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Electrical characterizations of InAsSb/GaAs

self-assembled quantum dots

Student: Wen-Di Huang Advisor: Dr. Jenn-Fang Chen
Department of Electrophysics

National Chiao Tung University
Abstract

The electrical and optical properties of InAsSb/GaAs
self-assembled quantum dots are 1nvestigated by
photoluminescence(PL), current-voltage ¢1-V), capacitance-voltage
(C-V), admittance spectroscopy(C-F),- deep-level transient
spectroscopy(DLTS), and® cross=sectiondal transmission electron
microscopy(TEM). Three samplées with different InAsSb deposition of
2,2.2 and 2.8 ML, are grown by molecular beam epitaxy (MBE).When
the InAsSb thickness is increased, PL spctra show a redshift of QD
emission from 1235 nm to 1285 nm. The PL intensity of 2.8 ML sample
1s much weaker than the other samples, indicating that there is a
critical thickness on the InAsSb  quantum  dots. The
capacitance-voltage(C-V) measurement shows a carrier confinement
for three samples.With increasing the InAsSb thickness to 2.8 ML,
significant carrier depletion caused by the relaxation is observed
1n the top GaAs, leading us to deduce that relaxation occurs in the
top GaAs/InAsSb interface.From DLTS data,while no traps are
detected in the 2 and 2.2 ML samples, two traps at 0.64 eV and 0. 35
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eV are observed in the 2.8 ML sample. The trap at 0.64 eV lies in
the top GaAs and the trap at about 0.35 eV lies close to the QD
region. These traps are found to be similar to the traps observed
in relaxed InAs QDs, and relaxed quantum well(QW) structures. By
comparing with TEM and transient data, the trap at 0. 35 eV is related
to the misfit dislocation defects, and the trap at 0. 64 eV is related

to threading dislocation defects in GaAs.
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TF
F(C-F»* # Admittance Spectroscopy) % f& & % (Transient Capacitance)
22 % R e Fg %7 6 47 3% (Deep Level Transient Spectroscopy) s (" 4 o

- % A5 % LakeShore330 -

5. SE BRI HE kT open cycle AN I R AL F

¥
MR 7 iE 80K 5—@%?4%&@’;"%/5’_ » BT % 3 20K R B o

gL E & 35 Cryogenic ~ # E 7 Pump ~ /R A & %58 ~ £ 298N 3

BT pEZgES o xR gL CRYO Wi o A5G

CMP-1487 -

T ?.%ﬁiﬁ'lﬁd}% > RS T 688 GPIB 4 & ]+ ki Hl R E
RS S RS EEIEE ¢ )5 .0 N
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Al

0.3um n-GaAs

Ok 16 -3
INAsSb  QDs SI610"cm

(2ML ~ 2.2ML - 2.8ML)

0:3pum n-GaAs
Si:6*10*°cm™

n'-GaAs substrate

In

Si Wafer

W21 % 54
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GaAs GaAs

INAsSb QDs
2 ML ~ 2.2ML ~ 2.8ML

Ea INASSh
sh454 2ML
sh435 2.2ML
sh438 2.8ML

Bl 2-2 t& &+ B
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temperature controller system

lens 1 Filter 2
sample mount
/ O | < I I Solid-state laser (532 nm)
Filter 1
chopper
lens 2
. Lock-in amplifier
Filter 3

monochromater ‘ |

DVM

photo detector

L]
L 1

computer

B] 2-3 PL £ B % 512 3% )
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A

F=2F kP ERLESFSELSI

sk gk % sk (Photoluminescence) & £ 4 45

A PLEPRIFHR? » APArR* g 55 532nm FE 8 T o A
BAHF 5 LSWo T Y BB ARSI APAG R 7 kil
E e InGaAs SR E > B2 Az R * L& R 5 800nm I 1800nm - [
3-1 =2 P HR&EAEZTETH X 100mW 7 PL B > Vi 5 3 (54 = PR EaD
FERALE X B A PLAA»%AEE S S FP 5 * T Lorentizan function 7
fitting = ;%[31] > 4c ] 3-2 #7-1 B 5 fitting (hg % o #= P RT3 8 0 #

< 100mW 7 PL %% % 12 4e™ £

sh454 sh435 sh438
€+ 85 & (ML) P 2.2 2.8
% Sk & (nm) 1235 1255 1285
L E 5 (meV) 56 42 50
PL #% 4 5 & (a.u.) 0.00655 0.01711 0.00158

d P &P T gER2ML £ 22ML & "EF £ S 85 R H 4 > PL
FrmBEH o P AR AL AL e B¢ 2ML & 22ML a3 ki
£ B 41235 2 1255nme e 2§ B R MR 4o pE > 7O IR 2.8ML
S PL A Rvdend PRSP A LB ALERAE e BH



Hoe 28ML ek £ 5 1285nm > * = P &EE B F 2 5 56meV »
42meV fr 50meV > 4c®] 3-3 ~ B 3-4 ~ B 3-5° i InAsSb & + BL5 & ¥+
k£ SPLAABAEZE LF H M GH - = 257 0 2 22ML # &9
PLAAS R BN X3 Tk | #FXE4 & 12550m > #7112 22ML % =
PR £ & B 4o 3-6 T e

E e R FlEd S 3 BN InAsSh B R B a ¥ 0
mREEF AR ARKKE T e e FN > R AR RE S e B o
5 28ML B 5B F e 2 0 A AN E PLAABAY G A PP K
B B ENFE O FLEFEFIHOERAS > £ —*—bfé A=
W HE S in fr}a@% IR RS gAK@ 28ML & =
P B B ARBG N STr RIB PR F LR R L B B P S
AfprF gk data R R B L B ud I data? B HB AR LZ B
B33 AR 28ML Hr Ff i AR AR BTN B R £ X Pl
WS BAew 2 pRBEFRG R AL LR S SRR SE
SR A Bl 5 s 28ML R R 18 5 B 5 -

FE bt d PLERIFD2ML 2 22ML A 4B B A F]t R
FAKNAE 2 BEF R R L 28MLARETRA R > B &Y T AF S 4
P i 4 B30 R M47E 0 AT 2V I W 0L 4 InAsSb/GaAs £ + ghig g 0 T
Wh 5k s 22ML~28ML e Fot P& § B B R a TR B A RN 0 27
¢ 1A 2 [32]
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PL Intensity (a
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o
)
o

0.15
0.10
0.05
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T
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T

1
+ T:300K,P:100mW A

)
| --- sh435(2.2ML)

T T T T T T T T T T T T T
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\

\

|

\

----- sh438(2.8ML) 1
\
[}
\

900 1000 1100 1200 1300 1400 1500 1600
Wavelength (nm)
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PL Intensity (a.u.)

PL Intensity (a.u.)

PL Intensity (a.u.)

0.12

0.10

0.08

0.06 |

0.04

0.02 |

0.00 |

Data: Data3_B
Model: Lorentz

Equation: y = y0 + (2*AIPI)*(W/(4*(x-XC)"2 + W"2))
Weighting:

y No weighting

Chir2/DoF =5.6751E-6
RY2 = 0.9936

Y 0 0
xcl  1.00436 +0.00036
wl 0.0569 +0.00155

Al 0.00655 40.00024
xc2 1.08075 +0.00094
w2 0.12472 +0.00219
A2 0.01419 +0.0003

xc3  0.89142 +0.00098

w3 0.1088 +0.0034
0.0052 0.00015

0.30

0.25

0.20

0.15

0.10

0.05

0.00

0.025

0.020

0.015

0.010

0.005

0.000

1 1
0.8 0.9 1.0 11

Energy (eV)

Data: Data6_B
Model: Lorentz

Equation: y = y0 + (2*AIPI)*(W/(4*(x-xc)'2 + W"2))
Weighting:

y No weighting

Chi"2/DoF =0.00003
R%2 = 0.99387

Yo 0t
xcl 0.98797 +0.00017
wl 0.04216 +0.00064
Al 0.01711 10.00029
xc2 1.05984 +0.00085
w2 009243 +0,00241
A2 0.01609 +0.00041
xc3 086193 +0,00287
w3 0.04908 10.00902
0.00096 +0.00013
e

1 1
0.8 0.9 10 11

Energy (eV)

Data: Data8_B
Model: Lorentz
Equation: y = yO + (2*AIPI)*(WI(4*(x-XC)"2 + W'2))

| Weighting:
\ y No weighting
Chi*2/DoF  =1.7996E-6
RA2 = 0.93133
|
|
| yo 0.0008 10.00011
I\ xc 0.9675 0.00048
| | w 0.05008 £0.0016

| A

0.00158 10.00004

0.8 0.9 1.0 11

Energy (eV)

Bl 3-2 = # &2 % PL fitting &
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1290 —

1280

\

1270

\

1260

\

1250

1240 / §

peak position (nm)

1230

20 22 24 26 28
INAsSD thickness (ML)

] 3-3 InAsSb & # &L & 2 peak position B 7% Bl

0.018
0.016
0.014 [ / \ §
0.012 / \ ]
0.010
0.008 |
0.006f ®
0.004 |
0.002 |
0.000!

~
/7

~
7/
7/
7/

w

20 22 24 26 28
InNAsSb thickness (ML)

PL Integrated Intensity (a.u.)

®l 3-4 InAsSb £ + 25 & &7 PL ## 4 3 /& B 7% ]
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T —
56|
54|
52 \ i
50 '
48 \ _ )
46 '
44|
42|
40!

T T
-
-~
1 1

\
\
\
|

FWHM (meV)
\

T
-/
1

20 22 24 26 28
INAsSSb thickness (ML)

B 3-5 InAsSb # & BLA R &7 X 3 F A8 (X B

o
1300 . - . - . - . . T 0.020

; -~ —ll— peak position i =

1290 'OV —O=PL integrated intensity | 0.018 =

—~ _ m ooie @
= _ Q
c 1280+ -0.014 @3
N E r —+
c 1270 [0012 @
RS _ £0.010 —
= | r -
8 1260 -0.008 5
O 12504 - 0.006 a
4 ] I =.
-0.004 ~+

o 1240 0,002
o : [V Ty
1230 T T T T T T T T T OOOO -C

2.0 2.2 2.4 2.6 2.8 -

INAsSSD thickness (ML)

Bl 3-6 PL # 4 3 /& % peak position % InAsSb & + BE5 & % it B 7% B
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e g THEREEZLH

4.1  Ri-TRA-VDEplE L4

4. 1-1 mw [-VEPR

T ERERZ > SEAFRREFL e IV ER > 7 0 E R
s ideal factor ~ 8 BT pe o] ~ w42 foF in12 %2 Schottky barrier
height » ™ 7 f% Schottky contact e74# 3% 12 2 4 H- 1Tk » -V £p] > 1 {7
BRI ) o e BRI A KRR S TR B TR RFOE & S
R yh o v TR A[33-34] -

195 Schottky 7 Jin 2 58 2

q(V - Irs)
nkT

H P L5 3 » & fo 7 i~ (saturatien'-current) > r, » B B 7 [E (series

| = IS{CXp[ ]—1} 4.1)

resistence) * n % ¥ & ¥+ (ideal ‘factor) © k & 4 * & ¥ #Hc(boltamann’s
constant) > TH B & > Vi Ew /&R o d nenx | 7 12 2] %7Schottky 431
HHFH 0 R niE ! %rm”’r 1 ¥ % Schottky 4+ 4 B e
F% Bop TS LMz PR BRI LV & S doB 41 7
MEDN RS R ER Gt eafon i BTS2 B BT IR o
¥oebd w4 e T it % & (reverse-saturation current density)#? % # £ fi
# 8 A& (Schottky barrier height) =i % 5% :

- e¢bn

A'T e KT (4.2)

J

sT
# ¢ A" % effective Richardson constant » %} ** n-type i GaAs  #1 & %
A"=041A/K e’ » go s BHABES A o d @-D)R o 1@ g 5 & fo T
ol o (4.2)58 7 F47 H # AR % B (Schottky barrier height) » i&42 9
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@ g™ L F-LR(CV)R R E I BT gt e & ¥ S D

B -V St KT e R R IR heT A

n 15(Q) Is(A) Ppon(V)
sh454 10
1.2 105 3.5*%10 0.7
(2ML)
sh435 10
1.1 149 7.3*10° 0.68
(2.2ML)
sh438 0
2.1 998 3.7*10 0.7
(2.8ML)

d P49 ¥ ugm s 2ML 2 2.2ML ¢hideal factor 1242372 E 1> @ B B
WIS FRECL 0 AR A 5 R Rada Schottky 12 7 45 0 iz 2.8ML it
frer DML 2 22ML £ £ 454 - 2 ideal factor-3 v 2.1 AE 7 % i @ 846 4]
7 ¥ kP AtaKaen g 4 -R & 8 R k(generation-recombination current)’ 3%
WP A Raey o BB BRI RIT IKQ B mR kiR mdd A
DI S T s > ¥V R A T AL Gk e oo 1@
pd IR LA ERTIEAGEH S o Ft o AP 3R] 2.8ML F b
B A F s AW ER 0 F SRR Hik & A 2 dislocation 4% f& 0 §

A2 RRAR G IART D 4 5 @ KRE

RIF BREEREOGL > AHFEHTHEER P AP T IEF 2.8ML A2

dislocation # Fgf 2 2 {5 €

?’ﬁ#‘]‘é’ﬁﬁ”l [ERER WA d?‘"‘ﬁf}tﬁr‘fﬁ“@ﬁ)%q.x

H.Temkin[35]§ 4% 1 © &In,Ga As/InPing + 2 4@ > ¥ 1% &
[LVERIKGPITRALER B BREFHERAREERPF BT M A
RAPBR o APHZ P RS EEET 8 S LVER > Bk 4oB 42 %
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7 o3 MInAsSbE A& 5 2ML# 22MLA #4550 b2 ek T ins & £
B o ER L 28MLE S AR PE 2 HBBRT > BHE 2T R A H
WAt xT ] B#cE & o T HTemkin (HF &S %40 BEd 3R a
2 4 dislocation#7i# & ¢h% % o 2.8ML ek 5 &k v iy B B 3 4o pF (5 %
LSV LVE SUng S G BE R 0 ARG AR v RER LSV &
MARTRE FINEIEERLS ST 2 BEFER - L AF > HE4V
180 28MLR S H o A B AR S AR T IR e A F LA A d
Ak gl 0 R RSN g d T g R FRIBT IR -
e 28ML hik & ¢ 3 dislocation 4 &y e E pod L AL
FHOEA) > 2T 5 28ML R EAZETRR &R gk o TS v -V
TRl % > v R ARk B A S 2.2~2.8ML 253 PL #7 £ BT hk

% 8- o
4.2 -2 BR(C-VHERIE L

4.2-1 C-VEReAFTH

=

RF-RRCV)ERAI* g BB AT ZZHFMP op o
GBS ARE LR RA c FERREL[6] -
BRZTLFS-TAFT

&g,A
W

HPWEZZRRR e5 L HM AT mik(e=13.1 for GaAs)>» A%Z ~ 2 5 #

C= (4.3)

(A=0.005024cm2) ST b R BRI LR AR 0 A BRI

RSN SR

C-VERF* RGRIZHFMPN ZHPFRR T AT DA
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N(W) = 2 = (4.4)

qggoAz( )

dv
SR & Mg Pl GV A SN P A A e
e ﬁ}il’i’ﬁ o i R e L TSN
1
2
W = 266, (Vy +Ve) 45)
eN,
Hoe NS Bk R > Vi P2 8t Ves B BR o
gt BB AR L RFRREIE  PFEART D
C=dQ/dv
1
2
:A[ ese, Ny } “6)
2(Vy +Vr)

S #- NCVHE 3R S /C-VEia T+ 3 A X T 535k BNy @ L

¥
=4
w

#EET W T 2 B LRV

A EEABES R YD 2 R Bl e T

on = Vi Tén * #n = Ec-Ep (4.7)
He g =£1n(N°j (4.8)
e N,

Pno EA FFEEABEE R dp o
d

C-V ¥ 4T RFh R yo™ £

Ng(em™) V(V) | #a(meV) | (V)
sh454(2ML) 5.905*10'° 0.763 52 0.815
sh435(2.2ML) 5.574*%10'° 0.768 53 0.840
sh438(2.8ML) 5.899%10'° 0.714 52 0.766

BT CVERB %1 43 - Bt B B %o AC R
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55 (osc level=0.01V) %k %

f%fi
l““\ﬂ
4y
:_‘r
Ve
D
ﬁr

%I-ﬁ‘d‘§ ﬁ—r’ = _F

AC EAA S PIHTF TM?L‘ D F 2 BT A KA P e st

FE b ACELAN R RIEHT F LG TR TR CV R gt
b

VE IR S oA FE R Ak Fae B i\"* R

Bl 43@) 7= #HRESEFETERREF 2 10KHzPE 5 -T R &R
BB P 7 g 8 2MLE 22MLiE R 8 5 #F i e S0 0V E]-1.3V
LM M A -13VI2VEG - RRFERE LT L § RR
AZIE-2VEE > 2 IR S HAFOT F-T R R e B 28MLafk 8 ¥ A ¢
FE7 e 2 o £ A OVE-I3VEE RN » 5 ERE T o R
WH-13VEL § AP AT SR BT S E A0 F A2V w R TAH
WA o I (44)F T R - R SRR A GUE A R 0 4o B 4-3(b)#
o T ORI P RS e 028umF 5 fhepeak i o %
BERy DMHIT 0 AR iz Bpeakfls s EABER IS g S o A £ 4

A
ES
B
|k

4

%ﬁ‘,‘i
Pl

o B A A 03um > e = % &35 i ehpeak st A 0.28um > iz E F] &
£ % ‘J gl %o ’éﬂ";J }'7‘-‘ i :‘—;b HzSO4ZH202IHQO:1Z1110 ’ ’—%’%'JFEF? é\ 1~2 7?'/ ° ,y

il

PEEAY I 2L R EREREE R DL T AR SRS
ZIRE T - K EF B VEAFM(R + 4 Bpcs)ITE P 2 18 T g

AT ML G R B AR PN RR
2ML ~ 22ML ¥ 28ML peak ik & A u] 5 7.7%¥10'°cm™ ~ 8*%10'°cm™4r
5.4*%10"%m™ > 2ML#2 22ML=k & % v+ 2.8MLE 3F % > io 2 PLE i) 3| e
APl oo 2MLE 22MLek B % % 5% F R (6¥10°em™) » * & 32 ¥
St AR B T AR o @ 2.8MLik B Ar e d B
ER(6*10°cm )£ 2 5> 2 bt & ehGaAsT 43 5 Ll 4 g A
W25k 0 AP 4R 2.8MLEE Sk R AR ETR &R 0 it & GaAse #



TR G L SRR T AR TR it RIRE SRR
EHHF T REPI P IERER S FIRI PR L HULKCVE
B 2.8MLF 4 Faifg

TFEIAZ H iR Sifpeak ¥ FE B S B F Bhefpeak 0 AP ¥z PR
REDTF-TRER LRMEF K Lk 10KHz 4o R 4-4(a)(b) ~4-6(a)(b)

RS

SR o T g N F R R AR o peakik B AR v 2 ALY LHEF BIUL
FlpbF L A Erie = B Rk Sdpeak % A_E 4%@%“31‘—1 #7118 = fpeak o @
DML# 22ML A Z Bk R Y 5 8%10%cm™ it » 8 & & 85KpPF -

-

22MLek A vt 2MLB 3%10"°cm™ » iS85 22ML 5 cn 8 5 i PEFGE
FHREOPTF PG VT o TR R RR s B I H uniform 2 £ + B
P RAF o 23 5 P 28MLAME F R R %X > peakik B < chMF R %] 0 iE
LF 5 2.8ML”ﬁ i Hahty fo AT T A 3VA EhE d 13 5 @ 17 2.8ML
B+ it it kR

u

\ﬂ
>
\w
-ﬂ

SR L EES RN B

@ﬁﬁﬁﬁﬁ@’ﬁ@@%’§4ﬂ€4ﬁ%wﬂ%¢ﬁ$@%kﬁi

ACE > W AP AC BB o

’&_SSKE%’;\";Z@;MF B ALK g ok TR AC MEL
BE&E P = % # &9 quantum emission 3 EL > A PREFJNF R AF P ER

SRR SR & *‘"\'Mﬁl’r‘%l”u%zuw”‘ e
Fo R A PIE L AP HE RPE S 0 F] 5 quantum emission FHLF Bk P

SEILEL R AR R R F] o
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b
-

Fe o AP FREF PR ki 5 e ;T*uax e+
BB L FE 1 oer i r B RIE S 0 1 A § S e(20K > 100KHz)
E T im AR BLP) 4 Iquantum emissioniBL 0 i R AR B 20K PF
quantum emission=pF ¥ foo] >t 10° #j 0 #rri & £ P Plquantum emission
R ¥ B PR R F MY 20K T R F % F 3 3 100KHZze m 2.8ML
BEAR G £+ Bt g o R FIHAZWETRA BB 0 &t & 9GaAs/InAsSb /i
BT A SRR 0 0 AR TG A 2 0 S AR R R IR
pd gL Ft > APLOERFHRIFT g AR ER

f=r

BsiE o e C-VERILE 7 i g I 43 )k & 4t {rcarrier depletionsif 2 o

carrier depletioni. % &3 # #top GaAs o
4.3 HFHypampHEpe sdr
4.3-1 R HE RIOAHITS

9P 3% 4 47 (Admittance  Spectroscopy) ¥ # &_— 1B #7 ik Ka® B 2
o SRR R e 0 B A 70 & Sk SARE A 0 B R
Y R L
LR HSTE G T IR
Lo25 & F 2t Beendh Kai FE S AR A T 0 %k

ETI

N = -t &K= I8 KE
RAaiF o BT HoR i ™ 5 FPE g S TR

[\)
F_M
|l
iu
S
o
T
2=
A

5
Nl
\ \
- “\

Fret H i St B P v E o BIEET hiT g i o
30 UL AELAF > FILAEHAETINEF RS OF LS o
4, B G ATenE > TR RIEARY - BEEHE- B 0
BB ARPFEINEDERS Ko
BopoHp s o 47 £ A8 T fir(quasi-equilibrium) if £ T o % o] 5L %
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B plchai® o @ ¥ & DLTS - &2 3 #f 3 M (spectroscopic) » T — i# peak
HRI - BiclFizl c FHAEE - ] TRAZEVM 212 ¢ 17

Fl- BRG] T e o PR ersh N G

|_1

Y=—=G+jwC (4.9)

<

BFAPLBIFEGARE P BT IRFEN PR f it E 2 [37~39] -

(1) Pt 5 2R 02 38

a)z
Gp (@) = 2enco[m] (4.10)
Col@) =2 1 (2,)Co[———] (@.11)
Xq @ +(2e,)

HY Coi MBI T ¥ 7 rﬂ?‘),% v & “h 4 A & 5 e, & emission rate o
g (41D 7 g g £ RPESE MR R F ot e 0 # e
PIREE R R R R R AT S B AR F G TR R0
TR AR R e 0 Rk A B R BT o TR R T B LT
T;’UP% PR RN T F A P e o BRUETT 0 RRIR B EE
Fonsg v B fad A HAT S U log(o) ] 0 B d ek R 5 log(Re,) ©
FO=2e, B S od ek o 2L o

FH(4.10)58 7 40> F £ RPE S 23 2,/ 0 G(0) 0§ A ECY2 o 47
i %’ﬁ“é TR RERT R FIES & AG(0) ofti F ok o %&L’v" e
it iR B T dhemission rate o £ ik pt R0 Ak KRefiE i g (activation
energy)£! 4 & # & ## (cross section) °
(2)¢ BT I E R E R PP

AR AR LR REAEA TR SRR ek BEA
B RN AF > FRA R g BT IR AP AEARE > Fp APy

BR ABTIEE o HpEgL o
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1
Y(@) = ——
(@) Z(@)
0’0 eC . iC
0 + Wi O + Wi
=G (0) + joCp (@) (4.12)

-1
# ¥ ore=(RC)
BRI G AT RS YD

1

Cp (0) = 03 Cl—5——] (4.13)
w +a)RC
2
Gy (@) = 0pe Cl— 5] (4.14)
(4] +a)RC

(4.13)~(4.14)5% 5 RC PERY ¥ $eermi oo 4o % 345 1ot B0 B2 58(4.10)~(4.11)
FEE T IEHEAPPENGID) @) T R FUF RS e
2585 G Ap e )50 o Flpk b A RGO SRR & ) o A FERUELD R R S

P o

4.3-2 TRIBFEL

B 4-16(a)(b)~4-18(a)(b) * 5 = P HHF TR T * F KR C-F & KR
% G/F-F & @ - &R Y 7 0 R 2ML R § £ P15 2nsd ke sl a
22ML % 2.8ML #4f 5 2MHz #3148 sRAY + dcsd &) k it 5L(C-F o ek

o OERT G P et ) 2R B R A B LG EF R

@mﬁﬁa&%aﬁ,ﬁéﬁ%m%ﬁaﬁéﬁ+u¢%n%miﬁﬁ

@’gii4%ﬁé {ﬁ%%~\¥ﬂ%%%?$&%%iﬁ%@%
3 gfa g o om 2 - B %[ii’m—% » Tt e ¥7ris B C-F ﬁj%fb ¥o2k %

B quantum emission £ 4% ke @ § AE S < 2 AMHz PF> & F B € g A

2 0 R Rl 5 (HPAIOA) &3 4 2 4 e B #e s & e CF %10

(s

$E R FIV A F AE C-V Rl RE T doB] 4-19~4-21 #7770 JER)
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4Q&42L?iﬂ22ML£28ML&$?§@§%W#u§@?E@%ﬂg&T

puu|

T e 2ML %025 IR % 0 L5 B 4200 -1V 5 6 SR T

AT T E A W L 227.5pF 4v 263.3pF 0 £ £ @) 4-17(a) B 0 11-1V g S
BB AT EE M T F A B A 227.3pF v 263.6pF » i3 i4F C-V
WRBATE I HE ST A o £ k5 B 421 ¥ -1V 5 )0 st e T
% M T F A W 2 225.3pF {r 249.8pF > 1 21 ] 4-18(a) ¥ — $ L1V

Sl UG B 13 Bl eng MO A B A 231.2pF {r 250.3pF > A H 0T %

By B i F A Pdeer C-F R R D ez kp 2 C-V T S
AE T BT R o

B 4-22(a)(b)~4-24(a)(b) > 5 = *HF B R 5 85K T 7 F B /R 0 C-F
WARBE G/F-Fo g d BlP 7o 5 EETHHERIIDEE R

H2ML & 85K § & RI P+ s ke 5L > R = P RS A 85K 2

B SAE C-V B iRl REFI( B 4:25~4-27) = % 5 iR A gm;%waim’
BERT FE RAT IR e iad R ZR R 8SK e B0 [ AV AR

C-F 2 G/F-F & 3| s Flle s 5 C-V iR T 5 34m B AT T4
S I F B o

AR FRRE CF 2R3 g3 Eta a0 7T AR
4-28(a)(b)~4-30(a)(b)¥ 14 3 J & W BRAF I 2t peak “THBAE T 0 I 7 ¢
BEGEega 3 g0 Fpt gz LM 2 C-V I REFETH E G o
e

d C-F &R #R= PS5 £ I quantum emission 2% ¥ 4 fi5
kB A R RIS G-V AT PR Y B BB T Y oo
MEEIGFAENERRRBR > I EEFRRBASE B3 7 R
R m 5 R o w2 ROHFE 0] o d S gt pERE Y o F) o S
iR A AT e AP AR AR AR B BIET B D
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