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Abstract

Abstract

One of the important development trends of infrared detection is "SWaP", which
means smaller size, lighter weight and lower power consumption. The infrared
photodetectors generally work at the temperature of liquid nitrogen due to the nature of
narrow bandgap semiconductor, and the cooler system is the main reason for the size
and power consumption of the detection system. Therefore, increasing the operating
temperature of the infrared detector can reduce the power consumption and volume of
the cooler system, and promote the applications of infrared detection technology in
miniaturized devices such as portable handle equipment. Infrared detectors face two
main problems at high operating temperatures: one the one hand, the dark current of the
detector is an exponential function of temperature, and the dark current increases
sharply as the operating temperature rises. On the other hand, the diffusion length of
minority carriers decreases with temperature, and the quantum efficiency decreases.
This problem can be overcome by the interband cascade structure. The interband
cascade infrared photodetector (ICIP) is a multiple-absorption cascade structure based-
on antimonide superlattice materials, which can achieve the directional transport of
photogenerated carriers through relaxation and tunneling region, and avoids the
formation of PN junction which can suppresses the dark current. At the same time, the
cascade structure can increase the device resistance, so that the device can match the
amplifier or output circuit better. The cascade structure with short absorption thickness
can reduce the recombination of photogenerated carriers, and can effectively collect
photogenerated carriers even when the diffusion length is very short, thereby the
detectivity can improved at high operating temperatures. This paper mainly focuses on
the development of mid-wavelength interband cascade infrared photodetectors grown
on InAs substrates, and studies the detectivity and response time of interband cascade
detectors. The main contents of this paper are as follows:

(1) Structure design for the interband cascade detector. The interband cascade
detector can overcome the limitation of diffusion length to the detection performance
of the detector, and the detectivity can be improved using the multiply stage structure
including the number of stage and absorber thickness. Proper structure design is very
important for the interband cascade detector, and the relationships between the quantum
efficiency and detectivity of the ICIP is derived. The maximum detectivity of ICIP is

calculated for different diffusion lengths, and the thickness of the absorber thickness
Jiii '



Abstract

for each stage is calculated for the photocurrent-matching architecture. The diffusion
length of the mid-wavelength InAs/GaAsSb superlattice absorber is fitted according to
the responsivity at different temperatures. For the operating temperature of 300 K, the
ICIP structures with different stages are designed according to the fitted diffusion length.

(2) Characterization on the material interface of interband cascade detectors. In the
ICIP structures, precise information of the energy levels is in particular important as the
transport process of the photogenerated carriers heavily relies on proper energy level
alignments. A crucial parameter in the design of the ICIP is the accurate control of the
composition of the alloy in each layer. Using molecular beam epitaxy system, mid-
wavelength ICIPs was grown on an InAs substrates and Scanning transmission electron
microscopy (STEM) analyzation is performed. The interface structures and. chemical
composition profiles of the InAs/GaAsSb superlattice absorber, InAs/AlAsSb
relaxation region and GaAsSb/AlAsSb tunneling region are characterization. Combined
with the high-resolution X-ray diffraction results, the atom composition distributions of
the- absorber, relaxation region and tunneling region are fitted. The energy band
calculation model is improved by using the interface composition profile. The cutoff -
wavelengths of InAs/GaAsSb superlattices with different InAs thicknesses are
calculated considering the interface, and are in good agreement with the experimental
results.

(3) The fabrication and performance measurement for the ICIPs. After the material
growth, the interband cascade detectors are fabricated, and the electro-optical
performance of ICIPs with different stages and absorber thicknesses are measured and
analyzed. For one-stage and three-stage interband cascade detectors, the responsivity
of the device starts to decrease from the temperature of 220 K, while the responsivity
of the ten-stage device is nearly unchanged even at high temperature due to the shorter
absorber thickness. At high operating temperatures, the responsivity of the one-stage
ICIP is reduced due to the decrease of diffusion length, while the responsivity of ten-
stage device is nearly not affected by the diffusion length, so that the detectivity can be
improved. At the temperature of 300 K, the detectivity of one-stage, three-stage, five-
stage, and ten-stage ICIPs with front-illuminated architecture are: 4.5x108, 4.9x108,
7.6x10%, 8.0x10% cm-Hz!2/W, respectively. The ICIPs with immersion lens is fabricated
by the InAs substrates into lens for the back-illuminated devices to improve the

responsivity of the detector. The responsivity of the device is increased by about 7.5
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times by the means of immersion lens and anti-reflection film. The ten-stage interband
cascade detector with immersion lens has a detectivity of 1.4x10'° cm-Hz"*/W at the
temperature of 220 K and wavelength of 5 pm, and detectivity of 4.7x10° cm-Hz"%/W
at the temperature of 300 K.

(4) Characterization on the response time of interband cascade detectors. The
response time for the interband cascade detectors with two-stage thermoelectric cooling,
is analyzed. By comparing the response time of the device with different sizes, stages
and bias, the it was found that the device is mainly limited by the RC time and the
diffusion time of the photogenerated carrier. The response time of the device with a
shorter absorber thickness and reverse bias can be reduced. The rise time of the ten-

stage ICIP at the bias of -1.3 V is 0.28 ns, and the fall time is 0.51 ns.

Key Words: interband cascade infrared photodetector, mid-wavelength infrared

detector, high operating temperature infrared detector, high speed detector
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H o2 Pauli 5ERE, # Bt LI AARARBEE B EQ.2)F, B Eluy ()
PR HIR AR

{Lz_ + 2 v + miok p+ [V xp]- a} Uni (1) = E(l)unic(1) (2.16)

2my = 2mg am3c?

1F Kane BRI, %7 B4, BEN, B4HNERMEASRSE, BI1E
Wet RS B B B, ML 8, Kane KT rii F S0 4y T 0% 1001,
(1) B ST, S), BHEESENE..
2) M X1, XU, YD, YL, 21, Z1), MiFeeENE,.
Yx 8 BIER A KA, BT SEANHEASIEN B 24, FIH Lowdin
LT AT DL HE SRS 8x8 M B IAR R TEI0% 109 1S 07), R

H= (_“g 13) 2.17)

ﬁéq:'M = M1 + MZ + Mso + Mstrain
E. iPk, iPk, iPk,
_ n%k? —iPk, E, 0 0

Mi= et =ik, 0 E, 0 (2.18)
—iPk, 0 0 Ep
M,
A (K2 + k2 + k2) Bkyk, Bk, k, Bk.k,
_ Bkyk, L'KZ + M(k2 + k2) N'k;k, N'k,k,
B Bk,k, N'k.k, MKZ + L'k2 + Mk2 N'kyk,
Bk,k, N'k,k, N'kk, M (k2 +k2) + Lk2
(2.19)
0 0 0 O
_ a0 0 i 0
Mo==30 _i 0 o (2.20)
0 0 00
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Hh T (R SRR AL AR U B T

0 0 0 0
_ al0 0 0 -1
6=-30o 0 o i (2.21)
0 1 —-i 0
HAE, = E,— 2 ANERSRERE, SRPRENNT:
P = Z2(S[p,|X) (2.22)
Mo
SHPIEEITRRLEE, (BALeV) FF:
2 ~
E, = % p2 (2.23)
HESHA, I, M, N'HIFERET L Lowdin MItE R HES /B2,

FIEAIER 1. HFFRMEESR, NS SUPhSHB—RAE. RN
TTRIFEPRITRA T Luttinger 28y, y2s v3, Kane B F1Z415 Luttinger
SRR AW UL,

( h2 PZ(Eg”l'EEso) h?2
A=—0c-——932%_ T
2my  Eg(Eg+Eso)  2myg

I (14 y, +4y,) +
h
M = "%(1 + 71— 2y2)
r_ 32 p?
\ N = Mo Y3+ (Eg+Eso/3)

X1 NAR AL, BT ERPALE, MEEREKERRE. N 158D
FIAHIER, TER BB 2SI NGO HRE, BT8R R o A1

110, 117],

ac(2eyy + ezz) —iPey,k, —iPeyyk, —iPe,,k,
iPeyyk, a,(2ey, + €,,) 0 0
+b(exx - ezz)
Mgtrain = iPeyyk, 0 ay(2ex, + €57) 0
+b(eyy — €57)
iPezsz 0 0, ac(zexx + ezz)
_Zb(exx - ezz)
(2.25)

Hrra Ma, 77 52 SHANH R KERZS, bENHETIRAES, ¢
MARSKE . R EHRAERTTIRY 2z 7, I EARAERAEO01) )7 17 KR
£, MREKERTHEREAWT:
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2T WEERLIMRN SRR E

_ __ Gsub—%layer
{exx = lyy =

Alayer '
e (2.26)

€zz = T, Cxx
11

Hag, RARAEEEE, apye REKMEHHIEEEE, o Mo 2H
PR

2.1.2 K-P HEREKE

FEBRENETHERREEWT, MESEREAEMRCH, B
RO R SR E MR . T RFAMEEMAERBOTRE, RAVMER T @2
&ﬁ%ﬁ%ﬁsmKPﬁﬁﬁﬁTﬁﬁX%m“”mlﬁ%ﬁ@mﬁﬁﬂﬁ@%
SR l10n, 120123 fog B 1 A 46 () Oy Y T DB S BB AR FIAR i A, SR TT IS
i fai s, FLFE & FH T SRS A5 A A M 5 (vt T,

ZR—HIT MR RN, Xz FIRREKTE, z J5E ERHN L, X
an fifd Bt I,

{an(r) = Zj Fn(i)‘pj(z)ei(kxx+kyy) ,
(2.27)

9j(2) = %eiz’”'%

TERIFPLE z 5 ERA T B EE B, Hrp e Rk ENE 2 7 2
FAgAtER . Xt FREEMS AN, X— RIEEHE T TR EN ARG R
JAR R R, B TP, UAEEEE LE, FHAN TSR
TR, TR [ & HA 2 8] A AR LA FIAR A o VI AE xy TR 451 R PR Y
fe Mk, AT ABUTREAE, P62 R TP Bk, Ak, /E IR Bt R ERT, AT DLk

B B AR ol R, BOE . X2 27) RN B B e
St Howt (2, ki, Ky, ~ i) ay (z) = Ean(2) (2.28)

il A Eﬁ“ﬁ‘f%?@%(goj(z)l(pj'(z)) = 5, WEGTASN:

St Bt Hyt GVt ) = EF, ()
o (i) = [ 4200} (@) Hye (2, by Ky — i152) 91(2)
7E B A S B T H e () R S LB, R TRATH I B2
Q283 ey T M BAETFRE, Fop i —MENETTH o () T 4 B A
W, T RREMRE, KRG E IR RNRE . EERHELT,
BT S RE A R HRE S, FHHTRE R FdiErRETmm

(2.29)
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eI (B SRR AL S RN AR BT S

BEUTER:
1 rRR —i2njZ i2mj'Z
[ =1 [ dze 2L e L (2.30)
HAPR BXIE R MAULS, RyREHSF, X EXRDFE:

Rg-R .
. RL L _] =_]
T = . e o 2.31
i 2mi [ezm(l DR _ g2l —J)RL—L] j# @30

G-in
TR (2, ks ey, — 1) RS HIRBOR, — YOI =R, #E7T DX
FoRMARQIDKTR, T BRI T G, -
T8 SRR B, 7E 2 7 R U G5, JBBCRAE 2 77 1 R FRIRAL,
PR W 2 Bloch E -
a,(z + L) = a,(z)e'?™= (2.32)
Horfq iR = TEHHAE, B A B miEk R, T 8 Lk
i IR ISR, 7RG BB TIT b o T I He
91(2) = @j1q,(2) = eI 233) -
FE 55— B 0 T 26 T DA 2.« AR A 55— A B0
RS, AT R FARELE IR, EREIRER NS T, A3
PMHSHRMSHAORERLT, BT T g,
{ 0=~ i[e@ -+ 0@

oo (2.34)

Qoo 2 %Q(Z)gi—v + %Q(Z)%]

HQ@RMESHEFE NS E, FATIXAE 7 LI 2L T % Fl
R B A B TR, B R RAQ29)FIAMEERAIE RS, 7 LAFEIE
e B BE T SE AR R . FETHES R T R R S A R BUR, BATH

Uit — 5B IR BT Es TR

Mye = (Be@e - 39[0o @) 235)

S S B I RR R, A, BT RAAS AR, 1R
BR824, H: B LA G, ()RR

Yer(2) = Xoe1 0y (2) Up(r) = X0 X FY (1) 9;(2) Un(r)  (2.36)
# ERRABIRQ.35F, @IS BRERITEES,
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328 HEIRBRLLIMAN BRI

Sye = |Mvc|2 ,
m 2 . 2
= (P2) |%) Simra o B (FE DAL ~ FE DR D) @37)

Hrbe(i = X, Y, )FEFRAH R RO, k =1, LRFRR 0 E BT
BTN, RERE S A8 XYZ AZIFAMEKE, Fs, FIF, 558 S 58 XYZ
BB R R RS AT IHERK RS, FERHA T RIREETERS, &
k RIS PG, HBAAEEp = T HPAN SR M EFRIE, AFBM
BB R S B/NE R M. 3T BRI, BRI TIRIT R NE,
’ ;H\:u&q&/z%\ﬁj’\j[lli 125, 126], C o

da(E)AE =

472 C!fshz
nEmj

pSucfo(R)[1 = fe(K)]AE (2.38)

b RAFHEEH (ap = S ~ ), nRABIGIEE, LA BIRNH
S H TR IKBr m R . X (2.38)3EAT R4 7T AR B e B R sc i, X T3 —
BRIE ST AT 1 R R AT SRR AT DAAS 20X — K T BRI R 2, AT BRI SR A%
A USRI o . SR T T AR E R R, iﬁxﬁﬁ@ﬁ‘é%‘gﬁﬁ—iﬂﬁ%ﬁ, Bl it
TAIBINT SR 5 R R X — W EAHE, R TR NAE,, BRATEFEL®
INFIRIRS RSFAE < AEy,, MBI EE R SMERISBETR, KEN M
B OV UL TR R £ Dy OIS, SRz = 2, |
R LIRS, HE T 8 1 K-P BAMEERMERERT, AR SE LW
¥ 2, NP EEW MR EAEN 77 K BET, RAMMERNSHHZ
77 K BETH. AR ITERE InAs MR TREEEN 0, FrELER
B BHREFET InAs MR ETE. AT RIEREFIERME, FATE X3
BRIUSIR 5 R AT T HEE,  H I B B S5 4925 13.8/7.8 MLs (monolayer,
IML~0.3nm) InAs/GaSb, RAFSCHERFPIHHR K SFEEH (InSb F1HD A
BE¥. HEABIK 77K FTRESEANE 2.1 frr, B2l@RRE54K)
H100)F(110)F HK iR, B 21b0)REEEKFHO)FRAMERKR,
HEALER KN 9.76 um, SIS LR (FIG. 4) ABA
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Figure 2.1 InAs/GaSb (13.8/7.8 MLs) type-1I superlattices energy dispersion (a)

perpendicular to the growth direction and (b) along the growth direction

2.1.3 FURT B BA LI MR ES e AR

#E GaSb 3 InAs/GaSb B+, BT InAs Fl GaSb 4£7E 0.6% MK,
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FASUCHED, FTLAE InAs HSE s R AT E A KRN S, B Ak
BERTLLE N InAs 1 GaSb MR AKIRE, W ULSEA R THRR 2 /R &
BO921, fEA A, FATFEN InAs FeH B 1B RIBCHRINE8 B0 5544 Bt 31T 18
7. FIF 8 7 K-P AL, i Rew vHH R v LA X, s ERIX FIRE 27 X
GEKA o ) 2R BRI 2% (T IR IR X A TnAs/GaAsS 8 &%, InAs 1 GaAsSb [)H
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Figure 2.2 InAs/GaAsSb superlattices energy dispersion (a) perpendicular to the growth

direction, (b) along the growth direction

RN I RIR T 7 8(100), 5 T ARER FTERTRES,, & 2.3
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Bk, = %, ZETCHB R AU X FRE B FRAE 9 SOR AR, AL A 2 4 (1 BR
VRSN, T HH2 ARIRFRIES HHL BT LHI MR, FrOLROLT MRME
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P LA T8 4 S A R iR O [ 9 et B R AN [R) B R Ue R 48, 7E S BB SR 3
T B AR TR BT M s U,
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Figure 2.3 Oscillation strength as a function of wave vectors (a) perpendicular to the growth

direction, (b) along the growth direction
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X5y, SHFEETHEKT BB REMEE 80, IEEAEKITH FEEMEA
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Figure 2.4 The absorption efficiency 2.85/2.1nm InAs/GaAsSb superlattice
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Figure 2.5 Energy band structure for (a) InAs/AlAsSb relaxation region and (b)
GaAsSb/AlAsSb tunneling region
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THETBOIREFR R E S, RILTETS [ B BRI 5% 0 e B 22 2 97 Bl B R 2 e
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o 1B R BR AL SR T S BT

2.2.1 ¥YEERRER
AETAERET, SAMRERTIENT BBERANES, SET/ET BN
225 E D BB IR, BRI S R T AR R P A PR R R Rk A -

m:%?ﬁ% (2.39)

Hrh, nREKACIHE TR, RARKNZZMIENSSEHARRR, T

RIERE, ¢ RETHITE, h 2EHEREER, K RPREEFEH, c BUHE.
BRI X A p B, FRIRIS X BRI A 5 B iR IR Rk 0N

J = qgyLptanh (%) lexp (Z) - 1] (2.40)

o, LR MKHE, go b FRTINFER, gy =", ngRbRi

THTHRE, (RO TETFHERTFEG, VRALERE, dEp RKNEE. 7

B EE R BR T BRI (X S5 A28 R\ AR R E N

_ kT .
ROA - ngtthtanh(d/l’n) (241)

5 1 B HEE T DAE R 5SS 2B e, IRDE DS T
PR, R AR B N BEOT N, B GERAMNd;, d; . dy, BT
BN R AMFIERN: o

N kT
m=1lq g tthtanh(dm/ Ly)

RA=Y (2.42)

FEETFRRKTE A, BTSSRI R BB, AN BESMTPR
LR FTRIRYL . BATFEH RN G, W 2.6 fras, B2 FonFa g
HIE A, ANFHEITENG, RANEIENF RN E] InAs L8
%, WFEFEREAR (InAs T EHN 3.51), KEFERN 0.3. RAWNGHERELEE
P RE GRS R, EREH& PRGN ERESTIIREEBR, E£F LS
& FREH 60%XBEE T B, HERBRPXEKRNEAN1, e
X R ST ZEEN 0.3, HEBRRSN 0.7, BATHE T NIRRT 2 RIS
HifEm, SREASHEE—JEEAMRL, 75 RS GE S B, BURE
OB R R ST 5 = UGBS MR . FEGIE AR £ R IR ORT B R SRR R,
EERRAHNCEMRET, EHEPZRE TN, £8P,
InAs B E B InAs Z0PEIERK B BRI RIRME, EHREXN T iR
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Figure 2.6 Schematic drawing of the light propagation in two-stage ICIP

SHFE—ZMETHE, BEEREKXEE NN, HETFHE (quantum
efficiency, QE) iAX N:

_ Ly sinh(d/Ly)+aLyexp(—ad)—alycosh(d/Ly))
n (d) [1 (aLn)Z] [ cosh(d/Lp) ]

f — aly sinh(d/Ly)exp(—ad)+aLycosh (d/Ly)exp(—ad)—aLy)

n (d) [1—(aLn)2] [ cosh(d/Ly)

(2.43)

Hepn? () AT RN BT BRI ETFHE 0/ (d) Ve LR E AL ]
BGRIETHE, oA FEEZ RRS LIS SR E LR M
MBI, A BRI 3 B — R B TR RIE AN
15,(dm) = (1 = R)exp|—a 275 d;|n® (dm) [1 + (1 — R)RRsexp[—2ad; — a X]5" d ]]

15, (dm) = (1 — R)Rsexp[—ad,] - exp[—a X} pn41 dj]n” (dm)
(2.44)

N = N5 + L BRE m FHRETHE, dRF | ZHRRXEE, dRF
WX SR . TR NSRRI, 2RI X S MTEJERIA S T | _EotsgA
Wiz, exp[—ad;|RaHFMERIR S BRI X B j FBRIXEAS
R ST TFE2RIRX G, LBE—R=ERCERRTFRENIESN, T8
FESEERESR, KBRS R RIS H P ER T aisdE, &
REIC RS TH— St B T ME, HRSBERESETHEN:

N ==Y lim = Sl (dm) + 7T (dm)] (2.45)

BAVEE T HEFEIR T N G A RBCR PSRRI, HRIEA N

D* qln ’Ro f
4kT 4gth \/Zm 1aLntanh(dm/Ln) (2.46)
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Figure 2.7 The relationship between the (a) QE and (b) the detectivity and absofber

thickness d for single-absorber detector
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Figure 2.8 (a) The maximum detectivity of current-matched structure for different number

of stage and diffusion length, (b) the absorber thickness for ICIP with different number of -
stages at the diffusion length L, of 0.5 pm
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Figure 2.9 (a) The maximum detectivity of current-matched structure as a function of

diffusion length, (b) the optimal absorber thickness of the first stage for different diffusion
length
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o' B I UG B 25 14 B AR BRI R B K B S 280 B Toee
MULEC A, SR — D RERE — RIS X B M THE. KRR R
FEKE, MY BKERE TERERSRRWIRR. NTHE InAs FEHEE
ARG Y B, BATE X B BREFREFT T 00, BT EFRENE
LA B ERRIRE R R. AT 2 4 (2-ICIP) #1 3 & (3-ICIP)
7 5] R BRI 23 00 2 T 2CRAAT TR, 2 S 1) SR BRI B8 R IR i X B B 3 31
. 1100 A0 1250 nm, 3 2 [B] MR- 25 B RIS X )& B2 20 il 79 1100, 1250 A
1500 nm, 2 ZH 3 FHydefhaitg i 2.10 .

(2) (b) p*-GaSb contact layer
GaAsSb/AlAsSb tunneling region

P-doped InAs/GaAsSb 1500nm

p*-GaSb contact layer

GaAsSb/AlAsSb tunneling region InAs/AlAsSb relaxation region
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GaAsSb/AlAsSb tunneling region > D e g

GaAsSb/AlAsSb tunneling region
p-doped InAs/GaAsSb 1100nm p-doped InAs/GaAsSb 1100nm
InAs/AlAsSb relaxation region InAs/ALAsSb relaxation region

n*-InAs buffer layer n*-InAs buffer layer
InAs substrate InAs substrate

& 2.10 (a) 2-ICIP R (b) 3-ICIP BHEHRER

Figure 2.10 Schematic drawing for the (a) 2-ICIP and (b) 3-ICIP
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B 2.11(a) 2 Zf 3 R A EBRNB N EREFRE, XHNHMINE
FRRAAE 224 K VA R R9IRE FIRIE N R, 78 300K T 2 20 3 4 18] IR
BB THES BN 5.9% M 47%. FIFA LAESHETHRRUTEAN, WAH
BE TR SKET TS, RENAENT BEKETE T ARRETHETH
K, HHERNE 2.11@F07R, HEFEEMMRERFEGET. B2110RME
BEYEKE, MEEENFEYT BKERZERME, £ 300K KIRET, ¥k
FEAUA 0.25 pme B 2.12(2)72 3-ICIP fE 2R T R S RIRI 1L, K 2.12(b)&
FE 41 um RN ERFEEERTUXR. 48K BET, ®WMENR 1.4X101
em-Hz">/W, 300 K I8 FHMZEH 1.9X 108 cm-Hz">W. 7 300 K FHT InAs
PR SR Y O SRS, A 2 4R 3 AP RA TRENRIEX, B
IR X T DLZEARIR T e im0, [ERESR FXMEMAEEE.
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B 2.11 (a) 2-ICIP 1 3-ICIP B FHERWEAMAER, b) FREE T BKEMEE
Figure 2.11 (a) The measured and simulated QE for 2-ICIP and 3-ICIP, (b) simulated

diffusion length for different temperatures
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& 2.12 (a) 3-ICIP FERTIZEIE, (b) 4.1 pm SEHRFRBERFE AR
Figure 2.12 (a) Detectivity spectrum for the 3-ICIP, (b) detectivity at the wavelength of 4.1

pm as a function of temperature
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AT SRS TAREE NI ER AR S, FRATIN 7 Ta) SR ESCHR I 25 Ry S5 A HEAT
T VAT At . SE0t 220 KA 300 K T AR 4 SIREAT 1 (A LR ER I 28 AU 4544
#it, BT 300K TAERE TP BKEESE (025um), 55 300K TIFRE
Wit T +H &K, mEs 220K BERIT T =ZMARESHE. K21 2—%. =
%% TLERA G 18] R BRI 2R 1 B — R X B, e — 3R E et LE,
IX PO B4 (R U X i R FE A . =M A RSERADCRIRIL RS, 8%
AT I JBE JE SRS M) A T - BB ), T e SR PR Rl X PP 1) %
it | |

R 2.1 WA R GO R R R T B R X R B

Table 2.1 Designed absorber thicknesses for ICIPs with different numbers of stage

%5 5 RS IX B B (nm)
one-stage 1 2350
three-stage 3 551,722,1079
five-stage 5 330,380,448,530,673
ten-stage 10 . 250%10
23 KEING

KREELNET Kane i 8 7y K-P AL, FI & RSB )7 EEX 8 1 K-P
BRGEAT T HUESRAR, RS T HRFRFRET, P EME RS iR iE A
Bt o BEJGST InAs B4 (B BRSS9 InAs/GaAsSb BB HH%, InAs/AlAsSb
¥R X, GaAsSb/AlAsSb FEZF X IREW SEMEAT T it . Y BUERRERT,
HE S T (A BRI 2R (I R 5 A S MR R S H B RR, 0T T8 8
K GBI AL [X B P8 ol 7 V) 2 T R U 23 R T 2 PRS00 o R A R e 2 2 00 1
R, MABET ARERE FHYBKE, fuETERE FTHER, kit 74
E B D BRI B 5 14 |
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% 3 F THERHREEE R ESERR

W RS P RE T 58— BB G, RTE -V RAL&HF
Sk FRANEA KIERR PR E I RE TR VIR FIEHRSE, A
T SBERNAS SRIHERRE, #Tax SRt EERERTm, £45E
i, BRATHEAT T A BRI SR AR R A, B e A A S ) R R 2 1
HEAT T EHE AT B B MR ORI A, SRR R I 4 BEAT T KA AT . TE3RTR
T IR AR AR R S A (5 BRI AR X I R R AT
WA E, URBBRXABEXMRESOLE, 44 T S mE D A5 G 4 i
W, JETSRIEIRAEAT T B

3.1 WEREREMEIEK
3.1.1 SFRIMEEK 4

A (6 BRI A T B, B BIEEICAILGK. B, fESNEE
K 1) 75 2 AR = R FE RIS S B o 4 F IR SME (Molecular beam epitaxy , MBE)
R—MEBEAT (<10°Tor) £K RS, W LULIEEFEEENMEERK. £

MBE KIBEEELMHT, RELETFESFROBAU -ENERTIRBAWER

FH L ANERRERE AT 22 0R BT DS I RV 52 B RS 2 ke sk T
VB PR R B B R LA AU (R B, R s SRV B IR T DASE TN SRR /N B
st . FEAE KT AR, S IRt TR B AR R BEAR O e e AR IRAT R S AR A
£ MBE 4K, AIDUEE RS SRR FATH (Reflection high-energy electron
diffraction, RHEED) P 3% A4 K I F2 AT SR Al - FRATAAH MBE GR &S
RIBER COMPACT 21) #47 7 M HELGE MM B A K, RARRRMEPLI vV
BeRPEL (Sb A1 As) HIZEH, J8¥ Sba il Ase Z#9.Sby M Asy, In F Ga 735K
F i i B2 In A1 Ga RSP, Sifl Be RIFENEABRIE, oA FREM n B
A p BBk,

RIEE SRR S, 7E InAs (100)48 B B4 & T A B A 1] 4 e R
%, InAs/GaAsSb #B5HH#. GaAsSb/AlAsSb &% X Al InAs/AlAsSb i & X A KR
BEE U E N 480°C. InAs F1 GaAsSb X AlAsSb 2 A ) #iB I +T T 8k I AH
R IRSZEL, EARFE KA K2 BEAE 5NN A IS . 227 8 SR
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FR g T (B SRR AL AU 2R T

AR A K Z BT AT T GaAsSb. InAs/GaAsSb 8§45 InAs/AlAsSb Al
GaAsSb/AlAsSb A K, BT As FIRF A/, HHS InAs #)K s UL
Bt. FEMEIAKEFEF, InAs FIAEKEZREK 0.5ML/s (1 ML~0.3nm), GaAsSb
HIAEIEZR N 0.7 ML/s.

3.1.2 #REEFRIE
3.1(a) R (b) 73 5l & — N = s (A IR 3R 4544 . IRWIX B InAs (2.85

nm) /GaAsSb (2.10nm) MM BEFXH 54 GaAsSb (4.80nm) /AlAsSb

(1.80 nm) EFHHEM. KX H 74 InAs/AlAsSb B FHHHM, H InAs EE
N 7.40/6.10/5.20/4.52/ 4.00/3.58/3.23 nm, AlAsSb JEE N 1.36 nm, #HMEX A n A
Bk, BARIKEI 5X10% cm™. InAs/AlAsSb ¥ Xy 20 H # InAs (9.3 nm)
/GaAsSb (1.05 nm), BZIKEN 1X107 cm>. GaAsSb/AlAsSb EfilIX 30 &
#4 GaAsSb (4.80 nm) /AlAsSb (1.80 nm), BZIKEAN 1X 107 em?. TRILKIX p
BB IIRER 5X 100 em™, ZRESF TR X B 73 7) 29 550,720 F1 1080 nm,
BRI X SRR 2350 nm. FLGAI-GH A GRS AR 2.0 BT
N, FL AR IR X B B 37 R A SR B AR R TN T I, DA SR 2B AT SR A
FE R L AL 21

(@) (b)
i GaSb contact region GaSbh contact region / one stage
GaAsSb/AIAsSb contact region [/ GaAsSb/AlAsSh contact region |7~ g
GaAsSb/AIAsSb tunneling region |/ GaAsSb/AlAsSh tunneling region |~

InAs/GaAsSb ahsorber 1080 nm
= one stage

InAs/AlAsSb relaxation region | /::
GaAsSb/AlAsSb tunnsling region |/

InAs/GaAsSb absorber 720 nm

InAs/GaAsSb absorber 2350 nm

InAs/AlAsSb relaxation region [
GaAsSb/AlAsSb tunneling region |7
InAs/GaAsSb absorber 550 nm

InAs/AlAsSb relaxation region

InAs/AlAsSb relaxation region
inAs/AIAsSb contact region /

InAs/AlAsSb-contact region &

tnAs buffer region inAs buffer region

InAs substrate InAs subsftrate

3.1() —GR (b) SRHFGBANBRTRE
Figure 3.1 Schematic drawing for (a) one-stage and (b) three-stage ICIPs
FIA 8 WAL EIR BT RIS AT TR, B 3.2 BN IA SRR AR B 4
HIRer &, SRR ERRT (BT BRiETHE. MBRXRE hAs B
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FHHESETEER AN 0.686 eV (FIXTT InAs M HITRERHIGERED, 5 InAs/
GaAsSb 8 A RIS X i HE F4H (0.686eV) HIKHXTE. Z/EEA InAs BF
B RS THLET —META— MO EE TR G0meV), MTHEFT
TS T IRBUT . InAs/AlAsSb BT BRI SR B FRER N 0.477 eV,
GaAsSb/AlAsSb B F B IS RAESR (0.473eV), R EESR 7 LU Ik
B AL T — R AR X .

) v ) v ¥ v ) b i v )
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201 -1
—~ L
>
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Figure 3.2 Energy band structure for interband cascade photodetector

EMREKERZ G, SRREHT TP X HLMHEER (HRXRD). .
FE T #7218 5% M3  Atomic Force Microscope, AFM), SRERAEM BHEK FI R & .
B 3.3 B =FKA R ZECHENARA (004) T HRXRD WALk . g 0 HAThH
TR (SL0) Fl InAs HIRIEZ I REI-" = —4.4 X 107%, R 0 SIS L
W) I44 5 (full width at half maximum, FWHMD 9 35.6 38D, #R¥ESL 2 2
1E 2 BAT S TR WA 07 B VT LSR8 48 f i (17 2 )8 HA )2 B 1201,

d=—2

2A0 cos 6 ’ (31)

He, AR X HEHEK (1.54A), NGRS BEEZ HEFHAEE, 6
R 0 RIS E. RELAREBEHEEN 46.8 A, BHETRIHE 49.5 A,
InAs/AlAsSb 42/l X 1) 0 AT 8 TEIES InAs #RIETLFE S, R InAs/AlAsSb
SRz a R RBLRE /N . T GaAsSb/AlAsSb B X IR RAHIKRED, @5 &R
GaAsSb/AlAsSb B % X 0 FATH LEEME, O@®@F 772 GaAsSb/AlAsSb

B% 5 X (AT T2 1% . GaAsSb/AlAsSD [ % X 5 InAs ¥ JR 2[RI AR B K 2R AL,
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PRI (8] SRR AL SMF I 23 1 7T

AT R S R AERE 2 X AR K As 4H 4 EL iRk THEAR, RIBRE T E B X FE As
HIZH53 9 9%. F 3.1 B4 TAHKHK 4 4V 8 REERE N 226038 3 HRXRD #iZk 1
THE M InAs/GaAsSb # i JA #H, SRERAT 0 ZefiThf T2 Ig g .
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B 3.3 =R KBNS HRXRD JHAZR
Figure 3.3 HRXRD curve of three-stage ICTP

R 3.1 HRZBERTA HRXRD JRG R A4
Table 3.1 Summary of the HRXRD measurements of the ICIPs

FHEE (A) REC 0 2% V% FWHM (arcsec)

one-stage 47.08 -4.8x10* 32.04
three-stage 46.74 -4.4x10* 35.64
five-stage 46.80 2.8x10* 25.92
ten-stage 46.61 -5.7x10™ 30.60

3.2 HIERIR GV R A E R
3.2.1 FAMESIE FREMAGRA 1

HE S B2 M4 (Scanning Transmission Electron Microscopy, STEM)
e MR ERASOR, FIHERERTFRIENGIE, STEM 1] BLSEHLI R G4 5%
#, STEM [ 2 BT RHK R F R w4 9 3 BB I R AE AR 43 A p 1311331,
STEM HIBIEXT 7R BT R, WMERERLN<1 A WHFHRE, EEl
BAMKBERTF—MIEREE . STEM FIH KRS B THT &, BTHRE
SHERGE, ETRSSHEMETFTREMIER, BFRO—HH 2B FITMH
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e N T ERRPREFREFHBETULRFRMAEEN, SREBREMIE
BAMEBET, X PR SST AOBR AT R T LIS A SRR S I S5 R A (5 B . BT iR
S M B 43 T B BB P T T AT B R A R BB, 53 AR e
E#i5iE (Electron energy loss spectroscopy, EELS) T UL E 1521 5 BF HI6E
B, FIF e MU T AR R R M A R EUR TR A RS HIE B
& 3.4 & STEM I TR HERERE, RTREBIMERESIHA L, BTHRSHF
e SR FAR R A R AR B, O TR SN R R R R S ik, BT
RB IR E B TR BB B . 7E STEM H{f F IR A3A AL B 3 -0
S2(ABF), XA EN TR RN 23 (HAADF), %5 /1 I R G 73R 28 (MAADEF)
1 EELS JUMX. ABF #RIUZSIREESE S T R/NAEHUN BT U FA<10
mrad), HAADF F1 MAADF #lI38H T &R Lhs /A B R 5 (>60 mrad).
FEMARNREEGT, BHBRLABEAEEESN DA% . HAADF 1 MAADF
WO AR i SR B R AR R T-BIUR I B8 7, AR B I e RSN SR S AR i R TP IR
RS (2) W FETRIELL, [Eik HAADF F MAADF EHEE H## A Z 7 EEE

[133, 134] .

Electron probe

MAADF
detector

detecto;- HAADF
detector
& 3.4 STEM I@Eﬂﬁ%@

Figure 3.4 Schematic of STEM

IV BAL AW Sk 4 FRAME (MBE) K In A1 Sb BT RN
Gk, SEUE TS S IR RIS, Muraki S AME T ARA KR T
In J& F 0TI U InGaAs/GaAs BT BHAESS Tn b7 2 I3 RS, [H Py
SR %t InAs/InAsSb # g Sb HIRATIE14, InAs/GaSb FHEH 7> B #R
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[2-USI 47 TR SR s FRRET 454 K AR A6, 2 TInAs 49 JE £
4K ] InAs/GaAsSb #B &%, AT LARF InSb FLHEPY, Ktk a] PLSEPLEE InAs/GaSb
HE AR E BRI T ALK, AR TREM R BP9, R, FER
AR KR R SUH B0 T R AR B 5T,
FERG R R BREE R P, REIRER S BU R EE, R HR T fifesmil iz
() B T Bh BT R IR RS %) R B AR T R X MR & X B T Re A
SHALE o M AR N2 TP B SHER TG B IE T AL RN, &
B 5 JR T A3 40 A R S AR RS B SR SR A TR X A 80 BRI B
DRz 3 RN 27 X I RE R AL E o TE 7 (A R RN 23 1 RE AT S5 A et e, JATI
X EhFAE KPR, Hi¥ InAs 71 GaAsSb EREEBEILER,
fESERRAEK P, TERELTGEEERFHMmET, SESHAHSNIRE, 5%
SRR T R B EE AR L . T RE SR SR b A L A N T
SRASH (B R GEAI I VR R R T AL 015 B, FRATTX e 1) IR B3 0E1T T STEM K
L, BFRRIEES A =5 R REENAS . HAFARES FHR (Focused Ion
beam, FIB) #I4& T STEM Mt S, &l 3.5 ZHI&R (001D FiE rIRAFE M,
X1 1-3 307 STEM JRMIXIK, XiF 1-3 53519 GaAsSb/AlAsSb FEF X,
InAs/GaAsSb FIZIX , InAs/AlAsSb 5BIERIX

GaAsSb/AlAsSb tunneling region
2
P-doped InAs/GaAsSb 1.08pm
3 InAs‘AlAsSh relaxation region

GaAsSW/AIAsSD tunncling region

P-doped InAs/GaAsSb 0.72um

InAs’AlAsSb relaxation region

GaAsSAIAsSh tunncling region
p-doped InAs/GaAsSb 0.55um

InAs/AlAsSb relaxation region
n*-lnAs buffer layer

B
AR InAs substrate

3.5 =ZUHRKBERNE (001) SEREHE BN RER
Figure 3.5 Three-stage ICIP specimen for the STEM along the (001) crystal orientation

B & SE UG, SHIRAE AT T STEM BERIRA EELS K, A3
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%724 Nion HERMES-100, HRAC#& TERERIESS, TIEREEN 100 kVe
HAADF 1 MAADF U£E 2 /4374 92-210 mrad F1 60-92 mrad. B 3.6 21&FF
FXIE 3 K STEM B, MEPEWHSFERIRX . mRXAMREEX.

" InAs / GaAsSb
absorber

InAs/AlAsSb
relaxation region

GaAsShb/AlAsSb
tunneling region

3.6 =N RBRNBFIEMER STEM BB
Figure 3.6 Low-magnification STEM image of the three-stage ICIP

3.2.2 InAs/GaAsSb iBERIGLE S 210

& 3.7(2)R InAs/GaAsSb B EMHTEK TR (2) ) HAADF B&. L& H
TR F X 5 HAADF BZ LA K BELS 5%, AILAp## InAs. GaAsSb
1 AlAsSb 2, 5 46— 2 7] URHE R 7800 # TR VIR EE-T, 08 3.7(e)
Fi=. BT HAADF B4H 72 W R, £ nAs BH In 7T (Z=49) L As &
F (Z=33) #EH, TTE GaAsSb ZH Sb JET (Z=5D L GaJ&T (Z=31
BEE. T InAs fll GaAsSb 2, B FRIAE FZ M tLEMK, nAs E
1 GaAsSb EHI SRR, {22, InAs fl GaAsSb EZ AT E X B AEF K
SHMIRE, RUPELERIRTHERAE Ga Ml As RTFHES. WE 3.7,
InAs M1 GaAsSb B2 A IF X BB ETE 2~3 MLs. & 3.7(b)R AR XK
MAADF g4, #HH HAADF E{%, MAADF E1& #1585 7T Ll B— & 813
¥ . 7£ MAADF B, 7ERbyE X DI EE R KXt LR, R InAs A
GaAsSb 2[R HIITE B AT BEFEERNAE . N T 54T InAs/GaAsSb H & H N AR,
18 B JLAIAE A4 4T (Geometric phase analysis, GPA) TEIH T AAKEKTT
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FIBIR ST (Br), THEHEET (004) HRIATS, HAMB InAs BAEASH G
K% o By B JTFIRAS 282 B0 3.7(c)FI(A)FiR . TE GaAsSb J2 2 LNy
(R TT 1 ERERL A, UM B R HHOR T InAs 2, XATHERET In
F %3] GaAsSb ET 3N, T InAs BRI GaAsSh EZ KT IEXIH2IL T 7
Ry Gt T L RITR BT, BB E SE E HU/N T InAs.
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E. 3B, (d) B E, Hi£R, SLHRERT InAs B/GaAsSb B/F T E X R K5 74,
(¢) FHEXIR Ga/ln/As/Sb RF~EHE
Figure 3.7 (a) Detailed HAADF and (b) MAADF images of fhe InAs/GaAsSb superlattices,
(c) E, strain component map along the growth direction z, (d) E,, strain component profile
extracted from (c). Dashed lines delimitate the boundaries between InAs, GaAsSb layers and

interface regions, (e) The patterns Ga/In/As/Sb atoms around the interface regions

& 3.8 432 T InAs/GaAsSb BBE MK In. As. Ga A1 Sb i) HAADF-EELS
2. 7% InAs F1 GaAsSb B2 AR A M X MEHEME S EY 8L, HEAS S
A R IEERE Ay i, 1%5 HAADF (MAADF) B4 855 (58) HISTELE —E.
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%FF GaAsSb-on-InAs 1 InAs-on-GaAsSb Fi T [X 35 1545 3 £ 435114 0.90 F1 0.60
nm. SEEGHEFRESZBET In A Sb KRHTSIREN. In FWTEERAEE
GaAsSb-on-InAs St ik, S8 T In FFHAE GaAsSb 2, T Ga R TR HFIH
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Figure 3.8 HAADF-EELS chemical maps of the In, As, Ga and Sb atoms for the
InAs/GaAsSb superlattices

it STEM HAZKIE T InAs/GaAsSb BEEMEFEMER, KIHEHE
W Z ABRER KRR Z, AT 52 InAs/GaAsSh BEEHREFHSE R, 4
4 STEM HIIIASE RS T R EA S, X HRXRD #igk#iiT 7Hle, XTR
FLRAN S BEAT T E BT . I HRXRD ] A3R1S T 8 f b X I M 1415
BARETHEERKLE, FIMH STEM B35 8% HRXRD #ZH#T T4,
] USRS AB A S R FINA S e &40, KA sigmoidal BRECxH R T HIH >
BEAT T A4 1590,
x =2 (32

_Z
1+e L

Hrhx, RH, LRICAEMAEE, KAHEEEE XA 10%E] 90%HIEH, 7
HEE N44L. B STEM 45 GaAsSb-on-InAs 5 (% Z 0.90 nm) Al InAs-
on-GaAsSb FH (FEE 0.60 nm) RIHELWE, x HNEERRESH. NEW
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HRXRD HiZeunfE 3.9()fa, MEB2HWAEDE 3.90) . RIEMELR,
GaAsSb ESZBRIZH N Gaxlni«As,Sbiy, i x BN 20%, y BHE N 8%. T
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Figure 3.9 (a) Measured and simulated HRXRD ®-20 curve for the three-stage ICIP sample,

(b) composition profiles for Sb and In atoms for the InAs/GaAsSb superlattices, the solid
and dashed lines indicate the composition measured by EELS and simulated through the

HRXRD curve, respectively
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Figure 3.11 The strain E,; calculated using the simulated composition profile for the

InAs/GaAsSb superlattice
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Figure 3.12 (a) HAADF and (b) MAADF images of the InAs/AlAsSb relaxation region, (c) E.,
strain component map along the growth direction, (d) E., strain component profile extracted
from c, the red line indicates the calculated strain using the calculated simulated composition

profile
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Figure 3.13 HAADF-EELS chemical maps of the In, As, Sb and Al atoms for the
InAs/AlAsSb relaxation region
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Figure 3.14 (a) HAADF and (b) MAADF images of the GaAsSb/AlAsSb tunneling region, (c)

E,, strain component map along the growth direction, (d) Ezz strain component profile
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Figure 3.15 (a) HAADF-EELS chemical maps of the In, As, Sb and Al atoms for the
InAs/AlAsSb relaxation region, (b) The patterns Ga/Al/As/Sb atoms around the interface

regions
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Figure 3.16 Energy Band profile for the (a) abrupt and (b) graded interface profiles for the
InAs/GaAsSb superlattices. Electron and hole wavefunction for the (a) abrupt and (b)

graded interface profiles
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Table 3.2 Calculated energy levels for the abrupt and graded composition profiles

Energy (eV) Ci HH1 Bandgap
Abrupt profile 0.686 0.469 0.217
Graded profile 0.664 0.412 0.252
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Figure 3.17 Energy dispersion of the InAs/GaAsSb superlattices using the graded model for
the direction (a) perpendicular to the growth direction, (b) along the growth direction

T X B R R B v P, AT S R BB AR AR AT T OB
%Yt (Photoluminescence, PL) Mk, JeBURIERE T HEHI B T~ A1
BT A N RSB B AT AR T . 7RI Ak A B BUR IR A K09 1082 nm
FI2AHE Nd: YAG #0688, A TG PL SRAMEEELL, WEoLR#T AR, §
BITHORE K PL (55 5T 88, AR RIRHIHZE ) 300 Hz, B
HTHE N 0.5 W, F F & B 41 48 61X (Fourier-transform infrared spectroscopy s
FTIR, %15 Nicolet 8700) %f PL {55 #47 /6 illis, KM InSb £ 2E (T
TEIRAE 77K) W41551, [&] 3,18 J27E 77 K IREE T ARG RIFE M K] PL D61, PL U
frBALTF 5.03um 4k, 76 PL W IE B KEIARRM AP, LM ELF k)
R TR (4.93 pm) AR (5.71 pm) KIHEBUERK, FR#R
BRI K5 ST R A I B I

5o [nAs 2 InAs/GaAsSb 2 B M FITRBCR BT TR, IR0 -
B Hext A KR FIATREEAT T AU 2 200 pm, RS540 FIIIR T InAs AR £
¥ InAs WEMBEEMENEL R, HEMARINTAIELENELR, 8
IR SR BT R AT A BRI R B RIS SRR =R, Bk
REIWERAG FASHEERTRAEENRERE. B 3.19@& &
InAs/GaAsSb 8 5 #% M OB A1 InAs WRMZERL R, B 3.190) 53 5 2 &

53



RGP AR S

InAs/GaAsSb #FIETE 77K R R B A MRS R, 76 4 pm AT EFAN
RER W R B4 BA 3167 ecm™ #3319 cm™, iR RABEAIH AN 4 um
BRI BB 4300 em’!, SRFHETAS AR H AR B RO R B SR A5 SRAEE AR

REFF & Lo
40 — T T
T=77K
three-stage
- 30 .
3
&
> .
wm 20 -
c
3
=
T 10t .
571 um
1
i
(| a '. 1

0 3 L 1 i 2
3.5 4.0 4.5 5.0 5.5 6.0 8.5
Wavelength (um)

[l 3.18 = RIZBERA AR 77 K BHHT PL 3%
Figure 3.18 PL spectrum at the temperature of 77 K for the three-stage ICIP

~_~
i~
~—
[-1]
o

(b) 5000

———-measurement
4000 ~ — calculation |

3000 -

2000

Transmission (%)
[\N] o
(=] =]
i 2 L

absorption coefficient (cm™)

] T=77TK
104 ——InAs subtrate 1000
) -——material
0 T T r . 0 N f N 1 N 1 Y
k 4 5 6 7 8 35 4.0 4.5 5.0 55
Wavelength (pm) ’ Wavelength (pm)

3.19 (2) InAs/GaAsSh BBE#H InAs HIEBITE, (b) InAs/GaAsSh BEMBR AL
HRERER
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Figure 3.21 The calculated (a) electron effective mass and (b) optical transition strength for

InAs/GaAsSb superlattice with different InAs thickness
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Figure 4.1 The fabrication processes for the front-illuminated devices
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Figure 4.2 The fabrication processes for the back-illuminated devices
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Figure 4.3 The schematic drawing for the blackbody response measurement
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Figure 4.4 The dark current density at different temperatures for the front-illuminated (a)
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Table 4.1 Summary of the dark current density and activation energy for the ICIPs

]d (A/sz) ]d (A/sz) Ea(ev) Ea (eV)
(-200mV 90 K) (-200mV 200K) (150-300K) (100-140 K)
one-stage 7.9 x 1077 1.4 x 107t 206 162
three-stage 6.6 x 1077 6.3 x 1072 197 158
five-stage 2.6 x 1077 3.0 x 1072 203 167
ten-staeg 5.4x 1077 1.1 x 1072 200 164

B 4.6()R7E 300 K I8 T AR FFENH RIFBRN RO RREE, B
4.6(0) RARAERE T+ E R AR AR SL- S5 TR (Rod) HOMEISL. 7EAH
FLIRE T, REGHZ R BRES, MR B EMES AR (Rd) B
Ko —%%, =%k, AFEMTFHEMH (HIR: 200><4oolum2> 300K T Rod 435K
1.8X102, 47X107%, 9.9X102, 2.9X 10" Q-cm?s AT HHrREIRETX ML
BRER YU AR IR, BATIBIIT Rod HIFRTHIRR. B 4.6(b)R7E 300K
BET, RAERTHEIZBRMERE 1/RoA BFE2FEK (P) SHM (A) Z M
AL F 2R . M B REER (pg) FMARIRBEG-4 A TRFR(RoA) punc P BAMRIE AR
FHREANE:

66



5 4 & HTRIRERLL SR8 Ot F Ak BE R 5T

b

| RlA =Ga A)bulk +pl ;) - (4.9)
& 4.6(0)FTR, 1/Red HEKEMLP/ARLM KR, BEREA UALER
B B p,. 7E 300K HIRET, MERIN—H, =%, LFN LN
ﬁﬁﬁ%%%%ﬁ%mﬁ%%%ﬁam\%mfﬂa\wzwgmﬁ G
9%k (U B BELEE S, M3 LT R ERLR A B M BE /b . RO MO AR O BOR
Fy 32 B BEL 2R T B SR 1 BB BESSE, SAAMIB R X ARG 2 (X RN VR N5 &, SEEEHTHY
2 ] DL — e AR R L h R s s, g R BRI S A B & R X
AP 2E X, XM IR FB (416 BE 5 K o |

() b
I L e T y =()ao.

T=300K _ A

~ 10' -
€ s 60 _ A
L _ . -
s;.10°r 4 ‘E . -~ A onestage pg=3.03Q-cm
AE 3 < a0t AT A O three-stagepg= 9. 26 Q:cm |
8 10tk T=300K ] % o five-stage pg= 31.62 Q-cm
g ——— one-stage & V ten-stage p,=182.150-cm
c three-stage v 20 Y- S G- - 4
G 10°f —five-stage x--8"
-——ton-stage G--@-=="-" A, S o
L 1 L 1 ¢ - - F-=---- V-~ - g = — === v
10:‘2.0 1.5 -1.0 0.5 0.0 0.5 0 60 90 120 150
Bias (V) PIA (cni')
B 4.6 (2) 300 K TARZSSR AR B CBEER 200X400 pm?), (b) Red SHFHEH
RE

Figure 4.6 (a) The dark current density for the ICIPs at the temperature of 300 K, the size of
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Figure 4.7 The dark current density for the front-illuminated and back-illuminated devices

at the temperature of (a) 220 K and (b) 300 K
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Figure 4.14 (a) Responsivity and (b) detectivity spectrum for the ten-stage ICIP at the
temperatures from 160 K to 300 K and the bias of -200 mV
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Figure 4.15 Responsivity for the (a) three-stage, (b) five-stage, and (c) ten-stage ICIP at the
bias from 0 to -1000 mV
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4.4 THEIRERLIIMRNZBZ AL EAAR |

FRATITT IR T 745 TR IR 41 S0 EE T T 1 1l 4 R RE A D B 9T, BE4T 1 — BT TR
RBAR ML RIS &, EETFHERNE & TSP, SHZMAHBREESEE
FRZI (inductively coupled plasma, ICP) L%, 7£ ICP ZthArik H SiNgEAN
. GHAt. SBEERERKNEREKSE T2 5EANFHE4LTERMU "h
SERUE X BEAT VT BRI, )5 ik e B BE LBk . )2 5E A A BB T T T
MEMAE A 320X256, HLOEERN 30 um, ST STA 27 um, 7E& A VIFIERUE
BPI S ELH EEIR, AEH R BRI N 33V, AR 16 Me, Z
Rk P EEEEAEM L (FHCh 2) it T HEaemli.

RSP, SRl N ETE B, 0Bl E7E 293K (Ty) M 308K (T;)
HARIREETR 100 WA 2B i R, @l A FIRE R B R ETER
BT RAE 5 RV, BS80S [ M) () 08 S 8 T 545 B e 75 i vy 1134,
IR ERMR A EE, TE AT UAREPHHERSH, HhRESIRE
(NETD) RN EFHEEREN—NEZESH, NETD Fit &A= R,

T1—To
Vs/Vn

NETD EAE 7 £&-F H M BRI R E REE, FA4MGTH ARG THIEIT
IR 5 0] DAAS B R AE £ T I VAR S 240, e an B oM B 4R35 5 1 55
(1541, — 2545 (A R BEARII 3% 135 K T 50%Eb3Koh 4.9 um, £ PSS R0
42 iz, 1€ 135K FHAFEN 1.7 ms, NETD N 343 mK, BEIGE A 0.3%,
RS 8.8%. SHZMEFIAGHAT T EARBRER, WE 417 FiR,
T DLSE TN & 145 K R T MiE M.

R 42 —HFRFEHRRUBETHERSH
Table 4.2 Performance of the one-stage ICIP focal plane array

NETD = (4.12)

Operating temperature (K) - 135
Integral time (ms) 1.7
Responsivity (mV/K) 22.3
Non-uniformity 8.8%
Detectivity (cm-Hz!2/W) 1.4x10"
NETD (mK) 343
Noise (mV) 0.76
Bad pixels 0.3%
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Figure 4.17 Images taken at the operating temperature of 125 K, 135 K and 145 K using the

one-stage ICIP focal plane array
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Xt A ) 2 50 PO ) 2 e TR 38 0 iy 2 28 EAT T U BRI BB . — ST = i [ Bk
BEIIER MR DR AE 220 K 2 EFFIRFEIR, RUIFE 220 K 2 B UK FFIRIEK,
WE 61 MGk e TH R, — SR = 28 ) L 3R U A o T 4 ) R R R
SR 7 2R 57 B3 B RO SL RN K, ) PR () R BB R 2 0 R M X R i, 7T LR
TR R 28 J L AN B2 B0 B RS20, AT 7T DL SEEIAE il T 4R TN SR A B2 5 - 72 300
KRET, —%, =% HH, TEENGBMLE S pm AR R 5105
4.5x108, 4.9x10%. 7.6x10%. 8.0x10% cm-Hz">/W.
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5T SHEPREERBKRLIMANEE

SR RS BRI H AR RIAD B b 2 (R e 5 1221014 N A AL SR AT MR 25
HIRGUES, BIMEEA R RLEE  SGORRINES A R NI (8] 3 22 a2
TF oA o B R B B A B B R I T e o BRI T e LR
R, R 5 R L3S ) 7 VR RN R I (B R TE SR AR T BRI 2R O FL R R B K
i BRI VEMER 1, W F U BOERSRE, 5 RE  H 7 =2
AR X JEBE, ER X R BN PR T AR M R X TR ALSh
VRIS, 7508 I RLE FE I IR A0 2 S BRI SO MRS . TO I GBI B %
FZ P BkeE, "TLBEE/NE— BRI X R, /NI T B3 R 1
M AT LASR RO LI . 76 B — 2, ATDRIIE 1 7 A ZB R 2% T LA 3K
FSEEL/E iR PRI MR E, FEAR S, BATE LH& T RMR BIEG I
BRI, IR BB R IE R ESS R I M RER M AR dAT T
AEBBOA R, T R Bk HOHEAT T oS [ TR ST, S IR
G A8 7E v TR e R T T B I PR EEAT T BT SRS

=]
H

i

5.1 RSB R IEREKRN
51.1 RFERRIE

AT H—HRERPNERRNE, RAERREEGRNSFIT T,
WIS 5L BB RER, ERGHBEFERAZHELT, ReRE
BRI, R ER N TEFEREME 5.1 s, RNSLTREGER
dty, BENEERHSRNRMEM, AT RS SIRmNR. o' Mosn
BIRANSGEITE R RTINS MAE, RIEFS e, o MoFAEN TR
#:

sin@’ =nsinf (5.1)
He n REBBERITHE, LALLM REZZDERRT, A
A5 B RTRIZE F T AR A 2 2GR AR
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Figure 5.1 Principle of immersion lens
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Figure 5.2 The relationship between the radio of A,/A. and .(a) the device size and (b) the

radius of immersion lens
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K S SRR B BN AT B, KRR TACERRTE. 5.4 ZIMT/E
R EEN AR BT 2% (scanning electron microscope, SEM) E{&., LA
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Infrared
radiation
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B 5.3 ERBREER T R RRLIFRRSBE
Figure 5.3 Schematic drawing of the interband cascade infrared photodetector with

immersion lens

K 5.4 BEES SEM B

Figure 5.4 The SEM imagine for the immersion lens

5.1.3 ERRRERFMIBFMERMINER

BB TG » ST RRIR B 5 1 7 8] R IR DU 23547 1 v N 2= U
o 5.5 R 220K FHEHT, 43 mMEBaRFrms R iR R, +&%
NET RN 0.14 A/W, ERBRER RSN Z0Y 0.82 A/W,
N RIRE T 5.9 5. FEMEERE EFFR TR (anti-reflection layer, AR) HJSE
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%, EEEHREHE—$EKT ZnS/Ge/ZnS = FIRRIE, Wi RISt R
KAt RS NmEE, EEKTRRIES, £RIREES IR Nk
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Figure 5.5 The responsivity of ten-stage ICIP with immersion lens at 220 K
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Figure 5.6 The detectivity of ten-stage ICIP with immersion lens at the temperature of 220 K
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T 4.7%X10° cm-Hz"/W.

(a) 12 (b) 10°¢
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_ 1o} ——ten-stage b4
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< o8} I 1k
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Figure 5.7 (a) The responsivity and (b) detectivity of ten-stage ICIP with immersion lens at
the temperature of 300 K

52 ERELLTSME N SN R A (AR 5T
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LA fy 0 HRAT S HOME RS 3T R I BB 0 T LA 28 B o R
% F RC MBS B foan = 2 (HESITRL LM 3). EARWRIOH, RATRA M
Sk R R O SRR . TRIE AR RGN 5.8 Fw, ZENARIE A
AR, MRS R RSO R AR FORIE, @i R A SRR A K AR A
06, 1641, o s OA 3.7 um (BRSO, B EOR IR 10 ns, Bk
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Figure 5.8 The schematic drawing of the response time measurement system
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5.2.2 (B R BRHRMIZE Mo 7 At () it |

XA REAT T BRI, SRA 2 FH i B (thermoelectric cooling, TEC)
%, BiT TEC MEMSLIIEA MR, TEC TR 300mA £4, 2 H#K
HEATT LLSEELZ) 240 K M TAERE, H3EEH/MF0E 5.9 Fr.

B 5.9 #mBRaE 25 WRKBRLIRNE
Figure 5.9 Interband cascade infrared photodetector with two-stage thermoelectric cooling
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Figure 5.10 The response time results of the three-stage ICIP under zero-bias
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Figure 5.11 The response time for the (a) three-stage ICIP under zero-bias, (b) ten-stage ICIP
under zero-bias, (c) three-stage ICIP under the bias of -1.3 V and (d) ten-stage ICIP under
the bias of -1.3 V, the size of the detector is 100x100 pm?
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Figure 5.12 The response time for the ten-stage ICIPs with different devices size (a) 50x50
um? 0V, (b)30x30 pm2 0V, (¢)50x50 pm?-1.3V, (d)30x30 pm?-1.3V

Bl 5.13 BRI REBARNZSm N B EG R, EFWT, A4
b T B R RN R BB E] 4> AN 0.76ns R 1.22ns. -1.3VIRET, HESRAM LA
B 1E) RN R BB 18] 433 4. 0.24 ns A1 0.52 ns. LA SHH E AR B+ 2 A8 1447
L, ToiRfE il 2 I T B A S 8] iR 22 ) BN K, T — A Tk — 2P X IR
il e L I TE] R R ZR BEAT T A

86



55 m 5 R BT R BRAL MR I 2

@) 0,009 (®)
e e-stage 50x50 ym? OV five-stage 50x50 m* -1.3V
N Y Y A
- S o008} )
) &
g Risetime Fall ime g 0.008 Rise time Fait time
] 0.76ns | fromenl T =) © 024ns
> 0003} z.
g g 0.004
k=2 =
B I NN )
0.000 h oo SN T
0.000 ™"
A 0 1 2 3 -1 0 1 2
Time (ns) Time (ns)

B 5.13 HEHRZBHRNE () BHM (b) -1.3 VIRET KR E
Figure 5.13 The response time for the five-stage ICIP at the bias of (a) zero and (b) -1.3 V
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Figure 5.14 Equivalent circuit of the photodiode
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0.076 ns, WABEIFIFE LR N2.4 X 10712 pF. FHEBENA WTRER2EFHE
P EREN T RERN, HTHEETRT RSB, RIS R
B IR F ZEZ IR T A A 0, W SR vT DAV BREE /o 2 R, A F ) R 2
PLit—B R &
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Figure 5.15 The response time of ten-stage ICIP as a function of the parasitic capacitance,

the size of the detector 100x100 pm?
TSI 1] 5 3dB BISEZ FK R fas = et AR RC HEHES

HSR I, SR SCRR BB MR R EARN RC g, WA BRI REE—E -
BE L T VR A BRI AR HIHE O, XA R kX SR AT B AR
Sk T3R5 FIR R op SR PE . A Matlab Ho R 48 BL 28 3 R B (FFT) % Bk
PR BHEAT T 28, [ 5.16() R SR RS RMERS L. BN F=%
2244 3dB BUEHRN N 79 MHz, -1.3 V IRE T4 409 MHz. % % =5F 3dB
LS R 293 MHz, -1.3V fRE FA 491 MHz. B 5.16(b)2 &4 A RITHEAR
RS S # 2R, <R 30 um BISSHFEE SR T 3dB #UEE )y 540 MHz, -1.3
V RE TN 570 MHz. A LLEHER T HEN 100X 100 pm?® KR4EF R T 3dB
BUEPRER, HEMERR T ULENEHRFE4H 3dB Bub MR EH A
K, XL T SRR R EER 2B RC FRAVELM, BRSNS IFRAR
K.
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Figure 5.16 (a) The normalized frequency response for the three-stage and ten-stage ICIPs
under the bias of zero and -1.3 V, the device size is 100x100 um?, (b) The normalized

frequency response for the ten-stage ICIPs with different size at the bias of zero and -1.3 V

5.3 KRE/NEE

FE A T HRIRA TN B IR OB R 7 TR IR 28 AT TR, B IR I BB 1
Y PR SE TSR AN SR FOAR T, 7RV 5 RO A MO 1R P T B3 T USRS 7.5
BEA. GERREMRRER, T80 ERRRMIETE 5 pm RN ZEER] T
1.4X10" cm-Hz"2/W (220 KD, 4.7X10° em-Hz"/W (300 K)o F4t, BAIHH
[ B SR 28 e B2 FEEAT T MR o ZE AR T = 4050 (A1 BRI 28 (4 B ]
KT+ Rt S48 BN RS2 RN T My B0, 78R T 0 LU/
JGAER BRI BT CAAE R R/ B4 e R BN ] o 1.3 VT 4 R SRR
50 EFHAT AN 0.28 ns, FEERFEN 0.51 ns. S EEAFIE A G w K T e
F R RZE (8], #34F E 22 RC B TEE HURIBR i
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ST AN T 5 T X G5, 7T O BE A PR T AR T LA Ut
R SR T, TSR RRHRIIEE . i SOM sl MBI M G W 58
PRB e M AR RAE S T T REAT T RGEHOTT AL, It 1) B B P L R R
7 T R BB T 2Rl

6.1 TIERZ

V0 S T P A SRR AL AN B AT R AL, NSRS
RAE 20 & 5 R 7 T 7 18] BRI 282547 T T 5T, BRiE 1 7 IR R
MERAE S TAERE F RS, AR T.

(D FAMENARETERST 8 % K-P IRIBUERMITE, A
MATLAB 4RE T 8 77 K-P #AFIRMAFET o 1T B InAs/GaSb 8 S & K REH 4514,
5B — 8. BRI AR T T B A OB R 45 Y InAs/GaAsSb
TR . InAs/AlAsSb TR X A1 GaAsSb/AlAsSb & 5E X B REHT 4514 «

(2) EYEPRBRMBE T, HS T H A RBERI 2B T MR R H) R
R, A TERRY BT, A BRI A B AR AR 2R 5 A R R X
BEERIRR. W FHHERICEEN, HE T EARY B EMA R RECT BBk
X R o X 2 400 3 S 18] BRI 25 ) 2R i 2 B BEAT T PN A, SR T
BRI EE, 7£220K UL BT #SEKERRETHERITHE TR, 2
300K NN EMEIL. BASBEIFE 300K F 3 InAs/GaAsSb i#B s g RILIX
PEOKE, BENE Y BB BT T IR AR R A R R4 .

(3) HWIBEIILEN, KT R A ZEBRNASFRE . 0 8 BRI
MEEATRLEEAT T STEM AFFT, Xof 5 (8] L BRERIN 28 rR RS IX | SR X ATRE o (X A 57
T S5 A 5 A 4T T STEM FIIBRAI 4047 456 HRXRD 4R, &R E
InAs/GaAsSb 8 4% . InAs/AlAsSb 5 B X F GaAsSb/AlAsSb F& ZF [X 1) J5 745 73
S, WRIEWESE R ERR A S GPA HiEMEARMAF. RIENEHFH
WoyorAa, ok T RERHTER MATARSY, £ ESH AT RSN R AL
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B SMAEN PL EEAMR, SHAF nAs JEE B ERE IR KR EE R
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FAAERETT AR HEICZR, X7 [B] SR BRI 25 i B A HR B “ TP 5 BB 3047 T #
=

(4) % 1R RIRLL AR, R EANS T NS PG, FEXA
[ ORI A IX 5 B2 P () B BRI 28 ' LA BR HEAT 1 LU o B PR IR R T 78
150K 2 R EB TAEEY R T . 6 F—Za A RBERMEE, M 220 K JF4E
A HOmE BTG RAIG, T R IR R EAR A, £ 300K F, —
Fow = DFA+FIENG B RIRIZE S H . 4.5%108, 4.9x108, 7.6x108,
8.0x10% cm-Hz"2/W.

(5) JFRR 1 e 8] SRR AL S~ AR 238 (A5 B 70, T R LA 320 X 256,
135K NRABIA 1.7 ms, NETD 4 343 mK, BILEN 0.3%, WiNIJEHSMH
9 8.8 %. XZFEFHEHABFIAT T EARBGIER, TCASEHL 145 K BT i
AR -

(6) JHRE /MR BERAIMRINEBIT A, 8D NS84 InAs #E
MIBCEERES, RIBESM MM BRI ER AR SRR, 284
RN SR 1 7.5 . SRl VIR IGES M+ [ BRI EE, 72 220 K
5 pm AEFEFRMERIER] 7 1.4X10"° ecm-Hz"/W, 300 K F 5 um &R 25k 5]
T 4.7X10° cm-Hz"%/W.

(7D o7 5] R ER RN 4% B B [ g 2 A5 PR AT T R AT o o ) R B
MZEHAT T 2 FIRBBAE L, R EBA T LIEREREEL 240K. EF R
N =G R RN 2R 0 T B TR) R T4 1 R BT TR], 2340 F) BT R] 20k 4R
BT R BN RE T, @ SRR Y6 AR ERIR T T BT LA SR AR
M NI [R) o -1.3 VR 2 [ R RER I 2R 89 - FHBT (Al 0.28 ns, T FRES A4 0.51
nso NS ELAS ] AR A [5] fhs BB T 284 B0 BB ], 0BT R LB E 2 RC
I Te) 3 S ) B

62 TIERE
AR OR8] 2% B BN 287 B IR AN B T B R O VREE T — B R,
1B RATIRAFAE — S o) R G FF R 5 3
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Mt R

MK 1. Kane B h L IIES
£ K-P BRI, AZRSHEH (S A (X, Y. Z), ¥ B &I ArsE
A& (remote band), rZZ& R WM N XK RIE, — Eg|l » |E. — E,| = E;. FIA Lowdin
IR R AT LAHE 18 3] Kane BAFHISHMRIER . SN LA ESR
FEERE LR LS8 PR R:
P = —i-=(Slp.IX) - (A
r X T W Z M R i) DA R

er (A.2)

Eo—Ey
HA(S|pylur) = ﬁﬁr**Z@%@Eﬁﬁ%ﬁ@ﬁoN?%%%:Mﬁ

W, K r RELREFPOERXIRES s (1), p 1) 1 d (1) . K

WA S ER LR RN

(¢ = 2 s [ Ipafur)l”

2mZ <7 Ey—Ey
;02 [(X[Dglu)l
{F _;%Zf s (A.3)
_ 0% s (X Ipafur)l’
= le; Ey—Ey
G- F'F1H5 Kane 340 SHE KX R N:
M=H
I'=F +2G (A4)
‘ N =F—-G-H
mmﬁ@¢%ﬁTEﬁﬁ‘$E¢% H B I8 /e F B v 2 88
Hgo = amic? [VV xp]-o (A.5)
e A B 3 BT R T
S= i = (X (V¥ p)ylZ) (A.6)
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Miz 2. BERITEAPERNMRISH |
FEREA LR, SISO LS B H, SAPXET InAs Al GaSb 4 Luttinger
28, Livneh 20514 InAs/GaSh # & IR KT T RIS, @I EXT InAs
F1 GaSb fJ Luttinger Z83HT 7 ik, FEHHEHRATBIER 7TXESH. £ B.1
RAEREH B P ERANSH, EaHFNEG AR ESEAZ, Mma BAxt
FHTHNT BT S M R2 0
£ B.1 77K T4 IV B ESH

Table B.1 Band structure parameters for III-V binary compounds at the temperature of 77

K

Parameter InAs GaSb GaAs InSb AlSb AlAs
ao(A) 6.052 6.085 5.645 6472 6130  5.655
Eg(eV) 0.407 0.801 1.508 0227 2375 3.09
VBO(eV) 0.0 0.56 -0.21 0.59 0.18  -0.74
AeV) 0.380 0.760 0.341 0810 0676 0280

E,(eV) 22.42 22.75 28.80 233 187 211
m; 0.022 0.042 0.067 0.014 0140  0.150

1 20.00 11.87 6.98 34.8 518  3.76

V2 9.00 4.61 2.06 15.5 1.19 082

V3 9.16 4.99 2.93 16.5 197 142
ac(ev) -5.08 -7.50 -7.17 -6.94 -4.50  -5.64
a,(ev) -1.00 -0.80 -1.16 -0.36 140 247

b(eV) -1.8 2.0 -2.0 -2.0 14 23
c11(GPa) 8329 8842 12210 6847 8769 12500
c12(GPa) 4526 402.6 566.0 3735 4341 5340

st F =m0 e &9, BATRABERTEEIHMESH, T =i
Y ABxC, HBHERRN:
Gape = (1 = x)Gyc + xGpe — x(1 — x)Cyppe B.1)
HAG  HGpc R EL AC 1 BC IBHL, Capcfe bowing 24, Tt &H)
A1xBxC1yDy T LA HRL ) = e &M S E0B S i ER 2 -

_ x(1-0)[(1-y)Gapp+YGapcl+y(1-y)xGacp+(1-x)Gpcpl
GABCD - x(1—x)+y(1—y) (B2)
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= oA IR bowing Z8UNE B.2 iR,
£ B.1 77K T#B4 II-V E=JeAb &Y EL ) Bowing 23

Table B.1 Bowing parameters for III-V ternary compounds at the temperature of 77 K

Parameter GalnAs InAsSb GalnSb GaAsSb 1nAlAs AllnSb  AlAsSb

E (eV) 0.477 0.67 0.415 1.43 0.70 0.43 0.8
VBO(eV)  -0.38 0 0 -1.06 -0.64 0 -1.71
A(eV) 0.15 1.2 0.1 0.6 0.15 0.25 0.15
E,(eV) -1.48 0 0 0 -0.481 0 0
mg 0.0091  0.035  0.0092 0 0.049 0 0

AlGaAs 1 AlGaSb # k) Bowing 415 4H 7 #3%:
{ng (AlyGa,_4As) = —0.127 + 1.310x
Cg, (AlyGa;_,Sb) = —0.044 + 1.220x
7E HRXRD &, H TR EZIR T#T, e ERMEESRT
HyaBts B AL WK B3 7R |
R B3 ZRTEHIMEHESH

(B.3)

Table B.3 Lattice parameters for III-V binary compounds at room temperature

Parameter InAs GaSb GaAs InSb AlSb AlAs
ao(4) 6.058 6.096 5.653 6.479 6.136  5.661

% 0.352 0.313 0.310 0.350 0.331 0.330
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M 3. EARESTEXER
WECJ%%,H?RC%%,%%%%Eﬁﬁﬂ%ﬁ,%ﬁﬁﬁi%ﬁ%
FEIR G, B AR, AR M L AN . L, v M,

RS IEEIT . B B R vy, RN F vy, Z B I R R R U7
Vout (£) = vin(l - e_t/RC) (C.D

& C.1 RC HBFE{ARR
Figure C.1
Bty S SR B 10%5T BLHI 1], ¢, % tHAE Sk F 90% R B B 8],
RIER(C.DHABR]:

Vour(t1) = vin(l - e_tl/RC) = 0.1v;,
—t,/R (C.2)
Vout(t2) = vin(l — et/ C) = 0.9y,
T RE AN
tp =t; — t; = —In(0.1)RC + In(0.9)RC =~ 2.2RC (C.3)

MR, NSRS NS 6IREEHEAT IESZ A, A% ok BT IE5Z K. S
SHERIRR/N TR —MER, RHESHRE SRR, BEES— MR L
BR, #idix ERR, HdE S IEEITIEAE /M. RC HERHIRMN IR A:

Pout (@) = Vin (@) s (C4)

TESRIR A —fE A 3dB 5 RMEEM S ISR R, 3dB 7 58 Bl
S-S AR KRE 0.707 BT %, RIE_LXAIE 3dB 5 RIE XN

1

f3a = 5z (€.5)
RIE_EFAR A RIER(C.A), 3dB #w 5 EFRRE W TXRA:
fap = =22 (C.6)
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