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The influence of rapid thermal annealing on the electron

emission of INAsN/InGaAs dot-in-well structures

Student: Yen-Ting Chang Advisor: Dr. Jenn-Fang Chen

Department of Electrophysics

National Chiao Tung University

Abstract

The effects of post-growth thermal annealing on optical and electrical properties of
InAsN /InGaAs dot-in -well structures grown by molecular beam epitaxy on GaAs(100)
were studied by using capacitance-voltage (C-V) profiling, bias-dependent deep level
transient spectroscopy (DLTS) and photoluminescence (PL) measurements.

An unexpected blueshift of the PL emission energy of the InAs QDs with N
incorporation is observed. This effect could be induced by a decrease of QDs size with
N incorporation. In addition, a broadening of the QDs PL emission and a decrease in PL
intensity are seen, which is attributed to the QD size fluctuations, due to a wide energy
distribution of the density of states. After annealing, the PL intensity is increased and the
PL linewidth is reduced. Furthermore, the low energy tail created by N incorporation is
reduced by the annealing process. These results suggest that annealing can reduce
compositional fluctuation between the QDs and remove the non-radiative centers
associated with the point defects.

Also, a significant improvement on the electrical properties of the rapid thermal

annealing (RTA) samples can be obtained. After annealing, the C-V spectra show that a



C plateau is split into two plateaus, corresponding to the quantum states and localized
states. The result suggests that the thermal annealing process improves the quality of
QDs. Furthermore, the carrier-depletion effect is reduced and a quantum tunneling effect
is observed.

In summary, annealing recovers the background concentration due to the decrease of
the localized states. It enhances the quantum effect of INAsN /InGaAs dot-in-well
structures, which can be seen from the optical and electrical measurements. The result of

C-V simulation is consistent with the experiment data.
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Ideal factor (n) leakage current series resistance ( rs)
As-grown 1.4 5x 10°A 380 Q
RTA 700 1.4 7 x 10"A 350 Q
RTA 800 1.4 6 x 10°A 200 Q
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2-2-3 TEREBRER (C-V)

ERAKG TV ARE T LR AR SSR A (Fermilevel) £ 2

RIPe &l ph it RenT B BT RN RIFRERENT FEEREF M7 4>

C-V ERAEA* Hocf BRZLZHEMP pod 43 0 fof LI F I R
TEFREER 2k DC HEBTHTFEFTEFLERFOPFRARNT > AIF 5

—

R RA S RESLE AT TR A A BT LA BT a8

FI*Feh2 NG TEETF AN (22) BRIERELIRA F258(2-3) ¢
& A
W

2
_ 2-3
N(W) = d@)] (2-3)

C=

HY W S22 % %R e 5 XA T Hik(permittivity) > A 5 =~ i & 4 (0.005024

cm?) > NW) 5 2 £ % 5 W pFenft 3 kR

2-2-4 E33E#HE R (C-F&GF)

Fd CVERSFRFEH TP IHIREFF AR TF EPER - AITE-H
®C-F& GF &> LiFr 2 F AR B UHP T {ob i BB SF BPFE - 3% ac
#Ed 100Hz 3] I5MHz > % F 2 e R 2T > 3k PR ¥ B 7 (28
Hedoie 5 b)) Flot v jEd 2R C-F & G-Fagd o #4472 FRBRERIZ FFE)
R ieA F NP sh L 2rE (Arrhenius plot) o d B¢ ekl F e REE s Ji B A fet
B LA Py ers 1t Ae (activation energy ) % 445 # o ##  ( capture cross section ) ¢ 34

BEEEAEY > DA D RERM S D N e [27,28) ¢

C, 26)2Col———— 2-4
M+(#) [ (ZQ] (2-4)

2
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= BRI SF cen 2 R s (emission rate ) 0 d 0 F 5 I F @<<e, FF 0 44
Faw SRR I B R R b R S R R R TG TR § w>>en o RIHE R
F R PR T (-4)2 T log(w) M BRI 0 F 8 B hw=2en ) > (2-5)
Fw=2e P §EI b G G(w)wiE Clf2 > T A E G PR R ey e (87

HPA194 fe /5 ¥ 4p A 47 htars b e i) o

2-2-5 R i Fe AR £ B|(DLTS)

DLTS #jtr e 1974 & 5 Ad LEFH%zD. V.Lang & J. A P& 11[29]0 2 & 4%
Bl FH R TRE SRS 0 RS T L Rt ) 0 A STl
RTFERY HINTERRCFAE AT EFRCETER > REFIFAFILOT
W[30]- Brk: &R FE (TR 100em kR BRI E ) AR e S

LR defect i FF R ~ £ H BSORA sl FSi B ((emission time &% §) % % ) »

s

0
W

LR S ) » FX B B ant & (S/Nratio) & o DLTS His A

ERE S
ARl E 2 Aet2/tl xRt ER2 XKRET REFT (I FR AT E

L

o

e

7
~

=S
b

KEL) RIFHEF e EF A ARRP AR NG F ekl

_In(t2/t2)
e 12411

o (AC0) ¥ RAERBRF > ACRILEAEX S (AC0) 73 § B & 8T

-~

PP RREAARIPER T e Sk R E VP AC R IRR X

FE G ACE® 4Bt > BAP AR PR § Bbd2iT - R T P 1L 2 ke
7 i X E (rate Window @ T enmax ) BT S EF P enmax 2 R R B T R

TR IEE B RS e f oo
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GaAs GaAs

InGaAs
0.3 um n-GaAs
Si: 8 x 10 cm3

Y VY VY % nGaasqQw

2.2 ML InAsN QD

InAsN QDs

0.3 pm n-GaAs
Si: 8 x10% cm3

nt GaAs substrate

1 2-17 % S 4 5 G 1 )

‘ >\ PC

%k 1§ ) B A

[ #\'#E}‘g’;"t = W:
Gpli ) 2 mgh) J

AN

B12-2 PL %2
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F= % InAs/InGaAs S &k 4 47

3-1 As-grown ensk |4

B 3-1 +t # InAs QDs 2 INASN QDs % ;8 PL B] » ¥ % = BLa u|ehp = (1)
INASN QDs 7 PL =% frA 4% » § e InAs QDs *“ fiu » T2 3 8 4 — 48 > § 597
FA DB LMLV d B 3-2(@) HTEM 2 47¢ 83252 i3 30 InAsN

QDs ¢% K 5 3nm> gl 2 F & - AL g S gk (~10nm) At T F S 0 dER

Aﬂ

SR EL PR EARERE PRI A APEREA ] < A R B0 L A

4y

B BAPIT O R & B EB O F g W e (2) d W E R RS
A 303 B3 2 g3t | 2 so4c ] 3-2 (3) #704 € 1 S PL TIUBLT S
FWHM (full width at half maximum) % esm g3 2 5 £ 4 - 513§ cmifidc] - §
iR @ - L& BRE 5 ( point defect ) o ip dt B R R2b g SR Sk
( non-radiative centre) i & = Fle (3) wMac EF & > F - B3 B3 T F BEaRLEL
A2 v el e iRk R g AL B 2 AR 0 F1A L INASN EF
T A - RS i P dp g B PL Y R Gl BT S TR
Td A g 2L P2 & localized states -

mHESEY BT TEM anid = i o 47d B 3-2(b) 0 7 B I F onr 5 45
i A 4% 15 (misfit dislocation defect ) » fe izt 44 Ko w2 d KM PRI 47 0 &
BT - R TR R A3

BBLAPHERSAZETUFH FARRERDEE UBEEFRET F

Fq L= B kiry o 4% 5 capping layer ~ INAsN & + L% § #7& 4 1 localized
states » #% 4 Varshni equation®® 4= band offset ratio™ » ¥ s As-grown i B T R,
Bl4c®) 3-4 #77% o

B35 5 BB RTHPLES  EFEA L DK E Fa gl A

“ml\
o
=

capping layer fo& + g s > TR AR L B A F 4 LSS o
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3-2 As-grow & RTA tk &k (3t &

B 3-6 5 As-grown 4% 5-2¢ RTA 4% 5-cnPL 1t Bl 20 7 1 3 ILAE 50 B se i >
= ® ik Shcapping layer fr# + BRea 5Ly 2 B M % o TP AR5 RTA &
capping layer fv& & Zhermu g2 As-grown 4p @ 4 7 EA R % 0 B4 F] 5 ATV
Y o N R E IR Pl

Z B S B R OL W] A3 § F ELaH % > fe localized states 3 ELHT 'E o

FOUF R AIVER A T700CH > £ 5 g glibnbrkg i k> @ localized states 3t
e As-grown Ap it o o AEE A gt d o F AR VERET 800CE ML E

2L 5 ¥ FWHM %18 30F > 800 pL pFeng F BEendp 25 (%47 0 B 3-7 5 RTA 800

~

)

I PL B4 2 e B > 7 5 4t pBFep localized states 2t 5E 2 piess o

L

"
R et o AFLZBIVERAAIEIAF A INAs 5 8¢ F 78
RELIAT ALY U2 FLBE A AL OB S S o @ BTN gAY §
@ @R e As-N A 4 interdiffusion sae 1P 5 sr o 2039 4R B i F) 800°C
o A R E - B FWHM % 23 EAS R PLE > h- &2 }I?Jv"[%] 1
BLiEfeg ®F (N) B&adm(In) "> Fla 44 In-NRE > agd EHR

B o
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1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
10F  T=300K / InAsQDs InAs -
ground state InAsN

0.8 | 4
— InAs QDs
;—/ 0s L excited state |, |
2 N InAsN
g -
S04} InAsN QDs .

GaAs localized states
02} / -
.0 M 1 M 1 M 1 M 1 M 1 M PN 1 M
800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Wavelength(nm)

B 3-1 InAsQDs £ InAsN QDs % & PL +“ &

W 3-2 (a) InAsQDs £ InAsN QDs TEM  #% @ (b) fast Fourier filtered
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0.08 T r T T T y T T T y
0.07 I Asgrown (A) InGaAs , A~ 1067 nm ]
S Power =25mwW capping layer i
006 L  T=300K (B) InAsN QDs , A~1183nm |
. GaAs (C) localized states , A~ 1300 nm |
20050 -g70nm T
=
=004 |
3
£003}
-
[a W
0.02 -
0.01 b TN >
| s ¢z 7 N S
0.00 | 2% Sell S~ ~—
1 R 1 R 1 A e B )
800 1000 1200 1400 1600 1800
Wavelength(nm)
W 33 FEF#FehHPLE
GaAs (GaAs
PL
InGaAs ¢‘__ InAsN QDs
0.17eV 0.25eV
' H LA LR R AN )
localized states
defect

0.35eV

W 3-4 As-grown it P&+ 3 B
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PL Intensity (a.u.)

0.04

0.03

0.02

0.01

0.00

As grown

[ Power =10 mW

\ INnGaAs

ocallzed states

. —50 K
\ capping layer— o«

— 10K
—30K

— 90K
— 120K
— 150K
— 180K
— 210K
— 240K
— 270K
300 K

800

1000 1200

B 3-5 As-grown %% PL F
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PL Intensity (a.u.)

0.04

0.03

0.02

0.01

0.00

0.0020

0.0015 |-

PL Intensity (a.u.)

0.0010

0.0005

0.0000

PL Intensity (a.u.)

0.05

0.04

0.03

0.02

0.01f

0.00

| Power =10 mW,

10 K
\ ™~ InGaAs ——3K
. — 50K
capping layer— ;o «
— 90 K
120 K
150 K
180 K
210 K
240 K
270 K
300 K

ocal ized states

As grown

800 1000 1200 1400 1600

r Power = 60mw

RTA 700

—— 25K
o~ InGaAs 0K
capping layer = —— 100K

—— 140K
—— 160K

GaAs
< —— 180K
— 220K
.~ QDs 4 ——— 240K
—— 270K

localized states

- RTA 800
| Power = 10 mW

InGaAs
capping layer

1600

Wavelength (nm)

W 3-6 As-grown £ RTAsample 7 PL +* #& |
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PL Intensity(a.u.)

[EEN
S
%)

107 ¢

A
| A\Nw
‘ ’N )

800 1000 1200 1400 1600 1800
Wavelength(nm)

W 3-7 RTA800 =+ PL W ( logarithmic scale)
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Frd VA RE T S st R P

d B FARPAY Fars RV g E B RS SR REF A A
¢ localized states - AT LA 459 o AP R HRT g IR L %ﬁ“’ #19 L i 7w
4 > 1 2 localized states =g b o AT LS 0 F I s F Y A k107 s R
% 10%s 5 /] 7 723 BB A b o AEEAIVERDKRSET o+ B P As-grown
BEATA LI hE 3 TR o

A Aid = E A 479 AT Bl angs i £ Pk i (misfit dislocation defect ) » 2 &

BhHB ] 0 s i S ) BRI S § P ST R

4-1 THFRBEIR
B 4-1 5 As-grown # 52 B #45 C-V B> kR -1V 325V 4 - B4

FEROTFL AR g Bl 42@EAF S E 0 ¥ 5 0 A S 5 500 Hz 5

e

AL F RIRIRIE NI o A RN RE 41 I3V 2 -15V il o i £ F 4-2(D)

J4:

BFIAEF B RE S 4o < -L5V amuEL § b 4 o FHE i SKHZ L E - B
A3V E R P R AP F R RRET AEE AC B ¥ o B
L3V amugid £+ ger gt @ -15V st localized states #  jt o

d F 4-3 As-grown # &£ RTA tk &0 C-V B Bl 7 > 5 I] RTA ek & 1R
TR BT S odelr PLERIY AT P £ L i AR 5+ U5
ST R T fd - AR A B oo Bl 44 F-CV REAURS % o EF T
L eg B #% 3 localized states s B 333F 5 P PL 2RI EE - R o

& C-V & ’;ﬁﬂ B ACEL R BRI s L 0 AR R T

FTstiE R S TR RIUEL T AR R R S ST AL AC LA g D ko T
BECVERAPEFIT Lehhi R ARl 44@) ¥ 7 g F- BEF AR BT

SEF R RIGHE S o BBl o F IR RART L BRIE R ST AR
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DC i 8Linp o i B #4801 @ g 5 5] 100 kHz pF > 7 3 £ AC 52 £ DC
FUELFR G RITIF a7 5 o FRAEN RN B E S A R BRIRR DT AT
T 2T reR-C-V B SRS > 1@ Pk & 5 R kg fea® RORAE (No) o

B 4-5 5 As-grown %k 52 Schottky diode 7 C-V B+t fie » LS dﬁ BAR T

¥

gt L As-grown 5?0 §AFITFBRTRE ) BERFTFRCBEFTBR
Jk B e Schottky diode C-V # %1 » + ih &R PF & & M43 52k & 0 Schottky diode C-V &
Roimdom As-grown S FBER > d RS d e D ANER- B 5 ns
B 46@M5: RTAESHEECVE S BHELBWAT X B8~ if-
Schottky diode 7} 5¢ - Bl 4-7 (8)-(C) = = ¥ R & RF o 7 7 L ] BB % E
ZERETTERT RN A B S BT > As-grown 1k Sind R R 0 P AR
TROMFRIVAERES BT L IR fobnbrR ¥ 0 A RTA800 # &-¢ R4k 0
B BERBERSERT R R AT G A LR TR FRAE €
74 00@ &g BT As-grown fR i d Bk R < v RTA R &35 5 > 28 %5
As-grown 1 & ¥ + B % ey Adii ¥ )k & £ Jocalized states - ¢ localized states j&
BRFEEOCFFRAEAT TR - BT E oS AR IERT R ERDEE E4 RTA
ts e d enfFA5 T A BB > #7102 RTAB00K eh# Bk R B A %353 (~4 x 10%cm?®)» e
fpdrcr R e ag ek B (8 x 100 em® )R Fak - o

ARG BT 0w BT 45 naiE R 0t 2R 4-3 (a)-(C) As-grown stk
SR B 300K A4 3 X BRE A 0 w5 RTAGERATR & 2f R 5 200K B » ,Tfu
T BRPESEET S NM o A& RTAR SRS Y £+ 22 localized states chf* +
A hbiE B As-grown stk FEF 5 46 Q)T FIREE R A S B 0 & AC UE
SART O RPN LI AP S FE £+ 82 localized states h§t F btk &

rb

L

A&k
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4-2 EpHEHER (C-F&G-F)
TR A F RO KRR &P R K AP o Admittance £ B S

FEF v BB E T AT AR e REE > d C-V B S PR R
# B A Lol 4-8(a)-(d) = As-grown tk &4 Admittance £ B| i % o A A H R
FRsFd 08V I-18V 78 - et B 41> BEZ-08V i3 PRt &
SRR B RBERT AP EFRG A BERI PIIEAE S 0 F HEA S 01
Vo BT F - Bg > aK-09V 1is3-18V ﬁﬂ’é%%fbji&ﬁ e g - B A1
5% 4o @] 4-9 477 0 Bl 4-9 AN s A SR ROk R0 TP B g A BRUsLen
s pER P A2 AR 0 54 Arrhenius plots 4 47 3 IR 4-0.8 V T & ip| i [ )
5 012eV > &= RB 3-5 ¢ #o0 gt s Fefe PL 4 47 ¢ ccapping layer sc € 4pi7 0 3P & B
& sl B4 4L capping layer i it 3 b’L’r?EL;Jeo d -0.9 V 17 {4 e 8L 55 Arrhenius
plots ~ 47 > j i » y¢4d £ + B2 localized states =7 F ¢ » 4iip] iz 2% 5 localized
states 42 INASN & =+ &t F#4p % #317#78 & 5 £ 24 localized states #72) = e15 "L iy
FEo % 5 GaAs 4 T 3 0.3eV I 056V = + o #- Admittance & Bl .5 % > 11 B 4-10
e FET X BRI > @ 48 1 A P ak 1 (misfit dislocation defect ) #7: = ﬁﬁ\f—? R
R dd b o NS Sn st < £ 0 @ % Admittance &2 £ R i B %A 42 DLTS
A L

Itk 2% 1 44 ) 4-3(b)(c) RTA % & Admittance £ i) » % 2o pF P 208 & ¢
B a4 4-11(a) (D) #1772 Aok As-grown k&S B A A P oauEL > AR
BT FEA A P st R R L ARG 3 U5 it
B Ar2 SR RGTEa TR pBIR G N AP I AT L £+ T e
BRI FEEARNRTAGERRFE SOE I FErR - A PFEALTE > 8§

¢ Arrhenius plots 4 #74c# 4-1(a)(b) > € % IR RTA & S5 it w3 -] > As-grown

SLEE L AL 0 @ R E Y A AP X & 3t capping layer st FEIRR 0 B4R RS UL
d £+ i FF e localized states #ff gk o {2 ST4R & I e0iE 11 L 2L B IS L I B
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GaAs -4 F"2eniedt > WA EAFLIER S i\"—? EEw BB 23 R
B Rl kiEARY ¢ 70 F AR BI % 0 A3l phonon-assisted tunneling

model % 4 709 -

4-3 phonon-assisted tunneling model
B3 £ G Vincentetal 1979 #4¢  » W T Ho e - BikG ¢ P
- BRELRDET B EHTIRHGFTI AL RSP g AR B BT
E A BETIFEEFAEH BERIET {75 (pure thermal emission ) G -
PETHIICREEEMT IERENTBAATCNRE A BRXR AT L BAADCIRR
BE E(421) A THEREGMAE §3F g PR Fla Ko B
Fp'E IR % A 5 Frankel-Poole effect (4.2.2) o B 4-12 i8S 3p o @ 28 & & B

Forgrifs o At 4705 (4.23)%

I *% phonon-assisted tunneling model * » T 5 *xé+i¢ 5 & 7 (4.2.1)&(4.24) >
27 R HBEMALFAAF L (D) d BA IR GaAs chEF (4.21) (1)
d B ESIEBE R (25 GaAs ch¥d ) Risd =B Fa A (424) &
PR B RS F A (A2.0) 4 1 (424) K 15 11 (425) B R 0 2 i g R enBEd)
&k 447 RTA &5 d Admittance € Blenig % > @ & & s % 5 B 4-13 (a)(b) -

RTA chfk &8 B Ui g > e GaAs enEF 7 2 0.3eV AT 4eiF > B/ ¥ B/R

q;

ek o RHPEE UMM ud RG] o AR RS AR S ) TR
chficdy o sk # P 4§ 3 8T S dhlocalized states H it FF 2 GaAs sh#EF B X LR
Eo h(A25)k A 0 0 - BAA SBAT 0 B AN G A RITR T il

PRy I RFLTRDEL d & 41@)D)F A H B L T gHE L PR 1 Y

¥ + 5[4 %2 localized states + * 0.2 eV~ 0.3eV (RTA 700 )% 0.15 eV~ 0.3eV ( RTA

800) - iz s £ £ BB ) capping layer ¥z € + i Fy 2 localized states chgEd » 48]+
“d capping layer 7 s e F 0 ios o .2 A Admittance £ R ¢ T A
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& RTA # 57 %5 5 a7 %

| capping layer 550k F] o
i
(4.2.2)

B 4-13 W= ik g@n; b eng B

o hLﬂl?—:— AT E P AR S R e o
r*_Ea_

-
e, =7vo T -expl
n et

Thermal emission rate

_[Ea_j"Ea__:' | |
- - { —— |
a wgkr;

)
Frankel-Poole effect e =701 E:{p|:
qF

AE =g
n-E
(4.2.3)

Tunneling emission rate
= = ——— EEp

M TmEa
(4.2.4)

phonon-assisted tunneling
»e s
phonon-assisted tunnej,lng =
o) E - E:‘ i
76T -ex 4 7mE l
kT \_ 3-qh-F
Tunneling probability for triangular barrier
: Frenkel-Poole effect
(4.2.5)
3
AN
21 4
/

Total emission rate

T: —|‘Ea' AE :'
e =7-G-1 -exp| ——————— | +
total = ! T L
AEQ
Thermally-assisted tunneling rate

Thermal-emission rate
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4-4 DLTS (R it P4 % 548 3 4 47)

*x @ % DLTS it/w\%fr’n)%‘ili‘—? R [ERR 0 M B FR A KSR o d N E
Rl 3407 oo & Admittance £ 7 08 S A 2 localized states(@ F i AR A
FE)d it i € v DLTS = — o @ K avFped it it 9 5 GaAs 4+ 7 > 0.2eV 1 0.35eV >
FR R IFH S GaAs A T2 05eV 3 0.7 eV o iRk & i L2t GaAs/GaAs 3
InGaAs/GaAs * E2-like sk > -

Bl 4-15 (a)-(c) 5 = * & & F B2 localized states =:n 55( 5 i normalized) £
RSB 2 0 22 B 4-4 (a)-(C) MR IMEL D IR T AR i o NEE T L U R 4
< o BRIPIeac PP 2 £ 2 2 dnlocalized states o vt #% localized states i 3Le § &
2eng o A RTA800 ¥ it » M ANTHRAcx > EF BT e RS » igs £

<P > RTA 42 localized states & > - B 4-16 %

I
-F
"
7
o
=y
s
=
-
o

localized states j& > » # @HF BIEAMMR > * FFERE T L HFRTRFF L > Fx &
& PR RTA ik 57 7 00 3] As-grown & &-#7 A L in 5 "ol 0 Bl 4-17 5 R &
F AT AT L F
B 4-18 2%+ As-grown #: &-# DLTS & p|en® % > i&4_% rate window = 43 ms >
% fe F v R T 9 DLTS B » B T & el A4 & Admittance £ 8¢ ¢ )
N KA FEAEL 0 A R RS R AER DR AL T R RN EF BB S
MELNMTE R € AR EHEF - ST F v BB o 2RI DEd LIFT
scst Ik enft S 0 0L R rate window T RLE 0 € B I A i FF R A 4 Y AR
ForomBRies > A5LAREHE -
MR WK AT ELA-15V FI-25 VR E T &S Bk C-VFE
A SRR RS A R A el s B) lﬁw@ﬁﬁ* IR X K FE

AELEP DRSS > v dh B ERIFAZETANAGIE BT BT E

4*

P RELY R PAE o d IR BIRE S NDRELT 2 g4 e T AR &K

= #-filling pulse 2 ] 100 ms » #7122 i i % 8 soid FE27 b R & 0 S0 A4 b
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H_f g R eh rate window P OEP-E X TR T AR REBRHAER o d 250
(A4 2y R i r R A A ek R A 8 C-V BT AR $H I > o] 4419

’;F o

Nerap = (55 - Naoped (4.4.1)
Foifenat s 4 RTA 4 51217 DLTS A 45 > & % 4% Foy & it FF % SRR 4IF
MEE BB R FAcB 4-20 (a) B 4-21 () > ® d B 4-20(b) B 4-21(b) &7 A
o BT UL O T RTA 48 5 o] R PEE B4 (80 N8 F 3 4 ARE LB 35 o
- Bz LIRS R R8T R KRR DAL ET M B 4-4(2-(0) T ¢ B
As-grown & ¢ s Azde kR EEF o e H iR B 0 @ RTA fk & endzdn ik Rk |
3+ As-grown 5 0 fe B L B AR - TE  As4nE 7 oo i@ RTA £ 5— 45t
ok g 3B A 4 ot B 4-20(b) ] 4-21(b)F % > RTA 800 chif 5> & B /R
dv kP H 2B R et RTA 700 % crf-» diip) i3 & %) % localized states jg > ehfd % o
¥2L2-15V {5 HRTAB00 ok k3t » 2 2 32 g B IPF chig o &4
MBS o
A R 4 K 1 At RTAT00 (RTA800) # 57 » 4 5 GaAs ¥4 T3 05eV
(04eV) » & X ip| 3] As-grown # 51 0.7 eV e 4ok % & i 8 0 iR A 4k Fad B
- Bpgriddos 4-20(c) F14-21() > » & RTA 800 ¥ » 2 £ 3-3 V> R &t

B S S

R 4% Fae RTAT700 PO B T L AR B AR R A-25V
fsx LB EAH4-B 4-20(@) 0 2 RTA 800 ¥ R EAE 5 L ARFMELaE B/ EH &

4] 4-21(a) ¢ B B H P BRI E 6 ol AR BT Rl
FCEHEAL 0 T AL 6 5 R L 0 B ;;Je[“o'“]é SETRURCIEE S T o N
FJHAT W A B A AR () SRR EsH IO %
W E

pif A Rt I Es o “T'J$$\+*kaj'}?5 g Rl o s Ed o A H A
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ERAFERMIEF SRS HFE Rk 0 SR G YR T B

e drk hiF AR ’%%TE’ S S SRAYES Y E‘E/ﬁ*&? A_Bse#Tra A e g

-
u

ERTA R o R e bR e RFE R 0 TR RAFEL SR

d P2 TR RS o B 4-22 B 4-23 2% 5 ER A NGRS T AW e

FETF R R(C-V) g s (Admittance) 2 SR K i P4 AR TG4 3% 4 47 (DLTS) >
ARz B R e PR B A v iRhe 8] 4-16 0 KB FEGT N iEAE 0 B3 BEa A B T

B3 Aok BRI TR > fikengd 4 B4 0 @ localiazed states Jk & "F i

~

brF st imie B BFRER AFHIVE R E 800CH & kil o vt iR
R rE 0 B 4-14 2 R i FA Ao 4-24 ol S bR 0 5B RTA AR B cn%
o e AT S I s EAEe 3 FROTE B A BRI VERR KRR R ADE S

Fi o B 4-25 2 - RTAB00 # & cridfe ka2 FEnc st pF /22 i3 3% 4 Phonon-assisted
tunneling per 4% 5 22 s e 10 i > BRG] TR R I Tl sk R L A S RIR A 0 A
7 & * pure thermal emission rate (4.2.1)#t & ¥ we(B)2 B d fi(0) #ige
B e F ~(425)7 o REF D T I R > S AP R ko TR S

LHRE-2V 2 25V P S A 0 A T R S S 41 T R
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250

C (pF)
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18
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E10

1016

0

17|
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T T T T T T T T T

- As grown
| T=300K

—— 300
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