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Studies of Quantum Dot Infrared Photodetectors

Student : Sheng-Wei Chou Advisor : Dr. Chien-Ping Lee

Institute of Electronics
National Chiao Tung University

Abstract

Comparisons of the device characteristics between 10-period and 30-period quantum
dot infrared photodetectors are presented in this thesis. At first, we compared the dark current
of the two devices at the same electric field. According to the analysis of our experimental
result, the 30-period device had higher activation energy which resulted in lower dark current
than 10-period one. To further discuss the dark current difference, the 30-period device
actually had lower doping concentration, which was another factor that decreased dark current.
But, to compare the individual effect of the two factors, the activation energy dominated the
dark current difference. The 30-period deviceris.good for operating at high temperature due to
the low dark current characteristics. On the. performance of their responsivity, the 30-period
device is poorer than the 10-period one. It’s because that the 30-period device had more layers
to decrease the photoconductive:gainand had lower doping concentration that results in the
lower quantum efficiency. Even though;, to-compare the whole detectivity, the performance of
the 30-period device at high temperature and high electric field is better than the 10-period
one. The highest operation temperature of the 30-period device is about 150K which is about
20K higher than that of the 10-period device. At 120K the detectivity for the 30-period sample
is higher than 1x10%cmHz"*W and stays almost constant for a wide voltage range. The
excellent performance for the 30-period device at high temperature and high electric field is
attributed to the low dark current on this operational situation. The dark current of the
30-period device increases slowly with increasing temperature and bias, so that it has the
lower noise current than the 10-period device. It also accounts for why the 30-period has
excellent temperature performance and the wide voltage range.

Finally, we advanced an assumption to explain that thick active region had lower dark
current and used the program to simulate the experiment result. So far we couldn’t still utilize
the quantum dots to simulate the activation energy on bias, so we tried to use quantum wells
to simulate the activation energy of the two devices at the same electric field. Although, the
simulation result is different from the experiment one, but we believe that quantum dots have
the same trend. Accordingly, the thick active region indeed has higher activation energy to
perform the better performance than common 10-period quantum dot infrared photodetectors
at high temperature and bias.
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B a kT3 L L AFRAYE SRR A RERM T ARE

Kihs » P AT F A EFE T R 2B EENLEAnLFanE L7
HEEC S o S T T Reni o gt B AR

QDIP sk % i 8L o

A
-
=
R
&3
E3s
S
past
oy
pei
|l
)

It

2.3.2 & 7 i+ (Dark current)

i—'}’\% ﬁul‘—:} p)‘p]ié

-n\g.

Rk i e R LR TR o bR B T

o FRAS ) P 7R AR 0 - 5 GEE S BT $id i A e (Barrier)
TR TR 0 B G N B 0 doB] 2-7 Ao o ¥ - 0 ALK

BFEAL AL TR BER TIPS HIN T ¢ g 2w (DAY
% % i (thermionic emission)(2) %t 8. % ¥ & T /i (thermal assisted
tunneling) (3) & # 7 % % 2 /n(directly tunneling) - 4@ 2-8 #771 o #7254
HRor? B3 EP O S SR B REF IR R R R
Timen- WA o #es T RERALASY AR R FIRE Lt R i
o dgd B REFFITUTERNRIEEED > A Fm L ineho e o
FETARA D BRAE £ BT HAE T LI RTELR
A Rt # QDIP @ 3 0 RAEMIrE T A
B 5B AT RAPECT R R R Bk oA LT
¥ 4% 44 QDIP it Ben T R ke
W2 GEE S B A n-n BT A L g RN A PR
8]
he 29 A1 o LB E R A RAILE > AR b GRS R R e E S B

>
(—m\ﬂ.

AR EE R IR o AL - ki BiRE hAIGaAsE il

FRA 0 P hig A Eokd ARl 0 TR BT MR 2

B T m e ¥ oA T M AR L PAIGaASEE 2 2 F AR T B APk



10 % InAs/GaAs® <+ Bk % stz TEMBR % > 4@l 2-10 #7771 > AP AR £

+ Bz Benigd o 4ol 2-11 > 4 TEMR 7 7 5 & = & (AIGaAs = # %

‘1‘3\‘*\

FoaspRimepaids %%»’W$Aﬂm“%%mwkﬁw@&ﬁ
B> ¥ QDIPST hfid B AT v F Ap g wenipl g

B Rk R S BT T B o BT OER B
?;,gﬁﬁﬁig%wﬁﬂﬁiﬁﬂ?ﬁ

2
F
mABFREREMR > 2 €3 AT INE N HEE BRI Bk R R
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Exitance(chmzum)
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PR Y
i \
J Y — 250K |
) === 300K
! -— 350K
'
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A
i J
\
'
)
Y
\ -
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Y
\,
v

f 2-1

Wavelength{pum)

Vs

T e s o
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}(—Near infrared —4(— Middle infrared } Far infrared —>
L | T T T 1 T T T T T T T T
80— -
g
g
& 60— —
3
s
£
E 40 ]
"
s
-
20 —
0 1 ] ] 1 | | | | ] | | |
0 1 3 5 6 7 8 9 10 11 12 13 14 15
Wavelength (microns)
02 “~—u—v H20 CO; H20 €05 ~03 H0 CO. co,
H20 CO, 03
ABSORBING MOLECULE
Transmittance of the atmosphere for a 6000 ft horizontal path at sea level

containing 17 mm of precipitable water
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= — Conduction band

EE

—&®n (a) Valence band o
Conduction band = .
1 Ef'_'_f'_'_'_:'_'_f'_f'_'_;>-1.:ﬁ E,
E, impurity band
v
(b) Valence band

B123 () it 0 Rl o e iERIE(b) 7 fie A Rl B2 4k T RIL

@91,

i
E [{(AIGa)As] ] {

. % - E,.

Bl 2-4 QWIPZ & it =
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thermionic emission

\
Ny -
tunnelin
hy NN . &
\
(a)

@Bl 2-5 (a) bound-to-bound QWIPs (b) bound-to-continum QWIPs
(¢) bound-to-quasi-bound QWIPs

()
Quantum Dot D(E)

909
660
®) g
Quantum Well D(E)
E
Bl2-6 (QEF kit OB+ AERAE K
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I AN

-+ - .- 4 .&—P0
\ \
(b) (c)

B 2-8 (a)#E 353 & Vi (thermionic emission)
(b) # P FRKw = /- (thermal assisted tunneling)

(c)® £ 7 x % 7 /n (directly tunneling)

AlGaAs InAs QDs
D/% A
it

B12-9 B3 8/ & & AlGaAs ™ FE35 nein »c 525 2 2 @ T in
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T_TEM R %ET—JF% 118w AlGaAs T iRk R # R £ g S BE2

2

f

B2 TEM B Y

InAs QDs
AlGaAs (current blocking layer)

B 2-11 InAs QDs/GaAs s %o TEM BB 5 :

YoeAYE 4 noien T HTAS S ches T in
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73:—:—‘3- TR REPIREZ EHL L YA

3.1.1 # & (epitaxy)

otk e LY A F R & & % 4 (Molecular Bean Epitaxy,
MBE) » i & 2 & 3+ & B ds i A7 #Hrr+ & £ F % ff(heterostructures)
o L iEfE? > 7 A{|* MBE & 4.(100) > w * ehGaAsA 4 & £ 5 5000A <
% ek (buffer layer) » P en @3t i@ Fdacnd o B T3 ¥ B0 A4 £ 6 ik
Foe % 2 £ 5000Acm+ GaAs i35 = i &%+ 5 (bottom contact) (HEr+*
# 2k (ohmic contact) o £ 41| * Stranski-Krastanow = & ;% 2; = + £ e 8 + 8
FH o F-B&EHe 75 26 @R+ A (Mono layer : ML)InAs#72) = e
F 21 2 500A ehGaAs i B ppdnte £ F gfr & 5 B4 F 2 £ 30A
Aly,GagsAs current blocking layer (® 3 e fge T /w2 * o =7 - k g+ B
s &£ 5000Asm+ GaAsiT i & &K &5 (top contact) g4+ 8k o T
& K B3 ghw 20A30 4 X0 2.5x10°cm 7eSi S-dopingB s 0 Bk &

PR R ST AR ST A P I AR R R R S 2 BHAcR] 3-1 7T e

3.1.2 Stranski-Krastanow = & /%

WO R 2 R NG = ﬁé“s] o (1)Frank-van der Merwe mode( & 4%
)t F B & end m ot (surface energy) AP TR [ A A KRR A G
FF > 12 2D layer-by-layer#355% & £ 5 4@ 3-2(a)*t+ ° (2)Volmer-Weber
mode( & %25\ ) 1 4 3N E A 5 ik < YA RHRELEF > 2 3D island ) ¢
=& > 4B 3-2(b)#751 o (3)Stranski-Krastanow (SK) mode( & & m {5 § 42
) ELAD o ER A G N AFE L e Pl 2Dl R K 0 @
FEGEAFER o A 2 EBH 0 R G AR N A o T -
AR R P > Bt § 350 S fhenRls &%k B % > - P52 3D island3] &
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SEAE 4o 33 4R o AX PR AL HE S B TH Y SK moded
£ B3t 0 - B4 2D layer= & InAs¥) 2MLFF » InAs € ] & &b 12 % #icfr
GaAsk 2z [ e 7 fe(lattice mismatch) @ B 45 p 24 e 73‘« A% F F B ﬁé
R FREEFRI LR 0 B A RAEIT & F AR -
f1* SK mode 7§ # i 3 (self-assembled) ) & ¢ 8 + Bh i £ 345

far » 2 3 R BA% REDF bb’—‘?’rﬁﬂﬁ kR B A% JWAR TS A e
FIgdpitd s X A A gz LEEM s 5% SK mode 0@

oo B BapAmy 38 B o

3.2 ~ it H@lfg

A r - g BRL ERMYR R RE I R RGP BT ¢

=T 5 4 % (mesa etching) S 7% 45 £ B (E-gun evaporation) ~ -1 #1131

(rapid thermal annealing RTA) £ 8 B 5 5 ~ i p|E @ 1% a4+ 2 (wire
bonding) °

Bl e ARG AEEY o 5 - Fp o

F X ot

[
&
PPl )
Al
T+
e
Ko

%

(mesa isolation) » i & i ~ 22 B fa b= & iTm o 1 *
TR E& dmesa® B 0 T * (RN A %] (wet etching) % = TR 4 o 48 %)
%R 0B e G HSO4 t HyOp - HO=11:8:40 4%:# 5+ 1 200A/s > =
= 16 1 &R 5 & (a-stepper) FE B ALE AL T RIVE R o 1A 12D
mesat # % &% F C & A 4-B 3-4()#7F 0 mesak 4 & 1.064x107 em” ; iE
EFrH S 4x10% cm’ o B 3-4(b)R| i * k F R AT F A 2R
AR )

FoFRE D NN TRELER U RAF TR N ERY
B W liRie B (H0 : HCI=1 2 D#eq) > B ehd ip ~ @2 b oing 1t

om R E Ry T IR EREFE R FHEOHE
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Ni/Ge/Au(300A/700A/2000A) - ZF4Ex R {3 » A AR R P @ Lo i) g
(lift off) » & 15 1 * P-:& 13 L (RTA,390°C ,40sec) = = 247 crgid* $ 8L o
FASNIBALEMEAR AL LT RBEER ML IEDLY £
B o F AR P AURRE A Y 0 02 0 MERRIESRBE . §
1% 37248 (wire bonding) #- £ S 2 8P| Ben g BRI E G & HMa

2k 0 4ol 3-5 #1m o 7 Nl ARAR A & 1 3R] 3-6 ¢

18



AlGaAs

5000A n+ GaAs contact layer

i~~~ A~

}XIO

/ 500A GaAs Barrier

5000A n+ GaAs contact layer

S.I.GaAs Substrate

B 3-1 QDIP 15 & Bl Bl

(a)

(b)

] 3-2 E”ﬁ& N N il 7&@_" PN

Y

InAs QDs

(a)Frank-van der Merwe mode(b)Volmer-Weber mode
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SRR

(a)iwff GaAs ¥ frk 2 P b
At éfﬁfﬁ%ﬁ%%ﬁ % %
GaAs substrate Hdk i o

SRR

InAs 2D layer
Y (b)iw# InAs 1~2 ML > d **
Fo o i o] 3 A4 0 12 2D layer
z'ji“fjsa% °
GaAs substrate

o7

;:;:?,f rr. By, L

=Eirlcun % .

3R #1220
o ST e Wy ; i f
= W7 K stain energy ¢
= H o
"-:; s FaR A E RS

v .

(d) A GaAs RE & F 8.2 &
L& AlGaAs & &+ B2 F
1A% pe g e Tk e blocking

layer ©

B] 3-3 Stranski-Krastanow = £ ;*
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380pum

A
\

280um
B 3-4(a) mesa % &£ window Z *

Top comtact
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ﬁ”‘} / e
ﬂ/ﬁ( I| "L R
P L,
] )\ GND

Bl 3-5 ~234rr2RELLZ LB -2 204848~ 12(GND)I 14

2 k4 pattern o

> P.R(krfe)

} x10

DUT

B 3-6(a) fI* ke T & mesa & &
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] B 4%

(wet etching)

x10

B 3-6(b) &% 3 A7 & (HySO, : HO, : H,O=1 : 8 : 40)

— 5000A n+ GaAs contact |

} x10

-

500A GaAs Barrier

Bl 3-6(c) f1* kT k&%

D 5000A nt+ GaAs contact

} x10

S.I. GaAs

B 3-6(d) F1* T+ 4 ®4E £ H(Ni(300A)/Ge(700A)/Au(20004))
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} x10

Bl 3-6(e) Lift-off 2 2 3¢ #:2 L (RTA)

11 5000A n+ GaAs contact la;

}XlO

=

500A GaAs Barrier

B 3-6(f) 3+ (wire bonding) % = % 4242 5

5000A n+ GaAs contact la

S.I. GaAs !
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Gd FZFTMENBRALEMYREFE o PTED-FES
GoomaHN L EGREAR RS FRNEY o BFY BRI RET RS
o FI AT FEAMIND  F- MNP L HEh oS EmRE T EREY DH

a7 0 & 357 4 ok Sk ¥ (Photoluminescence , PL) ~ & + 4 & fcd
(Atomic Force Microscope, AFM) o & = 040 R Q42 % = {4 ch 2 0
¥ > H P & 3 i vh ek ok 2 § B (Fourier Transform Infrared
Spectrometer, FTIR) ~ 3k 7 7t 2% & (Responsivity) ~ & & 7 (Dark current) »
sz 4~ 47 (Noise analysis) » 2 # F & *2 4F |+ 35 (Background Limited

Performance Condition,BLIP) o 4 it 4T

4.1 4 g % sk ¥ (Photoluminescence , PL) 22 sk g ¥ sk g
(Photoluminescence Excitation , PLE)

Ak ki - AR Y NIV 2 EMhFHML o AART
2AIF FHERNF R E LR FFRSE LFERF Y DT I feF N E
Wka AR FEFIBEFY A FZARF/RRHE AEZEERIRT /RN
Wi egorg ko E e R KE P A 472 P o 4o 4-1 -

~F %% PL &Pl k%é 37 SPEX-1404 4 & ik ~ Argon-ion laser -
optical chopper ~ SRS530 4 4p3c « B ~ A 2k F R B (X T B H ¢ 2
InGaAs & BB B) ~ MUERA kil 2 X B F 8w o FR2EK 5 S4B 4-2
SR o F e E PLERR & B TR0 & (eryostat) b 0 F1 S BEM-§
F A AR F PP 2 st 4R & (non-radiative recombination) #-3 4
SRR Sl AP D BT i B B (42K) 0 P OB ek & T L el 3
VO G Fl AT 16 ki BEEPLEE REFINAE VRS E
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S s kAL EFR REALTI/TRE TRETF/TIFHERE
Al ek Rk B ETE F BEe e S o

> -2 4 » 2 ;g‘ - '4 = [P g 17 S W]
d W EFEAL DA R PR FRAL NG M sigd PL &

!

d
=5
-
gl
NG

AORR CF T T AR T BT R B
d PL ek 2 fcd 3 £ (FWHM) » RETEH NHEFBEFTUE E
SRR PR B

kg ke (PLE) - A8 /4 ek LT dpfpfecng B2 2 > A &
Bl R R R - B AN E B BREF RPN E > ok
ST R F AR IR 2 o AR F R R prw KL R AT iR
DEF KR F M R T BB o

4.2 k% 4 B s (Atomig'Force Microscope, AFM)

B+ 4 B - e BRla kR 1 B oo {29 AFM frEL T

B R LS 4R 0 S R f/ma+~¢«‘*’ﬁ& D
FHUEE Rl wwBEILABAESBE TR I REE o by 2
SRR HBEHA S E I PE B g S AR I BRI

AR A G ETIN  Ei § B S LR o Fl I F AFM ¥
THNE G HEA DR FIRERRE BTN SRR 0 B R

QDIP & i d & % o

43 B EF@F it ML T
U & 2 F e b ARkHA 47 R (FTIR) » A7 1 F 5| 2 2 $ et £ eh
BRAFE ARBREIEY T2 Rk BREE - R HEFE R

o f17 FTIR “i4B~ 5| 6 3 e 3 F ook £ et (AA/A) » 7
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T3 EAEL g R g (AA/A)E # e+ @ &2 H 4 2 g om
FEEA55N 0 s PL & PLE e % > kil w8 o B Bz

4.4 % T in 88 (Responsivity) P
Bop A B H e RSB R R o A SRR B R R kP

2 - o E?E‘%l’é‘jﬁljﬁafi;,gl&’ﬁ H B G PSRAE o 533 e QDIPs %k

oo MR OETERZFEITRET > CHY - RRREAE I Bt
o g L2 Ad 4 A sk g o Flp s B3R QDIPS E’J/’J"oégsf,@é BE
S#c R(A) » %d FTIR #53% > $5 RIEE R(A) > e d »+ A P &2 5%

£ % FTIR
AR AT R A B sk s Boe & ot e R R R -

F BRI T i
ST R A et e

p R B A PRk R £ T
R(2) =R “R(2) (4.1
T

R, %% B > R(A) 5 §F— 1 (normalize) 2. i 6 3 -
BB HERBE > AP

2 RBEG BT LT Rk R ok ek
T o B

B AT MG ERT

B S dF - o gt it
* 1000K ¢h2 &Y i 5 %

Foom ZRRH o~ H g ffATdg s P
do Bq(2.1)%77 5 M(T,A) > et st PR * ch2 2 8- B R » &4 7
M@G) {Li&- HFHmd g BT

ETIRS

S22 0 AN e 1% R Bhenth AT

PR E L £ R MR S G

O =4T ZnSe TGaAs'TGe'MF'E'M(A) (4.2)
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e /(4

~ T ST E R RREY Z B T Y

B An A s

TZnSe
x5 MF % chopper ## 8 %)% ; E 5 ;bfiﬁ Bk Rl & F]1F 5 d £ 2 %ig
SRRz 3 ko 5D R E_ 2R IRE R B2 PR o H S @ Ao
&

BRI SIS d 5 2mm; RRE A2 FEHE D 5 15cm; 7 i S

T.

7nse—0-1 > T,

GaAS=0.64 . TGe=0.8 ; chopper 2 % %3 MF=038; £ § ~ i
® # 5 200umx200um o

LFAPT T 2R ks i QDIPs ok T 7

) A~
I,= j[l R(A)O(A)dA=R,- ﬂjl R(AO(L)dA (4.4)

e RA)F gd S HRIET > N LIS EROHFL T R R

AR RN KR IRT, 0 EO@) E I ET o TR0 APk B

Ty (4.5)

R, = .
/_1[1 R(ADO(A)dA

P

Rm A o TR REFTRBRT > 5B kg Flpt R
PT L R, H I R E M CE R 2 M AF > kT 3 QDIPs ik i
B a o

F kB AsPE o A 12 22 P (Device Under Test : DUT) 4K A4 B
(Cryo-stat) } » T #-f B RE3T 2 2% > P B3R R D ol R fdkiT
EFAREGER - AZ RS kR T e 1t é’ﬂ‘zﬁ‘ F(Gefilter) » H B
SR 2um T hk R A A Y hT S A G B B S
&

A5 = 25 intersubband sk TN o L RE K T R K IR “]5’3 ERp=H
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AR SREE T o T Y g Apied B0 T BRIl R E 0 6
,:F,
5

Ta P H BAE M R AR D R E T N FE R LS kS A

22 T KT R RGO R AR 45907 X L F R E R 46

45 R A2 FRFELET IR

WA QDIP a5 7 /i @A A 47 30 % 2 R p > At Pl 7
Sepiat o $PATRIE S T2 BRNE AT (R R R B O KA R 47 17
’tj"‘*irr'fﬁl',L L?P‘J/?J’é’fg‘ ’ j‘*"ﬁ I%/\/l ﬁié,&ﬁ:;ﬂ ’%wd ;}%‘fg:{i

BfE g B REIF ERER LR FIGHORERfA PR R L

AR ol BRIPIHT BT AL S a3 R o

frena (egh o ot QDIP Frild SIS el 0 AL # BRI
14 (Background Limited Performance-Gondition, BLIP )if £ o ¥+ % F £
e EE P ZE R Ao B 4-8 T BR&SF I TR OB BRIER 0 R RS LD
cold shield z &k v » JI* 4755 H B RS Bk § > gt | aow

Bk sEm b i F P r%?-““l—& FERFATE ujngDIPsm Fi&*

R as o F - fER] 5 300K A B AR bk T onerid & g o @ A e
e TN R RF] s 2 AT KT A Fl% % ﬁ*%‘r - imiﬂ-fi
Fr AP R B B d B SR 7k H3 £ (photoconductive gain) 5
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Bopley e erig d e it a BERPAE > AEnAP AR aLE

# 7 (photoconductive gain) o 3% & -85 T R P
B m oo REE & Rk p 3t # s2 (thermal noise) ~ 4 =0 4R & 323 (generation-

recombination noise) 2 1/f323 o
#5231 (thermal noise # white noise) i & & g F e = i p RE i
FEEWH B TA 2 o X F L Johnson fegt o H O RAS N 4T

i]%,:%TTB

FAGAEE ¥ T RSB R B S TE IR RS TIE
Uf e~ fii Flicker f23t » B 25 j R EEF(1NF M > s~ 25k

TER MAFPF > g X B e ¥t A e enT A 2 o 1 o n 2

(4.6)

2o oocfed WA G M o HAN S

) (4.7)

KZin g%+ 153k Fng R Brari Fe i o
G-R noise A # chfp FIAd B2 p - pd 15 F 5 Fo gt 22
RE - EFLTEMPPIDORRALE > BTN AT AT

1/2
I, :2I{L} (4.8)

N,(1+&*t?)

o o qpd 3t & (lifetime) 5 Ny S p pd 3 chidic o 7 4

quN% T, AR - BRSSP AR o F 0 R Bq48)E
d

NI

=y

T

She

I,=(4qlg )2 g=— (4.9)

1o 2
I+t T,

A d-g T & ST gy £ (noise gain) © #3Y QDIPs @ 5 0 wr<<1 °

#7127 G-R noise ¥ 11 fi§ v 2 T 54 ¢
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1, =\[4qIgB (4.10)

QDIPs ® & & it r—"n?‘)ﬁc AR Kp TSI RLRE LN 5 AL R
R

S eng Rl E SRR ACH 49 S o A g RRlPRIER Y o &

2 %3‘:4’5 77 ;‘:NQE\‘/TE’ ﬁ;Hem%ﬂ‘ ;qipx N VY E_ %Fj{ﬁ\ JSR—57O
£ BNCHEFE £ F|SR-770 R ApH LA 7&K » TR AT F RE

TR EMEHRE o FHRATE IR T I 7 AR ~ GRE e 15

B
22 _ 2 -2 )
In = ln,johnson + ln,G—R +ln,l/f (4 12 )

.

GEEANIRR I s s A T
Vi=Vi+A1; (413)
V, 8B 5 SLE P T e V. PR % e i R R Pl eIt 5 A A

SR-570 v 3 § o 2 (MR Rn A B8 3 > 2 doh F R pE

#eis > WL o p 0 59 EqQAT0)348 - 93] QDIPs chjesi s ¥ 40
P
12
“n,G-R
= 4.14
&= 4q]d ( )

4.7 1§ g & (Detectivity) 22 4 # & *34k ¥ (BLIP condition)
Bl R it end QDIP #1 & F| 5 3L ¥ 22 et {8 (signal to noise

ratio,S/N ratio) » 1P| B e E_&K 40T 34 ¢

R.JA.B A,B
' */.D _ V4 (4.15)
i NEP
R % T i F % (responsivity) + Ay & BRI Em ff 5 B i ERIFIIER

I, & B3 7 /% o NEP(Noise Equivalent Power) = NEF 3k} k3 it & o
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NEF(Noise Equivalent Flux)e$» 2 g & 2 @ £ 977 2 ki § >

F AT ol

NEF =g = (4.16)
nt,

He pa @3S 0, i 5 58— BEF WY PR - 9712 NEP thip
DRAEFR AR RUREWRAF DRSS s i W e
(SIN) &+ 1 pFor g chdho | »Bfk s & > & 5 NEP - R TIN, ¢ 3

T RRA D T nsede 300K F F kT nse o # QDIP A 2o 8

=H

et 2 & §_G-Rnoise b’“r?ﬁ};’% v @ 300K # F kR ey g e T oSN

. nPk,
= \/4egsz = \/4eg(RPb)B = \/462g23(h_a[;) (4.17)
Hoe PE ST R Rr 5o T AmAeT
. 5, 0
P, = Asmz(?) jjf W(A)dA (4.18)

“T PR & (field of views) > W& 2 8 dF & chrt 5 o R TR fesL
-

T \/4eg3(1 rea(I) (4.19)

L7 B A0 T R R B oS > A s JF 3% QDIP 4k (7 & 300K 4

KT R AR TR TR B pF QDIP F % 3| 300K % B kTR
4] > FE A F & E 4 A (Background Limited Performance
Condition, BLIP) » 2\ %44 BLIP FFenid P B & 77 4o 5% ¢

1 nd,
Dpyip = 2(ha)P] OC\/; (4.20)

& BLIP QDIP ¥_7 £ F[3 ¥ frm € i e 4t 8 B plA 5 o 3 2% 4

W -
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Fc

el
hl
] | Ev
Bl 4-1 kg £(PL)Z 7 FERT &
" L]
chopper
‘_,
DUT —]
\
/ M
Lens 1 Lens 2
B 4-2 kg K (PL)2. 7 % 28 X B
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A

Fourier Transform Infrared
Spectroscopy(FTIR)

C J|et— | =

Laser for align

Cryo-stat

BNC

»

Bl 4-4 & = b ks 47 R (FTIR) 2 F % & B 2 X B
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Cryo-stat

chopper
—’ Ge filte Blackbody
<
1 7ZnSe b \O
Window
A A
BNC
Y 7y
RS-232 IEEE 488

2 A ip 5

o

chopper

Cryo-stat

Box
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BNC

B RlRl R

N

\

““““““ |

I
N

SMU

sample

A

A\

.-

liquid N, or liquid He
Bl 4-7 %R T N Rl 2§ %% KR

IEEE 488 GPIB

TheﬂnOgra

B 5T

e
e
47 5, B3R A R e ‘
kg T %’ﬂ; ﬁ*{
i IEEE 488 GPIB
! SMUI ,
SMU2
SMU3
Bl 4-8 # B kT mBplz P k2R F
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£ BPEE

.

\ sample

liquid N, or liquid He
Bl 4-9 e T SRBap 2 P 5 2 % E

Thermograph
o Lt
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$I% 0KL 10K B Bt AUEREL BE 0 R
it

BAGITE S B SRR o R B IR A 0K A5 up 0 d

ERFI N A BAEY 0 EF H A B B4 (strain) D E Y EH
%%&ﬁﬁﬁ%*’% WA REEPFE T RO D d R

7 B E eh L Pk I(dislocation) > B A AR dF M o R A BITE £ o
2 }r% * » P. Bhattacharya' "% 4 & 7 & E 70 % InAs/GaAs k steng + Bk ¢k
AR R W plA R A5 micronT kB TR AET B 170K o5 gt @
AR b R B(QWIPS):E & kerdF o 2 B BB IS IR o

Rl S e A PR gl - B 10 K 2 F g iTe
oo HFRBTRG LA hE R AR LR R LR o ek
Al ARG P HA E LG L ROT R A
A~ i e IR EFBREARS A~ AMP T F Ly L AR

AAFEHRY AP e RenEY (A&B) ) EBYATL AT K- 4
R QDIPEH > 2 & £ £InAsE + B8 H 6 > &£ F ¥ £ 30A Alp,GagsAs
TRk (Ao 2-10 #7m ) 0 2 18 2 £ 500A GaAs 1% 5 K &2 chff B > gt ¢
A kBT g 20A20 94 » 2.5x10°ecmP e’ Si S-doping ¢ r4pt ik B oA E L
BEFE 7 - FPB LMY BT R 2B YANE > fE- D%
PlEAE 30 B3 B2 2 5L SR 51 7 o #F 5 22 (8 ams
B RS A SR UERE SR 2 H A Ao R 52 TR 0 4
WA R I ERNT G %A G5 24x10%m? 0 A B Y 95 1.7x10%em?
P FAE T RSB AR 0 Tt d R P B2 AFME Rl % 0 0Bl 5-
2C)#777 » Lo L g F B R N 5 6nm > § & 5 5 46nm e
5.1 QDIPs 2_ ¥ 18 $ 4 4 7
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AE RS AP R E IR RGP B L SRR

) HEE 1B g@ﬁ%ﬂ’jﬁﬁﬁﬁiﬁﬂkﬂ%ﬁ@ﬁ%ﬂ
AR oA XU HEHBAIL UG ARG FIEE o H s e
QDIPs 3 bound-to-boundi i ° iZ 2+ 50 PL ~ PLEZ ‘= b 53k 3% & ch4p 3

(intersubband

FPeEM m F5 o B 5-3 2 RSATBAPLERR - 2 ¢ R FASALES
i £ 95 E=L13eV s # 5Bk G R £ YE =115V » 7 ¥ 5
Beng + Bhii| (e £ W] T 7 P AR o B] 5-4 F_4%k S-BeaFTIR E S04 3 > 5 R
PV i BBk Bk £ 9% A 6umttiT 0 ME PFGaAsz i G
Eg=1.518¢V » &% 70% e (Eg-Ey) i &% 4 + > & = ¢ % bound-to-
continuum@ﬁi%] B2 st £ B e 4.7%9um 0 AR T B AT E P e iR
Bk £ & khie o & 2bbound-to-continuum i iR o s A P 2 1 FTIR Y %%
B E s 420 2 oumAsH R E £ 8 5 207meV 0 FE i PLER Bl
¥R £ 0 R

70%x(E-E)=207meV

¢ E=1.15¢V i PLE Rl eh AR B 1945 1 S H B PE= 1.44eV > 35
d B 5-5 %k &BaPLERFH B H R E s Id =8 > ¢ 5 wetting layerei
BEorRFAIARESR 2B L X9 5 55meV o & diipl & 2 A bound-

to-wetting layer=n# ﬁg?] o

5.2 & & s (dark current) & 45

APy FHwmE wiﬂiﬁ%ﬂ—*vaaxgﬁg 1
PRI s i S SR E IR Vo NMAR L EEE TR
AR E A BT, g U o B 5-6 0 5-7 £ W] 5 sample A fr sample B
Z_gEm R B 5-8> 59 R 5 sample A fr sample B e 7 igr 2 A F
kTR o BT FE RS § HTCREATCRENRT R TR
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EEFFRTERFFEIDFFEIRUES S UEOERAES T R R
U (TR R - TR 5-8,5-9 v ia BR&EDT FRIUFFRAR K
ta ke > sample A ¥ FAR'UE T SRR N & TTK > BERFER & 0.1V~0.8V
#-0.1V~0.65V » @ sample B %) & 77K = % » /R # [l & 0.8V~2.35V ¥~
1.5V~-3V o

F #-sample A&B a5 it e — R H T B APEE RIS —‘F"f
Bengg T LR > 4ol 5-10 #757 » MR HF -] -10kv/iem B B 77K % &) >
sample A(10 layers)=ms 7 it &_&_* sample B(30 layers)~ 7 % 24 & » p &
Haw 30 £ F Bt T gyt 10 £+ 88 22F - B2 fRieA 3
ekl 3 AP HEDLR S RApRBRERT > BRI AAREEASR
FTRFAATIHRIEZIR ) R F RO EIFEAPIER LIRS I
Je-o FPL AP R N dept R R URA R o T o A AP S A2 g

T AP PTiE A o F 0 E AN RS U om § R 7§ AT

5.3 /& it 5% (activation energy) 4 15
FEASRCRPRE IO ] PEIRBRTIRARR KD T

B st AT B B R IRIE A b o T

(5.1)
He Ba Zgitiv 2o Ll rdenigies Bl o BEEMA 2407 0 F
LE TR - MBRT BRI FERHESH T Y 1n(’darkT) 5 KE_

L

—\

oL
L=y

ETIRS
h

N 1 v 77 J 7 27 ., ,
ﬁ‘b’v'j—ﬁﬁ’]%%m%]’E'ﬂlﬂfd’]:ﬁ?]zum":’\wﬁﬂ’ » B IR
wo Bk ] e Bt A 2 0 g R < TTK A )Y 120K R R R
B o gt pEay R R enA & KR G RUEE s s Tl RS [ RER R A
L S S
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FUpd b 30 > B % heR) 5-11 #7570 2 - sample A 22 sample B
z_ 75 1v i (activation energy)>™4p o T H- /T v i > £ B ¢ ¥ 4 sample B
A YA AT B PEY sample A ApE EiT 0 R ARy R HFIRT
sample B /5 it i BIP Bgd 8 > im0 F 3+ 0] -15kV/em > sample A (10
layers) 73/ i ap =~ ] ¥ & 70meV > @ sample B (30 layers) /5 it ac 5 3
100meV =% - » g £ 4 30meV o

FHs AL T A RHEERT O R S SGDT R

]d(lO) (zy ]0(10/ AEa
oy . eX
1 d(30) (7) 1 0(30) P kT (5.2)

#¢ AE, = E, (10layers)— E,(30layers) > E,(10layers) 4 10 K ~ i* s

2B A\ .
lf*T J(\‘ .

it i » E,(30layers) 4 30 kot s Wi o 1R (5.2) A A P
B2 FRR BT (10“0/ ] exp(AE7 Yerdp gt 0 2R B B e B 5-12
10(30) kT

STIE 0 R BT o 199RE 5-11 010 £ 22 30 B it BT ARk o

Lao)(T
Flt AEa=0 > & 7 exp(0)=1 > p* pFjE d<‘°>(% )= 0(10/
d(30) 0(30)

I
RINL B BRA-T c FBRERAF 0(‘%( ERR L m U
0(30

~

5-12 B &k wrm w2bgegt ) gL 8 24 Fpt A PR

0(30)
e FEL0 K ~ e 30 A ~ 2 & keng e
¥ BB 5-11 Stk £ B 5 5 AEa=30meV > 2 R T=100K
AE 30 1010
T 5 exp(——H)=exp(—)=42.5 » ;4 +2is 12 #r7 (10) NG |
xp(=— ) = exp() @ 13950 S T 10(30)& i3

HE 8 MEEHT AR BEEECLEEETINNEIRB LN D
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-?1 ’ 'ﬂ”‘ 30@]"~*l—‘f‘r’/?,5IL Lb#ﬁﬁ&%/\ 10@1’“"*'@ % ek o ‘,L-TE’DI—-FT’FFFT’
Ak AR ECT 10K B k] o

5.4 %k 3 R (Responsivity) 4+ 45

B 5-13 » 5-14 &» %] 5 sample A (10 layers)% sample B(30 layers)%g 8 &
Bt PR o sample A R PR ARE AT HR T LA FE 10 £
+ 2% QDIPs £ RApl » H L MR h= [ EFRRE BB A G oor
B AMIRRE S AXFREE TR > AL g EFEF BN THT
FHCPMEREAE A B o AR GR TS T R AR NS R
P WA E o R AL EH R AR e B LY

Berd 32 A - T HERTT L i H Bk BB (Respnsiviy)ehi# IR 0 4o S-
15 #77% - ¥ P B ey ) ARl R 2R T 0 sample A sk SR AR L
3t sample B #k B ke o 02F H-10kv/em 0 JE & 100K 3% & > sample
A R # sample B+ ) 9B L o LR 1 Lt R X S e
R mU T AP R RS R EEHF 2 R F KL R oo

Bl 5-16 5 sample A&B ¢k 34 51 > B 5-17,18 % sample & p £
FARFNER R B > B 5-19 5 sample A&B e E ForF ik R BT
e R P DA G905 i o $94E QDIP sk HH ¥ o

1
NP,

Ed NG E#E Pei PFAAEF BB - RKZp I AVEFHZ LR
e Fot o T b 104 QDIP a3 5 s s 30 K 0 3 & 0 JER] 5-16 0

g= (5.3)

SR 10k A S FauEA N 30 kA2 P LB L 3B o
MEFIE A B o sample A A £ F et 2 5 @ £ _sample B ¢h i

3
FAPAST AR bR R 10K b o 10K & i 0§ AR ot 30 & & % g
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3B VAATFIBLTIAEFEAR AR L g E B RSP
ArA o FRTIFARIFHTE o @ sample B | g T

0 RFEBIRRRA PR FIL RO ERGIET -

£+ > 5 o sample B e #ici sample Ash3 & > Fa A2

AR o Bk 5 2SS B H_sample A 503 B % o (2 jE R 5-19

FTETFHREEETAGET > VRPPERE BEROE I T > FIR

sample A ** sample B kenx X% » @B R A 1S E - R TFES

At R gsek R o g F 10 K A R Biea BRT RS D

Ik

3 73;:};‘ o

gﬁ%@@ﬁ“*%%ﬁéﬁﬁ

44
\

H N~
Ly
P
=h
)
W
N
A
o)
e
|
I

s sample A 4p #3 sample B 3 #d% ek R 4L IR o

# ;8] & (Detectivity) A 47
W R AR EAS SRR SRRy SriR g o b2y o5 L
QDIPs # & F| 5 843221 118 & (SNR)'

RJA4,B /A,B
i,  NEP

*_

(5.4)

FaFT g NRIR AR AT A B R e T et 4p T R o
B 5-20 > 5-21 & %] & sample A2 sample Bz_ & %] %8 W p| & > & ¢ sample A &
90K ~ # /& 0.2V ~ & i 1 B & 5 4.09x10°cmHz"*/W
> sample B 90K ~ #% /& 1.1V ~ $ & B & 5 1.65x10°cmHz">/W
BABER 520 VHERGERRGCER BBAH A TE AR R
F12 R B HBRE G R PR TN 0 B R T o FEE 521
sample B ehd BB £ 3 > ¥ RGBS I 3V T 0 RIR A L et
Mo 282 30 B3 EFRBT My REGOHLINE LS K
MERHE  REGRATHBA en TP A
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Bl S22 R[#-A 8P - R T RE ERIRE DL ERIP 7 F
ot (T8 Rt 110K - sample A1 jp| & 4p 23 sample BF $ids e id i)
B ooo@m E 4T A 120K > sample Ach i BB 9 A 2x10%cmHz /Wit e 4r
NE U B cBE 4o @ BT % > F sample Ben @ B R 4 & 4 1x10°cmHZ"/W
ARG ST RE o L B FEITER > sample Bk 3 &
TER A wmgsamwi%quﬁ2xm%mﬂf@was?.ui?ir,ﬁé
LR S S S 10 & & + B:QDIP~ i & 8 £ B H/&
o @B &R F A 30 layersE F BEA 2 BB BBRT 0 RG0S

TR

PR E

Ty R eE TN 0w g E e R R IR o F]t T 3
T R RT o Fp R F EnEt S R R IR i - B RR T
¥ A3 R -

QDIPTSR 7 in L &8 KA AR FAVE N o AE 4 BRT
d 3 347§ T & (top contact & bottom contact) 3 ~ € & e > 1 &
2x10%em™ > Flp AR T GERk BT A B EA T S EALP Fic o ¥
RAED FHET AR 3 kg > FP AP S LA @ diEd
= #4258 B InAs/GaAs k5L 10 & &2 30 & & 3 B R R o

Wgrens # VR 28 - B GaAs i Behd-de T 82 RIVE T R
7ok ARy %ﬁd AT s i
PR A ST AT T - K GaAsit ehT B it R E 2

TR PR - KRB hiea EE [ 13

**mﬁ
=i

MR HFE o d AP AEHITATHBRT » mhisBTH R ERTETR

TEERfr s B oo M IT S R ET R -
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Bl 523 S 10 EF B~ gt ifBT HER S B - Bl 5-24
30 B EFEEA R A E e RT T B AR P A T
BAPHEE - RN S TARAY B A DET I RIS 2 RPB o i
AR AALARY B A F A B T I R 10 KR
3 o F R 5 0 doW] 525 4R

R o g e R o SRR § T e R A S dow £
526 7 > BRK W f BB FF A FAI AR Hg - R
ARt HL A TR S TR FARARR o B R R AR
Lo m T ABHEC) o FE R RTEE G G AR o A ET

KRS ~ G Adp e ER S F BRT 30 K A 2 B A

Frpait o d WEFOH GO PO AREESH R AT S
T EF g Emnd Bl P4 - Al e+ S a
RE g + B4 b4 T 3T enis a0 Bl 5-27(a)(b) 2 4 w41 * SimWindows
g 10 B2 30 B £+ 2 Sieidp il A & R 3T e Bl o v RS
O 30K ESH B 5 FARELRAPRS 10 ESF kb o
e PR R FIARRIT A AT £S5 2 SHEERE S BT AR o
EHNRAP AR g g TRESDAEBE AR HRBREERT
FER @ H 3 FR g DIRF hich o A ApHRS DS TR ST

~ Lo

R
- °
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BT LR 10 K2 30 K R B R G B R
At e R E&REERET 030 K EFRETAGRTAZES BHET F7
g A R I A AR R F R R LR
RO AR ER REBRT TN B

Flb A PR F RS A NP M o B2 LS
FRART P FIE e R AR S RS- S R
SRR T - TR T S TR o #0030 AR A5 Rox
Il B R 10 B BB AP ERS BET & A > Ty

-

fok g v e Bl R T Y SimWindows AR E F F B F 50

iz*»
[l

AR FIL AR AT BB ARSI REA P R
B

Vo R kg R T ant y o 10Uk ~ B arg F oS et 30 K~
ket > AR RF L AT IR PR 30 K RF g

Flm i 10 & ek SR 8 B30 &k apt o
8278 30 & QDIP} 4p $f i sk &0k » v ey 7 nAp gt 2 freb i o

@’@iﬁﬁﬁ&$£IMKﬁ$2MWmﬂﬂ%Wﬁ@wa’§%%@ﬁ

eI B U RIR  BARET 10K 2 BA 7 A E A hiRE o
FEM %k o AFERESNT F B PRER BB 10 K

EFEARL AFEFREBTREFAG S AE A o Fl A2 i eh
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5000 ;\ nt+ GaAs contact layer

500 A GaAs Barrier

il ey v e e -

500 A GaAs Barrier

5000}0\ n+ GaAs contact layer

S.I. GaAs Substrate

Sample A X10)
Sampie B DO0)

InAs QDs

Aln_:_,GaAf'/\‘.\ . "N

Bl 5-1 1% & & & 5% 1Bl (sample A, 10 layers & sample B,30 layers)

(a)

rn0218.001

10.0 nm

5.0 nm

0.0 nm

Digital Instruments
Scan size

Scan rate

Mumber of samples
Image Data

Data scale

Engage X Pos

Engage Y Pos

NanoScope
1.000 pm
1.002 Hz

256

Height

10.00 nm
-19783.4 um
-42151.3 um
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(b)

10.0 nm

5.0 nm

0.0 nm

Digital Instruments NanoScope

Scan size 1.000 um
Scan rate 1.002 Hz
Mumber of samples 256
Image Data Height
Data scale 10,000 nm
Engage X Pos -19783.4 um
Engage Y Pos -42151.3 um

rn0220.000

©)

o o Secho‘r Analysis
L 23.438 nm
RMS 2.294 rm
i DC
Racled 0372 ph
= Rmax 1.690 nm
Rz 1.660 nm
Rz'Ent 2
Radius 48.655 nm
s Sigma 0.198 nm
) l i i 1
[ ¢] 0.25 0.50 0.75 1.00
R surface distance 24.603 nm
Spectrum Horiz distance(l) 23.438 nm
vert distance 6.408 nm

angle EfPag ™

surface distance
Horiz distance
vert distance

' Angle

Spectral period DC
oe Min spectral freg 0 /um
Spectral RMS amp 0.065 nm
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PL intensity(a.u.)

50

45 —— sample A(10 layers)

40 4

—— sample B(30 layers)

35—-
30—-
25—-
20—-
15—-

10

-5 T ¥ T T T T T
1.05 1.10 Eihé?gy(ev)l.ZO

T
1.25

T T 1
1.30 1.35

Bl 5-35 B A& BZ PL £ E

intensity(a.u.)

1.0+

0.8 1

0.6

0.4 1

0.2 1

0.0

—— Rp-negative
—— Rp-positive

wavelength(um)

B 5-4 1% & B(30 layers)z. FTIR & 55 47 3%
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30 layers - PLE

/. 'I\. .\.\.
] |
Eg=1.44eV A=6pum
4680 - 0
3- -
g 4
2 7 m
v . agu®
E . /f .i /.....“l” ‘.
[ u u \ u
— / | | ] /
- u L-
.I
. /
./l
I L) I L) L) I L) I L) I L) I L) I L]
1.25 1.30 1.35 1.40 1.45 1.50 1.55 1.60
Energy(eV)
B:5-5% & B2 PLE 47 3% [
1
o1 10-layers*- Dark current
0.01
1E-3 .
u - . '] "\“\\il I/:
1E-4 \_;-\_ S i
- u A u —
1E-5 \.\.\. : - i ’ 7_7‘518E
< 1E-6 VO N 1 F 60K
E 1E_7 \.\ ; .\.\l \.\ w B 70K
o " TR | 77K
S 1ES8 L — = 90K
O . . . 100K
1E-9 \.\. \_\ e 110K
1E-10 \“\. .& /l It —un— 120K
\.\ll..l‘:: | /. ; Il.|=l:l...-'/. —=—130K
1E-11 "‘h: -y —=— 140K
1E-12 W —a— 150K
1E-13
1E-14 T T T T T T T T T T T T !
-1.5 -1.0 -0.5 0.0 0.5 1.0 15
Bias(V)
B 5-6 sample A(10 layers)2. %8 % 7 /it
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1
o1 30 layers - dark current e 40K
0.01 —=—50K
1E-3 = 60K
1E-4 —=— 70K
77K
1E-5 —=— 90K
< 1ES6 100K
g 17 —=— 110K
e 1E-8 —=— 120K
3 1E-9 —=— 130K
—=— 140K
1E-10
1E-11
1E-12
1E-13
1E-14 T T T T T T T T T T T T T !
-3 -2 -1 0 1 2 3
Bias(V)
] 5-7 sample B@O:layers)z %8 & T in
1 :
0.1 sampleA
0.01
1E-3
1E-4
1E-5
< 1E-6
T‘.E: 1E-7
S 1E-8
O e
1E-10
1E-11
1E.12 —o—BG-60K —v— DG-60K
—o—BG-70K BG-70K
1E-13 —2—BG-77K —«—BG-77K
1E-14 = T T T T T T T T T T T T T !

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Bias(V)

@] 5-8 sample A(10 layers)z_ % F £ 7 /2 g 7 it i
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0.01
1E-3 sample B
1E-4
1E-5
1E-6
1E-7
1E-8
1E-9

Current(A)

1E-10
1E-11

1E-12 —0—BG-60K—=— DC-60K
1E-13 —o—BG-70K DC-70K

—4—BG-77K—4—DC-77K
1E-14

et

B 5-9 sample B(3O layers)Z 4 B8 7 n g T ot i

1 3
Dark Current
0.1
0.01
1E-3
1E-4
1E-5
< 1Es6
c
o 1E7
o 1E-8
1E-9 ——10 layers -77K
) —— 10 layers -100K
1E-10 —+#—10 layers -120K
—»— 30 layers -77K
1E-11 —4a— 30 layers -100K
1E-12 ! —<— 30 layers -120K
1E-13 3 , . , . , . , . , .
-20 -10 0 10 20
Electric Field(Kv/cm)

i8] 5-10 sample A(10 layers)£? sample B(30 layers)z. % /8 & & /i ' #i&
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160 -
—a—sample A(10 layers)
R —e—sample B(30 layers)
140 N
\A
A
120 -
S
[}
E
IS
Lu 100—'
80
60 +4—"——4——-7T—-"—"TF—-""—"-"T—"T—"T—T—"T——T7——
-20 -15 -10 -5 0 5 10 15 20
Electric Field(kv/cm)

B 5-11 sample A ¥ sample Bi2iis it it (activation energy) b i

10 5
] e
~ v>/. R
S ] Q
8 A . ¢
o L
g . x /.
- \
= ==
I\.
14 —m—exp(77K) 1010/1030 - 77K
] —eo—exp(90K) —<—1010/1030 - 90K
) exp(100K) 1010/1030 - 100K
- —v—exp(110K) —e—1010/1030 - 110K
T T T T T T T T T
-10 -5 0 5 10
Electric Field(kv/cm)
- ~ 2| 2 . ] 2| [ 2y
B 5-12 3 0 2 fgp i B2 BT (00 ) exp(ME ) hb 15 R
30)

0(
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Responsivity(A/W)

100

10

0.1

0.01

1E-3

10 layers-Responsivity

—=—40K
—e— 50K
—4— 60K
—v— 70K
77K
—<—90K
100K
—e—110K
—*—120K
—e—130K

15

Rl 5-13 5 1A10 layers) 2. &

Responsivity (A/W)

[y

o
=

o
o
=

,_\
m
w
M

1E-4

‘ 30 layers -Responsivity e 40K

—e+— 50K
—+— 60K
—v— 70K
77K
—<— 90K
100K
—+— 110K
—*— 120K
—e=— 130K
—e— 140K
—+— 150K

N

.
A?&

Bias(V)

B 5-14 & &% B(30 layers) 2. & 5%
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10 E Responsivity
1
z
< 01
[oR
o
0.01 3 —x—30 layers -77K
—v— 30 layers -100K
—=— 30 layers -120K
1E3 —o—10 layers -77K
3 —o—10 layers -100K
—#x—10 layers -120K
BAt+—"T——7T T 71T T T T T T 1

25 20 -15 -10 -5 0 5 10 15 20 25
electric field(kv/cm)

Bl 5-15 sample A(10 layers)& samp‘lre B,(3O Iajers)i % 2B i (responsivity) i

] —o5—10 layers-100K —v— 30 layers-100K

—o—10 layers-110K 30 layers-110K

1000 ~ —~—10 layers-120K —<— 30 layers-120K
100 -
c ]
£ ]
o ]
10 =
13

-20 -10 0 10 20
Electric Field(kv/cm)

] 5-16 sample A(10 layers)£? sample B(10 layers)z & 3 ¥ 1t d
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77K
—<— 90k

100K]
—e— 110K
—x— 120K

—=— 40K
—e— 50K
—4— 60K
—v— 70K

10 layers

1.0 15

0.5

0.0
Bias(V)

-0.5

-1.0

-1.5

%

jL

B R

onE

-

8] 5-17 sample ‘A(lO layers)2_

—+— 130K
—o— 140K
—+— 150K

v -+ h‘i ="

30 Iéyers ‘.

20

15

Efectric Rield(K9/cm) 10

-15 -10

-20

’

L

i

HOEIE B %

7
AL

+ +

B8] 5-18 sample B(30 layers)z.
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14
i )
] ,D’D 'D;CD;D'D \D'D D~D-D\D
-D/D\D‘ /D);'O'O'O \o-o o
J oo oo o 0, O'O\ D\D_D
,D’Dt( o) Y / / A O'O‘QO o
o VA SO \ oo
0.1 0P g /A’A s
— N 4 PowR. im&zv., \ o > =
S ] TREA &, ° : SR
i el | F vy
O u ALNLY 3 \ :
v { —o—10 layers-100K
< & —o—10 layers-110K
. W J —2—10 layers-120K
\ ] —v— 30 layers-100K
0.01 X <‘< 30 layers-110K
T —<— 30 layers-120K
T T T T T T T T T T T T T
-20 -15 -10 -5 0 5 10 15 20 25
Electric Field(kv/cm)
B 5-19 sample A(10 layers)£2 sample B(30 layers)2. # + »c 5 £ B
10 layers " .
1E11 . ¥ 40K
E / ! e —«— 50k
A \
/. /. A 8 o\\ A 6OK
s AR —v— 70K
% .:/I(‘" AN T \=§ 77K
? 1E10 _E /.iA /V" V\v\ '\‘ —<«— 90K
] 7 el 100K
= £ 7 o e v\ .\\°
g /I/. /v 4/4,4’ \<<1 v\ .\A\. e llOK
-~ A v b < v, * —
> " J «‘.4‘ \{ e - 120K
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