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Structural design of long wavelength interband cascade photodetectors
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2. University of Chinese Academy of Sciences, Beijing 100049, China;
3. Shanghai Tech University, Shanghai 201210, China)

Abstract: Aiming at the design and application of the interband cascade structure in long wavelength de-
tection, E-k relation and energy band information of multi-quantum-well relaxation region were calcu-
lated by using two-band model under the envelope-function approach and transfer matrix method. The
structure of relaxation region was specially optimized. On the premise of the tunneling process of pho-
ton-generated carriers in relaxation region, the electric field of absorption region was reduced to sup-
press generation-recombination current and tunneling current, and to improve the electrical performance
of device. The quantum efficiency of prepared double-stage interband cascade photodetector was up to
20% at 10.5 pm, which proved that the relaxation region and tunneling region had well transport of
photoexcited carriers. The 50% cutoff wavelength of the device was 11.5 pum at 80 K, which was the
longest wavelength infrared detector of interband cascade structure at 80 K.
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Fig.1 Schematic of interband cascade photodetector

WSO 2% [ 2010 Ak IRiE LK, O 4
IS R AT JE. Oklahoma K27 4% 38 A Hh i 2y 1]
IR 25, 2T 100% #k Kt 7 um™;
B A P AR B AR R R E] T
160 K F 1) 28.6% #1200 K R 35 % ") ; Oklahoma
AP ALY (B G0 45 ) 1 J B4 e, 3 < U
H1E 78 K 5 340 K T~ 90% A 1k I 435124 10. 4 pm
11,5 pm,300 K F D* &3 1 x10° emHz"2/ W',

P T () R B A DN 4% 8 77 465 #) T 9], A SOt
IR TAE RS Bl i BE, 0313 T35 1R B 245 74 B 4

PRI , LUIHR = AV FIERE. FAT IR B 45 pR B0
LT A AT 5 A A AR 7 7% , il ad Matlab X7
(] GIRARI 5 5t TR X el 25 A AT TH SRR A , B
PRI T IE R iz FH Crosslight BELLER {4 (A B
Gy A A A 254> DXCIBJE BE 410 o] 2 47 19 P U
DAL IR BRSP4 H 38 2o 73 SROANIE FIAs 1 T 20, 1
Dyl g 1A ] GIRAR DN 5% , S T AT

1 Bty

1.1 —#HBR S EmEps %"

AR SR ] 00 R T 2% s G T B
B Tt X R 8 R TR A, I A %
JEH TR GG TR RS, & T et st
PR BEUT 2 7 6 A A B s BN o, B o,
LS gt oyvER oy oy (1 O

E+§;’: hPk 1 o]
1=E7 (D)
WPk E, - Zj:: @ é

Horb kUK, P s BAERE T, E i T RER L E,
HE, 53500 0 4 A BELL , mo o A L.

mo=(m' 2T @)

g

PRMEm N (2) 4, o m” S5 T A R

(1) i 1 7 R B3 i W] R
[QD"] _ [Aexp(ikz) + Bexp( - tkz)
®, B[ Aexp(ikz) — Bexp( - ikz) ]
Hr,B, =hPk/E -E,,k=[(E-E)(E-E,)]"/
(hP) ,A F1 B Sy i e E, HAR i B A E
% JECRH B ST Ak bl R B 22, Hh 2K (3) 7 B
SEPIEFORL @ F0j AR S j AL IR AR R R AT
A, A,
R.(3) [Bi] = Rj<zj>[Bj] NCS
Horv A, F1 B, 242055 i R PRI sRBUR R AL,
=[ exp(ik;z;) exp( —ik;z;) ]
Buexp(ikz,)  —Bexp( —ik;z)
X2 (4) 2153

[]-r@ RG] ©

J

| .3

Ri(z)

J

exp( - ik z.
Hor Ri(zj)’l - L[ p( ,,,)

eXp( - ikizj)/ﬁki
2 |

- exp( - ikizj)/ﬁki
25 PR It —AS 2 x 2 BAL A R AT LA 2

exp( ikizj)



736 4h 5 2 K F W 37 %

81 RPRRR A, B, 55
B, ZIHRRARUNT

n JRPRBRRA,,

A, _ A,
[ 1=l ] (6)
Hrhm,, =R1(z2)"R ()R, (23) "Ry (z5) oo
-1 M12
R, (z,) &ug_ﬂh M]

Bp:A, =M,,A, +M,B, B, =M, A, + M,,B,

% L83 W i PR BB, B, =0 H A, =0, NIt
B My =0. RKff My, =0 RIATIF5H o 1 BB R ARAE
(B 065 ST [0 4% i 4 ) 45 300 4% 2 4 R D R B
[ A 2R, E—20 1 A — 1k J5 35 B AT 3R 45 9% HE &
AAEAE E XN B3 pR L
1.2 Raspyssm

JO7 A5 2 P AN TR d A B A RN T 1 S T 4
B, FHARARE 2 18] 77 A A ELAE Y, Rkl 1 FH 2
SR A R REHE T 0 B B AR k. B8 AR AT 5 J2 b4 )
JERES 50 R Ly R Ly, e Fom Ry J15k i, a N S
B, A

L a,G,L, +a,G,L,
FHFRAES 1, = T B0k

& =

G L, +G,L,
a
a; ’

a
THFRET 0, =a[1-D,(C0) ]

i-1
@y,
a; ’

=1 s i i Di
Horr BIUIEE G =2(c)y +2¢,) (1 _?);

XEF(O00) J71, D, =2 22 AB =2b(s, — 6, ),
11
=2e) te,.

T AR T R ) s s o i
BaE .

Ae I AR

AOD
Sy, Vi—Ve +a, = 0’

A!g) +iAE

R R SO B S5 Scmk [ 11-12],
P T3t 4 X 4% 2 b R B A v, PR 3 P AT
SR AR B | Sy R 25 7 R E 7
1.3 EFgrstmE=zitgor

U R 1 DB R R P BROK B 4 R
1 21T

Ty h ky

o
IZEVIE Vin—=Viu ta,

‘ < ivkil Hscan l j’kf > ‘ZB(E(L’kt) _E(j’kf) _5E)

e
o 8 O AR TR RS, H, AR
o, AR A A B
IR TR
W = Lo -2 A)
fm wl G,(K) | "
* 2 22m*A Zm*A
J@+2K@K L8+ (R
L (®)
A= (B~ E, + hwy,), (GUR® =7 5t F0l,
P R TRAD . O
G,(K) = [u; ()e™ @ (10)
* 1R —2";:A >0
Ok - 218 - * (1)
0 B-2mA g

hZ
% R HL TR REZ L W I, P S U R
N

[ WA (1 = [ £ hoy,) )dE

- Ei+10kgT
v [ sE)E
E;

(12)
1.4 FtiRBE RN
HE IR G RN 2§ GaSh/ AISh [k 5 X Hh 75401
T IR SE RN S BRI T 1 AE W s, 1 e —
Y e 3 22 o Shy 151
e 2 fros, ik

2m(V,
. ZI:zE’“ /m(;‘i’)/\q:%jgd%mfz\

E LTI X330 R 5003 501
{1/;1 = A,exp(ikz) + B,exp( — thz)

i
@

W, = Ajexp(iaz) + Byexp( - iaz) - (13)
¥y, = Asexp(ikz) + Byexp( - thz)
FIEWREAE 2 =0 5 z = a AbTEZE AT 1345 X d5k
P RRER B IR OGN A 5% 28 L%
|4, 1

T = = =
4, 17

1 kN’ 12 aa
1 +Z(% +;) sh (%)

(14)
— 2 X T AERR IR B b RORUE Za 251, % 2



6 1] H

P KU I R R 4 A 737

0 a atb
B2 — YU 4 ik o i ]
Fig.2 One dimension double barrier tunneling diagram
JLEAT LARIR A
1

r, = , (15)
1+%COSZ(0—kb)

Horh 0 tgh =~ (%~ L) th(aa) 4t
2k a

A0 (15) Al T, 24 cos® (6 - kb) =0 B, fE %° L
T, =1. B 2084228 i & 1 B A e i L 7
e 5 A B FREH —ET, BE 27 LR 100 % .
BEAE R 2 DX THAT, W AR Aep B 2F X 25 7 CRE 4 5 AH 4R
ity P X LA FL T RE ZAH — 250, LAPRIE AL HR B 28 19 1F
W EAT.

2 HER5ITE

2.1 MBXeETET

SR XA S A T T TR IR 25 B 1
(S, RSP A S AR BB 2 25 0 55 T 75 F R it
(292 30 meV ) LU IE 3t 3 5k 7 i i AT i 12
pm LA b B I (R SR I 2%, F T WA DX AT B
B7E (<100 meV) , PRIHCR FH = it BR X 4544

Z i P R SRR R B2 22
JE R P, FRATHIH LR 4858058 i Matlab 45421
T T InAs/AlSh Z i 1 B A RE S S Ho pR LA
8, 3 froR. WnlEl 4 (a-b) fros, AISh J& B2 AR AR
ff, BEASBE P A InAs )22 J5E B A 38 T R 41K 5 InAs
JRIEEAAR I, BN RE YL BE AISh J2 J5E B () 35 fin i
Tt

P50 X BE A A T A A, A2 P A B A AR
G B A S 2548 3228 B2 I B e . ks,
PRGN A 53 JEE X T AH S A B S A B 2 2= 1 52
e , A0 1 = 2 AN [] XU R 435 4 (= 2H WU 245 A v 32
B ERE 4y 33 A 530 A;51 A 545 A;87 A
572 R) 155 THEBRER Z 2 SR LIEEN LR
WES Bros  UESE T #4252 8 B AR Ab e 8 ol 28 AH 4R
AP RR I Z 25, S5 G PR BRI i 2 e
25T THERE 30 meV.

100 150 200 250 300 350 400

Z(Angstrom)

3 InAs/AlSb £ T-BF FEASRES K Hl R4k 1%
Fig.3 Ground state energy level and wavefunction dia-
gram of InAs/AlSb multiple quantum well

0.60
0.58

0.56
30 35 40 45

thickness of InAs(Angstrom)
(a)

10 12 14 16 18 20

Thickness of InAs(Angstrom)
()

K4 (a) BERELEE InAs JRE AR fL i 25,
(b) FEZSREZBE AISh JEE & AZ fklh £k

Fig.4 (a) Curve of ground state energy level
with the thickness of InAs, (b) curve of ground
state energy level with the thickness of AlISb

2.2 SBHEHMRK

InAs/GaSbIl J&H fi i FR0 i 5 HL it £ 22l 3
BRI 7 A B P 0 i B R 2 R UAL el T L
PERR S AU A R ZIBAR T 7% th T A5
F 52 2, EL T B b 3 B0 4 HH R O A 5 i A
Y S A VU RF R B PR AT 2 8 SE R 45 Y T IR
M5 FEL UL B 4 7 1 2 A, A DA el T R BB P 0 g A i
FTEEmMBRFORES". B EER D
~F{16J .



738 i 5 2 K% i 37 %

0.02
1012 1416 1.820 2224 2628 3.0 32

Barrier thickness/nm

KIS RREUBF S5 RS RE gz 22 S 2 )
LR

Fig.5 The relationship between the difference of
ground state energy level and the thickness of the
potential barrier in different double quantum well

1, = A@qSEVexp( -4 WELS)
4m’h’ JE, 3qEh
, (16)

Hor JE i B, P, 183k AT (8] SR R )
A X R He i 2% o A4 BB 2 ik 1 X5 S 25 380
FEAE L, AT AAT R 5 I R I A

FEREH T SEAE I, FIIH Crossligh #4482 57
T P R BRI g Y IEALL T 2R 1)
Yoy At e 6 Fros Sk 25 4F e il B B H X R i
HL3 03 A U FEOR R 22 VR 5 Wi X R A
FIRTHE T, 23 T el AR 5t 142 IX R B 2 X JE B, 4581 1 5th
B IX 5 WX 0 2% H 3 7 R L B 2 X5 IO X 3
S AR i 7 FeoR, NE R LA B 8 it
HEnam g X (hB) k% 2 X (eB) AR, AR 0 ik
X 5t X ih 2k B 0 B N 10 042 V/em [EAIL &
650 V/em , W IR X 5 5% 2 X 11 2% L 358 14 )L 1280
V/em AR ZE 622 V/em. —F AL, s XX T
NG R A, R Tt B XA £ A R
R I T =2 R A 5t B X
VES

R TR 2 JE T X B A TR A T, FE S
FHHHEIE T, 5 T f T 78 InAs/AISh AR H
JEH 5 = A B Es R P S U R A

XU BIF B ] A 45 4 . (26/41/26/46/24, B 43/
R HAoHA N InAs 2R

RGP - = 1,39 x 107 s
T
. a7

XU B = ) 409 25 4 . (26/41/26/41/26/41/26/
46/24/46/24/46/24 ¥4 A).

10 000
0
0 -10 000 -
0

Electric Field/(V/cm)

BL6 PG Pty [l SR BRI e 181 (L) S 303
£i (F)

Fig.6 Band diagram (above) and its electric field distri-
bution ( below) of two stage long wavelength interband
cascade photodetector

10 000
8 000
6 000
4000

0 40 60 80 100 120 140
eB

Electric Field/(V/cm)

30 40

Thickness/nm

F7 Wl IX 3 2 B 3 BB s o XIS AR A 56 &
(1) SRS IX 71 25 v, 37 B st 35 XIS B 28 A0 G 2R
()

Fig.7 The relationship between the boundary of
the absorber and tunneling zone (above) and the
relationship between the boundary of the absorber
and relaxation zone ( below )

L TR R 71—3 = 8.2568 x 10257 < Tl—l
=1.39 x 10" s , (18)

E— 2R HE T = AR 5, TR
JEIHEEAG 7 S A0 L = R 245 40 75 - 0 R TR AR,
AFNF B 1 1z .

2 AT, v a5 X R AT AR B 41 ) i
T BOAVE FH , 0 JEE R Ak )t 5 DX 43 ) DU X FL T A
1B i —E P sZ . = (18) Frn, = Ji BA 45 44 v
T HET BT RINT 1 ps, i A2 /T InAs/GaSb
T R I A DX A f, T 0 i ( ~ Tns) U PG 3%
R rOCA U LR AET 100 % . 5 24500 2%
KT = A5 X S5 48, H e 454 5 5 R A an
E 8 7. it o F SR AME RIS F T2 2 T Mgk
T Ay (B S IR BRI 2 ST 7 1 , WA R 45



6 1 OB 26 A B 2R H 739

FanE 9 Bk,

200 400 600 800

Z(Angstorm)

8 R IR X R 4 R A R AR 4
Fig.8 The band structure and wave function dia-
gram of the tricyclic relaxation zone

O PRI ] GRIPRAR I s BTG 1 e 51
Fig.9 The section diagram of the unit device of two
stage long wavelength interband cascade photodetec-
tor

2.3 WiIKBEREHH

il £ J5 I PR R 25 14 7 80 KRR T AR
S B 4 E 10 fs,80 K T 2L 28 F 50% # 1k
Wl 11,5 wm, 100% # 1k 3% K B id 13 um, &
80 K T VEIR BT Y [|] 9 3k 45 44 I K B K B9 20 /MR
5.

EFRCRITHEATT

y = ke ,(19)
gA

Horb R, S HL R N R B SRy A/W HAE PR A IR
PR 25, i 10 s, TR X AR R
10.5 pm Kb FROCRIAE] T 20% . 7 8.5 wm AbHL
LAY AT RCR B E T 26. 4% Al
27. 8% . A A v o — G Wi IX R B i 5 B g%
AE—E, R 200 JE DRI A R AR AT Y T 4K
FERUG G 1 i AR O AR T 38 R X
R 2E X AR IHE B T 55 iz |, Sis v e R4

Double
Single

10

Wavelength/um

P10 B PR ) B I 26 1 K]
Fig. 10  Spectrum chart of one and two stage long
wavelength interband cascade photodetector

3 it

R AL REGIT DL B9 A AR 2R T 1o £ i R e
DEEH T R GRS IR X 2 1 DS A REAY BB
PR, BETE TR T TR B A ot B X 2544 , I3
id Crosslight Xf & PF R ANMEREBEAT UL AL , AR BT I7
5 AL TR R SRR 45 A 25 A 1
TG R RIS 80 KR, B A It e) SR
MR 50% AR 11,5 um, 10,5 wm Lb 755
HIKF T 20% .

References

[1] Garwood T, Modine N A, Krishna S. Electronic structure
modeling of InAs/GaSh superlattices with hybrid density
functional theory [ J]. Infrared Physics & Technology,
2017, 81: 27 —31.

[2]Razeghi M, Wei Y, Bae J, et al. Type II InAs/GaSh su-
perlattices for high-performance photodiodes and FPAs
[C]//In Active and Passive Optical Components for WDM
Communications Ill. International Society for Optics and
Photonics, 2003, 5246 .501 —512.

[3]Brown G J. Type-II InAs/GalnSb superlattices for infrared
detection: an overview [ C1// In Infrared Technology and
Applications XXXI. International Society for Optics and Pho-
tonics, 2005, 5783 65 —78.

[4]Nguyen B M, Hoffman D, Delaunay P Y, et al. Band edge
tunability of M-structure for heterojunction design in Sh
based type II superlattice photodiodes[ J]. Applied Physics
Leiters, 2008, 93(16) :163502.

[5]Gautam N, Plis E, Kim H S, et al. Heterostructure band
engineering of type-ll InAs/GaSb superlattice based long-
wave infrared photodiodes using unipolar current blocking
barriers[ C]//In Infrared Technology and Applications XXX-
VI. International Society for Optics and Photonics, 2010,
7660 ; 76601T.

[6]Yang R Q, Tian Z, Cai Z, et al. Interband-cascade infrared
photodetectors with superlattice absorbers [ J ]. Journal of
Applied Physics, 2010, 107(5) .054514.

(TF#£% 745 )



