&
SiH4 Temparature | Pressure | Deposition i
( ) N> | NH; | Power ) (mtorr) Time(sec) Thickness
sccm mtorr ime(sec
(W) A
1.9994&
25 475 | 50 50:10 300 300 1800 11146
(x)
1.9594&
25 475 | 50 50:30 300 300 1800 12925
(x)
2.03&
25 475 | 50 50:100 300 300 1800 14096
(x)
BERAR AL HE T?{’, FCICP_POWER) #x % 4 /& wok i el
fg’;g’dng"%‘}ﬂ'fé e MR ?}‘J‘%"’k‘},{,p(mm#vrlﬁii?b#ﬁ_‘.ﬁ y Yo
FESEGERP R I EBERBFF A KT 2 LT RS

3
HHE R R P~ B ICP power # A TOWEE L 3] 25038 &

fd

WER A B Az - > Eie E) 31 0nm/min ¥ - B2
BE Gl f MRS > N T24-28 > HEREERFE
A 15mtorr » F]t A Pk 0T Ak < 3t 1bmtorr k F B4 E MK i# o

£2-3-6 REBSE DS F R ALK

. ICP:Bias . N&
SiH4 Temparature | Pressure | Deposition i
( ) N>, | NH; | Power ) (mtorr) Time(sec) Thickness
sccm mtorr ime(sec
(W) A)
1.56&
10 190 | 20 70:10 300 100 1800 3151
(x)
1.65&
10 190 | 20 25:10 350 120 1800 1944
(x)
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B {s #-ICP power™ 1/~ & " M A > ¥ 2 AF AP R E
j‘?z?ff‘ ‘f/fwfaamﬁr";"?:56?2}‘%:?2\237"(1iyj P o R
i%’—‘sé‘r%uﬁﬁi%ﬂ by A0 £ 22-3-Tfr%2-3-6% - B S8t 0 ICP

2

power # f £rit B375f e B it 0 L B R F) R0 R iR v

FF s o o i 0t 6T 0 ICP powerfi i § iR A 4 iRyt
bl b Ak o 476 iR 0 2 et UPECYDR £ § 2 B S B
CE R R F F B S 9 E1:2-1:10 & A P HDPCVD AR 19 413

LB R e AT AP R PR F LS R T F12-3-10
S EEPLERIB g = E P HERARNSFS oA pHE L =)

=

3
§ WA Mwm‘ﬁPJ»éﬁiiﬁﬂﬁW£T@’ﬂ§P%ﬁ
E40scemik - H BTG A & R i o A 227 N RHH o
% B 4004 K3tmeis > B B WG AR E g A R B o A
B2-3-11%77 [66] > ¥ 12 5 & 5 u;a*%;w,iif il Bl AR -
ﬁ%a%ﬁ@ﬂfﬁ»ﬁ'ﬁijiﬁ”’4%%’ ;‘33.,}‘:;-,5‘17, 7%332 ’ 'J"J‘?%W‘ﬁté’iffﬂ
sb}(b”l‘g"ll“ }f.‘? ‘} /IW(BB@“ 7R g e lﬂ%)i—r K%E\}jﬁ? At %'f;(i#»&‘%
& @ i FPL% R "F M3F 5o 2 FEERIE R 40scem® fA LT A 2 o

IR

#2-3-T %wp =87 % S

) ICP:Bias . N&
SiH4 Temparature | Pressure | Deposition .
N, | NH; | Power . ] Thickness
(sccm) C) (mtorr) Time(sec)
(W) (A)

10 190 | 20 15:10 300 140 900 1.78&460
20 190 | 20 15:10 300 140 900 2.17&480
30 190 | 20 15:10 300 140 900 2.36&690
40 190 | 20 15:10 300 140 900 2.61&980

36




7000

I —e— SiH4:N2:NH3=10:190:20
6000 | —c=— SiH4:N2:NH3=20:190:20
: SiH4:N2:NH3=30:190:20
2\5000 = SiH4:N2:NH3=40:190:20
24000
o
£ 3000
—
Q- 2000
1000
400 500 600 700 80
Wavelength
Bl2-3-11 #2-3-T%EPL& PIRE
o * Si-Si
A
Optical band gap si ¢ { I
N
o Si-Si Y
B2-3-12 § & 4p b 4 ol )
poeb A B T - B MR Sl o LN A L
B At B h B B N cE ) #iT0 k § s v A e
k5 }i'/z‘ﬁgéﬂ "é:‘\:'ElB ’?%%ﬁiﬁf%Z—S—S’
#2-3-8 ®Bp i P % Sk
) ICP:Bias . N&
SiH4 Temparature | Pressure | Deposition .
N, | NH; | Power . ] Thickness
(sccm) C) (mtorr) Time(sec)
(W) (A)
2.29&
20 190 | 20 15:10 300 140 5400
2460
247&
25 190 | 20 15:10 300 140 4500
2250
2.46&
30 190 | 20 15:10 300 140 3900
2604
2.65&
35 190 | 20 15:10 300 140 3300
2193
2.58&
40 190 | 20 15:10 300 140 2400
1905
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k T % ’
8000 -
= SiH4:N2:NH3=20:190:20 249nm,n=2.29
7000 |k SiH4:N2:NH3=25:190:20 229nm,n=2.47
SiH4:N2:NH3=30:190:20 26(Jnm,n=2.46
6000 | = SiH4:N2:NH3=35:190:20 219nm,n=2.65
> = SiH4:N2:NH3=40:190:20 19¢Jnm,n=2.58
"t 5000 |
c
@D 4000 f
=
1 3000 [
o
2000 [
1000 |
0
300 400 500 600 700

Wavelength
B2-3-13 #£2-3-8% EPLE PR
BEFAPEFSE AT F 3scen™ 800°CA: I - B pF> H 5 EPLE PRI
BlAeBl2-3-14%77 » - BRIXFPLEZTE » 573 > » 2§ > &5
W KRR IR EFPR VG R ATL 0 R TR 0 A A
AR AR R R R P FRF R R P T T
ek B G BIUF R KA AIVRE R R AL 0 §RE

‘gr*\—f FREXCNEFBUNF gRFELBR I > TR o
12000

11000 f

10000 |

9000 |
8000 |
7000
6000 |
5000 |
4000 |
3000
2000 |
1000 |
of
300 400 500 600 700

Wavelength

B2-3-14 #2-3-8i3 %2 £ EPLE R|R

—\\

= SjH4:N2:NH3=20:190:20 249nm,n=2.29
SiH4:N2:NH3=25:190:20 229nm,n=2.47
SiH4:N2:NH3=30:190:20 260nm,n=2.46
= SjH4:N2:NH3=35:190:20 219nm,n=2.65
= SiH4:N2:NH3=40:190:20 190nm,n=2.58

PL intensity
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)
=
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E 65nm,n=2.13
% 10000 |
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o
5000 |-
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<00 400 500 600 700 800
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B BERNFT L BRRETRRELE RSETE S
T o e prd Bl R R ) RAe VR F f ApifE & % (Plasma
Enhanced Chemical Vapor Deposition) » @ 3% i * H s 3 38
- FxApocdh f i oa AOVIECR & PRIt > T A G
BRAET % it 5§ Ap i A sk st(High-Density Plasma Chemical
Vapor Deposition » HDPCVD) erads g Ja 7] o
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.7.
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Pressure Chemical Vapor Deposition > LPCVD) s« #_& ﬁﬁlﬁuE‘* -7
tp it #E % $t(Plasma-Enhanced Chemical Vapor Deposition -
PECVD) > &3 3 % & T fﬁ%ﬂ g § A ft % ¥u(High-Density Plasma
Chemical Vapor Deposition » HDPCVD) &= 3% ki o
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V-B=0 (3.5)

v

razBese® ti Bl ok B 7 g G #c(Permeability)
g7 B 7 4 T ¥ #i(Relative dielectric constant) > m E&2H% 7
T RERESRE DEBR RUESBERR » (B F B iz
¥ i fic o

RS AT AR S BEE AR B A S BATE
gk o FIZ BN SN I I g FPT EAS SR
o ETRCERBIATHIDN AN L V- BRE
d R D - fFae 2 RSN WA R L RITES T H o Fl G A
HEEFE U FVEREBFT T Sk d THIRY B ARG
AFFE 0 A& F d T H S AN AT BT o2 S AR AiE D
(Hermitian) > #1id 33t B 43T F 2 > f @ o
SEICRE APEARE - oty o BEFEAE S W R
A pE S 420 (3.6)(3.7) 0 ® R EEd PFE(time domaln)ﬁ,L A B
(frequency domain) » 7= T #-3 FH LS8 =
E(r,t)=E(r)e”™ (3.6)
H(r,t)=H(r)e ™ (3.7)
BN RS RN 2 P Rl R R S
Brad 2 AR50 (3.8)(3.9) -

v{ ! }:(ﬂj H(r) (3.8)
e(r) c

E(r)= { }VX H(r) (3.9
FRv g A - ki (Bigenvalue) M 4L » R PEF B A+ 2

58



Hreaf st Mg g 5 O s £ HAPEY 5 Oz i

E ®:Vx[ 1 Vx:| P AT A2 R 30 (3.10)
e(r)
’ @H(r):(%j H(r) (3.10)

2
W 2 ,) 2 ’ 22 g [ 2, PN - ~ ' e =2, ~ ~
H ¢ (F) e B TR o F Y DT T S

B E R > T kspace BV B-FPREE-H P d N HT R
TH- Bl FESFHUE FEPFITALARGEOM G R AP Z
TRECHEM AT LG EARE RPN AR RS T
I ﬁﬂiﬂéz&‘_/{ﬁ’*ﬁﬁfﬁ‘wiﬂ“ﬁﬂﬁ BB A B - BhE 05
self-adjointi#@ & + » Flpt FpicE & 52 FHcod & - Fige EHRE D
FHCE R & T da F (FAT) B

g 1A R R B a2 b R Tl i B
CRENSEET RS ENES AR NaG R ARG WY 2
BEF ALY Gt SR P iR Tk R g A
Ak i d o R R R S 2

2
f

B2 (Plane-wave expansion method) [6] > FF3t 5 T4 & 2
8

Field w(rr)=y(r)e'™ H(r,t)=H(r)e'™
Eigenvalue problem Hy =Ey OH =(w/ c)z H
2 1
Hermitian operator H= _n V?+ V(;-) O=Vx [ \% X]
2m e(r)

Schrodinger = #2.5¢ £ Maxwel 1 * 423¢ = F 2 & et #2[10]

59



3-2 ~iEEt

3 B RH - Ap iﬁécF*K 13k 3
o ff o w4 R MY BT SRR S r'm“/h%(ﬁ)’wﬁba“ i3
() gRUFTRA AT R > o F 2 ERPABJPEFH - FE L
FEEREEIEF () il I“i# P KT R E R - P ek
R AL AE SERCE TSR R R S A L R
Mgl o B A blded < RS E Y - BYF (L) o Aok
TEMHAY e 2 BRI R S D@ RSN PR DB igE
LG AR B E 2 SRR L H DI () Ak
FRMARDER F L ET SMBEREAIRSN S R 3G A
-k BT o S ET § TR e RIEREERL I T F Y
B g F SRR LB AN MR MR 0 bR - B Q
B+ #=%% (microcavity )-g- & Faie @ kit 49 B L Ap R £ 4k >
Fle gk R RSB et T R TR A - LU AR
P’ﬁﬁ@&“ﬁiﬁﬂﬂﬁmkﬁﬁkkﬁﬂ&—%é%&’&“
#fav R oorR L dolllERs 0 H24% Ka o CHIRPED#: Koo
Hetero-Structure® =/ » 3 4r X 3RVEQE > FHwp 7 &/ L it o

TR I kS SRR e bR Ko o

.L,:L

]
5
E
600 650 700 750 800
Wavelength{nm)
Bl 3-2-1 ?‘}EJH‘ SUREEE S i Py NS % IR

kard o 5 A A F gk



gggy&@%%%,% F1 5 F i i [ = g ks
Fo PR 2 A R P IRE S n$im7 s oh e
Jg?"{_“"{\ y — BL '\; ’ ‘)’H’iw‘ 1 L Bﬂgﬁi‘aé‘f ]““'Kﬂ',Jc e J_(\;_,ﬁ ’%ﬁé

4ﬁmmg,%@&}Wﬁmu,o%;qw

%ﬁ’iﬁiﬁ%%ﬁaéﬁﬁmﬁﬁ*ﬁ’ﬁ%i%
Wk fetf B B i A 2 RO T R T L
BRI R R Rk AT AN AR T LR
VERER DALE B @ 18 Rl TRR & ki

2 K=

mgb

-

TR B £
%

g
R H

TEE TN S EERE SRS £ HEE S R e L E
W3k en 5 #c s Q factor: Q=M Aa BFRVEFRLATY > ALZHEE
B AQIEARG A 5 R .
. PL
¥ 1
7172 S— i\‘*
_ ' UVE o o
o ﬂ o GuidedPL (a.u) ' Z / Extracted PL (a.u.)
0 1 1] 1 -
r M : ' L
. AN N\
0.50- r X Mf e
g . ey 1000 _
.E. nght — el % E
?0.45- line \ — %
o At
S . So o 41100
g ) n .S.l.a.bffiplriorl.“.ﬁ:f.!- ] Light %
L= : " E
© 0404 >
@ 41200 ©
g -, 120 &
3 -
[ 41300
0.35- a d '
(a) (d) 1400
T' Wavevector I' Wavevector M

FI3-2-2 % e {17 %3 Lapsstk > @ 2

LB F B

4 R B 5 07

kS B kT e W0 MR S - a0
AAE EF DR AR T RIUEAKT S w B A2
LA e ki B R Ak E 2 o ke R EE 2 op kB

61



FE 0 B R S REH A 2R kR B S B0 R L e .

- PEA ES B1994E % N[12] 2 A N 5 I RS SRSk o
fo4 5 52006#B. Cluzel® * Tf® %k W B3 & AR )4
% T2 22 5 1“7 + (Silicon on insulator) » i 5% sk g 3 &

Ik 5 R A % 11256 > 4o MI3-2-2[13] 5 AT AL F Bk F
A R F St o mE - BRA T A F kS BB HR
TR HRF AT B2 ke £ 0 hil ¥ W24 (light line)
v e (mode) & T P BB ek 2 € B A N > F] L BT R T
mdkeBkd » 2§ P ke Ento=ckl , ¥ # o>k &7 T
TG Bk 3k o 4ot = ke B 7 P BIS-2- 3kg[14]> 5 73K
ABI T FY BB R Eke B Lon /eon=lE A Gk B Apd
BREAREAGIEF Y 7 Pk k" ko = 2n/h0 (o
TA Y @ E) kIR LEEGHKke £ kL s £ &6 ke
T ook k<koo BIkL & - B 3w g KRR ag AL AR h g
P R R0 gk K0P kis b st sdtets
e WG AL R LR B AR BB KR 3
KT 2 o Bt e £ Aok k| #3ight cone 20 p (it 7% B k482

PRl R ATE G e B2 BUASHEL o wipFs a3 k) &light
cone2 *h (it F B H4L T ) R AR ALTE G AP F ik Dk

&

radiation

cone in (ky,k,,m)-space

Bl3-2-3 k+ LMz apge® 5 EFT B



Mk R 2 Sto=ce/n ko n G B i it Tl o 8L Bk
KEF P T F§FARRE > n=l > o=cky T3 N % E L € 7

¢ BN o T g D ken T2 F o dodknfit o @ 7 k4ch
AL g Bk b aEii(mode) € e o R kB RS  FIE
Bk g o € 1 Ak T i (mode) e F o g R S kB

prAE S SV e light conet b AR F LB 2 e kR £
B P> 4o bk e 5 R (Bloch mode) & 3 4c Sk 3 5 48 ek 3R
ksr g s gt R A B F R A 32 (Bloch Theorem) » 15 v 447 %
B A Y hlE LT OV hE R A > B B bR idik
(energy eigenfunction)™ % 7+ 5 Ui(r)=m(r)exp(ik - r) > m(r)=~
- Bagnehy Rl oo B0 558 0 B 2 fe5t > ¥ g IR T
Bz Bk PRk FEL DGR RE 2R L5 g0 4ot B
& ¥ # A % (Brillouin Zone) I endric i f% T]-%V‘ IR 8 S 2
WFHan@EF L PE ST e i T AR
T o2 gk bR Nk SRR R T R TR
AR S Nl S S RN S b L ﬂ%rs:':daf»;:ﬁ:ﬁﬁg;%,; R
FA G H WAook Bt d kB Pk HHASHE[15]
ES FESE FEES LS R S SRy N w
a1 Joi‘géé HE BERFHRI B T D B E G T A AL T 5
Fo A B R IRk T oa F] G b d 48 8 FIH 5 L &
o dr %k u‘ﬂi;; Bord b o op 2R @ﬁ;u BT @ P a7 [ BE M

—_

L AR F) 5 H MEE Rk o R A TR BRI )]}” A
DT AR > Ft a £ 48 & P T BRAIT MOE L R BF € R
P A s ol PO DR AREE S s Lo PRLRE TR B - el
PRSI AR RO AR, A F R LD D PR F
e JETR A F oS B TR MR R R AR o

EF2aF ez F kdh A

Ff

i)
R A A
=

-
\?\'\ (]
-
n_\\\
]
o3
(%'ﬁ
bt
S
ppas}
beits
\ -
b
\lﬁ"
‘\Tﬂ
=i
<l
=
\4
P
:\

|
)
2
ok
=
P
_
—
([@p]
| I—
[e]

63



§ov gk T LG RIS R E BRI H B ST g T
SRR B S RRE B A iR Ak E el > BEERE T A 4
e B ke e B o Aok AT [ B T e
AL F Ak b A, 0 2 RE {—ﬁ A B ATMS oo T A e
PN

Fot o L EAES B N RAT e o T )

2
|

N
N

<&y
v

AR A kS B R Bk g ooa A hE - 24
oA ek F MY RS AER TERFREFTLANZTEF e E R
e & 0 ak4i(light line) ™ ¢ a8k (mode) % 71 #L R EC i B eask
3§ B o F A P e g i b hE B 0 R PR el B
B kg oo Hewe b Bl S & BHCR = Guassian normal
distribution¥t bt £ (wavelength) KB~ » #4602 b g
(mode)#f # A=k » % 75 R PR B & » @ light 1ine ™ 9% i (mode)
oAk 27 BEDR PR M I ANFIRG A4 R ALK
CM= i [N BEMFR g T4 BRI T ks b2 T pt 0P gy

05 T Bh i) o 42 2 BB G chis F B0 £ 20t 0 F B2 A H
BN PEH R 0 A R R (AR B
MR RNERAED

&

\\

T3

o

1&5*

3-3 kF LHEULE L B
3-3-1 £+ HWEA

Al r 7+ MRk u(E-beam 1ithography)¥ & }g\j 18 @ T
# 577V 4. %) (Inductive coupled plasma etching ; ICP
Sk RRgoET W :‘iffuj‘.ﬁi‘?\j LHEL T S
THAMEES o {17 RGP T SR R ]
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N

%?%“ﬁﬁﬁdﬁsﬁﬁbﬁ BTl T+ KM EH ik
EPMMAA + B2 SRR ic AR g l"*ﬁ—*
g FNER AR F 0 T A IR 1ﬂ§$ﬁmb
# (Plasma enhanced CVD ; PECVD) #do & b i — & IEdg A » ot IE4g
Roenls B ik PR ¥ PMMAcH& %) 8 8 v k-2 © & B2 . PMMA#L =
%iﬁﬁﬁﬁ%?ﬁmﬁﬁ’§%EMMM%%iﬁ%%@%gﬁﬁ
2 ¥ 4% ACERXIPAZ ' - 4o 318 QAR R B Foee > 2 F 12
A LT B AR EF VLD PP R R
TRk TR ILEER > Tl E - KB R R A R A
- FRIEERE Y DY R FR 0 A R R (AR ke
5 PMMA-A3 » PMMA-AS) ¥ i PR 2\ if¢ % 3% W95 ch~ ] kuE - sk e
12 180°CH 904518 » T Mk B SEd T3 RACH FRE BB
BmOEFE G d T F LR RARS o TP T s R |
Tﬂ??ﬁ%ﬁ%ﬁ’ifz B 2 n MIBKAE 2 > %8 [PAZ B 2
(5 W T KRR b Pl R

N

3-3-2 ko ¥ £ k (Photoluminescence) & # sk s ¥ £ %

(Micro- Photoluminescence)

ST AR U R 38 R T L enfiR B kI RAER T ge
L REECY S S S S i SRR S & Sl S R L K
- B RIMAH DT F i ¥ i (electric structure) sz 4 > =
%H%ﬁﬁiéoﬁﬁ%%ﬁﬁﬁﬁaﬁﬂﬁi»ﬁ%ﬁ%ﬁﬁﬁw
PiEwoje e o MR dhi B G F R (BT R RS
(photo-excitation)) * # 2 T HE A EF TR Fhan B FILF T
2+ g A F I L B PR T i i (electronic energy state) » 2 {5
TG REER MR R DT F o o RS kg B 6
Dk 3 X chiE Az e { B ke ﬁuew = Rl
& (luminescence )3 % o ;ﬁr¥%§E¢4'%:*~ﬁ koo % SN BT
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YA (P 4 ‘Jﬁ"‘,f o TR R B R o g e RS K
kg ko @ kg ¥ ki A% k¥ p F (spectral content)
- AP EEOE R E R o d KFP T nE e E
RN N - (SR IR - s R RN AP N I S E S
232 of £+ B R o a4 @ﬁi%]ﬁ)’éif‘_'fi’i FEHELER
Lo qIm kged § R RF P ITL T AT HN - P A TR
GV AR T M e o

Bigvflr enit BT 3 e B2 F vFon £ @G F
EH SRy R SN R DRI SR £ IR &N LR
Y HE A~k + # R+ Bi(electron configurations){rs + it
# (molecular orbitals)¥ # 3£ F 4 & RIZ il A 30 o {4 52
PN IEE- SRS S RTE =gttt S

7T kR 3-3-2-1 ¢ B PL(photoluminescence) i $u7F Hf9
@5 B o B9 oarie d aygesd 8RS 20mi 0 L & 325nm o He-Cd F
Bro B &K G 320nme EEIAARTY S wan d BT B F RS
d 2o F5F BETF GO EES DO LR ESE 2w RE
Tl &b 018 3 B 5g ek e SRR e AL e A eh Mﬂﬂﬁ—a‘
PRESE R BEF R R mh Y - BREZK S K B
ch‘? o SR T EAREAF BiAnk Bk E B BT R ERY
T Ak R kT BTl - Jmd o B £ 5 360nm 12T sk 2 IR0R
% v R Rend ke gk * 7§ 78 & ~ it (Charge Couple Device,
CCD)s¢ £ ¢ B # ¢ (PMT) (Jobin Yvon, Model 1424M) % % % if o] % -
gied rkr B ke MR T RARE g BIF LA R € TR

N

R E TR SR 0 PR SR MAPEES 0 Mk
B o &Fd Hr kv mzfécﬁ’}i&a 0.lmm> At 2 T 245
Q7 iE 3.
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Filter

Lens1 Lens2 360nm
Mirror 2
EEEEEN IIIII‘IIIIIIIII EEEEEEEEEEEE Triax320

N\

1‘;
0l

bserved sample

" CEEEER Y 25mi He-C4 laser(325nm]

Mirror1

Bl 3-3-2-1 ejpoir & k4 L (PLF #7 & B
fedrd k3 BRI H®iTe AT ) 0 2 5 BT
> 127 » 12 PL(photoluminescence) & 5t 28 3 & 3 4+ 4t 3 4
Lol e R o 2 B G s E ISR ) 0 Flt F & Micro-PL
eh,k s 0 Micro-PL kst 2 7 & R4 sk ~ 2 & micro-size T %
KAE R CBICBREFE - HFREETI NTHRAT 0T
5+ (Nd:YVO4 *% =3 5 > 5 & 0.5ns » #5 5 1kHz) 3184 > o 5 6456 &
spot size » dpm’ @ & VAL FTEHAF R E D T K3 JlHREBE
AT R & bR spot size A @A L um > 5 dichroic mirror & &t

1D BFE BELAE e R EFd thk R LS4 3 dichroic
mirror } o TR i gk 2 bR X35 400nm: Fl A T 7 F Al ke

% > 73] flipmirror pF¥ 35 # &~ CCD & ¥_sk ¥ % (Spectrograph)

: Spectrograph
{resolution~ 1.4)
I
5 " pumpingspotsize - 60 um
%
flber cco ) r Objective
15X

Nd:Y¥0d 355nm pulse laser
Fulse duration:500 ps
frequency: 1000 Hz

__d—__l

Bl 3-3-2-2 ke pem § Sk (Micro-PL) & $e2% 1 & B
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ARG - A &L E 4 (compound
semiconductor)® & » &7 F 7 k4R & (electron hole
recombination) {7 5 o F] 5 FRI& Ak Ecw R R (G F B KR
< @Fpldau M(band gap)) c 2 H Y 24 7T R F TR
(electron-hole pairs) @ 2. {s L_;ﬁﬁd AW R E o RF g 4
4§ 54R & (radiative recombination)shg % o fe k3 A FRl~
SR B G A g Bl R AR £ (nonradiative
rocombinatlon)rﬁ W o™ 5 AR 87 i #un (thermal
energy) tnA, N AR Fpld A o @ k3 B A RIRAR & AT

(recombination process) ki > ¥ i ep & = V30§ 3-3-2-3

9y

—_— Eg

R
| SR T 5 EAI .

@ ®©® © @ @©@ 0
Bl 3-3-2-3 45 5H4R & ¥ Av B L2 a W [

Ze T o

Incident
photon

AR T AT E 4 & (band-to-band recombination)( B
3-3-2-3(bDEAZPREF  RAIRF PR Lp D TF AL
Kb o SROERBEFF 2 AERABEME SR E I E A
Ft B e P enped T B8 R irE 0 B A 2H{atenp Rl iT
(internal relaxation) - %ﬁr’ 4+ % (phonon) & F /2 <y £
At T EFI DR MG E RS MERBRATERE T I -0 F
HiiReEn i RaMBORET Jd WEF gL E
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34

BEFTHD LB ERIEAEBEREI R § - k3 A Bl R
- %3 F¥E > Rl (Coulombattraction) # #-% 5 g+ it i
(excitonic state)sh# 24 (- &=t # 3% (forbidden gap) > ¥ & &
E4 7 2 e ik (excited state)) » B R F e R k2 BR-€ i
SRR E Rk L B A '@;zi_dw‘“—"* g3 IEH ﬂ—bﬁfﬁé‘ﬁ*“é d g
(free exciton) » B3-3-2-3(c)? d T Ffra F k& m & 24 J
3 oo Ha BN 3RS QEx(RE sb(exmtomc binding
energy)) e — B+ ¥ M pd cnp LMY B EF I v - BRE
T FRFRF TUBFET IR FECETRESF 2T 4R
B TR fe o PR A B g b o A P 2 B R 4 R B P R
pod-REERE - R R AR by 0 MR- R E Y ST
Pl a B T oA PR BT AL AT S LT i
Al A ATl A R R RS PR
(acceptor) e & * + (donor) ¥ §i-# o @ & @ |+ + (neutral
donor) !t #fe— B p o ik 5 & E R F (deR3-3-2-3(d) #7777 )qﬁ“

‘31
J‘fﬂg

- 4 & 7%+ 43+ (positively charged excitonic ion) ° 756-
2. 5%+ % g+ (donor boundiexciton) o H ¥ 4253 ¢ f & b

T g R e iR hY XS (neutral acceptor) _t #

fe-Bpd TFGEHTFM - BXF LEEF (e

3-3-2-3(e)#77) - R & LEM A LB ARG B L E gL M
SRR S EETEER T FETEEREE B S SIENE S S

#LpF(indirect bandgap materials) » g2 28 A3t H 5l A £ ¥ 2h g %
L Dlpe e m W e G o - LSRR B b 2 0 % e
# (phonon) it &4k ¥ B % o pt prgF 840 keniy £ 5 Eg-Ex-Ep> 2 7
Epi B+ B i FenZEay s Haud Y B aFFipiii
9 5 YRRV ROREE R R T R - B o e
- BRI AT A AT IR (IrB13-3-2-3(f) T

) e Rt 0 3 T Y S P R F g fed RS g

RS A A g% 3 2 F 42 & (donor-acceptor
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recombination)e m # &I kbt £ £ F B F PIXF Fen
Rigien 4 vy o F kst £ 5 Bg-(EATED)+q’ /4 er s H @
EAf-EDA % & % + fe i & (valence band) i € £ % %5+ fo @
(conduction band) st £ £ » P r&¥ 263 13X 5 2. FFenfEd > 4% %
riE g S48 S X nfg SR E i o l’.‘si%ft"}i% R B RiBNe

(heavily doping)erif & T st £4 7l A L WAL B B o

3-3-3 # 4 & + B Hst(scanning electron microscope(SEM))

SHRARLGE S fo A8 % <t w2 E-BEAM - PMMA + 2 & cn@ A g X 4
2B 0 A F R R RAE e R T T AL F
3-3-3-17 »fdgehd 7 » T F A AGEF — M T 8hE fais
& oo NEFNF S :rzkgw‘m BB (absorbed) ¢ # #f(emitted) & &4
(reflected) & 7 1% (transmistted) » 2% is o )k Jh & X-ray
A4 o A x B/T;E—r & R (specimen) & (s cnt BT i g ¢ o d
Rl g 510 K ez =0 § F (secondary electrons)fr % i i
PR FEAANPEY Y AW EEFT R % - BEF DT RERET
ki B E (focused) » A (deflected) » fr#ci# (accelerated) @
FRAOLEHSRAPR L F LI PREPIZFET I AN Efrd B D
AT, o Byt FER R EARY B g A FRFE LT AR
(vacuum System) F A > W) e 2ERl 4 £ Pl (nondestructive
measurement)" » Flyt F I+ F P4 (03] ik (morphology ) 4 1+ & Bl -
AT FREFAIEFT REFRPELTFIARHLEEF IR
% o P ERERNLE o

- ‘q\

3N
gl
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Epidond ¢ © Faam
SacErcaibered ¥

jmm
\\\ Eak

Wkl Seadieead g Sostbared &°
ﬂfﬂ;
Tromeraithed
B13-3-3-1 £ & rith ;‘w bent b G
SEM %2 TEM 48 A 2¢ ? © Bl 3-3-3-2 ° #7m o H A & chR 12 A

* TR i di(electromagnetic optaicl system) k3 B T 25 &

ﬁ@ﬁ’%@&%f%*ﬁ4ﬁﬂm ]

Bl 3-3-3-2 = F HAcs kst LR

)
~F
&3
%«*

214 4% (electromagnetic lens)® ¢ iron pole pieces
¢ R F - R RE TS o § RIS REfS K¢ & iron pole
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pieces P IRA A BH- o @ kP A 2 A L DR € T R
w4 (1 nhomogeneous)
g3t s > A ironpole TR $Echy M P o BRenEB (333 0 (e ARdRIT
ironpole # ¥ RIS ARG 7§ T+ & 7 B T BAE S A48T iron
pole * L e F dd 3L FIRBAPBHEIFY > @ 44 RTARITTH
PR A A R kenx o @ Lorentz force(F) i i = kAl ek 7] o
FI ER T RS E AR - FL AT ARE - BEL (T
cross-over) » ¥ F R vk ¢ W F LS RE DT i < ERE
BB eushm ek LY o VA TRESEHT T AP S fok
-

2N

(rotationally symmetric)e=nfd iz & 2 1253

’ 2

F &84k R B g e B W g 3 AR AR AR bk i
I =8 250 Al LA AN S T OB 15 iE T T A
PRBESESREY A2 5 kdnm(optical axis) o gt R F
% 48> 4278 (lens equation)Fken® M E* 47 F L& F 5 ¥ iF
e+ F(magnification) ¥ %7  »

1/u + 1/v = 1/f Magnificaton M = v/u
f: £ ie& B (focal length)
u: (F %1 B8R )object distance ;
v:(= k2 # & iEd ) image distance
R RMEY > TRGEILENGTA AL T
&+ & 752 (beam formation) > 4-# SEM )% %t ¥ & condenser
lenses °
2. Bk, % 3z + (image formation and magnification) »

projective lenses °

TR A S AR B T BT S RS A A iE
3-3-3-a. e w + Riki
ﬁ?ﬁ ki — 30 %—"*%;ﬁ#zﬁ—w' T A KA D ER g
< mEEP e ¥ LT F BAE A & = 4F ¢ scanning



transmission - % emission ® + Rflcdl 0 @ A F T F M DT
FRFERD TR AVRE > RS B/q‘;t\(fleld emission)
Qé%ﬁﬁpﬁ;+i@%ﬁﬂqj,%H#%&w@wf % 51 SEM e
I i ek B g ek cna 17 R IR A E ey 1§ SEM -k B R AR ek
R B~ é?ii’fﬁﬁfﬁﬂiﬁ“‘ﬁﬂ“’%ﬂJ’ﬁ”ﬂPﬁ o SEM £k Su7f 45 %
= % ¥(lens system) @ F#4s
scanning coils) > & &+ Jc (electron collector) > fv— B &
dlsplay) o MK A EBIPK IR nEF P pEd T 5 B ACEE S
F e £ AP A3 10 7] 30 F T3 REF(KeV) 0 B FRIA
F R ER R+ R 'E)jfi,? e MPIEFITAFTLTFREoa T
SOREMCALZ PTIL R T3 A R (TH R kB R kB R A kR e

ARRFE R AR E S RS k] F R

AN

|
fﬁl\
=

4y
i
7N\
@D
—_
@D
o
(—'.
)
o
=
o
o
o]
—
&

7\

%n
W E

!
=3

(dm
d‘ﬁ
K

7
B 7#(depth of field)~ * ek’ %ﬁﬂ B EHSOT F AT Fp

u
m s 0 BRI PSR b apgt bl im‘:té’i—rzu"ébré%”{ﬁﬂ‘?:f

4_/
(backscattering electrons) » k{8 ] SEM 8 itk o i@ s SEM 82 ik
FHF st ks AT Foa F e T I BRI T EF B

BRI ART F AR ST A ARG R A PR G SR F
% (cathodoluminescence) » & f P4 £ b d 3t g g + 2.8 > 7*
AR FRNMPEBDRTIN - Vo AT F s » v uig* X-ray
KRR b ek 1T > @ Wp] ) ok iR L2 5 energy dispersive
spectroscopy (EDS) ° 55 & r4 #1543 (8 Plamn 54 * fFds MBS
W el R R s RS Al B A A s o
3-3-3-b. F & T F Hiks

TEM v A= SEM 82 & 5 Ap g el » e fr 2 & 5 58 + eh¥d &R
F= eiF ~ H AR (in-depth perspective) it o TEM £ 5 2 & = 8 % 1
o 2 5 2P (bright-field) > # ¥-(dark-field) > =% %47 (high
resolution) &g #ci-;¢ - 8278 TEM ¥ 20 7 £ EFFRlF e + 974 4
e oo e B et B (contrast) X FR| o e F A £ > K
ARG B PR R BT T B B kAt ik oI S
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R ER Y e st O S IFE%H P RER G A R L
“r A A eng fz»u E'Jyﬁéi = A ’% ¥ ot R PR ST

Specimen

Objective lens

Back focal plane
objective aperture

\ 1. intermediate image
SAED aperture = S—

Intermediate
ens

2. intermediate
image
Projective
ens

Viewing
screen = 1

Image Diffraction pattern

Rl 3-3°3-3° TRV % % for 1)

TEM # “objective lens #-% & &8 4 £ 50T & (back focal
plane) en¥es+ 85 (diffraction pattern)frifiE & pl& gt T +
A58 AT @ (image plane) g ik » » ,T%ELE‘%] 3-3-3-3 ¢ &

1. intermediate image > F|p* ¥4 B fo R ifk-¢ b PFen & IR & TEM
P oo ¥ A % iF intermediate lens FaJZiE {6 0 B2 ikd projective
lens % {2+ 0 7« J5d 3 F intermediate lens =% & ¥ 14
% eni#-real space(®: i )i = reciprocal space(¥E54E]75) o A=
fA ® > — B objective aperture ¥ M E » AF BT aq > H
AN RERY ARSI GRS B B R £
ET + ko m & selected area electron diffraction(SAED)
B aperture #-¢

i3

3
R A D S R S

F_k

» & first intermediate image 7w F »

‘F_&
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AR BBV 0 2tk 4 oobjective lens (¥ EFET Gt ih
objective aperture #r 2Fpe(direct)HE F A T A% o RS
ART o X BRI B R R SEET ¥l g B B-E R A S
R BB R T M ILRE S Y R R E R R L P
dIFER e e

AR PN T > objective aperture #-3F— 15 H T Hif endEst

T AT

/‘Jﬂ
|
il
a\
&
NEN
4
gl
lv‘\ﬂ

AR E e sl ‘%1‘#1’ o]oe
2030 %H B (lattice image) » FE A 9K <
+ K% BT F R F L hobjective aperture e @ A 4 )
EUMMHTIANMNETRTF AIAPF Ha A
T Raies B R 59 B enEkfE47 A& (point
resolution) » ¥ &Fp|$ il 2w { —”a?zone axis * w4 ¥ > P
A E AR D) B R4 B el S (HRTEM) » 33 S &Rl a3 gt 7))
w4 T g HRTEM e el @
~ &+ 7 3 3 gk (incident parallel electron wave) & {7 5
B4~ pE € Ap T sl (elastical ly) B8 ERT F AR FRlF 2
s & 24 1 4 = (phase) % 3= 5 (amplitude) =3 & » Fpb jEasE 7 F 4
PV E R FRI ST o ¥ % objective lens A & £ A fE
#a s (DEF D EET G P @B ifae s E > j*;'r’?a?ig?f{;(Fourier
transform) & IS BAS 5 (2) e T % F & = F k1 1
XIS T F A R B A chireal space image e

wm
gg;
&

(phase contrast) - %
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4-1 é)ﬁ%ﬁ:ﬁb 7

50 L B- 0 f2f1* light conet } 37 N BRid 3 & T e
fioo KRB e oh IR KT F RS E o R K Ao d R H IR R DB AT R
A A # é}]% R KB s 0 e Bl4-1-1 220062 B. Cluzel
FATHLTEHELRHEE & RS e - §F & 2 (Silicon
on insulator)[1] - @& #55s B 3#H+c120% » B F4g v 6dcRl4-1-1
+ 45 o @ AP g L B B2 (Plane-wave expansion method)

KEEA S F B F AL AL ,é.,g'-,’qvﬁ S b

(nest, Effective 1ndex) CAR L TR e TS B A
AR R U zi%EﬁLWHEaiwiéﬁ?ﬁhhzﬁivwruii
R =L e ,g;:‘,a;;:%_;‘;j!‘g’(&\ < g ‘1‘ gﬁlyzg_\atgk,—.w

W ARE R R R v & AR AND. TUR &’mﬁ’s%gﬂéﬂﬁ
ﬁ%ﬁﬁ@a,a%@gﬁﬁimmm’=gﬁ%§+:”—Wﬁé
o F) 5 H R AT R SRR R AR s R R S
I AR dopt R BETRR Y T D R R B D
Neft=2. 9 > L enE & 5 360nm > ¥ #P460nm > H & F Bl4-Bl4-1-2477F >
fﬁﬁﬁé);%’%i B R e CEAESE B H D RE S < 9 59100 1020 -
1190nm » @ s & BT [ B M T 4 o fe M F P 460nm¥t e 2 = B
=~ %) 888> 976 1179nm > ¥+ P& Bl4-1-12 Bl4-1-37 5> 3 L3F L E o
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M,

1
20000 .*.=..1.?‘.§._“‘1020

p

/—-—Si nano

15000- boxes

SOl

10000+

30004 l‘.!1

Luminescence intensity (cps)

0 T L ¥
800 1000 1200 1400
Wavelength {nm)

Bl4-1-1 (= BDAEFR S > PR EE § B3 ARk -
(+ BDFp T+ RSB E P ST LE -

1.0

0.8

Normalized frequency

T X M r
B4-1-2 FHPEHE £ B e i
Z 3 i@ oenfER e B netr=2. 9 0 b/a=0. 7826
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0.55

888.39 nmf
0.50

976 nmf
0.45

0.40
1179 nm

0.35

Bld-1-3 #H¥Ea T B> TN s o *
UETPR R R AR E BT D MR R

—‘g’,’t » T4 @;I;Jej ELMA e kiR E kL2 T Ttk
H @8-I M w (k-space: (0,0)~(0.5,0.5)) it &+ Bla4k = 1k i
R 2 RN BlE - ghigdE & BSECAE - Guassian normal

1 27 P N
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