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ABSTRACT

Chun Lin
(Microelectronics and Solid State Electronics)

Directed by Prof. Aizhen Li

Since there are many important applications including gas sensing, molecular
spectroscopy and pollution control for mid-infrared lasers and photodetectors working at
wavelengths beyond 2pm, significant efforts have been devoted td the development of
AlGaAsSb/InGaAsSb multiple quantum-well (MQW) laser diodes and InGaAsSb detectors.
In this thesis, the research works were focused on these two types of devices.

High quality InGaAsSb, AlGaAsSb and AlGaAsSb/InGaAsSb multiple quantum well
structures have been successfully grown by solid source molecular beam epitaxy (SSMBE)
on (100) GaSb substrates. The influences of growth conditions such as growth temperature
on the background carrier desity of InGaAsSb are reported. The strain in AlGaAsSb cladding
layer can be adjusted by varying As content. As As mole fraction increases, the strain in
AlGaAsSb changes from compressive to tensile. Lattice matched AlGaAsSb layers were
successfully grown. Photoluminescence (PL) measurements show that if barrier thickness
exceeding a critical value, the PL intensity of AlGaAsSb strained layer MQW will drop. The
critical thickness of the barrier is about 15nm.

Band structures of quantum wells and some material constants are calculated. To
improve the performance of 2um lasers, we optimized the broaden waveguide structure by
theoretically calculating the optical confinement factor and near field distribution.

Ridge waveguide, mesa stripe and planar stripe AlGaAsSb/InGaAsSb 2 um lasers were
fabricated. Ridge waveguide lasers show room temperature quasi-cw laser emission at a
wavelength of 2.01um. The threshold current is 80mA and linear output power is greater
than 15mW. A characteristic temperature of 93K is obtained. The highest operation
temperature of ridge waveguide lasers is 80°C. Mesa stripe lasers can works under
continuous-wave mode at 185K. The highest lasing temperature under pulse operation is

270K. Planar stripe lasers with high Al content cladding layers exhibit lasing at 190K.



For a AlGaAsSb/InGaAsSb MQW ridge waveguide laser chip, after more than 1000
hours room temperature non-catastrophic degradation, threshold current changes within
20% of its initial value. We attribute the degradation to the chip packaging, soldering and
increasing of nonradiative centers.

Kinks in P-I curves were observed. We find as kink occurring, emission wavelength
switches from 2.01um to 1.86um. The two wavelengths correspond to E1-HH1 and E2-HH2
transitions in the QW respectively.

To reduce the surface leakage current of InGaAsSb detector, we design
AIGaAsSb/InGaAsSb/GaSb heterostruture PIN detectors. The noisebmechanisms including
Generation-Recombination noise and Auger recombintation noise were analyzed.

For InGaAsSb/GaSb PIN photodetectors, a room temperature blackbody detectivity of
51x10° cmHz">W and a responsivity of 37V/W were achieved. For
AlGaAsSb/InGaAsSb/GaSb PIN photodetectors, a blackbody detectivity of 5.0x10°
cm-Hz"?/W and a responsivity of 78V/W were achieved. We also characterized our 2um

lasers with these two types of detectors.

Keywords: molecular beam epitaxy, antimonide, mid-infrared, laser diode, photodetector.
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BEANSEFAHT R,

EIUBOCHUETE. SH. BRSNS ET ZHAHETEER. K
BN, BOCEEEME, S THIARNTS, FEMEREESITILE
MR R, HParsIEH S0,

2.3 ISR

- BT 2-5um FLANEEEE T FEEENS TRIEILSE, FEREEMK
REQ, Wl 2-6 s, B TETRRENESEROCENHSEIERZ,
AU AT RYMEEEREN . BEDRR. AR TSR RE.
BBt MO R AT U TEEPASNE SR, BEHT XA 5

halogen-H halogen-C

GH £H GH chioroform
HE N wieH  HCLSH —CS;
100 o = — ' _r:azn:esl ' ‘ P-OH
80 o il = : ' - 5._.;
E %0 Tl el [ o scosgH AN RRRN
: 40 = T H : H ;
L... ?"'"’ pu— E.,..Ycoz.a
0.5 1.0 3.0 3.5 4.0 A{um)
—— P-H P=0
organic sulphones —
— nitriles (CaN nitro ~—— = —
WOWMw;"Amﬂwm¢ww R M
80 |- = e : : : -
& 60 I _l | .
-~ 40 cozi. = l . N ?L o
0

40 45 50 55 60 65 7.0 7.5 8.0 ;5 9.5 A{um)

Bl 2-6 LM BUR BN K — L1k W) ROl i R AL B



P P
R FEE e it et
e SO o W VA & S

TR A MR NG,
. . Funetion Laser diode | | Temperature
R fJEEES IER w2 is generator driver controller

.

BRI, b RAEOESS Trigger . Y

PC taptop

BHWS . BEETLINEE

i\ l)i.odgiief Collimating
in Dewar .
XERE AT R R [P Avasiion] | Ees i
“ar =)

FELC AR LA M e Bl s 2 1

" - rE o Sienal Gas cell with ZnSe
MEY, Fe IR L s IR detector  Brewster windows
S B BIE S TRER | Preamplifier e —fpe————ing

RBIR . R 2-1 2 2-5um
BULHAE SR HIR AR B 27 —DRURA AR BIAT R
SEkixR. ARRTL RATEHE.
EB, —HAKTE 2.33um LHRWRA R LE 1.57um 4LH] 60 /%, 7 4.6um 4t
BRI IR R 7E 1.57um 4bA 40000 f%. FIRE, XEFHLE, WMBENFER 1K,
£ 3.26pm AEMIEIR A 1.7ppb, TI7E 1.65um 4% 600ppb. B 2-7 H—I
IR P AN SR T S BN R AR E R B4, HFRBKIN, SHM
% AR Rayleigh SUSH LR KMRERB S, HlI 10um ELA M
Rayleigh #it R 1um ImZLAMEHURAS 1/104. Bk, KIhFR LM BRHEOE
ST LR TROLE L. DHERANES 1 B IETE.

% 2-1 2-5um BEJUHE SR MRIRIR 53K %R,

RMRR K K MR F I

(ppb) (nm) (ppb) (nm)

carbon dioxide CO, 3000 1960 methane CH, 600 1650
0.13 4230 1.7 3260

carbon monoxide CO 30000 1570 hydrogen chloride HCI 150 1790
500 2330 0.83 3400

0.75 4600 hydrogen bromide HBr 600 1960

nitric oxide NO 60000 1800 7.2 3820
1000 2650 formaldehyde H,CO 50000 1930

5.8 5250 8.4 3550

nitrous oxide N,O 1000 2260 phosphine PHj; 1000 2150
0.44 4470

BRALH) (R AEHY S8 S TELFAL T 2-5pm FPLL AN B, TR DLk B B4 k)
B LA F i B C A% B LM B ﬁ'ﬁﬂm—? InAs. GaSb. AlSb [ 5&
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R 5

HOETAE 6.1A WHE, FIELZ 8]0 SR RECIRAN, T LLASRS A 46 BB 35 BE AR 1Y
HMNERTRE . BRI R BT E Re T 45 AR JLRF R M . InAs/GaSh RR4 4 %
TRRREL (Broken GaP) KIfigti4E, &l 2-8 Fon, T EH InAs 21 GaSb
FE=T0R . WITT R R AR 7 BT 4s BE2E 53 (AN TR AT LA B8 28 M B B 44748 3 4
—2, EMEH SRR RS ROER N RIHRE T — M A B, AR
T PAREEAT T8N AR IR, ROt S8 M i K HER 3-5um. B RT4S
OB FEFTRRE. F— AlSD

% M 52 Bl B AIGaAsSb . T
InGaAsSb U7t Z& A4k} 4H Al 28 T

GaSh

—KEBTHIEER, S EE battev '
R[5 GaSb HEMKITEE, e 4

0.40eV
S A 1.8-2.8um. B XK o_m‘{ wsoay I__

)22 L InAs/(In)GaSb EoRE T
NN e s & 2-8 InAs. GaSb. AISb B:# I H#1
%B}F\ %BE%%%JE[Z: (%ﬁ%/gz /fBXﬂL{EEo

4 3-5um.

2.3.1 2um £ AlGaAsSb/GalnAsSb ¥ 5

AlGaAsSb. GalnAsSb T RMEIFILLE GaSb #ERMmMEIILE, HHS
GaSb #{ iR 4& [ILECH) GalnAsSb HYZETH T B AT LA M 1.7um & 4.4um (35
B (inE 2-9 Fon), T AlGaAsSb B BIRMEE T T8 BB AT R, ATLd
FITIRHIZE, Eitk AIGaAsSb/inGaAsSb #EHMER T T ANIM%EH.

1976 “FEHi R Dolginov % A FHMUAHANE (LPE) 4 mM2h 1.78um =il
kb TAEMY GaSb/AIGaAsSb U Jt & #kokas?, B % A 6.2KA/em?,
B J Al AT SUF 1 GalnAsSb/GaSh XUR T4 Mot A, Witk 1.9um, {2
WL REIR 2 . 1980 £ Kobayashi % A& IR E| GalnAsSb fil GaSb 144 &
ZR/AD, FH GalnAsSb/GaSh MOEAR e BRI, . T 201H LPE J5ik
R 1.8um FIR MK TVER GalnAsSb/AIGaAsSb XUR: i 45 ok 28142, (|
JC W R R FE AT B i 5KA/em?, 1988 4 Dolginov 4% AT izt 5 i KRG (1) Al
714y (55%) H GalnAsSb/AIGaAsSb FUF T 45 ot 4% 2 5L T 11 b 3 P 7R 2 1 %
5] 1.5KA/em? WL, FIAF, 2.3um GalnAsSb/AIGaAsSh )t 4 th ik B T 3 ik 4



A Tatid
HTE L

TAE.
- 3
3 s
— o
& 3
2 =3
5 3
g 3

52 5.4 5.6 5.8 6.0 6.2 6.4 8.6

Lattice Constant (A)

& 2-9 #a WV RS RIS EHEER TEMSMEEHIXR,

BT GalnAsSb &&7E In F1 As A B RN SHEANTERX, FHtH
LPE XFh# %P4 B AR T R IR MER OGRS R SR 3 — 25 m i 7 18 #E
Bto T MBE &3 1 # = I IE P4 £ K7k, AT LASTARIX AN LPE Jo ik i [
1. FEEAH MBE 44 GalnAsSb AT LA A LI BN M L 4 i BR 461

1986 4, Chiu £ AL FRIMEMBE) A K T GalnAsSb/AlGaAsSb
BREHOLSEM, KBS KA 2.2um, TETHEERREESR 4.2KACm,
ZJE, EEMELREN HK.Choi f S.J.Eglash F 1991 4EH MBE ik L)
A T 2.2um AlGaAsSb/InGaAsSh % & Tt 2811, 1 5 F I 3% BE (N
940A/cm?., 1992 4E, K [E bk i 528 % (1 Choi I Eglash X SR R4S B 444,
33— 5 B PR 2 P FR B 260A/em?, T 4TI 2. 1um L, Mg sete =
(%] Turner % ARI&IZT.T%‘M[ g5k, R AlgeGag, 1ASe.07Sbo.gs 1 A Rl
2, Alp25Gag.7sAS0.02Sbo.gs 1E N #42, 7EMREIZMEALE KB FHF AL B2 65
A 50nm (MELEERAR R, FH7E MBE 4K Asy R Asy RIRH. 1994 £
1995 4 David Sarnoff iJF 57,00 i) H.Lee % A F MBE W B 2 % 1 3% 2.78pum
[¥] AIGaAsSb/inGaAsSb % & F Bt 45049, 1996 4, i mmwm Garbuzov
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M WErS

TEAFANZEIE T SB 2 REIE M B HBR TR 5, #HE TS (Broaden
Waveguide) IS, FAIHLA T80 810 Bt P08, gk S a—2
R, BPEIRA S XA, BOLSMHREER KM HS3E,. 1998 4 David
Sarnoff FfF A L H] Menna 1 Garbuzov %5 AFRIE T G103/ 1.0W L THER
2um OB 10W MFEFIY, B4, GW.Turner 1 H.K.Choi AR S T M35
2Bk AIGaAsSh/InGaAsSh #tas. HRNTHEK A 2.05um, IE T K HE{E
AL 50A/cm?, BT RERIE 95%, 100um FLAR R HH T 3 w354,
S 28 PR ML KR Newell 2 AREHL2FH Al H 5, FHEIRETEE S
140K 7 GalnAsSb/AIGaAsSb & FHFEEES, HESRK A 2umP>, % 2-2
BE T 2um B AlGaAsSb/InGaAsSb Ftss M kBRI . A 1999 2,
GalnAsSb/AlGaAsSb HOGR FIRE AT RERE. F— 2R KB KHEE.
Sarnoff A & # Garbuzov %8 A% GalnAsSb/AlGaAsSh % & F BB eSS 1 &
HEZFE 2.3-2.8um, FFSLHL T iR L BT, 1% [ Montpellier 11 X224 Baranov
AN IR, B AT 2.3um o5 M By Fraunhofer B
ST (IAF) i shiif4l g 2.3-2.7um GalnAsSb/AIGaAsSh £ &7 B e 58,
""" ST FRELHH, BoARRES R 2um WO, EE MIT
HE LI ER Walpole 1 Choi EAMRESTH GaP #EFITHWEM 9 THIE
(Tapered) WOEaSPESY, HESBK N 2.05um, B RLIE% WP, % 2.3
BT BRiE R 2um KB AlGaAsSb/InGaAsSb £ & F B e 820 & B /K F.
MUl EZFRPALIE T, GalnAsSb/AIGaAsSh #t a8 FHSKRZ R EW, FHE
I JUAE 2 g R R SR
2-3um BPITHOERS B AT AN A TR SRR Tk id e g, %

[ Southwest Scineces v ® F Samoff 4« & & #t # 2.65um
AlGaAsSb/GalnAsSb HOGASXT NO AR MGHAT TR, HllEREEaTiE
15ppm®®, ¥ [EH Motepellier 11 K2(f) Vicet 25 ATFEE T FHAMNE %I 2. 35pm
GalnAsSb/GaSb Wt 2kt CO M CHg UMM M, I & RGBS A B L
0.3ppm®”l, Sarnoff 2 F ) Matelleni FAARATTIFGI (K30 SR I A 7= 5 72 7 1y 7K
Gy, FRRINEE T i 00 &5 JLieel,
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2.3.2 3-5um KB ILIELRR

3-5um W EHIBRL IR R T IEZ N InAs/Ga(In)Sb/AISh 3 K&

THE ERE&. XEHOLRE

HEMBTHRER K. MERKES, HFEEH

MFREIFHR . BRI T/AET 3-5um REHISCROLSS EEZEALIE —KE
FHE BREAFEXK “W” FEROGESNE ZREFRBEHOLEE . ZRWFECE

M|UER. MFED. LIERES, BHESE

W7 R

W TR R A R AR
R 3-5um W EeR A4k SRR,
T MEEER N % B B
InAs/Ga(In)Sb/AISb =H, HHEHAH
MTHGE, — A hE A, mE 2-10
Fim. WEFRELES, B mTRN
HIAE S BB T R TR LA A S K
BB T LB . B T S AR
RAERBUEMHBE _RKETHLA, &
SRR E S, EERELREDE
BFEI B 2% 3-7pm B ELELTRIE “W”
Wil Ra. B, 494K S R
3OO 53 g s 58 R R 0% U
2.1um i Ho:YAG [ #iotss. B 2-11
o 1 R ISR W T2 . 1999
47 e 35 B 7 S0 356 Meeyeer 28 A S
It 3.25um HUEN “W” FEROLE,
S 195K FHELEHUN, 310K T kK

i, 300K FHME RN 16K Alcm? 7,

CB

GalnSb

|

VB

InAs
B 2-10 “W” JEBEasRETR 451,

! Pump Beam
i Pulsed: 2.1 pm Ho:'YAG (85 ns, | Hz)
{CW: 0.8-0.9 un diode
or 1.06 pm Nd:YAG
[.ine Focused: 40 - 200 um FWHM

Output
3-5um

:Copptr Heat Siok

B 2-11 F 2.1um YAG BSR4 & ot
“W” JEREAR .
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EZREFREHNE .

1994 ENU/RSEI EWIH H B —RE FUBHOLRZ 5, EERITTC 20
R.Q.Yang #£ 1 73T InAs/GaSb i R B & T B4 [ BRIT 0 4 R B F R B0
AT, HFERHEINE 2-12 iR, BARTFEEER EENR T REeg B
NFBEMEKIE, AT, FESRRERFHENEAR . FERGHER TR
SEAK, BIET—HHEERX. EMIREAEBERE, Hih— A B FaLlre
EZNNT, BOGBHRAMETLMET 100%. B KB TFHEHL L B2
SPEASTT R P F RN NI 38— K B P B e 58 o (AR AL e R B 251
UL R B8R & B e TRE N LA IS . 1997 FEREFHTA %A C.-H.Lin
FR.Q.Yang HIRSELIL T 58 “ KB FHUBEOLR ST, HMat & h 3.8um,
B LAEREE S 120K 70, 1998 4F, MATshE AXHET T, 23 185K
TR, BABAA 3.95um, BFHER 80K Tik 214%, M{EEBGZEN Y
110-130A/cm? V778, [&E, EEWELRE ST A%EE, BEERICY
W7 FEEEH, WHEIETE Sum B KB T RO, LT 286K T,
100K T 5 Ak th ThE9& 532mWITE (anfEl 2-13 roR) 7281, 2000 4, ZE
FEXRBERST 217K THEHH 3.8-3.9um 5 "R B FHESOLIE, BTN =S
T 460%% B FHUMBRE KRS T 2R A Ay, B, B
KETHBBOCREN B LB R THEBRE, BENEE 4T, EEKE
ELRRZCEHEINT 127K FIEL TN KB FHBEMILE, 77K THHE
ThEE X 100mWifacet’®),

T2 Transicr Recyele

—

VB InA/AISH SL Injector )

(Graded) I at e

R 2-12 55 = SR T BB O AS R s 5 4



. 1RA
L3 AlASSD 18 A
- - AlAsSh "
Mo R A2 A A g 4

12 A 63 A 170 Al| 64 |]59 1] 541149
tnAs  ToAs] [InAs

Encrgy (¢V)

0 200 400 600 800

Distance (A)
B 213 “W” BEERKE =% BT RO E .
BAALAIRON 22 B 2-5um LT ANE B S AR, I AIEER
MATR L& S 2 IS & T 414 1.3-1.55um BECLBRENEERE R
SRS, BB 28 R AT BT B T AT S 2 F 2000
FE AL T Applied Optoelectronics A 8], 4 F=E L YIBOL A I & F R EFEE 88,
ATA A 2B £ T 5.

2.4 2um K E% InGaAsSb iR 25

2-5um B REEMRKRE D, TEFZERENSEERTNRANHS
FHHEEENNA. EEELE, TURTOABG. BT A%, ERA
Ly TR, Dt s, URRERRBES. —Br s
BRSO TAETEIRIR T, BN RAEURE M AT, InGaAsSb 1T &
I AL 43 7T LURT GaSb # i a4 UL AT, F07 25 i VB B mT LAM 1.7um
B 4.4pm, R PLAMRNSHEARM . BREERZ, F InGaAsSb #1kHk
£ 19 PIN £ 3377 LA7E 2 38 F T 4084890,

ALK,  InGaAsSb Rl 45 % e i 4% o ¢ MR 7R s v fig. 1997
ERE MIT AR ER Choi FEWFF InGaAsSb #OE AR AR LRI # 1 T gh 44ty
AlGaAsSb i 1 AT LA MK R & & i 2 JE % LW N T InGaAsSb £
2%, RILAE R 3 SRR AR 0 R DT, InGaAsSb 15 4L AL K T R AR 41

=17 =



E (LPE) ME&BENLEYSHITER (MOCVD). 1998 FEE AstroPower
A& Shellenbarger % A\ LPE 74 T RH T AlGaSb & M1¥) InGaAsSb
BB AR, Bk 2.2um, MATHE T B4 EAE LT Johson M AR
TR 5X10%emHZz 2 WP, EEEER T HTRESHEZRNZW, T
ZHHEEEREL . 2000 F, BRI loffe LREWKRSTT LPE £KH
2.4-2.55um GalnAsSb #FMlgs. HT InGaAsSb WTRMEFER KA ELE
B2, % InGaAsSb MEH T ERKMMSEAANTLRRNTEE, FIEEH LPE
S ) R TR E KK IE KR InGaAsSb #kL. T4 FRAMNE (MBE) &3
SEMTR AR TV, BESRN B A BRI K A FR . 1996 36 [ Rutges K= K. Xie
4 \ Fi MBE 7R MRS 2. 1um F 2.3um K InGaAsSb R 1858
IS, WEERMZEIES Dp=1.35X10"%cmHz"2W, {8 Hna 5 Bk E Rk,
% 2.3-2.4umiB, s ERERE LEASHANE “LH” LORKMASE MBE
InGaAsSb # R FFEM R MR, & “/\IL” #6, A MBE MM 16 T&3
INnGaAsSb PIN #l5%, I&EHEME K 2X10°%ecmHZ"2W, TEIT, ERNER
HBE. NI e, LEREWRATFEIR InGaAsSb PIN HITHFETIER
BRI 2S DAY G . HEBEESIE 10 DMEAEITSEAMRR. R 24 A4
InGaAsSb 2um il 48 () B #r B fr K BB

& 2-4 InGaAsSb 2um HM 2K E bF &K B3I

ERTTE S BUERK WEEPIC IEEENR

(um) (um) (cmHz"2 /W )
%[E AstroPower A ] LPE 2.2 2.1 R
MOCVD y w2
%@ Rutges K2 MBE 2.3-2.4 2.3-2.4 1.35% 10"

g2 EFRR, HETVERI L4 InGaAsS LRI B B EE, Tas
E A A AT B

2.5 TREERYIEE
St AlGaAsSb/InGaAsSb L& FHHE SRS, FENEET: H—,
STF R LANBOGRRT S, ISR EZE A B BB T RS w8 RO %1



A e e e ft L1 Cr Ll
2 P fial e 1
iE 2 p—1 /Q /.-4//( EIR _1’_,’.‘.‘

e, B ARSI R LB, B2, B R R A,
e TER R KR P B B M TR P AR B, B2, InGaAsSb BF
BEAELE 0.5%00 BRI, BRI, BB 005
R, RIS LU A As 4140 KHEAT. {B7ESEIR MBE 4K i F As
R Sb BT V 0 B T ORI R AU B, B DU T s
RS B — MR, B, BMLMR T S S . B
R, AR M AORR .

% F InGaAsSb PIN GRS S, EEMBET. $—, GTEEENES
7% InGaAsSb A2 7K B MEREE, B T SIS, B2, InGaAsSb PIN
SR8 (R T 4 PR B RO RE AR B LV AR AEM, S
InGaAsSb PIN £RISH0 & P 2 5t 5F

26 NNEERZE

BT BB . R RSN BB R ABOEE, LS
HINT 48 SRR DECMAF M RET 4540, FEPAINEOLES . RIS, &
W s U A EERE A BOLHRSNEEE T BNNHR, 225 S ER
FHRIIKRVE. REEPIFEK DARPA iR SRS UM S/ ESKET
12 —. 2um EERECYEOLES £ B BB B — ML oL EE, B8R
HELHMNA, HIFEr . BT Ir R ekt AR T
CHRTERR, HEHELARMRETE,

ATPATRRL, ERTAER, AlGaAsSb/inGaAsSb £ & FHHM L a4 LIE
H B 1 BE 4 2-3pum BRI T . BEE LRI, BIEA. UK VCSEL
“W” TG E B RIEE AR T OO AL M R RIBR A, 3-5um I BRI O RS L
AT E, FEBYPUBTTRMENANER. TS KB FHBROLE, &
TR AT B KK B B3t — DY RSB I TE R, FESe sk riag, L
SCHLIRA 0 W v FBARL TTT InGaAsSb #uER i it 11 GaSb % 4 K iy #>94
76 225 8] FH 2% 2 B FF A B SR SR () KRR A o= DAy A 7= 3 4 SR B R IR RN o by BT
W, BRACHITEAR R IJLAE R AR 2-5pum i B 20 AP FO' A8 AU Ry H 4 T I AS i
FEAEROERE . AT SR BT T W7 AR R . B ANTIST AL ) R Rl
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EZF USRS FR LR G

F=F BRSO TRIMNEEK S RE

31 EFIVELSTFRINERS

BATH TRV FIRIMNER GO EF= IV B 5 FRIMER S, £ 1989
FHLERESEE O DR SR T, WA, LB RTFEI R,
H 28 —ARXAEKZERSESTRINERS. EEFBE—NERESE. — M ERH
MERE. BIrRGENETHBMASLRE. OMETFE. — 1IN TFREERETS
RARRBINER . ZREEA THAN RN X SR FHTS RHEED., VIA% 5%
QMS. RMMFRMNFE. Hf= VB> FROMERGEE —NEKETHER 8
EAE, 6 MBIV 2 MFEMRTT, —IRATEK—F 2°KISNE F, T
FEE KA 10 J 3"KR. FTA 1 BRERIE A 7NGa, 7Nin, BNAI, V KR
U525 TNSb. 7NAs, n BIBZFHN SNPbTe (4MEF=4 Te). 7NSi, p Fi57e7
77 5NBe. 43T HRAMEAR KT R o B T+ B IR AR 7] A9 T 52 BT DL I 5 41 42 3 5

A WMAREIRGEH, TUETREWTEN EREFRZEBELE, BshxmiE

K. B3 HERE VBT RINER GRS

& 3-1 H7™= IV MBE &%,



ETE IS F RS G AT

3.2 HFRIEEKEXRSRE
MBE £ KT ERIEATRRA:

Kl 3-2 MBE A K T 22K .

PR R TRAL B FEFD AR K A B A4 L2 A D HbaE AT MBE A KRR,

MERAEBEFREEXRIMERENGK. FROEIEFEAFIUERFIE.

fEuh. REH. BRR. BREDIER,

1 K EEECELR.

1) AVRFEE: KIKHARRE. N, FESCERE. BFE%R=1K, *
o 2% T IR AT #4935

2) EBTFKERTE

3) LEEE: AR R DL BRAS RV DI P S R4 2 . GaAs
R 3H,S04: 1H202:1H0 i, GaSh 1 & Fil Brp-CH3OH(0. 3%:99.7%)
R

4) FHEBEFKMBEE K, RIS —E S5 08 BR R P 24k 2
RS TE R R, IXFEAPR BRI CO. COL 2 Mg IR M 7EIX 2
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155 24 OB Aot TR T T o 1A BB -5 50 B39 5 1 o 3 B 7 R B T
BE, AR I 2 SR . RS SBUNRI RS,
HTTSBUMER KRR A BRKESERHR).

3 MIEERENEICE R R, LS AL, £ 400-450°C
HEATHALIE 20 404, H—B AR EIRMBKIR

4 CEFERIENEKE, BERMASIE, 7£ GaAs 8¢ GaSb #EIEE F & 350°C
BT T As I Sb YERIHRT, RIPIREE, M4% GaAs. GaSb HEREL
As 5 Sb i, BT HEXRTWEMENESS, K RHEED BT 7ER
B, TOE . IR R AR COp MAE— IR, X
RHEED E{RATHBEARAREA BN, HPANES AT ERET
Bfi#. GaAs F GaSb<100> & ] 4t JE AR IR B 43 7 3 640°C F1 580°C.

5 FRMBWELIME, SHERSEOEEREN, FERIT, FTFREk.
RISV BRALA Y, T AlGaAs 4b, IR BEBRTRIR 1% 50°C.,
TEEBREOR, WTEKECRENME, HENENABETA+

BE, RERGHA. §k, WFLRMHERE, K I 7E Fabry-Pérot I

PSRBT RS, FFRWINR, BERRREAIS2 4. T Fabry-Pérot BRI

G AT R ET, WRARE S & M A KA, NEMREREEH,
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P 6 Rk R N R I Cleavage Orient
TR SR, R & T 47
AEBMEEETREEE. Wk (///- g
BUTEMSE, LAUHENHEY Lo S
HhB%, EeHTTELEREAN ET | 5
L LEEEEATREATE, BE k\\ 5
BTSRRI AT o ISk et
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3.4 AlGaAsSb 89 MBE &% 1<
3.4.1 AlGaAsSb §) MBE £ 5%

AISb 1 GaSb FIdaigHELLRIRIR, & 2RI EHAEERY 0.65%,
AlSb tt GaSb kg k. EMHEH/DE As £ AlGaAsSb ¥ A] LI 5 GaSb #1 /& &
HITES. %5 Al 490 1 8, FE 0.08 () As A4y, Fitls GaSb #fEILEH]
AlGaAsSb #1 I H As 3 R HE1T 0.08,AlGaAsSh #1548 %4 K HIAS FLEEER,
BEERERNEE ALERMEEAEYT X, wE 3-5 fim. AEBERA MM
BLohEEess, S K4E Spinodal 73, ERISEMPEHEER, SERMEEENT
f. IR AlGaAsSb M RAIAMRKAEKIRE, ERNEEFHEETE
, MXIEZ MBE fFs. AWE 3-6 Bia]LIEE], Hig 5 GaSb K&
LECHI BT 41 4 ) AlGaAsSb 7E 400°C DL BT3RS E BB, T—f MBE
Bl YEKIEE R 400°C -500°C , HEHAT BN AlGaAsSbh M4 K ZIHE

N, RETE A4S 0.5-0.6 HIEEBEERNEEX .

LATTICE MATCHED
TO GaSb TO InAs
GaSb / , | AISb

GaAs ‘ AlAs

Kl 3-5 PRt 518 B AR FHEE T i AlGaAsSb A AR,

7 MBE A&, W RIBE T 350°C BWIRITE V IRE, ST 3T R,
FHEETE 580°C TEML, M RHEED (K386 5F Lo LU BIFF I 16 B M E AL 36T Y
FRIASCRI FF) EOR 5 4 3 Jhy ¥ T 1R (2 X 4) 3R THT TR AT S B . AIGaAs S ) A= 1R 3
) 470°C-495°C. L4 AL 4164 0.17 Ik kL, Al SRIFH KR £ 1060°C;
A AL G 0.5 BEPREL ALRUESP IR 214 1140°C; X R R A K3 44
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fum/hr. BT @484 4 AGaAsSb & 2um AlGaAsSb/InGaAsSb % & T Bl
HREREER, ZETHEWRKERGE L, FHIERSFEHSH AlGaAsSb
5 GaSb #f & RS LA H BH RIFH && FTE . 1T AlSb B &g H HUK T Gasb
ik, AlGaAsSb IRECE SEE Al A mmig K. & 3-6(a)-(d) A A4
4335 0.284. 0.42. 0.5 F1 0.827 ] AlGaAsSb ) X 54X RIRIZ ML, Y
AR As H39%% 0.02. MEIFRTLIE R, AlGaAsSb #MEE R ECE
Al B4 ORI, T We R OB Al 414 BORIINTIRNIK . AlGaAsSb %
WELS As HaME+oBETMXRR. BEE As A0 M, AlGaAsSb FIKRRD
B4 MNIERE R SR E, EfFENASCINAEELE. B 3-7 HAIHSH
0.42 K AlGaAsSb Ml As A 5 REERXR. RN, £KEES AiGaAsSb
MR EREBEYINAER. B 3-8 4 0.17 1 0.5 Al A5 K] AlGaAsSb KEE 5
EREERXR. BEEKBRENAE, KEEEHTE. XERAINEEEN
T E R T #ERE VI LR EELL.
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&l 3-8 0.17 1 0.5 Al 4447/ AlGaAsSb REE 5S4 KIEBER KR,

3.4.2 AlGaAsSb Hyis % |

AlGaAsSb & AlGaAsSb/InGaAsSb £ & FHFE LR MIREIE, b2
Y B R B 2% R R A SR R FRL R R/ o 2 T B/ N RO 4 1 BB R
CPH, FREBOGSS KRR, LOHEEYEKREIESBIKE. T AlGaAsSb
mME, nBRE—EHE—MEKRKNRB. AlGaAsSb i) n BHRIH Te,
FRES Al HBFE “W” JEXR, 7E Xa=0.25 F1 Xa=0.6 bFHMAK. X
BHNIRE, XHBRITHE AlGaAsSb HfEHH K. 76 AlGaAsSh BEHFHIT-X
FEASFN X-L #6735 08, BT REZRIMI I, MR REDR, HiE i &I %
RELLQrE, (/RME R RBARI N, ATIME T BRBER. EE RS ENEKR
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FEF AL 14y, 7T LASEELEC A n BB 4K 0, % 3-1 4% Te n & AIGaAsSb
300K T#H#kE. TBELS Al AKX ER, Te JIRHERELE 340°C. & 3-1
FETRAY AlGaAsSb FIEB R LR, XEHT GaSb BHFLLZWE, K
I Hall $0 & 57 R R AR R A K AE 2k 484 GaAs Lk, T GaAs 5 GaSb H 7-8%
MIRIEE, FIUSERRERE™ERENE, ERTBEBER. AF 3-1 18]
UESR, AESESFRIEAEAKE AlGaAsSb, B FIRERTUREE

10"7-10"%cm,

% 3.1 3 Ten % AIGaAsSb 300K FHBAKE. FTFRZE Al 44
%7 (Te BERELE 340°C),

E Haoo 4
e Moo M) emiive) " Yo
RSB99-14 4.1x10" 13 0.862 0.876
RSB99-11 1.1x10" 20 0.853 0.857
RSB99-18 2.0x10" 29 0.803 0.856
RSB99-19 6.2x 10" 15 0.884 0.797
RSB 99-46 1.2x10'"® 17 0.760 0.781
RSB 99-35 3.2x10" 5 0.752 0.694
RSB 99-129 5.0x 10" 1 0.690
RSB 99-36 1.3x10" 1 0.611 0.783
RSB 99-294 1.07%x 10" 24 0.479
RSB 99-198 1.86x 10" 17 0.465

3.5 InGaAsSb #J MBE % i<
3.5.1 T X} InGaAsSb T H AR

5 AlGaAsSb £, InGaAsSb FERKMAEEN. THAEN 2um
AlGaAsSb/InGaAsSb #t#E £ & T HHAPH Y InGaAsSb 4T A H#KRZ
W, BTN InGaAsSb HAN LB BTG HE 4 B Al vk T HOEas+ InGaAsSb
B As FIE BN, BT ST InGaSb SRS RTE HRtT T8, %R T
RAR IR o

HHERN LR E 54 Delta Lattice Parameter (DLP)FEE! 510w
WA, — ALk, DLP. BT AETE 1T 55 e 00 45 B & BRASORA T
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DLP AT 4 5.
1% DLP %, REEAVRE HAET IR A,
G = —Kd;** + RT[xlnx +(1-x)In(1-x)], (3-1)
d, = xd g, + (1 - x)d,"S,, , (3-2)
RTW(y sy ) = 25Kd;™ (d gy ~ d sy 1 = x) = K3 + Kd 32, (3-3)
RT Iy} ) = 25Kd;> (dgasy — d s )X — Kd™* + Kd%3 (3-4)

P x 4 Ga HIBE/REE, y6asps yinsy A GaSb F1 InSb HIiEE R, dinsss daass
1 InSb 1 GaSb #&+&E 4L, G4 Gibbs BHAE, K ASHEH LK EE,
LA ERI 2R EH % [E N A REXT B BHRER e . N kR ARST B i AR Tk
LU, RRBIHBAEIR Gibbs B HEEN R N
G=NG +E_.. (3-5)

AF G ABAAR GalnSb 0.5 B ERE, N, AHRALETR GalnSb R,
Estrain A EALETR GalnSb FRINAZRE. WMRIEMEE TSN, NhT N3
RERIGIN, ERARAETERINRERNTERMIEFEE /DT 0, hitil
AEFENELHER, KR L, 7E MBE S4MNET R bR, RAFM EBRE
A SMEE S TR H & REC . T B 255X @ g R R R B S BB N Tl 7
BEERISNERA RS 2NN, &R =L R AL R AN AR B 7, B
MR BB R, KRN Fik, tHEREERE T NN IR N EE
JE RS

Y1 E 2 T B AR B8 Etrain 7 LA IR A5

g, -t | (3-6)
P E RS IRI R, A RIEEE, VAL, h WS EEER. dR 31 F
3-6, FLITHE Gibbs H e e RILI . MIMEZEMEIAR K L Spinodal 4 fif
fRIREsE SRtk :

FG

ox’ >

JIr AR LA BB S SR R I ) K /N R

0 (3-7)
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BEERA, NARFEIEREA, AEERNTEE BB N, TEER,
UM EEE/NT 358 NAEERME L. EAFEEALERNE SHFE M
TR, LETRREN, AFEEALEMNIE. W T GadnixSb Z xR H,
TCRIARRT, G N 205°C, EEBNAE, SMNEZBHEIE TR EBK.

ME 3-10 FEF LE S|, AEFEBEEIE InSb —unbE BRI LB /D, i
i GaSb —¥AIR K. XZFEN In FEBERINIEZMIEAEERD, £F
NTFRIFTENERE, TRINEREEZ KL FHETEMEN, RRNTER
AN, NERMEZWBRAN: T iIn FEADKER, BRRNEESTINEE EEREE,
RN BIFR RN A et bR, B R B AR B R R K.

B 3-11 451 T Tournie A HE /I 615°C T InGaAsSb Ut & A AR
pE1100]

LATTICE MATCHED
TO InAs
GaAs TO GaSb InAs
N\ \
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e \ .
B ? -
(]
Y 05} / -
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B T = 615°C
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& 3-11 B H15 38 InGaAsSb AN,

3.5.2 InGaAsSb 15 FRIMEE

InGaAsSb & AlGaAsSb/InGaAsSb £ & F B 648 78 YR X 17 Wk A B4
£, thZ InGaAsSb PIN Ml 28 A IRX MK, Et InGaAsSb kL&, Tl
EARBRTIREEREE, EREBI InGaAsSb  p B, FER VIKILHE
FAE R B InGaAsSb (IITER V IKTTHEMIE T . 4K InGaAsSb
IS} 4 JERVR B — AL 445°C-470°C, AR LN tum/hr. HRRKE RS As
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F1 Sb FHE RSN, AHERTD In F1 Ga WAMWE, K4AF In. Ga HIEH,
W RFEHCE B2 1 InGaAsSb AR hn: TRIE T, A HRFB-FER
REMIB AW, M SEMRG TR RN, Bk =2 33—
T EE. B 3-12 5 InGaAsSb A ERER T FFIT % R A KEE A
the WEIFRATLLER], JEMEBIN InGaAsSb 24 p B, & MAHRIRERT
(IR A A SRS TR 5 0K 3 B SRR B TG IR R B Bk . MBI R LIRS, i
WEEEEM AR VI R, AT AMEB AT InGaAsSh 525 /UK
FEA 1X10em™ BRIEZE 4.13X10'%cm”,

RS Te 4M2 p AR T EE T LUSLIL InGaAsSb Hli T RIBEK.
B 3-13 4 Te RBESERFETBENXR. NEFATLUELR, 7% Te HERE
#id 285°C LUJE, TRIMERRTIULE, InGaAsSb th M p Bl H n &, M
2GR T AMEE AR U ME R R R, 2 BT AR TFEIRE.
%% Te n B InGaAsSb B 1% B FIRE N 3.35X 10"em™, LA ZE H 923cm?/ Vs,

3-14 79 Ing13Gap.s2As002Sbogs R EMHHAY X S L XU ATH B MLk . WA -
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B L BOCRR ISR S B TR . B/ 3-16 4 10 NEA MQW &, "0
23 7 HATN LEE. B 3-17 & 5 MK MQW HRR X FE="4
mapping, BHRRATHBSAKMEEARE, HREREED), HWHSETFUME L
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R BRI ETSS  SREE  S A

FEN B EBE. B 3-19 hARBLEEEKH S, PLIEERERNARW, [
LRI M2 BEEE 15nm 2J5, PLEREAWEMRK. 554, WENRE
5t % B F P T E R XA, B 3-20 A7EE~MBE D GaSb #HE L
KK 5 NMER =4 AlGaAsSb/InGaAsSb MQW # &h I R YEBUK 61tk 4t
J& 1 A DB, MR 2 AOEEAE, WE 3 hEMHE. WEH
K, 3 OREOEREE M GaSb #TE LA KK MQW BPEL B &R PL 1%,
PR EEKNZ BT PLIERSS EREZHRE M LB ZW.
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IV BG4 F R AN IE R & L KT AlGaAsSb . InGaAsSb il
AlGaAsSb/InGaAsSb £ BT Ik kL, FFH X SFLRIURATH N PL BT T #4%)
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{45 AlGaAsSh B2k EIX 1-2X10cm™, AlGaAsSb 1 AS T M 1 52 BE 5
ERFRELLE L. JEHEBI InGaAsSb AERE FUKEIX 4.13X 10%m?>, B
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ML RER] 7 H DB, TR PLIEFIETE 23meV. R R E H &1
AR E R . REIRITIR T NANT InGaSb ANEERAIEN . HigHEER
AN AS RN AN T A BRI
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FHE AlGaAsSb/InGaAsSh i T E wt 75 1611

HWME  AlGaAsSb/InGaAsSb [ T8 F ¥ 221& 1t

4.1 318

2um AlGaAsSb/InGaAsSb £ E FHF M B[ MW EH KX K AlGaAsSb/
InGaAsSb WAEETBE, #ABF InGaAsSb FHINEE KT 0.5%. FHibast
AlGaAsSb/InGaAsSb B FHf I FRERALE . RETEW . BB K UL eit 5
L= LR KR . T E AlGaAsSb/InGaAsSb F R4 I R /N, S
WHRA, B LB BUE S ERM B S HIERI R REREY, URIEEFBTR
AR ED, URBECGSHRIESERE. X TI/ET 2um KR
WoLas, B HBR TR ROt E N B8 TR A /Mg B EULES,
FEFOLRB R R/EMLUEE. KT AlGaAsSb. InGaAsSb #1#H#EA
W (B M E B AT RE AR IR EEETF, X AlGaAsSb/InGaAsSb
32 BT BB Be 1 45 4 DA SO G AR RO IR BUBEAT T B8 04 AR vt o O 7 ek
EBAREETRE AR TRE, EECSENETTRATMRIESEN

(Broaden Waveguide). EEHERFAFNEEMESHTENE 4-1 .

4.2 InGaAsSb ## B &M
421 BREH

INGaAsSb #ERBIRNERE, HUEREXREE. B+ r
In 41570 As 4145, InGaAsSb k1 b ¥ 50T LLZEAR 24 K 805 Bl V45 1 F 2um
AlGaAsSb/InGaAsSb A AEKAE GaSb #E L, ERBMNEERXRLHES
GaSb #fJ& A& LA si B2 IL AR InGaAsSb #1 kL. 4 InyGay..AsySby.y 5 GaSb

FRILECHS, In BA0 As W R AR:
0.3835x

Y= 06370 - 0.216x #-1)
VU TG 2R () fa A 5 4 a aT LLELE S o REEAT L M IR (18 2
a= [x ) aln.\'h + (1 - x) ) a(?aSh ] (1 - y) + [x ’ aInA.\' + (1 - x) ) aGuGuA.v ] 4 (4-2)



FE AlGaAsSbAInGaAsSh fir T &l FIH B & 1611

& 41 TSR B B A S 4

Materials
AlAs AlSb GaAs GaSb InAs InSb

Parameters
ao (A) 5.660 6.136 5.653 6.096 6.058 6.479
Ey (eV) 2.95 2.21 1.424 0.726 0.354 0.172
EgL (eV) 2.36 2.21 1.73 0.76 1.07 0.93
ng (eV) - 2.16 1.61 1.91 1.05 1.37 1.63
A (eV) 0.28 10.65 0.34 0.80 0.38 0.8
Effective masses
Me 0.15 0.12 0.067 0.041 0.023 0.014
Mhn- 0.76 0.94 0.50 0.40 0.40 0.43
M 0.15 0.11 0.087 0.05 0.026 0.015
1 3.45 4.15 7.65 11.80 19.67 35.08
Y2 0.68 1.01 2.41 403 8.37 15.64
Ya 1.29 1.75 3.28 5.26 9.29 16.91
Deformation Potentials
a: (eV) -5.3 -3.8 -5.4 -6.3 -3.3 -5.1
ay (eV) 2.7 22 2.7 2.2 2.5 2.1
b (eV) -1.5 -1.35 -1.7 -3.3 -1.8 -2.0
d (eV) -4.5 -4.3 -4.55 -4.8 -3.6 -5.0

11 2
C1 (107 dyn/cm?®) 1202 894 1188 884 833 667

Ci2 (10"dyn/cm?)

5.7 4.43 5.38 4.03 453 3.65
11 2
Caa (10" dyn/cm’) 5.42 4.08 5.94 4.32 3.96 3.02
Other Constancts
Valence Band 0.00 0.76 0.48 116 0.65 1.08
Position (eV) ‘
£ 10.06  12.04 13.1 14.4 15.15 17.7
Thermal Conductivity ) ¢ 0.56 0.55 0.32 0.27 0.18
(W/cm °C)




&l 4-1 5 As 41430 0.02 I, InGaAsSb ' In Zﬂﬁ'—?a?é’r%’”%"iﬁﬂ‘ﬁé?w R
BrAE AT Ing. 1soszaASo S MEME, SHIEMKIETE 0.5%-1.5%Z 4],

6.5
InxGa1-xASO.OZSb0.98
6.4
o -

6.3
c
3 ] 2% compressive strain
@ go T SR EOTIRIESSRE ST
c : 0 - .
6  lbe--_ e _______ 1% compressive strain
O 6.1 lattice matched to GaSb
Q B B o e I iR s
0 ]
£ 6o
J -

5-9 * i ! 1 M T R 1 N

0.0 0.2 04 0.6 0.8 1.0
X
In

4-1 As #1435 0.02 £ InGaAsSb %5 In HoM%ER.

4.2.2 BHEE

5 RSB EOR,  InGaAsSb A4 i H THE A% i = TR M S
WEWET. WTRSRENSHET bow A LUELN = 72 R UET LM
(3R
bow=[x by + (1= %) Boosess | V- A= D)+ [V Bpugiaas + (1= ¥) by |- x- (1 = %)

(4-3)

F 42 H—E=TTEREET. A, X. L ST A F. InGaAsSb s o
i Eg AT LA R H
E,(x,9) = E,o(x, y) — bow(x, y) | (4-4)
e, Ego % = I8 RAM SR AT PERR (LA M0 45 1,

Bl 42 B T As 41444 0.02 Fl5 GaSb & H ISAZHY InGaAsSb HU4&H5
REBE In 4 (038G . RS AT SSMBE 4 KM IneGaraAsoo2Shoss
YMEJZ. InGaAsSb APEIR I In 4140 R i THREF A X SR . WA
T LA B ot TR IR 0 4 B B I U3
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EPE AIGaAsSb/InGaAsSh [ T H 5 FIHE #5871

#4-2 ~BETREET. A X L ARHRE s,

Bowing Parameters

Ternary Cr Ca Cx CL
AlkGaixAs 0.37 0.07 0.245 0.055
InyGaiAs 0.6 0.2 14 0.72
AlyGaxSb 0.47 0.3 0 0.55
InyGaxSb 0.42 0.1 0.33 0.38
AlAs,Sbi, 0 0 0 0
GaAs,Sbi 1.2 0.61 1.09 1.09
InAs,Sby.y 0.58 1.2 0.59 0.57

0.8
] Experimental Data of In Ga, As_ Sb
A X calibrated by electron 'probé
0.7 - @ -X_ calibrated by DCRC
< 0.6 =
Ol g
0.5 =
- 0.4 S
c . S
3]
m 0.3- ¢>U
=
0.2+
0.0
B 4-2 InGaAsSb #1487 38R In 47> 19384k . B AP sk
AR e, AN B IRATH LI HAE .
2.3 FHE

GalnAsSb IUJER/E TREM L PUMEL, THEHT S 30 ZR IS R A0
PERIZ I TRRT s A L B (@) = 61( ) # el 00) 11585 () T LA BRSO 48 A 4R
H BRI BATH B0, SRR AR T R SRR R S AN S R E A AR

— 42 —



FE AlGaAsSb/InGaAsSh

7 ZE

Eal rEOUES T

R RN, A0 E SRR LA R A

€I(W)=A[f(xo)+%[Eoi°AJ | S (x,)]+ B

Hep
x, =hw/E,

xas = ha)/(EO + AO)

fE=x2-(1+x)"" ~(1-2)" H(1~x,)]

1, x<1

0, x>1

H(x) ={
Eo— EHEH IR
Ao— B HE-PUIEEERRE
o —HFHE

AF A BAESE, WnRSHTUEINR 4-3 P T RASHIGEITE

*hE. FHEn(0)H:

nlw)~ & (@)

B 4-3 45 T 5 GaSb # R mi& ILEL K InGaAsSb #7 5 2 pE KR35 3¢
F. #IndH 020, InGaAsSb 7E 2um AbHIHTETE % 3.88.

& 4-3 HRZTREMEI S EMESH A, BI,

Binary A B

AlAs 25.30 -0.80
AlSb 59.68 -9.53
GaAs 6.3 9.4
GaSb 4.05 12.66
InAs 5.14 10.15
InSb 7.91 13.07




;”%“Zl]w AlGaAsSb/InGaAsSh fi7 ZFE & 7‘://%/* Tt v

4.0 -
InxGa1_xAsySb1_y
Lattice Matched to GaShb

>
- 3.84 -
£
O
IZ
wd
(&)
© 36- i
[ -
[s})
0'd

3.4 . . T : .

Wavelength (um)

B 4-3 5 GaSb #fJRAE LI InGaAsSb M T HEREE KB K R,

4.3 AlGaAsSb ## B E AR
431 BERE ,

tHF GaSb MITHN L RS HEZEY 40meV, T AISb LR [A AR, Fitk
AlGaAsSb [ Al AN KBRS NEERHTHEES. B 44 K
AlGarxAso02Sboss T L. X sUH IS Al 5 H93E 4. 2 A A/NT 0.2 fh
HEW, £ AIAS KT 02 /M 05 EWHERMAN LS, BAIEHDE05
LLER, SWRIEAHEZN X BE
4.3.2 HE

AlGaAsSb MHTHf A LAd 5 InGaAsSb HT4f i HZ I 1B H.
] 4-5 J115 GaSb i S UCE T AlGaAsSb 1 K HATLE R, XF
Al 41574 0.42 i) AlGaAsSb, 7F 2um 4b, &40 3.55. 0 Al 44048 & %)
0.9, &g 3.30,
4.3.3 X

XtHF p T TR BOGIS T, WO A5 M K B E B IR T p TR
JEHIHEH . 18] 4-6 25 5 GaSb #1 i UL ALY AlGaAsSb 7E 300K FHI#H . A
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5

oF lf\g;/ A

Ty

BP0 E AlGaAsSb/InGaAsSh L7 5 41T E ok #

BT LAE B, Al 49324 0.5 I #BEE K, 5 13K-cm/W. TTTAH ALY Alo sGao sAs
A 8K-em/W. 7t Al Hor-RE T 1 I#GHEN, AISb FF 1.8K-cm/W. [t
R Al 45 IR 2 EH R TR E RS .

2.5
> I
L
Q.
©
o
- L
c
(3]
m
0.5 -
0.0 —T T T
0.0 0.2 04 06 0.8 1.0
XAI

Bl 4-4 AlLGaixAso02Sbogs [+ L. X S BREE Al 4413814k

4.5
AIxGa1_xAsySb1_y
Lattice Matched to GaSb
>
- 4.04 -
£
[4))
= X=0
wfd
Q
© 35 - :
D X=0.5
(14
X=1.0
3.0 T T T T T T N 1
0 2 4 6 8

Wavelength (um)

&l 4-5 L GaSb #1E A UL HCH) AlGaAsSb 1AL 4T 4 BB K I B R R .
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15

3 .
5 |
X
E 10 = °
=
2
a °
£ 5
2
< @
@ : AISb(]J
E 0 | ] 1 |

0.0 0.2 04 0.6 0.8 1.0

Al CONTENT IN AlGaAsSb

4-6 5 GaSb ¥ &M ILAL ) AlGaAsSh 7E 300K F g3 palY,

4.4 AlGaAsSb/InGaAsSb % & THRIRETHEH
4.4.1 AlGaAsSh/InGaAsSb = R fEH 454

SN TREOER/REMHWET, RRETHR—AXBMSH. FHBK, B
FROMRAE/D, BOLRERERSE . RE o8 KEH T RREHN
RISCIR A B R T HAF R, ERIMER ZITRZE, HMKRBIHE. XS
RIS HEEILF, Van de Walle F1 Tsou S AR 552 REY & B
BF 1%, A SCH F it AlGaAsSb/InGaAsSb T R 5 R 4 M 0 5 A 54
B B %3 ie. TR H o RASHEET B2,

4-7 73 InGa.xAS0.02Sbo.98 A1 Alo.21Ga0.79AS0.02Sbo g8 Tt B 5 HUAR ST
AR In H 3. InGa1xAs0.02Sbo.gs Fl Alg21Gao 76AS0.02Sbg g8 I A5
Br/NT 100meV. 78 In 445125 0.15 &, 41k 70meV, 3 In HAHEET 114,
i+ 86k 0.

B 48 4 &5 GaSb 4 J& & #& T % M InGaixAs,Sby, Fi
Alo 21Gag 79AS0.02Sbo. 98 it KA HF UARXT AL B RE In 41430 138 1k . 7E In 414324 0.2
Kb, M HEEET N O, G In SHAMEREEIER,  FRIRUAE AR N 08 K,



1.2

1.04-- -- —— L
Al ,.Ga As Sb . Conduction Band

0.8 1

In Ga, As_  Sb

; 0.02 0.98
9 0.6- Conduction Band i
>
O 0.4- -
)
c 0.2 lnxGa1-xASo.ozsbo.9a
LLi sl - Valence Band B

0.0 -- e e s 1 e et e eI =T a—

A10_21Gau_mAs(].oszo_98 Valence Band
"0-2 T T T T Y T T T T
0.0 0.2 0.4 0.6 0.8 1.0
X R
In

B 4-7 InxGa1xAS0.02Sb0.98 1 Alg 21Gag 76AS0.02Sbo g8 i S M 7 1
FXHALERE In A4 1%L,

1.2
1.0 S . -
AlmGaQ.mAso_oszo_98 Conduction Band
0.8 - -
-~ 0.6 InGaAsSh L
% Conduction Band
o 014_' '_
>
o 0.2 Alo.21 Gao,79ASo.ozsbo.98 B
QC’ 0.0 Valence Band
m « L ™ % 0 0 70 T O S U A 8 40 e e o -
0.2 InGaAsSb i
-0.4 -] Valence Band B
Y T T T T T v T T
0.0 0.2 0.4 0.6 0.8 1.0

In

&l 4-8 5 GaSb #f & m s ILAL I InyGa.AsySbi.y Fl Alg 21Gag 76AS0.02Sb0 08
T R A AR AL BB In 44 ARG

_4"7__



FUF AlGaAsShblinGaAsSb [ H L fl FI KR il

4.4.2 AlGaAsSb/InGaAsSb T 8 TRy st 544 _

AlGaAsSb/InGaAsSb % & FIf ) N AF & -FBF 44, InGaAsSb W TE7E
0.5-1.5% M FE A o BRI A 20125 R L AR X e OB IR . 2 & — AN <100> 75 [0 4 K
M ERARREL, 20 B EE S IR, S % X Hamilton RTLUH 4
X 4 H [ AR 001080,

‘P+Q -S R 0

~-S* P-Q 0 R
R* 0 P-Q S (4-6)
0 R* S* P+Q

P = a2y, /(2m)[k? + k2 +£2)
0 = [p2y, Iem)i2 + k2 —2k2)
R =-[ny, 1m)N3 (k2 = k2)+ il 12m)N3k &,
S = [y, 1em)N3(k, ik, )k
NHp yon 3 AW Luttinger BE, ke ky AEEFTARKFHRMEER, kL
AT A K .
Halmilton &% 5§ 4 AN T 50K -

33\ 1 ,

55>—E(X+1Y)T

31>=L[<X+IY) L2z 1

22/ e

301\ 1 -0
_2._5>_Tg[<X—zY)T+2z¢]

3 3 :_1_ —7

5_5> ﬁo( i

X () 4 X 4Hamilton S FEHEAT AR AT LA BIPAS 2 X 2 (14585 HY fn HE



FEPGE AlGaAsShiinGaAsSh fi7 T # il F I M F G

| P+0 R 0 0

u R* P-0 0 0
H{H 0 } 0 :
R

0o H* *-8)

HooR R =|R| -S| . ATRUEIERAR HY B H- RSB B B AT
TERRINE L ST, TEMNETE R AN, HA &S RS

a,—alx) _
s, =6, =2 D=, (4-9)
25
2C
£, —C—lzg | (4-10)
11
£, =6,=6,=0 (4-11)

A ao HATEMRRE S, Cn. Co ARERIEERE.

R 7% 6545 (X1 B AT LA 43 K B TR RO U 10 B2 0 O R o KB TR X 28 FORR 2 ¢
RIYER 2 —ER), TYImR D RERX . EXERIEFHER. EVRNIEMRT,
R R ARIE A R AR, TR . AR AR B R IR .

TKERIEXT T 7 BIVER 5 -

%y, =—2a.0- %) ‘ (4-12)
TR FE XA 1 IE R 4 - (4-13)
SE;, =~2a,(1- %&)g | (4-14)

) 19 B2 3 A O I R R A -E 000 YT R SR B O L
R AL, Wl 4-9 B7s.

E=-b(1+ %)5 (4-15)

1
PLE&A T acy av. b AJERH. HRNAEXATHEMNZE, 47T Hamilton
BULHY 1, TTARIR A



FEE AlIGaAsSb/InGaAsSh /i & S F I #5181

—-OE,

oY ={P +~Q++§ R : (4-16)

R P+Q-¢

XTRY AR B TR AR, 27 Hamilton B 2.

P R
HY = || PHO+S +7,(2) (4-17)
R* P-0-¢&
2a,(1 —gi)e ‘z[ > %
BEERE V,(2)=1 " . (4-18)
AFE, lzl<7w

EEBEEKFFENERAANTHERY, ZRIETHMRPRL2E LR
B, BEHASERALEFHNE.
52 MM, NEETHSTHBEREFWNTER:
L

AE, B ZTW
Vo(z)= - (4-19)
2ajl——cig} [z‘<L—W
| C, 2

Lw AETFHIGE. BRSEMNSRAAIEN, UETHE L0
EBHY:

,:— h d——+ Ve(Z)jlf(Z) =E,(k,)f(z) (4-20)

2m: dz?

BB TS MR RN MER T LA TEN S EERETR:

AE

SE.¢

AH Xy OB
AE LH £ ‘

Kl 4-9 NAERTHETH&BIMETRER.
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i AlGaAsSb/inGaAsSh fi7 T it FILH #2187

RIFEEBRAMTENTIETRE, HlingREsEl®M, HRmEl>"%,
AICHKAT S.L.Chuang # it f£ R REET ", BT S HFI T & 4-1.
B 4-10 ATHEB RN Al 21Gag70AS0.02Sb0.98/INGaAS 02Sbg 05 N AT E F B £
TFESBEMEMRMZM. In H5M 0.15 2 0.25 Ffh. B 4-11 HETES
HE B BEBF 3 RIZEAL

0.3
1 C1
>
)
~ 0.2-
>
O
S
e E
(I
0.1- X, =0.25
X, =0.20
X, =0.15
0.0 T T T T T - T M ] T
0 50 100 150 200 250

Well Width (A)
] 4-10 AlGaASSb/InGaAsSb 725 & T B o i T 225 A B BABH SE #0254k

0.06

X _=0.25
0.041 X, =0.20
X =0.15.
0.02-

Energy (eV)

g

0.00
H1
-0.02

0 5 100 150 200 250
Well Width (A)
4-11 AlGaAsSb/InGaAsSb V35 & T Bi op 8 2 7V A R B R B 95 28 1L o
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HFEIE AlGaAsSb/INnGaAsSh [y Z it F It #8185

4-12 50 T BT HAREY (C1) MEF SR (HH1) BRI
REEBERF B3, B 4-13 Bl T A FE—MAER (C2) MESE—HK
A (HH2) BRITRIBEBBERFSEp A k. [ 4-12 R 4-13 AT LA @Ot 38 K0
SHEACR B IRIE . BT 4-12 FEEMEH, BST KK T 2.4pm B REET
BFA R In 1oy KT 0.25,

kst

Energy (eV)

Energy (eV)

0.9

11.4
C1-HH1
0.8
{18
0.7 11.8
42.0
0.6 - xm=o.15 )
_ X,=0.20 |22
Xm=0.25 124
0.5 ——————— —
0 50 100 150 200 250
o
Well Width (A)
B 4-12 CA-HH1 KT R B 5E o8 f 7254k,
1.0
C2-HH2 -1.4
0.8-
L 1.6
1 : L 1.8
X =0.15
In 2.0
0.6 - X =0.20
X =0.25 2.2
2.4

60

80 100 120 140 160 180 200 220 240

Well Width (A)

&l 4-13 C2-HH2 BRiLfe B RERE 98 A28 1L .

Wavelength (Lum)

Wavelength (um)



ZME AlGaAsSbAnGaAsSh [T T % 5 F B 22T

AERESFTENETFTHWEELSTCTRERKBT USE R
AlGaAsSb/inGaAsSb MM HIEEK R, E 4-14 Fim. k&0 1, B—ES
RESE—BF/GHEZAINEEZAAN 50meV. E—RBFIHFESE_EXF U
ZIAIBIREE EL A 10meV.

0.00

-0.05 =

Energy (eV)

0.00 0.01 0.02 0.03 0.04

K 4-14 AlGaAsSb/InGaAsSb A& F B dN #4544

4.4.3 AlGaAsSb/InGaAsSb [ TMEE FHHH S
STFNEEFHEOLREN, BTERTEERANNE, mRETHE
WK EEBE TIHRAEE, TSN FRXERENRE S, SN
Fe 2R BAL, BN E FH MBS N OEIA. X THRx—EE, A
ITEERANEMEETFY, BlanASE 20N RIMEAPF RN, FETF
BrEER NN EREET, NFRBAENETHEE KRG, R4
AlGaAsSb/InGaAsSb N E FHF &, Wt T 2.05um F1 2.29um KPIAF
NAAMER FHBOLSREM. B 4-15 AXHMBERNEHSER, FEXE
4 34 100AKEFHBE. - TFHEKA 2.05um £ AlGaAsSb/InGaAsSb 7354
ZEFHEOLES, BHNENETR 058%, B—NMETFHMBENSEE 80AH
NN 036%MH L2 L FTHMEZ. MXFTERKHI 229um #



EPIE AlGaAsSh/InGaAsSh [T E £ EFHE #5571

BHEOLEE, BHNENZA 1.0%, §—
{HATEMZ . B 4-16

AlGaAsSb/InGaAsSb WA MEZET
EFHHAFEMEEE 100AMKNT X 0.50%K 25 H
FX RN AR AMEE TRt ST ER AT S W E.

0.5um GaSb

p-type cladding layer
lattice matched

— 10nmM I sG8, 55AS; 055D g5 Well
_ 0.58% compressive
undoped waveguide
lattice matched

18nm Al ,sGag 757y 475D, o5 Barrier
0.36% tensile

8nm Al ,5Ga, ;5AS4 075D, o Barrier

0.36% il
36% tensile n-type cladding layer

lattice matched

0.5um GaSb Substrate

i
(a) 2.05um MAAMEE THHBULR 4514

0.5um:GaSb
e

p-type cladding layer

20nm Al ,5G g 75AS, g5, o, Barmier lattice matched

0.50% tensile

= 10N 10y 55580 65AS, 45 Sby g, Well
1.0% compressive

undoped waveguide
10nm Aly ,sGag 75A84 43S g, Barrier lattice matched

0.50% tensile .
n-type cladding layer
lattice matched

0.5um GaSb Substrate

=B THROLSREN
EETHRUSREM.

(b) 2.29um FAS
& 4-15 FF AlGaAsSb/InGaAsSb S %M

Gaﬂ 7688, usb‘, A o.szau.IsAs».arsbu.s: Gao rsAso nsz Gao 5AS,, oISba.u
Waveguide 8nm Waveguide 10nm
cB——— — cB—— e —
E2 I E2
E1 E1
605meV 732meV 543meV 691meV
HH1 HH1
vB HH2 VB HH2
- T ] e
HH L HH
Ino.ﬂGaﬂ HEASO GASb In Gaﬂ 75ASU OISbO.Sl
10nm 10nm

(a) 2.05pum NAZAMEE T HFEET

K 4-16 PHFF AlGaAsSb/InGaAsSb N ZF

&

(b) 2.29um FEAEHM:
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EmmE AlGaAsSb/InGaAsSh [T E & F BRI R

45 AlGaAsSb/inGaAsSb Z EFHE L EMRHBAT

1082 4, MHRERIEY T AlGaAs/GaAs 2 BB HIFFE (SCH) ¥t
S, XSMERNRASETESERGENEFHZEMIANEBLRHOESE,
REETHTORERGEF (Taw), FNERBTEHBRESES B HER
FRWSIRMARE. AERESENEETLIMRL, UREBEHERTaw. — &
ik BB 0.3-0.45um 2 [8]. Garbuzov % AfE 1996 FELHA KN, BIMELE
2T RALIE H GaAs % SCH BotS &MY, 10%em® BRREREIZ M 8 B
T R A AR A 10om . e T B s B TR K, T A
474k GaSb HEEOLRF, B HER TREFTERNRER R ERTMENEE
FZE. FlanstF n B AISh, LBIIKER 2X107em i, 7 2um BELR
W EHELE 10em™; 3T p BH AISb, BBIIRE A 5X 10" cm® i, 7 2um
K AR U RIS 150cm™. Garbuzov 25 A &S — B ARIR L T K S M
W, MERTHNRSEL M3IAEEE SCHSHFRNESE, REM
NENREIER S, UARIREEE BB TFRECRENER. BEREFESIA
- ZXEENESENERELE R ERTMHET, FHTRRIE.

AR T AR AR R 5 BEN RO IR G E FHEITTHE
M4, EAXTFHE (e-hh) FHETHELSEMS, TEERESEM, EEUT
#t TE BN RSIEFH#HAT R

EERARENZEEREST, BRERG EFEAT x# (TE KWL,
7 yz FHEFERE, WEsy E R RA:

E, = Fexp|jlot - f)] | » (4-21)
AP FARE, oANGTHE, pAERRE.
g’ =(3} n) (4-22)

nAFHE, EEENAEST, z TANEERRES 26, N TEERMERK,
My H RS E MR, T rBREE y 7 REEK R EE +y 77 HZ5)
BT exp(-ny)Fi¥E-y HHEBESHIEG exp(+ry) i3 N. HEBEMAZ EXER
ATLAEE:

y: =Pl -nlk; | (4-23)



H, =-IA%F (4-24)

Y,

ﬁ¢ﬂ5€§%”nﬁ%ﬁWﬁ%$,hﬁgfﬁﬁé¢m%%§ﬁ°%%\m
GHIE S ETTE 417

B 4-17 2EERERAEAREHIXEREE.

EITHR refCRIEFAEE, HRERATTREE. Tl 4-15 Frmgm,
BISE 1 2 R EAG], SRS MBSGFAERELEYE, B3

(Baw + Eo )y =(Enu +Ep )y | (4-25)
4 (Exl+ —-E, )12 =7 (Ex2+ -E, )12 (4-26)
ERAA L AEERR: |
Ex2+ _l 72+}/l }/2—}/1 E.vl+ _

7’{EXZ_L—2L,2_% 72“'7’1}[&%]21 ' (420
EIGMNE 1. 2 RO FEEDIE 2. 3 BURATU AU TERERER:

Ex2+ _ exP(?’zdz) 0 Ex2+

[ExZ— }23 B [ 0 eXp(— 724, ):| {Exl— ]12 @29

A% 2 BHEE. & ER.

_ exp(}/rdr) O

LWrystry, vs—=7,
== 4-30
2Ls~7, }/5+7J ( )
MFEEERE M . ‘
M :Dnn—an-l """ D32P2D21 (4-31)



ZME AlGaAsSb/inGaAsSh fi7 ZF & & F 254 52161+

E E - |
ﬁ’ﬁ ¥ | ZEEREE 7, [ n+ J = Ii xl+ :i (4'32)
1 E nn-| E 21 :

RAERSINERIFEET BG LI E RIS, B Eqdl E .5 0,
BTEL Mgy 8204 0. BIBEFTLLSK M nes & B z FRIKEIB RSy, #HAINE
— BRI RE S

M LR TR X AlGaAsSb/InGaAsSh £ & T Bt S8 K56 22 FRE1E 4T
. AT ERBEREHETR 1.5um 8 Aly42GagssAsSb 3 Alg9Gag 1AsSb
£ TRHIE, Alg21Gag7sAsSb #HFEF Aly21Gao76AsSb/Ing. 15Gag. 75AsSb
ETHEERE. BEMITHER 42 M43 TiHHERER, |

4-18 5 E /B3 AlGaAsSbinGaAsSh 2um kI L Fh a4 B
THRAEREETE5HFEREENXR. BT 5 £HME 555N T MR EFH
P S METHIBOLSEEN. BOLSBRREIER Al 454 0.42 i AlGaAsSh.
MNEFEUEER], BERSEEENEN, B ETFHF Nt REE TR 1
m, ETHEERD, SNk, ZKSEREN 0.15-0.25um 4w ik E & K.
ZETow B SEMMEES TR, LESEREN, BTHEE 0% M g
wHEREK, EHERSEEENE, 1-5 METFHEMNTon BH—3. B
B, KSR 0.15-0.25um Mok 4 M4 R EER SCH £#.

2.2
2.04 h;/‘:.ﬂ\_\
18l - e & N A“‘A'A—:::\}S‘“
B A e
S ol
s, 1.6 /‘ / < . .
{d
g 1.4 / A/ /0 AlGaAsSh/InGaAsSb
bt |/ A/ hod MQW Laser
1.24 ./ ./ —e— 1QW
] /‘ / —h—20W
o
] & —a—3QW
1'0_ ./ —C—4QW
084 & T SawW
0.0 0.1 0.2 0.3 0.4

Separate Confinement Layer Thickness (um)
4-18 AlGaAsSb/InGaAsSb 2um Bt EHRF AN EFH
RNERFEFTow SESEEENXR.



EE AlGaAsSb/InGaAsSh [T E & FIHFH T

& 4-19 AFA SN EFHEREZE Al H24518 0.42 1 0.9 B L R4
T ow FEIE B EEERZN. WBFAR, AlE5 8 0.9 MRGIER SRS THEE
BEEEBE, ETqw BIEE AlgGaossAsSb fREIE ML M5 1%L
.

IEINETCATR BN, EFASNEOEEES, SBEREIEFHEHER TR
KRR RBENEEREY —. B 4-20 it EBINEER 2B EIEFr
S5KRSEEERNXZ. NEFTLES, REMENSEEREMNMEM, TN
X, BEFESFEEEN 0.15-0.25um &, TRE 70-80%. tHEtEiHE 20-30%
R MEESRREE. NEFHTUERIEESEEEEE SN, SE
E#EE 0.3um B, THE 85%LL E. RWME 4-18, Tow EiKSE#ET 0.3um &t
PEARAENT L2218 o B SL AT LUIE R 0.3-0.5um KK BB B LA B S Be 1 &
fEth. Garbuzov FARISERIEH, K FEXE 0.4-05um TEEABILET, BOLE
MR m . VIAULH B BT R R SE 2 T Taw BIRMIZR.

4.0
3IQW
—e—Al .Ga,  AsSb Cladding
——Al ,Ga,  AsSb Cladding
304 T
9 S/ o
e-r /’ v\f.\
= . N
L*G G ¥
2.0 —0-0-0-0-9-
/./.’.,. °0-0-0-0-9 o\._\.
o*
./
./
s
°
10 T T d T T T T T
0.0 0.1 0.2 0.3 0.4

Seperate Confinement Layer Thickness (um)

B 4-19 [RAEIE Al B4 0.42 71 0.9 MBCLE EMTow B B Z B ERZL.



EIE AlGaAsSbAnGaAsSh [ % BFHLE# 21011

a
90 - _—O0"A
D'D’D/A o
O = A o/
" A
,D/ O/
80 - BN o
r -
o’ A o~
AT
3 AN P
S 70- Y-
- /o/
- A o —o—1QW
60 - s o —A— 2QW
7
A ° —O— 3QW
Py
504 ©
T T T T T T T T
0.0 0.1 0.2 0.3 0.4

Separate Confinement Layer Thickness (um)

4-20 HFRHEFIEEFERERNXR.

P 4-21 FE 4-22 3 SR EEA B0 0.1um 1 0.3um MBS M HR
G, B 421 RS B R E RS — B AT B T R B
BEE, AR 4220, BTHRSENME, X—NBE T A4S,

1.5 4.2
Waveguide Thickness: 0.1um

3
S L 4.0 x
2 1.0- o
N o
5 B
g 3.8 5
© &
@ 0.5 -E
|
- 36 oY
(4]
QO
4

N

. , . , \3.4
1 2 3

Distance (um)

o

B 4-21 WREREER 0. 1um MBULEAKEEES 2 m.



FEME AlGaAsSh/nGaAsSh 7 % & F #5815 1T

1.5 4.2

— Waveguide Thickness: 0.3um

£ 40 3
2 10 2
g 9
Q

< 138 2
—_— O
g~ o
@ 0.5 D
w L3
S

©

Q

Z

0.0 3.4
0

Distance (um)

K 4-22 WwREEEN 0.3um MEOLSE A KBRS .

7 N

AEN AlGaAsSb/InGaAsSh F738 8 F HHs s 38 W o i — Lo A 13 ik
ITTWE, A1 T InGaAsSb. AlGaAsSb HIRH& &%, B mE ., eTR. #
B, RN EMEE S, FE T AlGaAsSb/InGaAsSb fi A5 & F it
EMTHRTEN. RIRESHEY . WENER., REHAHTHEM
AlGaAsSb/InGaAsSb NWRMEZ B FHFEABEW, HKSHN 2.05um H
2.29um. HTHRLIMNEER B BEBRTFREKKE TIELINEE, FHMN ST
MABHNRASPREBLOPEBLBEEETIHN AT HHF. K=t
AlGaAsSb/InGaAsSb & T BHEULRR KL RS E FRIE Gt #0317 T HE)
WH, £RRHW, XA 0.3-0.5um MEHE LT LB ENEFTAREEN T
b, FEAESHEEFHFHERSIET.



EHEZF 2um AlGaAsShinGaAsSh % B FREHH

FHE 2um AlGaAsSh/InGaAsSb % £ FHHH ==

51 31&

LB THEOL R RGEMIESIET USRS A S R ES T AR
KA, MBS BB R AR FRBCA R LR RIS RO . XEBOLH
TEfe. Ry, BaTRETMABHERBERT BRG], EHLBEEBRR
BE, WABETFHERR. TN ESIIBOSELEREASIATHRERS, K
Bt AT R S MR R TR R, BRI S AR T A R R,
FH A RBET MEDR, B8 THIBETHER. RS ELREEaEY
BREOLRE. EEARELS. EERREHARE. AEREMTRTHE S,
EEFEL. FEES (BEUPEE) =ZF4EH 2um AlGaAsSb/InGaAsSh £ &
FHHE LR HE R,

5.2 2um AlGaAsSb/inGaAsSb & & FHH Bt Hl&EH

2um AlGaAsSb/inGaAsSh % B FBHi 37 A By bHEL R A E 7= IV AU
 BESTHRAAZERGLEKR. #EA(100)EMAE Te n B! GaSb, BULHEEN
AFET n B GaSb ZME. n BA p & AlGaAsSb [REIE . NBZH) AlGaAsSb -
KSR, 2ETHHIEXMN p & GaSb #ilZ. B THOLSHNESARERT
RAIEFEANBFEX, FLRHZERSREBAERLRTEAD, URSEANSE,
Wb R H. BIE AIGaAsSb i) “W” & n BB v, Al H47E|K T 0.25. 0.5
EAEFAKT 0.7 BFEABESEINER n BBy, FURNIEET 0427108 H
i Al A EIRREE. B 5-1 (@) FinAREIE Al @408 0.42 BRI . n
i GaSb EENEEN 0.8um, BFEEH 10"%m>, p & GaSb HZ B
73 0.um, BRIREE 10%em?. #ARKREE NS GaSb #E &K LAH
AlGaAsSb, H Al 4k 042, EEZ 1.5um. n & AlGaAsSb [BHIE KB 2%
WEARTF 107ecm™, p B AIGaAsSb [REIEHIBZIE RN 10%em™., BOLBH IR
XA 34 AlGaAsSb/lnGaAsSb EFM. InGaAsSb &R In @44 0.15,
H%EEA 10-15nm, AlGaAsSb #2217 Al A4#5 0.21, HEEHN 30nm. BT
ZESR AT AN B B e R TR SRR B, TIOR8 0 R R S SR P 5
ZeWR B LURAR A BE, EEFAZIREZ G ERBAES M, M InEoL



EFHFE 2um AlGaAsSbiinGaAsSb £ & FHAE

i

)

SeHIREE, HHRITRA T MRk SHEH, MEEFHETRENFNELTA
SE®meME, N 0.3um § AlGaAsSh MNEE FX, URBEFAERLRRE
sl MR, B 5-2(a) 0 5B S-1(@X M ERRERE. HT%E
MRS Al SR, ERMTE LS THE, EREMBEEATHES
W BMARAETAREARS R4 T EERNBEOLEEY.

B4 Al A4 AlGaAsSb TTLISLHLE M n BUBZRE, JFEAMEBIEK
Al 284389 AlGaAsSb /N (31433 %), 5ESE. FEEZENAFESH
WEA, FUEE AIESH AlGaAsSb 1B 4RI # — SR\ FIERE.
BRI BSHR A OEALRE, MEFTENERBANERS. REE A 47
% 0.8 MEOLEEMMELRTE 5-1(b), HEHS5REIE Al E55 0.42 HIRUL
52 R IR B EM BN EAA R, B 5200 A M AR SR EE. & A
40 4 BRI o R AR E B T & T 2R S50 A ROt

53MNBRETE
5.3.1 2um AlGaAsSb/InGaAsSb & S LaF
| BAREMNSEHSECLETENARE. S—ZIRERSEE, RART

R TIPYAU FIZIE R T EESS R p EEEA, AN EHFESHME, REE

BB SR SNEESEN, A SO MRBTEMmL. RETKIR
B. BUEHRNE TSR SRRk L NRBTEZME, REEK. &
SRR Au, FEEHTE ZUORZ] p EERARER . LZIE REERE 2 p @
AR, A SRR p AN ITE. n MAHISAEXT S LB S, BRI
% 150um ZA, &R AuGeNi, BE&WIETM. &RM/Er T LU#E
R K 200-800pm AEHEHHITIR. FEAMERKSTIEF, BREH
WA AE, TEEREEZREE, BEBZAEERED, ERIMNNIZHE
i SRR &R &S, KA & BRI RImA . A REERIERR
KAREFBS, MEENDT R, BHT IERE, & TH#HELEN
EEN., SESELBNEETERERTHES-3. B 54 AHENERIEC

H{rEHE.



EFE 2um AlGaAsSb/InGalAsSh % E-FRLE#5E

GaSb 500nm D 10"8cm

Alg 42Gag 58AS0.0655D0.935  1500nm p 10"8cm

Alg.21Gag 79AS0.02Sbo.gs 300nm undoped

Alo.21Gao.79AS0.02Sbo.08/ 3QWs  undoped
Ino.15Gao.85AS0.02Sbo.g8 ~100nm

Alp21GaAsSbg gs 300nm undoped
Alo.42Gag.58AS0.0655b0 935 1500nm n >1 017cm'3
GaSb Buffer 800nm n 10%cm™
GaShb Sub. n

(@) BRHEIEAN Alg.s.Gag ssAsSb

GaSb 500nm p 10"%cm’
Alo.sGao 2As0.08Sb0.92 1500nm D 10'%cm
Alg21Gag.79AS0.025b0.98 300nm undoped

Alp21Gag 76AS0.02Sb0.g8/ 3 QWs undoped
Ino.1sGao.8sAS0.025b0ss  ~100nm

Alg21GaAsSbg gs 300nm undoped
Alg.sGag.2AS0 08Sbo.g2 1500nm n >10"¢em
GaSb Buffer 800nm n 10'%cm
GaSb Sub. n '

(b) BE%UE 7‘] Alo,sGao_zASSb

Kl 5-1 AlGaAsSb/InGaAsSb £ B FHHE BB EMRrER.



Parad

Z 2um AlGaAsSb/InGaAsSh £ B FHLH#EE

p-Al,,

Ga As

0.58

Cladding

0.085

Sb

0.935

p-GaSb
Cap

n-AI

0.58

Claddmg

Ga As Sb

0.08

0.1eV

n-GaSbh
Buffer

=l

0.91eV

B T

AlGaAsShb/InGaAsSb
MQwW

Ga As Sb

0.79 0.02

Wavegunde
(a) EE%UE j‘f} Alo,4zGaQ,53ASSb

-Al Ga As Sb

0.08

p-Al, Ga As .Sb

0.08

Claddmg i Claddlng
0.29eV
p-GaSh 1 n-GaSb
Cap I”” ] Buffer
0.25eV L
0.72eV  1.48eV T 0.91eV
0.07eV - S
. \
AlGaAsSbIInGaAsSb/ \ Gao PS8, osz
MQw Waveguide
(b) BREIZE A AlgsGag2AsSb
Bl 5-2 AlGaAsSb/InGaAsSb £ E FBrE ke w &M ~ER.



EIZE 2um AlGaAsSb/inGaAsSh EZ&FHLEIH#EE

| SEA B b B, HAHET —— b“ﬁ:ﬁl’i

RREI IR E 4

Pt 1 Pl 1 F K W, e
L WSO ¥ mEEETAU B 4%

g* Tk N, e R AL
| BAME W e—— R e MR 5 B
|

B

& 5-3 AlGaAsSb/InGaAsSb ¥ SR T ERER.

TilPtAu
Contact Layer
P-type Cladding
Polyimide
Active Region
n-type Cladding Buffer Layer
Substrate

AuGeNi

Litght Output

K 5-4 AlGaAsSb/InGaAsSbh B ¥R TTEH.



ZFE 2um AlGaAsSb/InGaAsSh EBFHEAE

5.3.2 2um AlGaAsSb/inGaAsSb AHE & HICEE

SERAMKET AR, B VOt EERY, RB TR ARE,
B SR ATAREN, BUAZRES NERINEWE. £REVH
SINO1e B URLEEE ARG LRGN, FOEREERNTEHEE
R, SRR RS, IR NS T RIS E O LM SIN,O . RARTRER
TUPYAU, HEEE 1um . M ERECEEp ENTE. 28, HTRHE,
SR 150um A5, %H AuGeNi, BASLIERM. &HATMERNH
ATERERTE 5-5. AR EH&NECEEEEEY 20-120um, BK
ATREEEKE. 56 HEHARERNTER.

WERBEEE ——p ARWEEEE —> BHEBWMEEH ——> HKSNOx

F ZISiNxO1-x
%A

pHI A B

HEwS FERTiIPYAU

TilPt/Au
SiNxO1-x
Contact Layer

P-type Cladding
Active Region
n-type Cladding Buffer Layer
Substrate
AuGeNi
Light Output

& 5-6 AlGaAsSb/InGaAsSb & HI A RCHE~REE.



EFEE 2um AlGaAsSb/inGaAsSh £E-FHLEH &

5.3.3 2um AlGaAsSb/InGaAsSb FH % & ¥t 58

FPEEABOCR TSR MNEABLE, JH SINO. HZIZHLEH, Ll
HZRAE RS, FARNEFLAMAERSE D L SINO,. RABTRER
TUPYAU, 345 Au MBS, HMEREOLE p BNIE. 25, B
HZE 150um £H, FE AuGeNi, BESUIETM. FHAREI RIEE
TEREFTE 5-7. FRLEHENEOLERATRRERY 20-120um, BKTH
FREAEKE. B58 A PERAMRNREE.

F6ZISiNxO1-x %\’ ot . 3@
"o ’

e

Z & SiNxO1x

gggggjg+___;%%mﬁmm4§___.

pifl A R
K TilPtAu

nil & & AuGeNi
&t

EARE W

B 5-7 AlGaAsSb/InGaAsSb 2um i 5 & 8ok s s i T B2,

TilPt/Au

SiNxO1x
Contact Layer
P-type Cladding
Active Region
n-type Cladding

Buffer Layer Substrate

AuGeNi

Light Output

& 5-8 AlGaAsSb/InGaAsSb FH & &t R rERE



5.4 HABRBMERRERZE

SR RLR EEARE P . IV SR A E . PN BB
B THRFREHEES ST R ER S, BEERREE
WEE K. T RAMLE, RREBREERT 1A, FILLBIURA KB
BBk MR R S . A O E 1P MR R GCAM /N BAT IR BER
SR E RS, T @ Keithley2000 £HE. Keithley2420 HIEZ F%.
HP8114A Bk S K4 8. HEEMRE. InSb ;RS AE GPIB EOFH
HENF GPIB THBSAR. WE Keithley £ FRE R H AN EBRATE
3A. HP8114A Jki (&S & £ 22 MRk 3T AT LAZE 10ns 2| 150ms Z [AAFT, ki /A
#ARATTVEE R 66.7ns-999ms, AR KIS KB A 2A. #otat s HP8114A
Bkop R AR SRIKE), VEARR G SEERBFOZARMNE, InSb FMENES
W ANB B —A2ARF. FENNENEEYEL GPIB B4 #tTER, HANE
GPIB # O FHIHENES, SETMEFE FEOLSEN, [T EERE
MR E b, BT EBASHTEA ENH, BEH ILXlightwave AF#
.um3%05m&%$%ﬁmm?@.ﬁﬁh NN ERFOERINE 5-9 Fi7s.

Temperature

ter Controller

Computer

GPiB Bus

i e &i ~v« !g R-Box
3

Muitimeter Multimeter

Probe
Station

InSb Detector

5-9 WOt I-P RHNERSTEE.



FIE 2um AlGaAsSb/inGaAsSh Z & FHH A E

B SHOLR FE T #EHEH B RS % Nicolet Magna IR 860 {837 /25
BA AN, HP8114A BkM{5 S k4 2. LDC-3900 EEOtHIE. Agilient
Infinium $FRERR. BRELSEHEHM. B HP8114A RALEFEIS, ILXlight
B 3% PR IR B . O AR BOVE N\ PR B £ HE7E (1 B o 1 PR ARSI O e
%] Agilient TR, BOLEIT Nicolet 837 HAF#: 4T Sh i 5 1 3 56 0 B4
AL, FEEEAON B EATE . B 5-10 N8 ORI IEST L B RS T
%A, |

RABOLRETEETRERY, ELFEEENE. REMSTEUERS
SERMBRGEL—T. WOLE0IH HP8114A B ERIKS, HEABRKKA
/i Agilient ¥R SRR R LIRS, BT EEENE, ¥rR2EE APD
RIBERMREA KL b, (REAKKANETEEN 5-350K, ZEHEFEER0A%
FERKRG L, BRT W KMAEMAFES, FLRENBEREAR 20K, ¥
B EEA KA ARG O, SMEEEE LT, REHEEN. B 511
ARAEOBEENERLERER.

Digital Ocsilloscope

Puise Generater

Computer

Current Probe { -

Probe
Station

Temperature
Controtler

B 5-10 ZR TEOtSR B SN ERRE~ER.

FTiR Spectrometer



EHE 2um AlGaAsSbnGaAsSh B EFHHAE

Digital Ocsilloscope

Puise Generater

R ——

Computer

Current Probe g <

- 6K
Beamepiiter Mirror Cryogenic
-~ g \ 1 Pump
A, [ — = e — e

f gl O —

Room Temperature |

Optical Pah

Test |
|
| (”‘\
Concave Mirror S~ 1\
Temperature
Low Temperature Controlier
Test

FTIR Spectrometer

& 5-11 {RE T ROLRHSHENERA~EE.

5.5 2um AlGaAsSb/InGaAsSb Bl S =

AT & B 4 35 S 3-10um. B 300-700um B AlGaAsSb/InGaAsSb
LETFHEOCREERTWMHEEY, B THETKKAE 2.00-2.01um Z /&, &
{EFE B AR 80mA, FERLHIBIME RS E ik 3200A/cm®. LR FERI, K&
EEMSRERROEHEIRNEE. BobE I-P HIEREMERBZE AR 15mW.,
ST ULZE A 60 % HEEL T/E. B 5-12 A A AiGaAsSb/InGaAsSh H
B SEOGES EE T MEEHE TR 5RE BRI KR,

5.5.1 SRR FEN

Boeas B R R RIE R BT HP4156 Rk S S SO OO AR
FEHTH. B 513 FrRAR—GA E—4 GEHRD B4 LV M.
GRS BTN dum, BEKR 700um. MERAFRT IV BT A H
TIREMITEREN 0.6V, HoBRKEHEE 6Q, £ 100 EXRABERELN 1
®e B—HK LR RSN 1V EX—B, foraBEREE.



EFEE 2um AlGaAsShinGaAsSh £ 5 FHLH# 3

Light Power (mW)

15
Room Temperature
1us@100KHz
3000 Temperature: 10°C
Puise: 4ps
104 Reptition Rate:100KHz
3 20004
I
e
54 i
<
& 1000+
£
0 3 T i i 0 T T T \‘ T T T
0 50 100 150 200 250 1.38 1.99 2.00 2.01 2.02 2.0:
Current (mA) Wavelength (um)
(a) I-P # & (b) BEaRRIET

5-12 AlGaAsSb/InGaAsSb HiE FHULSE . (a) IR EIK
HRERAIRR; (b) =l THBUE.

........

e

..........

...........

'
L o—

-7
1

——— e

PRI

r-
r
[
i
L
|

Voltage (V)

- -

.y

'
v

-+ == -
v

[
o

]
IR
T

60
Current (mA)

100

K 5-13 —% AlGaAsSb/InGaAsSb £ & TBHEEES T -V 45
5.5.2 /EMEEHMH
BATR I BOCESRET TRERENHR. B 5-14 AETHA 10%E, M
-10°C | 70°C 9 I-P fizk. NEFALESR, MEATEENTE, Bt
B{EBEFIEIM, -10°C T4 60mA, T 70°C Ti& 200mA. RIETHEFIHE 25 5 7 A
BE R ZRFEEEF SRR, LS REANE, BOtRTEZE.



EHEE 2um AlGaAsShInGaAsSh £ EFHLHAE

-10°C - 76°C, step:10°C

11s@100KHZ
10
8
<
1)
Q
g o
E
4
)
3
0
a )
0 . AT——- r— —
0 100 200 300

Current (mA)
5-14 RENRE T BOLRR 1P &k,

ORI B E R U BEREE T R
J,(T)= JOeTLﬂ (5-1)
To SOL R ERRE . B 515 A ERRBRENELRR. AR 51 H#T
e TN 93K.

wATE TR, BORR AR BT, BOEBNETHE
BARE. E5-16 HELRETHEMEENBHAR. LEERT 10°CH,
MR B T EME T REE, d7E 28%-29%, BEZIT 10°C i,
BT MEMBENOT SRERE, E70°CH, BEFHERMNA 1%,

_ <
< =~ 30
Lo d
E 59
5 /0/@/99/ EL
) 03
] g 0
5 100 - o £S5
5 /@)/9/@/ Qg 20
o ] — 2
= 1 © E
Qo 1 cw
£ ] T:93K s
0 ] 2 €
@ x 3 Pulse: 1us
£ we Repitition Rate: 100KHz
= S 104
e)
R11 S — S —
20 0 20 40 60 80 . ; . .
-20 0 20 40 50 80

Temperature ("C) Temperature (°C)

W 515 BEEAEEENELER, E 516 SobRETHEMEENELER.



FFZE 2um AlGaAsSb/InGaAsSh £ EFHHHEE

#, SEEFENESERKL®. B 517 ARLSEREEE TR E. ¥
MR KBEEEZNZARTE 5-18. WE 5-18 HALIE S, BoLBMESTHKS
BEEEMERR, fEH 7.8A°C,

1200 NELELELE B AL BLALELALEN S AL BLNLALELNE SLALELELED N AL B A A
T=0°C
1000 - .
T=10°C
800 -
3 [y ““k/ T=20°C
8 600 |—* . i
@ 2wl
5 X1
£400F T=40°C 1
X1 .
! T=50°C
X1 bl J \ ol
200 F W [r=socy
X2
ol 1=200mA, us@o0kHz X
MEFITITS SYSU N TSl IPET IR TS ITAPU ST A ETETAEN AUIEPITSS ST SV UTET Tl BPAT AT

1.95 1.96 1.97 1.98 1.99 2.00 2.01 2.02 2.03
Wavelength(um)

B 5-17 Bt AEANFNRE T B .

2.03

2.02
2.014
2.00 4

1.99 - o
0.78 nm/C

Wavelength (1m)

1.98

1.97 T T T
-10 0 10 20 30 40

Temperature (°C)

A 5-18 BT ACBERE RN,




5.5.3 RE & ZE b3 sZ 4 EaEFm

ZERHER LR SR AT BRI B, S 3% B TR\ B DABK P B T SR IR B)
SOCRET TR . ERREIAR, BORRFFRIE, MBI aEoLREL
Tk, xR, BOGSRIE TR KRBT LR E B a, MTIRIEM
Jesa7E TR A BITRIVERS . B AR A, LBk R MmN, ¥
Jese TAERTIEIEK, TOAGESET MR, BOCRNEBELSHER L7, S
EiEaTE AR, FTLLE S AU INS SR RO BB E R, JIE
AR, BTRERE, EARSHSEGMEEHER. B 519 % 10°C TEXL
$1% 3 100KHzZ, BRI EEREM 1ps ZE(6E] 6ps B 1-P #igk. B 5-20 HE(EHS
REEENER. EETHAT 40%, HEERES S S5 LERHEE
M%FR, EASSHEAHTRLML,

W 5-19 FRiT A AR R I-P 4k ML T 437 (Kink) MUBL%, FEEX
BT

300
30 Temperature: 10°C
AlGaAsSbiinGaAsSb 2umLD < 250 Repitition Rate: 100KHz
P-f curves with different duty cycles ] f
Temperature: 10°C bt é
e 7
20 10% g 2004 /
s ----20% . =
£ Ce e 30% S Y
E  J--- 0% LTS e /
E e 50% - E 150 4 /
2 | 60% o) /O
o 104 e Q
o 0 5 Qe
Q100 o)
£
jo
0 o i — 50 T T T T T T
0 100 200 300 400 0 10 20 30 40 50 60
Current (mA) Duty Cycle (%)

5-19 RELFHTH I-P k. B 5-20 BHERRS HEHAXER.




ZFEE 2um AlGaAsSbAnGaAsSh £ B Fila# s

5.5.4 |-P BhiZeA0imsn

EXEOCESRHATEN KN, EREREABIKSTTHEGT, BHEEN
HINFE LS HIHAIT (Kink). B 5-21 4 H T AR EF L 500mA &, 7E 10%
R LT X —A Sum £ RAE K SROLRHETNENE R . NBFTLUEE,
BOLRRM 1P M= HR: F—EANEEN I-P iZBR, EEAER
BEBERROCRES, EXIESEARREEL,: P MENE O —
FE, BOLSRMRE LR BRI EAEE; P MENE=HSE5E T
DREL WHETIESEANBRMREL, EHEZMARLE BN,

AlGaAsSb/inGaAsSb 2umLD
304 _10°c - 70°C, step:10°C
Tus@100KHz 20°C
% 20 -
g
o
g 60°C
o 104
70°C
0 ,,,,/
0 100 200 300 400 500

Current (mA)

&l 5-21 AlGaAsSb/InGaAsSb MQWLD, 7£ 10%H1 5=t T I-P k.
BOLE -P AR RN N T RO B MM B F R E M. B 5-22

1 30°C IHEE 10% o5 &5 b 4 FIOL 83 19 1-P 4% SARRT R M0 SMM 4> B TR0 10
2, BTFREHBRYBREN 29%, KBERELFTEEE 13%.



.%i%amA@Mxmm&mﬁb§§¥ﬁﬁ”%'

40 ~35
| T=30°C
1us@100KHz

-30

-25 ¢

-20
-15

L -
(O}
e
’ 10
Nt

Light Power (mW)
nN
<
External Differential
Quantum Efficiency n (%)

-5

I 0

T T T T T T v T T T T

0 100 200 300 400 500 600
Current (mA)

5.22 30°C T, 10% 525 thitf MM BT HEEBRIKXR

BYEIE P BT — AR e I AN B i B A A
A e, B RMRER TN R E R KE A BREAEU R AER TR
AT L. BX T AlGaAsSb/nGaAsSh £ B T B, HRAM
E. BATE 30°C. 10% 575 (BKSE 1us, B 10us) MIFHT, WETE
A FLE Y 220mA. 280mA. 340mA. 400mA B ST 1. M AT E 5-22
h |-P gk _F &L FTRIALE . B 5-23 AARRLHIEET . SIEA RN 220mA
B, SR 1P M AR IAY BOR TR B r R M A0 BB 4y . SRR, FERUEE
75 2.01um FIEF5 6 1.865um BB . ik A RIS E] 280mA Bf, XF
RLF I-P #i4F & KIvIia sy A R ORY AR ZE 2.0 um R AT EE, IR
MT 1.865um KIMETER, {8 2.01pm KEGTHER S ESMA. EABRAY
340mA Bf, SNTF I-P #iIZTFarMERESY, HEhEs g ias 2.01um
1.865um KBNS, {8 1.865um MESTHER 5B T ESMf, BE&ET
T 2.01um AbEOHEHE. BE R 400mA B, SRLT P & HISE =H A
AN EBEXRESENEREENL. XH 2.01pm M IECEMFEYT,
1865um LM BHERXTESET ER B A =1 =1 RS
AlGaAsSb/InGaAsSb L& T B 6SE I-P 2337 a0 B E 2 BB R M
2.01um F 1.865um KK, M RNEELRE.
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Injection Current: 400mA
R . ,
340mA
3
©
> Al . \
2 280mA
3 . .
£ )
220mA
i
————————

———
1.85 1.90 1.95 2.00 2.05
Wavelength (um)

B 5-23 AN 30°C, HEEN 10%0, REENBHR TR %,

£ AlGaAsSb/InGaAsSb % & FHFEEaSEaT S+ 2.01um L AGEE R
EHIFEME, RRTHTSHE BT TREAN S E—ES R FRANKTHR
BN, XERERITECEETT TR EBRNER. (2 1.865um A
KB WA 4 MR BATX AlGaAsSbinGaAsSh B FBEEHMT T e 44
FIvtHE. SEASEEEK—F, B In 458 0.15, Al4H4% 4 0.21, AlGaAsSb
A InGaAsSb & As 4% 0.02. BEEE 15nm. BkE InGaAsSb &FBtS
GaSb WIEZ FIFELA 0.9%H KR, HEFHTEERENE. FLETEhE
B T AN B E . ERTE 5-24. B—HTEEKE1 HE—ESNF
B82% HH1 MIERIERT R MBEE 4 0.592eV, 52 B FHHI PL USRI AT 0.608eV

(2.04um) —E. TIMNE B TFHR E2 M5B - EF AL HH2 BIERTEXT N K
BeE N 0.670eV, 5 1.865um BURRIAXTE 0.665eV RAHZE SmeV, RETR
Ao BEEETEUAY, EHE 1.865um S AN TFAE B TFHERRE=
EX AR HERIT . 1.865um ERETHER KRR RS L YIbT B Bt S R



ERZE 2um AlGaAsSb/inGaAsSh £ R

ff1. AlGaAsSb 5 InGaAsSb HHM KK FHHH, HUEFHHITUFESD
Faedk. ERIEAREER S, SHHHIL 027eV, HERIFE 3N E
FFER. E_HTFTHRENNEESAHLENSHUIEE, BT RRAEEE
EEFHS, BRTASHR, BROESHAES. i TNE, EENEKN
EEATRESRERENH, EXFCRERTENE TR LB, MNENT =
REBLEE, FRENETRKFES TENEFTRWREBEISE. 22,
Txt B BT, AlGaAsSb/InGaAsSb A% & F M & ME B T T AL
RPN R A 2 (BT BRI D B S BT B

Lw=15nm
084 CB
— E2
>
3 0.6 1 E1
S L
m ,/
a; E1-HH1=0.592eV E2-HH2=0.670eV
e
CE 0.0 HH1
VB HH2
HH
-0.2 1— T - T ' T . T T T
0 20 40 60 80
Width (nm)

5-24 AlGaAsSb/InGaAsSb EFHHIEETH &AM FREKMNE.

HAREIL T, MERNEERFESER, Ba 1P MENZYXFHHE
FHER GBI, E 5-25()F . B g 1 ST E1-HH1 BREF= £ (st
M2 2 SR T E2-HH2 O =R oA, #1423 WRUIM 1P figk, EVHAL: 1
FIfh2E 2 (BN, M 1P HILE B4 3 AERA IS . B— W4 RFE E1-HH1
KT, HERMOBOERADESEROXR, MEREHBRERTANESEA
MRS E. S8 ENEE E1-HH1 F1 E2-HH2 FMEGE, HEXATESE
ANERMEE, TRENATE—HS. ELFLFFEDNk, ELHK



FHE 2um AlGaAsSb/inGaAsSh % & FIHEH

AlGaAsSb/InGaAsSb £ & FHFEULSE I-P HHEFHE—NFE, EERKMEST
T P L EZEAR “M” B (BIFE L RAEME), B 5-25(b)ER T =4
ZMIAZMERE. Ehisk 1. 2. 3 5B 5-25(@)—8, AHIFNETF E1-HH1 K
EFE MBS . E2-HH2 BRIE A R0BUN IR 1-P 1%k . 5B 5-25(a) SR
Z LR 1 TR E1-HH BRIEXT R 1-P s REZ E A BRI, SRR
ETHEMERZR. XEFABOCRREIRK PR E T B R K E KT &,
FENESHEFMMENES, MKEKNEFESSZIEEHESIENE
W, ARSI EE T M. FE, MEEENFSMRRMELR, BHEZESR
oA, BFMERETERASEZNMELRE LA, RUESHRBRAEE
RZ BT SRS, BT 2 fir. XEASNAEMAER T LR F R
2R I-P fhgk, BlEZ 3.

A 3

Light Power
Light Power

Current Current

(a) BAEHR, (b) SEFRIELR
5-25 AlGaAsSb/InGaAsSb Bt I-P ML= AN HIREE.
M2k 1—E1-HH1 BT R8T . i 2—E2-HH2 BRI F=4£ fist.
HEk 3—RAMA |-P ik, Blghsk 1. 2 250, -

& LB, BT AlGaAsSb/InGaAsSb B F IE% KIAE., (FB & FHsteE
THIRAESE, WA E2-HH2 BT SR ABET . EFBHEOLRE N B A8
IMAEEXBENASSET E1-HH1 0 E2-HH2 B EEHH, #TEA
THEOEE I-P ti& M.



EHE 2um AlGaAsSb/inGaAsSh ZEFHREE

5.5.5 Haillid

T HRATHFEE) AlGaAsSb/InGaAsSb L E TR H AR BN
BYE BRI BN SSUR TR A, BN BB T
1] A L R ot 2% v D 2R B AR BT 18] B 3= 8L

BRATIE S AlGaAsSb/InGaAsSb £ B FHHEOL ST T Faillik. &L
KRS A 4% 5um, EK 600um. S F p ER_EA In BEAERITER
Ml AEATEHRRER In BEESEHIT L, BUtSEBEREEL5T.
FTIREFEA BRSNS, SRt p HRERE=Res. Fa LRt
MM ERTE 5-26. Bt TAEEELLAMET, bR BRHNESMERN
100KHz, BKMSIEN 1us, HZEH 10%, MRXEBREERE 150-151mA Z (8],
BT EY. AT S AFEES TR®EK 2-5um BRI E, &% InSb
HMEEFE AT AT ERIXLEIFIREMNZW, LT EE0EEE InSb HRIN
BETELEN, URIELRLEROTEME.

Au wire
| | light
epilayer _ ; output
indium L Substrate
solder\g( YT 7 D@D,

AlzOs heat sink

l

25

L

5-26 FranSERAF A

2
\4 I%\

N

23T 1000 DT RIRFEHEE L IZ &M T B 5oL i, BUER RS
B BTECREL HP8114A Bkib & AR HATIRE), Bk A LSRN FEIEIR .
LI IR R ARIFIEE, FET i BotaaBii (BIRotEH R8T &
THE, TATEI, BEENRAEFEM, ROtSRNRERART XEHER
ik, KEZTE 150-151mA ZIEEE), X BB 2SI # B R 35 BEE 3 i (8] &9



EHFE 2um AlGaAsSb/inGaAsSh £ EFRLHHE

AT A . B 5-27 A eas it oh R pa A (] 928 {k . B AT AR B 9E 2,
S ThZR RE PRI (] 8 I T AW Fraa E R BUERIEE 151mA TAE
7.6mW, 23T 1000 /MTFasLR 51008 3.4mW. XN ERUIEREIF AR LR,
AL R . B — A7 0-120 /INEVERER, BeSrEmd soEM
7.6mW FEE 4.2mW; 5B B EBOLIREH ThE A 120 /AT AbR) 4.2mW FEE
1000 /NETARET 3.2mW. B— MBI RREZRERRELE M, Bl
WELBRHZNIREE T —MuEZMIREN— MR B2 IR, R
BRHAT A7 120 /NEF AL

10
9 Room Temperature
8 1 Duty Cycle: 1us@10KHz
7 - Injection Current: 151mA
6 |
5 |

Output Power (mW)
NS

0 200 400 600 800 1000
Aging Time (hour)

5-27 WOCTHEBEZ AR 18] .

HATRXT A R 8 T RBOLRE -P h&#iT THE, 4R~ THE 5-28.
ME AT UER], oS EERREENRIZEEM, MAERNE -P i
ZHMEREREFRERENZA, BOGRK P HL&BEZ A (8VE 3 B
). B 5-29 AxE 5-28 HTHABIKINETHRREBFEMRK. 5I1-P
BIZRML, n-l dik A RBEE Z U VERMTE, BN ENSAETURES
R RERN, BAE24%ER,
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FFEE 2um AIGaAsSbAnGaAsSh £ B FHLEHE

Output Power (mW)

10
----- Ohr
------- 70hr
84 - - - 200nr
700hr
6- Duty Cycle: 10%
4-4
2.
0 A D T 1
50 100 150 200

Current (mA)

B 5-28 AFEZHE[ET MBS TR L.

30

N
o
1

External Differential
Quantum Efficiency n (%)
=

| i 70 hour
- — = 200 hour
— 700 hour

H
H
1
1]
I
t
t
1
H
1
t
i
t
1
i
i
1
I
I
/

20°C

Duty Cycle: 10%
Current: 151mA

Aging Time

{

40

1

80

T

T T

120 160 200 240

Current (mA)

& 529 ARREZAKETHIMITETHAESEBRAKXR,



FHE 2um AlGaAsSb/InGaAsSb Z & FHAHE

BOERHBMEREES N, F—HERAERENELEET, £
ZAERERERRENTHEFHE/LFEELRN. EMHEANERTHIZEL
BET, 2EUERERESRENTETFREOREFTR. REFaLRIIK
HHAER, B AlGaAsSb/InGaAsSb £ EFHHEULSRBULHINF S E —FHE
HAEA AL,

BARMEERREETUAEARRTEoRkE R
Jn,=qn,d/, (5-2)

Xk g HETFEE, np SRERKTRE, d bEERERE. BElotSEL
HREEETE, ny TUBRE—NEE. H4ENITAELE ORERTE
B RTLIRER:

J (017, 0)=7,(0)/7,() (5-3)

RE IR OB ZUERFHRERREEREARATER, Jn(0)F=(0)
RSN QR E R REENEARK TS 6. E2ULRS, SN EN
BRTFERFLONEMESHENRR T AR, NT3IERESREX
eIy etie e, WORSMOAMUA B FHELTRE SR, HLT LI
BTSRRI TR B, BISOR S M0 IR B IF 18 5 98 B A9k, Fukuda
A Iwane 7E InGaAsP B 5 RAROLE T HWES T XUNNE, SERRT
HAONE, BB EE FEARR T EALEZHTRERE, THT
BHHFRERAERKE, & PR, 3 AlGaAsSb/InGaAsSb #ta3iR 1L
A 3 5 R 0 58 7 (O BR A 7E T AR AT EEATRIER R T2 3R L RO AT . SR
AR T EARK TR, EXLTEMLE LN,

HTFEOLRESIRNARBA S aE. Ehakis, FEEENT
Ve, BEETAEREIMEBN, BoLSMERREN, SHIfSES, 43ER
GRRE. FEHAEOR HE e EFHERA A B RO, B 5-30 4
T AlGaAsSb/InGaAsSb % & T BHoh 55 10 Ml (& R BE Z (LA Il 0 2e k. B
B4 T AN 1in(0) (W44 B F.97) B0 1,20 (0)FE Bl 800 /BT Z AL SIS R E R
EMTEEZ .
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H

o
1

120 4

Room Temperature
Duty Cycle: 10%
Life Test Current: 151mA

Threshold Current (mA)

100 T T T T T T T \ T
0 200 400 600 800

Aging Time (hour)
B 5-30 BIERRSZUREIER.

WNRTSCHTIR, AlGaAsSb/inGaAsSh £ & T BUCE L ThER tHREE 21k
SEWHIHAT B4 BER, TELR IR B ERERARR, T ERMEE
OB R XA DU AEAES 5 A o L BN DR, (B IR AR5 AR
BISARHESRERNE. EAXBRTEOLEER n BTMREESE AR
E#. RE In EAREFNERYE, BAAORE EEXFMEELIER NS
EREMABSRIME, mE 5-26 . HFLHITHOGEK n RE S In REF
frehl, EEHIF, SHBOLEFHERSMAES, FEMTEREEK, H
Lot TR E RN ERREERRMHY, BOtSMETHNSREER ZERAT
. ERFNHBMRFALZIELT, ZEB KRR H T REZ REFR, B
A REXEX TR0 RE . BOCSRH R AIREZHEE HIXEXR
RREEXERER. BEZUA RSN, KEREKSNZHERERSE, Bot
BOZUIREMNERSAETHY, ZUERHEMRUCSERE. dT i, B
JeER IR, BRI ZNHARNEGEEZNEH.



FHE 2um AlGaAsSb/inGaAsSh gﬁ%’/&#%&é’f

5.6 2um AlGaAsSb/inGaAsSbh AT £ H K 5F

LR TLABOCRNEERERN 20um-120um, KA 300pm-2mm. 6
%V RIS EREN 0.6V, Mo RECEEN 7Q. EET 185K ERE T,
SHATCHOCRTT UL T/, 7 185K LI E#Las Reshkrh TE. LT RB0L
BRI LA B A4 T ROMERE 20 LA B .
5.6.1 EETHEARX

& 5-31 ARFEE T EEEABOCREL TR P fik. WEFHE
%=/ ILXLightwave LDC-3900 H iR Bt HIERAHE M. BRABULHENS
TR N 40um, BB 1mm. BB 185K LI FAESCINELE T 1E. HIBFEHLE
G A 52 0 BB PRI LB AR, 77K F 80mA , 4815 () B (8 PR 25 B 2 200A/em?.,
BEATEOERR AT 1-P B BR E RIFAHERR, WAENEIRUTFRFEOL
BOHFTIER X F 5L BRI AR IR (MR E AR TRED
TRTER SRS, FARE-ANEBFFRENGHEEE, BEEN. BEEE
BT &, BEBREMHA T2 EF, N 77K 3] 130K, BE{E R R AN 20mA,
 HERCAG B PR R N 50A/em?, B LI, MEs RS
BE. XUHEEAER, RFEASFEENEGRI-ENRIAREEM. =5
BERE 185K B, B FTR, BOGERRIRIGUEN R 06T R AR

2.0 T 7
AlGaAsSb/inGaAssb  /:/ s
MQW Laser 1 !
1.5
-
=
& 1.0
t
o
3
o)
o

e
(3]
1

Current (A)
5-31 AREE T & MR ABOLREL TIERR I-P #hiZ.
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B 5-32 HRFEEE FEeRrE s TR KEsHeE. MEEA S, B
WRRAEDH, 120K FEOGRMOBEE KN 1.898um, TI7ZE 180K THIAH K
% 1.954um. BEIERKSEERELENXR, HLEMAEN 984K,

cw
3
) 1 20K
g 140K
(]
L)
c 160K i |
- %LLMM!M&;L& A
180K
SRS U 119 W] I

i ! 1 ! 1 N 1 M ¥

1.88 1.90 1.92 1.94 1.96
Wavelength (um)

5-32 WOLSREES TAERIBE 6k .

5.6.2 ki T{EAX

B 5-33 Ak R T LIEM S HEELTE AlGaAsSb/InGaAsSb BUOGARH] I-P
B, BOLRPILER 40um, BK 1mm, 5E—HFR—F. BRKMPEE
% 500ns, A 10us. BOGRAE 77K FTHE{ERTA 75mA, 88 BI{E HHR
BREH 190A/cm?. £ 250K T, BIEHFN 390mA, MANKBIMERRERN
965A/cm?. MWEIFATLLARIL, HEREEEEEN, BOtSENREERREMN 7
i, BFHEBKRKAEEK. S5HEF AlGaAsSb/InGaAsSb 7EfkH 7 5\ F L
BERS L 275K, {BTEKA EERRET 0.5A, HNBEERREXLE
1KA/cm? L k.

& 5-34 3 & E & AlGaAsSb/InGaAsSb % B T Bt 28 bk T et BIE
B SEENXR. & 77K 8 150K MEERE, BotiaBERRERERN
K, HEEETIE 200K, 7E 180K E| 250K FIRE BRI A, BMERREER
BINRSR, HEEERE 60K,
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Power (a.u.)

200 300 400 500
Current (mA)

0 100

B 5-33 Bl r R T TEKNE B R FBUSRCHRSRRIKER.

<

£

el
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o
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=

-t T =200K

3

O 100

£ ]

?

2

£

=

T i 1 I
100 150 200 250

Temperature (K)

A 5-34 Rk ILETEHBEFABOCHHAERREEENRR.
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Bk THE&ET, S %S AlGaAsSb/IinGaAsSh £ & T LA FER
BT RS R T8 5-35. Ml BRI 5 2 H A 5% . JIEE M 210K 1L 2 270K,
T SR (B A R 1.955um S ANE] 1.992pm. BEHE KBEIR A RIZRALR
ZRTE 5-36. BTEENFEN 728K, SELTERMELEN. XEEA
TEBKI TAE&MET, BOEER A AT LATE B s R Bkah 2 18] D A (8] O AR A, T
Mgk TERHEE SR MBI E & HITBERE N B A /NMES], BT LUBOG SR 7E K
MEAGTEERERBEASMERE NTEE TELGTRER. EHAkM&ET
BSTEKMAB SN TEETERRR.

. 500ns@100KHz
|
1 |
- ! 210K
= " 4
8
> 230K
= . :
" i
g 250K
E “[l" e _},1{4‘_‘ i
| 270K
. il "
1.94 1.96 1.98 2.00 2.02

Wavelength (um)
B 5-35 Rk TIET & M3 & RO KB E

2.04

500ns@100KHz
2.00 -

1.96 4

1.92 4
0.78nm/K

Wavelength (um)

1.88 -

100 150 200 250
Temperature (K)

& 5-36 & RARICRIM TEMENEESRENLER
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5.7 2um AlGaAsSbiinGaAsSb FHE T &5 %

% 2um AlGaAsSb/InGaAsSb i & & Bt M slngi frid, FRAEIZ
RS AlgsGagAsSb. I TR AL 2R 2R AU 4% S 7E 20pum-120pm Z [8],
ETUEEME, —M&R7E 300um-1.5mm.

BT Alp.sGa2AsSb A% F Alo42GaossAsSb TS, n HIBRKEES.
AR RBOas I BB AN M T /N, B 5-37 A FEBAEIEHRMN -V L.
BUHMITERER 0.5V A, B fBEHRE 34Q, KTHEFEOLENE
W& EEERH 5-7Q, SEELHHHEYE.

1.5
; 1.0 V é
< //
Q
g =
S o.s-/

0.0“, —

0 20 40 60 80 100

Current (mA)

B 5-37 FIHEABOLRER -V fiZk

TP I B R BOCER A A RS m Ry RS, E B E SRR
Ko FFERATEEZHEEK 1mm. &5 60um § AlGaAsSb/inGaAsSb T 7 4
BOLSE, SETHA 0.1%M, BERRAE 190K T ik 2A, 48R0 B B IR
BEIA 3.3KA/em?. B 5-38 A ANFEE T T 5 A BOLRMEEIE. BOLBRNE
& LERE A 190K, & 5-39 ARGHRKBEENZL KRR BHRHEHERRE
% 9.8A/K, HLEk&M T IIERN &M mAROESRIEN FELBHELR. 1A
FHEFBOGEHTEREMNHBAT RIRE, DARERRXMENER, 25
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Duty Cycle: 0.1%

Intensity (a.u.)

1.l86 ‘ 1.188 | 1.[90 | 1.‘92 ! 1.194 l 1.196 | 1.‘98 ‘ 2.50
Wavelength (um)

5-38 AREEET, FEES AlGaAsSb/inGaAsSh %58 (i 4 ikt

1.96
0.98nm/K

1.94

1.92 4

Wavelength (um)

1.90 4

1.88 -~
100 120 140 160 - 180 200
Temperature (K)

5-39 %4 AlGaAsSb/InGaAsSb Bt S S K SEENER.
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5.8 /I
AER ST AlGaAsSbinGaAsSh WL BLEMAR TR, HHS. SER

SRTFEARESHELRENBHEETE, YRnanEsE, FEESN
P BRI AT T AR . SRt T RIS Al 1494513 0.42 71 0.8
RI7Fi% AlGaAsSb/InGaAsSb 2um £ B FRHECL MR G 1 B HL B R4 B 45
1. KPR MR R T S SR, SIS B RIREE T A R
FIRM KBRS R AR FE . AR T AlGaAsSb/InGaAsSh ZE TFHEE S
s, SERAMEE. THRAROCROHE TS, Fal%sn SRt
B TIEBEE 80°C, MAHK 2.01um, ZETFEESRR 80mA, AR
90K, 10°C TH[7E 60% 5=t THEIELE T /E. AlGaAsSb/InGaAsSh i T
HaEHE 1000 MMEEL THERGLRE, MEESETEH, BEaR
BB 20%. ABTH T EHESHOLE 1P BT ORFNG. S8
WHEANIELR, EH P EENHFEHETH T TS MRS
(E2 1 HH2) ZIEMIBRTERAT. RATEIEHE E RS AlGaAsSb/inGaAsSh
 Z BT TLIE 185K FIEL TR, TR A4 T B TR 270K.
77K T BME LY 200Aem?, (EEEEESEA, BERRTERESD.
180-250K 715 Bl PO AT B 2 60K, SRAT3H1 4 975 Al 4890 PR 612 I 30 A s
STHL 190K FHOWSH. BORM S BRI 3-4Q. ERESREERL,
ik 3.3KA/em?,



E0E InGaAsSh PIN IS5 4 T

%<3 InGaAsSb PIN IFM B E=H4IE S HREMNAR

6.1 38

4T S R RIS AL AN AR L VS R A Tl A RS i E E R
MY E. EME InSb. HgCdTe 4 SMEM 28 AN FE M BURE T LI, Bl
N 2R —ENRE. KHLk, MI—EEFRETHELREAHTL
SMEM 22K 8L, InGaAsSh TITT R & 4L SEM R 2 —Fh AR 2 LIRMZER
Fpl, HEWEELEE 2-4um K, I B diZMEHIENK PIN RIS AR
TR AS7E =R F LIE. (B InGaAsSb Fill: B I F &K AR, kAR
TR, BBGEAERANESE. FE, wUBMOWNE. RUERFTELE DR
m, LUEEISERE.

6.2 RIERNBHRNELSEH
REHBRNBHENERSH T EQEWEE. ®RUE, BEKK, EF
S BB RV 3% 1 A B RE S A B AT SR AT ThER TE S B RN A8 L BT AE RV
IE Vs SOt Is, B0,

s 5 _Is _
Ry==2 B k= (6-1)
P RIRETHE, Ry RAFABEMERENE. —&HZEFMTRR
R, =R, xR, (6-2)

Hep Ry AT T SMIERIRIT EHE. uTu%F =5 BRI AR R e
SHGET IR

JERMBHELES %Fﬁ%%ﬁ%ﬁ?&ﬁ%?@ﬁﬁﬂfﬁ%ﬂiﬁ%ﬁﬁ, iy )
MINSSEThRIRA BN ATRINER, BIR7E A NEP.

|4
bV ow wep-to

NEP = L.
VIV R, I.JI. R,

(6-3)

B V. [, A SRR A R RR FS BB, Vs [s A BRERIE S BIERME 5 B



EAE InGaAsSb PIN SRS LB S 1ALAIHTE

Vo/Vos Is/ln AETRE, Ps AASTBHINE. BRI RS FU
FHUN, FMBNERRET. RTEHRNEEE. BFE NEP KEIH —K
R R RPN BRENGE SHRES . FME D SEWMELRMHFEX, WTHEE
BRI gk Ul, NEP 5HMEBEMZLER A RINERKK T RA TIRAF T
BEEL . HTETHERARFENEELE, £ E—LEENE D"
oA :Rv\/_A—Af % D =J2-_A?:R, a7
NEP J;‘ NEP \[fz

Heh A BRI em?, Af BIBARIH Hz, R, BRI VW, V,HIBAAV, R
(IBA7 S VIW, [, BIBARIH A, DRIEGIR cm-HZ2W T,

LHEMBFOHREFEESEAN, FEEREERE THRME. JFEAER
Al LLR 7N B

1()= [(e_ _ 1} (6-5)
R,V BIMIHLE, o AR, BRI A5 7 5 i

— er
: f=2q{AIm[e"T +1H (6-6)

A KSR, S ERE TR R, =g§ Jk% WEZRET, &
v=0

(6-4)

* /1 R A
D - _‘—‘77 9 ’ 6-

KA EEFE K. BRET 8 EE SRS CBmR KRR RA ZHRM S 5
FxESH. EERMNERTX, RSBEHNAERETR. EEHENMEN
FRE T4 RROEHIEEEREN, FSHRMRFTMER.

ST LR, BTHCERNENFEY, HEEmyENRUERES
HFEKEXRNSH, A RA D, EIERE NG SRR g M SNER
TS 38R X B OGN R BE 7T BERA VI T AR AR I M DL B AR 2B . FE IR K AL
4 (LWIR) RHFIRKLAS (MWIR) XEOSNKRE £, BT RANKKTERRL
ThEENRE LB R %, SEFRII B % KA B AR CIRE T E SR E R RS 8T




ZE InGaAsSh PIN 558 5844158 5 14 SE B0 H5S

R E SRR R AN EAEN R, BT RBAr Rt S R E R E
MIXR, THREE—TMREZMENRENSH, FHELINKEHUMETH

ZXH.
T RAES, HESNDRIERENam (LT A:
ATy =— 2T (6-8)
A (e™ ~1)

Hep THRERE, VABK, KARBEEEEL, h AEHREL, c AHHE.
6-1 ARFBEEE FATHERKHRR. N TRERKKRNE, MiZE
6-1 L FAR LA RSB RE .

1028

- T=3000K

107 Blackbody Emission Curves

10% r
10% £
10* r

10% '

Number of Photons (ph cm?s m™)

1 022 [ ;5‘:%;

1021- N . Y A | N L PO T S S T
1 10 100

Wavelength (um)

B 6-1 SRR T ER4F5EN sk

BT E2EEHNBEESAERHENZER, EHALLE ENSE 0 B ARG SR
M) B FE AR M R A Rpp A D*bb, T Rops Do Ra~ D'@‘Eﬂﬂ‘]ﬁﬁ?‘é%ﬂuﬁ
EA:

j:/?(/l)r(/l, T)dA
Ryp ==

[, 7@, DdA




ZF InGaAsSh PIN 1l B 1HYIE 5 [ 5EATRFS

ot = 0 fo RA)r@, 1dd
o A, 1) dA
WFTERM B AW E ROV IEE R KA, SN E R HAT A — AL EAE
BAMIT— RN YETE RO B RA)=RpR(Y, FFE XS5 Hax MR E1E R i)
S G(E#A G BET),B:
Lk RQ) rQ, T)dA
2 r, Dda

GEHEFE—MNT 115, BERGEENRELN G #X, 3 6-9F 6-10 &I
BMRIEN:

Rpp =G - Ry (6-12)

(6-10)

(6-11)

Dyy=G- D}, (6-13)

S‘E%?ﬂﬂiqﬂR%*ﬁﬁ%ﬁ#ﬁ‘]*ﬁ%ﬂ‘%%ﬂﬂﬁjﬁﬁtH G BH7¥, BIxfERAERNS
HoM B GRS EHITRE.

6.3 RAMB[HYEAR

6.3.1 InGaAsSb PIN iRl 25 HIIRFE

BT BRI 25 B e R U B A0 B /NE ST TR B B & M B A R A= A IR A . X
WS AT DA BRI ER A B . SR ERma MY R ST BE B AR 28 E UK R = A
BATRROMERMBEG=ERES. HERMNSBI R i 2R AR/
AEESE, BEERNSBES-EHNRETRTENIENES.

RNBERSENGE T EZAFENRE, BRESRE. FE-REERS.
FFRAEULRAE SRS, ARSERTFHEANREHERL, HKRA
Johnson 275, FLLES B REMARFBR. RHESIREREELXIET R
WHEFIGE. BERH. BRSRTEZRALEBHNNESIRE. RHKESREL
FEREIGTREEN, THEERERS N SHEREREN. mE—8%
SRAEHNE X BB KRR AL R ERE TS TELSE
[ A X KR AR MG RE R R E B BN, ES SR IMEBIRE . Z2RIER
BHFRARTR. RETHFE-EGRFURHAE. BFRFEZEE p-n FHH
i, — ST LWEFFIRREEERFRBELRRE TG, BRIGEERZE



#E InGaAsSh PIN 1K ZE 1B 5 1436897755

FEF—WHNH, SERREGET LGRS ZRFNERERRT LS
EHRRAEE. T InGaAsSb PIN RIUBTE, REXZERANTE-RER
FESEEMNHEMEEIS, TERETXFEFILER RA MZWHTHEEITE.
Auger EE RN FIMEER. FFTFNBRTFENFHFHERES,
BRHEEERSTFPHNA— R TRE, RIS HPRERAORS. HE
KEMEREHLH, Beattie A ENIEX A A-1—-A-10, URETE BN
B A-s. 78 InGaAsSb PIN B+, EEEFHIZ A1, A7 F A-s
g, HEREdERTHE6-2, |

Conduction ConBc;tL?on
Band
Heavy-hole
Heavy-hole Bond
Band
Light-hole ) LigBht-h;Ie
Band an
Spin-off Spin-off
Band Band
(a) A-1 (b) A-7
Conduction
Band
Heavy-hole
Band

Light-hole
Band

Spin-off
Band

(c) A-s

B 6-2 =MEHKESIFI=E



ENE InGaAsSh PIN IS4 S 145589175

A-1 TR A IE 5 & i (8] Hyl1241281,

[1 2me‘]
w\1/2 . + s
2 m E
3.8><10““gﬁ(1+me j {1+ T jexp P e

.
m, m,

* k 3/2
o)
m, T E

g

(6-14)
Kb, my R EREREE m, = (m, e my ] 6 S EHERA B,
mo BB THBARR, FiF A FRENNESRS, B|FA| =02,

AT SRR AAE B A R 021,

SE,
3 1-

4kT
(1 _ 3E, ] |

kT ~ (6-15)

A-s TREMAMEE AR ES B RNIEDS REEATET BE Ey AN KDFX,
ASE, (1251291 '

Ty =274

' 5 #3432
5 EA\' mhh me

kAN E, +A)
Ty =—

©54 +5/2 i (A—E)
nthietn’m, (A—-Eg)exp[—Tg}

RF My AEZETERRE, mHARTEYRE, m A BRNEDHFEER
HRRE, n ARERERTERE. |

A<EgHTJ-y
e 2 * ‘ZE 5
. m,, m
z'As=i4 » M Mo T a0 (6-17)
2><18ﬂﬁ3e“nfme’(A+Eg)"'ﬂ2{fl(1—ﬂ)—%}
KT
" E_-A E]
p=22 "t : (6-18)

m,, kT (E,+AJ3E, -4)



B InGaAsSh PIN IR 1EHIIE S 48RS

' @ sin4f
© 1 & w20 . 5— 2
{ =273 T fli——e 2 ldt+ [lsing-e??| 2 —°—-261d0
() g (2«5)5{{ 2t* J OJ‘( cos’ 9
(6-19)
Y 2 4q° +1 4q 2g +1 'ﬂ(z"z*’%j
L(B)=4x [q*{ag* -1)4q> +1 N | _al. 3y
.(8) ﬁOIq (44> -1)4q {[ P 4q2+1} “[2(]_1) } e g
(6-20)
pﬁﬁﬂ%&?(%?)%ﬁﬁ: n BIEtRlgADF (B0 Faa:
7t = 2’2‘2 (6-21a) o= 2’;'2 (6-21d)
1+—— 1+—=
P n;
o =20 (621b) = 27272 (6-21e)
| 1+ 1+ %
n; n,
=2t (6210) o= (61
1+ 0 1+_L
n} ng

HARFHBRHKESETHX =M REKE SV EIILRRE
LN . S (6-22)
TAuger Z'Al TA7 TAS
AR B & BT RoA HITTER T LLRIE A -
d-w,

I cosh( I
e, =L LeP J (Qlem®  P-Region (6-23)

Auger T 2
D.n, d-w
o0 ol

e

d-w,
L cosh(

Rydlyy, =% 'L (Q/em®)  n-Region (6-24)

ge 2 D 2 d W

hnz nh( )

h
D =H  (cm¥s) (6-25) L =(Dz)"* (cm) (6-26)
" _



2 F InGaAsSh PIN 1TSS MR S 14 8405

HF =N p, W W0 n BIR. p BR—KERERRE D . LiAHIAL
FHOTBERNT HKE, uABRRTIBE, s ARRTEN, n hETERR
FIRE,
SRR RS ER PR RS, BT HR SR IT R R 5 X B
MR R R R E N EERE. XRRERRASE-E4ES (GR &
o

)., ZeEEESEBEAXEERE. FE—-E 85BN RoA KT A:
Vs 2
I R 6-27
Redou = ot (@lom) Y
/2 '
n=(%§j(w, (6-28)
m
L.z'—l_:"*"_l‘.— ’ (6-29)
m me mh

RFBWoN, =0.1~1 (cm™), WHERBRE, VohpnSEERRE,

PIFRIE FE AL EIXT RoA S RITTER A -

Lt 1
R,A RyA R,Ag.p

(6-30)

6-3 HRAVEKH InGaAsSb PIN RIUBHLEHREE. RBTEBES
1000cm?'s, ZGEBEN 250 cm*/V-s, T LR BRHRAETHE. 1
TRMEBRERSHATUBSHEEN TERE. B 64 AT ERINHEHES
Pl — EEHHE RN RA BEBEENZWXR. NE 6-4 FATLIFE,

ER=NEE TRAE VG R SRR ERNEM, ERENEET, FE—
BEHAITEERREENER, BRABELNN 270K, BITEUNE T A ER
T a8 -V S, FFREX -V HEMAEE RA. -V RA HP4156 3
BSERFENROGHITUE. FSAHHETHREERT, ARbEE45H,
BFEM. $#TZE IV NER, #FET APD BERNILHET, BEES
i Lakeshore 330 BT, BET/LAT M 20K £ 300K, BEEETT &
F 0.01K. MELRME 6-5 firR. MLt EERELMERTUER, HEHR
B RA WEMERT. XREHFMUBRARBNEXFERERN. HHERS
SR RIERLEE EE K. SRS EMWEHEER, FREEE



50 EF InGaAsSh PIN IETELEHYIEE S (£558TH 5

REESNE, MERXN=E—FEH, BREEE 275K LS, SHEER
FEBIREF. Be-5RMNEET J.D.KimEFARNELRER.

p-Ing.169GaAsSb 0.5um >10"%cm™

UD-Ing.16sGaAsSb 2.5um <10"" em™
n-lng.16sGaAsSb 1.0pm 1Xx10%%cm™
n-GaSb buffer © 0.8um 1X10"%cm
n** GaSb sub 5x 10" ecm™

(a) InGaAsSb FEM 2§25 41y

y

—t=1

d=2.5

A
A

<d *=0.5+

1
!
I
I
W-‘ -\
|
|
[
!
|
|

I S
=

(b) Wns Wps W, 75125 p-n & n BRMFERERE. p 2K
FHERERE, pp &+  p HIXMERERE. WEFEET
P XHERERERA, LA,

6-3 InGaAsSb PIN #3525 {451 &

— 100 —



1 =

FvE InGaAsSb PIN FZ1

IS (LA

D

1011
10°
"B 10
Q
&
< 10°-
vl
10° -
10’
2

1000/T

& 6-4 EiTHERBEIR InGaAsSb PIN HRill28 RoA BEREZMHIR R,

10° 3
—®— our resut
—a—From J.D.Kim et.al, SPIE Vd.2999, 1997 -~
/
10" /
-//
./// /
10_2: /-/ /
n &
[/
s/
10°3 A
A
A
/
4 {
10 § A
’ T T v T T T
0 5 10 15 20

1000/T (1/K)

B 6-5 LR FIK InGaAsSb PIN HRll2F RoA BERERIMHI KR
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S E INGaAsSb PIN IS L5 5 14585

6.3.2 AlGaAsSb/InGaAsSb PIN Rl &%

InGaAsSb PIN FMl# R MRIMHKEF, REFERILER, HtBSE
B, BT HIISRKMERE. EES MR ERNSBRENNGT, REEEE
HRREEN—M., BNRDEAERE AR T RS 0EE 0,
B TR 88 45 # 5 K BH B R b 45 MO AR, T B InGaAsSb PIN #Hijll#: T/EEF W
BT, BATH LB AP A R R T BARIEER TR B . ERERRMRE
Mo, MEKEE-RTUEE —EREWME, D> FRRENT R, AmE
FRRRERBMAE K. HK.Choi AZE InGaAsSb TPV (AEREF) L
AT AlGaAsSb WEMMEREMREAES. Eit, XT InGaAsSb PIN
B 280 T] LR A AR AR = B

6-6 HEKTE n B GaSb #HE_EMAEKE p-AlGaAsSb/p-InGaAsSb/
n-InGaAsSb ZHKIEEHE. SHMMEERAF, AlGaAsSb. InGaAsSb Z
B B RIS LR, EREBRAERRESAMOENTFILTEAFWH. HERRE
RENZHER TS ROTBRAEREER, X TOHERTETUERT
B SEERTFERANEENERKOBEET

p AlGaAsSb

p InGaAsSb

ninGaAsSh n GaSb

& 6-6 A=K7 n & GaSb #/E LKA KK p-AlGaAsSb/p-InGaAsSb/
n-InGaAsSb Z K RETE .

&l 6-7 4 AlGaAsSb/inGaAsSb PIN Rl 25 LRI N I ge & E . & 6-8
K E A InGaAsSb PIN #Hill2s LRI M A se &1 E. 5 InGaAsSb PIN il

— 102 —



FF InGaAsSh PIN RIS RS (48 5

aEEMAEL, REM p £ AlGaAsSh BEAT p BE InGaAsSb B, BF
AlGaAsSb HIZH wERTF InGaAsSb, [Hii; AIGaAsSb AUEER—IEFO.

EE T InGaAsSb 5 AlGaAsSb/InGaAsSb PIN iS5 |-V BFHEMLEERTE
6-9. MK 6-9 FELIEZ], AiGaAsSb/InGaAsSh KRB R ARERA LT
InGaAsSb PIN |38 . % AlGaAsSb & HER InGaAsSb BB ERITFRE SR
KX 0.2V, RAAHEM®ES, 5 T B URBESM N 47 0 R A A, 2 A B
EXRTF 1.2V B [ B ABIT 5mA. TR AlGaAsSb & 02K InGaAsSb BRI
#ITRHEEAR 0.35V, BATRE T OEHENE, REaFHEHENE, K
FIRES 2V i, RE BTN 4mA, BT R, W OEX SR -V i
BEKEA,

p-Alp208GaAsSbh 0.25um >10"%cm™

UD-Ing, 19GaAsSb 2.5um <10 cm”
n-Ing 169GaAsSb 1.0um 1X10'%cm™
n-GaSb buffer 0.8um 1X10%cm>
n"™ GaSb sub : 5X10" cm?

(a) H AlGaAsSb & M) InGaAsSb RS2 4 #

4-

p AlGaAsSb
‘L ud InGaAsSh
S n InGaAsSb n GaShb
L E
54 &
= —
& { — :
o
w
-6 T T T T T T d L
0 1 2 3 4

Depth (um)

(b) 7 AlGaAsSb & [TH] InGaAsSb #3454 2 4

Kl 6-7 AIGaAsSb/InGaAsSb PIN BRI IS 25 4y
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HEAE InGaAsSbh PIN S5t 514 FER9HR 5

p-Ing 169GaAsSb 0.5um >10"%cm”

UD-Ing 169GaAsSb 2.5um <10" cm™
n-Ing 159GaAsSb 1.0um 1x10%cm?
n-GaSb buffer 0.8um 1X10"%cm™
n~ GaSb sub 5%10" em™

(a) ¥&HE AlGaAsSb & M InGaAsSb Rl 3244

L
E
- 5 ! .
>
2 L
ng ]
g p InGaAsSb
2 J
W ud InGaAsSb
n InGaAsSb n GaSb
'6 M 1 N 1 T 1 T 1
0 1 2. 3 4

Depth (um)

(b) %% AlGaAsSb & ] InGaAsSb H Il £2 Ae#r 45

=

6-8 InGaAsSb PIN BRI 541
1.0x10% 5
- With AIGaAsSb window ;
----- Without AlGaAsSb window :
5.0x10° 4 ’l
< 1 . /
g 0.0 . s e
5 ,,,.-—"',
a3 B e
-5.0x10° L .
-1.0x10°

T L} L T ] T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
Voltage (V)

B 6-0 FiF InGaAsSb ZEIMISLHY |-V 51k,
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FINE INGaAsSh PIN 1E R854 158 5 14 428057 55

6.4 BRI EF SC LN R A9 2

B FEI6IE W RR A Nicolet Magna IR 760 {851 BR B AT S SR (AT
&, AR BRAOEEN S H0FENR. BN e E R 0V,
HESRES LI ZEEAEITEN InSb KB ERRBOBAS, B
REITTIH, FMAZAEN . 8T 57 20 o e glo-bar {5 —E K
WO, SESTI RN SR B N _E T LA S 64, B T B IR ot
AR RAKERE DTGS #B B IS0 e 7 B T 4
BRI AR e R R A 1E ATRURE & 0 _E 2050 I8 (O M0 S8 i 1y 3
=R EE BRI AR R 0 E LR S A R SR 006N . B T ETIR me7
RMB L ERL LS, BRATERA BAIESIEIE T e 57,

JERR IR 2R B W R R B KA (LB, B — M, B 1 ih 2% 1

B R SIEERRN X K S E R, B, H—A KRR, kAl ;2
0 T S e 7 T ) M 7 — 22 B 0 ) 4 BRE T+ AN
R,

1.0+

B Without Window
With Window

Response (a.u.)
o

0.0

L L L A AN E Mo was sy
12 14 16 18 20 22 24 26
Wavelength (um)

B 6-10 AlGaAsSb/InGaAsSb 1 InGaAsSb PIN £l 28 W57 it

& 6-10 4 Nicolet 760 & & AlGaAsSb/InGaAsSb 1 InGaAsSb PIN &%
MEZHIMIN . # AlGaAsSb & O MRS R R K EEN N EES T

— 105 —



ZAF InGaAsSh PIN 152258 1M 5 14 B BIH 5

AlGaAsSb % O FR 38, IB(E % K 2.19um B ELE R InGaAsSb HMll2% 2.25um
5. FEIRRRII SR RO K B R B K AR R, #h 2.4pm. B AERBUERKAXS
7T 10% A5 W Y B AR KA . #F AlGaAsSb & O B BB KA 1.25um,
A4 AlGaAsSb & D KIRIZSNA 1.4um. BHEZ, # AlGaAsSb & HH]
BRI B0 BT I 1 B0 YR BE S BURR . PRI AT OB R A I K ALAM BRI G 7 88
BRA, BEBAFFEANERERTFRERKN, nEREFEINB LS, &
SERBRMRE, HFAERTEE. AIGaAsSb/InGaAsSb Hill 8 T HIEEH
AlGaAsSb HRUH L T AR FRREMINED, FZRBERK, HAKE
5. FHH AGaAsSb H O RIHRII2E 8 BB BRI 28 AR T B RO P RE

AT BAESERUBHTTUE, WELERS ERERKE AR,
%t F AlGaAsSb/InGaAsSb/GaSb ##ili2s, MEREMIEER KA 2.05um, #
IEEKH 2.34um; ST InGaAsSb/GaSb #HI2S, MERBMIEEEKA
2.07um, #HEEKN 2.34um. MEERWERFTEL BT DTCS AR
¥ Bl P ey e S A R AR P AT

6.5 M BN R EARAE N E

B 6-11 MBS BT AR TR R AR . BRST
VR B0 AR BUEHOCR SRR RS, SRR E SRR,
SRR, TR SR, 5 BT
PAEE, HAMEE AR GRS, BAEREIEY 1000K, HREER
300K, FFLEF# D 4 0.8cm, S24FHIEEE L 2 30cm, HIELA[ESESINE
R

_o(@' -T}) 1 n®;

P B VY 2 - ~ 1

o Br 4 4 (W/em®) ‘ (6-31)
RIE 6-4 A -
. 1 1§

Dbb__j%\/—A—D_—N Af (6-32)
1V

R””zPoAD = O (6-33).
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FENE InGaAsSh PIN GBS 145895755

U BRI R F RIS HE b
Ap— BT HER Po— BUAEHN R EE

Af— PR 100Hz o —RPEHI R 5.67x1071?
S —FTil{ESHEE (V) | Ty — B4R E 1000K

N — Bl (V) T>— =& 300K

fo —IAGIENZE 1KHz O — BAFESFLEF 0.8cm

¥ 350Q 64 f%; 150Q 84 {2, d— BAEHILERRIES

50-60Q2 92 f&#; 30Q 100 1%,

Oscilloscope Digital
C — Voltage Meter D
00 — =
i . o =

H

A
Computer
Lock-In Amplifier ] |
d —
A F
hv
DUT e Y = Itr Black Body
D, Temperature
ry Controller
=3 11111 ——
3]
Chopper

B 6-11 HUE., MNENERERER

aFHIAMEAER A=1.47X10°cm?, Bl AIGaAsSb/inGaAsSb PIN 5] 52 24
B, TSR HHE S RN 4050V, SR Y 2uV, 5%tk S/IN=202.5,
TR B HIBCRAE RN 335, HE LT /858 1t 1 5 4k oh I o g 1 2 Rob =78V/W,
FREHIER D'op=5.0x10%cmHz"2W, REWSNEE T B BAH GCHETY
0.1, BEHRMER D;,=5.0x10%cmHz"2 W, % 6-1 4 T PRI 2 AR 22
TN . AR 1, BRI 28 60 B (0 e (SR SR A — M AlGaAsSb
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HE InGaAsSh PIN £l SE1EEE 5 14 5EB0TH5S

FOMERMEBMWENER 78VIW, BBEETEER InGaAsSb HEllZE 37VIW.

£ 6-1 AlGaAsSb/InGaAsSb. InGaAsSb PIN & 2 HI1E 8¢ .
Device type Active Area Dbb* Dxp* Rbb‘ RoA
(cmz) (cm-Hz”z/W) (cmonm/W) (VW) (Q-cmz)
With AlGaAsSb window 1.47X 107 5.0x10° 5.0x10° 78 0.764
Without AlGaAsSb window  1.47X10° 5.1x108 5.17x10° 37 0.563

6.6 InGaAsSb RMFANE 2pm H 221 sE P AR

H T ZEBRAEE 1 AlGaAsSb/InGaAsSb 1 InGaAsSb PIN #lI#5 f) m Y.
DL M RIS, BATH XSRS AlGaAsSb/InGaAsSb 2um
WOLSRHEAT T P-l R AESERINER. 7 P-l &M ES, A InGaAsSb il
SREMART 77K TILIE InSb RS, HUSEHMATELK, FSEEBAT
AR, EREEMED, B InGaAsSb RIS T HILH T H LI AL
Nicolet 860 LB 77K T LYEH InSb F#i2%, FHFIFH T InSb HIMS K 7T E K

CKEH, BATHEN |

Detector Signal (V)

0.5

0.4-

0.3 4

0.2 1

0.1+

0.0

Detector:
InGaAsSbh/GaSh
Repitition Rate: 100KHz
Room Temperature
Pulse Width=50ns

1 ¥ I ' ¥ v J

——
80 100 120

Current (mA)

& 6-12 A InGaAsSb PIN &2 M5 H AlGaAsSb/InGaAsSb
B P-l k.
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Z5F InGaAsSh PIN 1S 21178 5 4 BLAG TS

0.2
Pulse Width: 50ns
=
g
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—t—
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Current (mA)
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AlGaAsSb/InGaAsSb #6388 P-| 4k,

K 6-12 M InGaAsSb PIN £l 35 =15 B A8k 2% P-1 ik, B 6-13 %
H AlGaAsSb/InGaAsSb PIN il 28 £ 5 A0 EOES P-| digk. MER LS
WA BT ERINEA 100KHz, BKFEE A 1us. 100ns. 50ns, FriliEf
ESABERFS. NE6-12 E 6-13 AT LUEF], XEMRMBIEBOLR 0N
EFRAHIENAS, WALRE InSh FUBMNEL R +0Y&. MRS
R BB RTHERL 20mW, HILHERT, 357 20mW KIoLIE TR IR,
MEF WA, CLEPFFERN IS A0 ROE 584 8BRS oL MBS, &
i BBk IR B BRI 55 00 50ns BT, RIMISHKIBREA HIERMMNESR. £FA
AlGaAsSb/InGaAsSb PIN FRIBFME R K (I 6-13 Fior), HIRSHEFR /I
FTROCSHBEERRN, BotR A —EreEd, AXESRESEANBRE
IEH. EMOLETEBUICS ZMETE RIBSH 4K, A%, ZH InGaAsSb
PIN RN ER, BRATHE.
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Driven Current: 250mA
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HISRZE . FrAFEI AlGaAsSb/InGaAsSh FHM 2RI ER 2 T ¥ Gis, FIR
MW T ZRETH B KBS .
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BB T 54 MQW BG4, 551 & FK FEOERE 10%1 52
EET, ELETIEREEET 1000 /D, FiEBREtSEREANEL TE
EH—5; |
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MR ZFRIF AR E RN FER MR IR, @i s A
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Abstract

The range of miscibility is alculated in the frame of delta lattice parameter (DLP) model by taking into account the
.. effects of strain and relaxation. The numerical resuits show that decreasing the epilayer thickness causes the range of
“ ‘miscibility to become narrower and finally to disappear as the epilayer thickness decreases. The results of thick epilayers are .

in agresment with models which do not include strair energy. .C

- Keywords: ‘Miscibility: Free energy; Residual strain
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|
1. Introduction

The Sb-based 111-V compound semiconductors
are important materials for mid-infra-red photo-
detectors and semiconductor diode lasers working
in the 2-5 um atmosphere transparency window.
The Ga,In, _,Sb ternary semiconductor alloy can
form type-II heterojunctions with InAs. and there-
fore it has been widely used in lasers, photodetec-
tors and resonant tunneling devices [1-4]. The type
I alignment can effectively suppress noﬁradia_tive
Auger transition, which leads to high radiative
transition efficiencies. Furthermore, electrically
pumped InAs-Ga,In, - ,Sb-InAs-AISb type-11
Quantum Cascade laser diode has been demon-
strated [5].

* Corresponding author. Tel: + 86-21-62511070; fax: + 86-

21-62513510.
-+ E-mail address: azli@itsvrsim.ac.cn (A.Z. Li)

Most Sb-based termary and quaternary
alloys, such as GaAsSb and GalnAsSb have misci-
bility gaps. But Stringfellow shows that the mater-
ials with stress and strain would have narrower or
no miscibility gaps [6,7]. The stress and strain in
the materials grown by epitaxy methods such as
molecular beam epitaxy' (MBE), metal organic
chemical vapor degosition (MOCVD) are mainly
caused by the lattice mismatch between the epilayer
and the-substrate. [The effect of strain relaxation
also has influence on the phase transition and stab-
ility of solids. In this paper, the influence of the
residual strain on the miscibility gap of GalnSb
epilayer has been calculated by the DLP model and
the range of the miscibility gap has been deter-
mined. -

0022-0248/99/3 - see front matter & 1999 Published by Elsevier Science B.V. All rights reserved.
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2. Calculation:of spinodal decomposition including

strain energy

The typical models to describe pseudobinary,
ternary and quaternary alloys are the regular solu-
tion model and the DLP model [8]. The regular
solution model describes the thermodynamic prop-

erties of the liquid phase well, butit has limitations °

for the solid phase, since the interaction parameters
in regular solution mode! depend on the alloy com-
position. In the DLP model [9], the free energy and
activity coefficients depend only on the lattice con-
stant. For GaIn, - Sb alloy, the free energy G and
activity coefficients YGasw Flnsp CAN be written as

G=~Kdy** +RT[xInx + (1 — x)In(l — x)],

(n
do = Xdgasy + (1 = X)dinse, 2
RT In(7Gasy) = 2.5Kdg > (dgasy — dinss)(1 — x)
— Kd5?® + Kdgk, 3)
RT In(yiasn) = 2.5kd5 *dgusy = dipsp)x '
= Kdg 7 + Kdipg:?, (4)

where dy,g, and dg,s, are the lattice parameters of
[nSb and GaSb and T is the temperature of the
solution. The total Gibbs free energy per mole of
the system is

G =X ln(VGas_b-“) + (1 = x) In{yrase(l = X)]. 3

The constant K is almost the same for all the [II-V
semiconductors. In order to determine. the solid
phase equilibrium we only need to know the lattice
parameters of terminal ITI-V semiconductors. The
theoretical results calculated .with the DLP model
fit the experimental data better. than the regular
solution model [97. So the DLP model is chosen to
calculate the miscibility gap of GalnSb in this pa-
per. When the free energy versus composition curve
contains an inflection point, the solid solution will
decompose, which is called spinodal decomposi-
tion. The products of the decomposition are two
solid solutions with different compositions. The
stability criterion for binary or pesudobinary alloys
is 3*G/3x* > 0. The unstable region is defined by
the locus of 3°G/8x* = 0. Then the miscibility gap
can be determined.

C. Lin. A.Z. Li] Journal of Crystal Growth 203 (1999) 511-515

The contribution of strain energy to the total
Gibbs free energy has not been taken into account
in the models described above. If the epilayer and
substrate are lattice-mismatched, strain will be pro-
duced in the epilayer. The total Gibbs free energy of
the system is the sum of the chemical energy defined
in Eq. (3) and the strain energy:

G = '/VVG; + Esrn‘aim (6)

where G is the total fres energy of GalnSb alloy per
unit volume, N, is the number of moles per unit
volume of the homogeneous solid before decompo-
sition. Eg.;, is the strain energy of GalnSb per unit
volume, and can be written as

a2
&

s (7

E:(rain = 1 —
where E is the Young’s modulus of elasticity.

However. in real epilayers. only when the thick-
ness of the epilayer is less than the critical thickness,
the epilayer is fully strained, otherwise it will relax
by generating mismatch dislocations. The thicker
the epilayer, the smaller the residual strain. Under
such conditions. the strain effect will decrease. To
find the influence of refaxation on the solid phase
transition. residual strain has to be quantitatively
determined.

From the balance condition of forces acting on
the threading dislocations, the residual strain is
inversely proportional to the thickness of the epi-
layer [10]: :

4o .
&= T ‘ (8)
where /1 is the thickness of the epilayer and Ao Is
a constant. For the force balance model, the critical

thickness h, of epilayer can be described as [10]

e 1 h, ‘
o= (7‘) [%(1 7 v)J [ln(F * lﬂ ©

where b is the Burgers vector, v the Poisson ratio
and fthe lattice mismatch between the epilayer and
substrate. In sémiconductor epilayers, the most
common mismatch dislocations are 60° disloca-
tions whose Burgers vectors are (a/2)<110), and
b =a//2. To figure out 4, we can assume that
when h = h,e=f So 4y =f"h..
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From Egs.(5)~7), and the stability criterion, the
-ange of the miscibility gap can be calculated.

3. Miscibility gap of Ga-In-Sb ternary alloy

The models described above can be used to de-
termine the miscibility gap of Ga-In~Sb ternary
spilayers grown on GaSb substrate. The para-
meters used in the calculation are listed in Table 1.

If the epilayer is fully strained (no relaxation
takes place), the strain emergy increases rapidly
with the increasing of Xy, In Fig. 1, lines 1 and
2 show the composition dependence of chemical
energy and strain energy in GalnSb epilayer grown
on GaSb substrate. respectively. The layer thick-
ness is 200 A and the temperature of the solution is
100°C. Line 1 has two minima which indicates that
spmodal decomposition will take place if the strain
energy is not included. Line 3 is the sum of two
kinds of energy. Because the strain energy over-
whelms the chemical energy, the two minima exist-
ing in line'1 disappear, and 8°G/3x* < 0. It means
that- spinodal- decomposition will not occur and
strain energy stabilizes the epilayer.

- In Fig. 2 lmes "and 2 represent the COmpOSl-
tion-dependence: of chemical energy and strain en-
ergy which includes the relaxation effect in GalnSb
epilayer grown om GaSb substrate, respectively.
The epilayer thickness and temperature are the
same as in Fig. 1.-The strain energy increases with
the increase of X, rapidly at first. But when the
layer thickness exceeds the critical thickness, the
epllayer begins to relax and the strain energy drops.
Line 3 is the total free energy including relaxation.
The strain effect. has different influence on the two
original minima of line 1. Although one of the
minima has disappeared, there still exist a region in

Table.L. - -
Parameters used in the calculanon

T.::fiitice parameter  Young’s modulus  Poisson

"{A) T 7T of-elasucity ratio

T -(dynefem?)
GaSb . 6.0959 1.582 % 102 0.313
InSb = 64794 2.443 x 102 0.353

200

- -
o o i
éd & o
v ¢ v

Energy (calicm™
(o]

Q.0 0.2 0.4 0.6 0.3 1.0
X(Ga)

Fig. 1. Line 1 shows the composition dependence of chemical
free energy. Line 2 represents the composition dependence of
strain energy. Line 3 shows the dependence of total energy on
the composition. The layer thickness is 200 A and the temper-
ature is 100°C.

100

Energy (cach")
o

-100

N N - ;. n

00 0.2 04 06 0.3 1.0

X({Ga)

Fig. 2. Line | shows the composition dependence of chemical
free energy. Line 2 represents the composition dependence of
strain energy with the rclaxanon effect. Line 3 shows the depend-
ence of total energy on the composition. The layer thickness is
200 A and the temperature is 100°C.

which 32G/dx* < 0. It means that the spinodal de-
composition will take place. The fundamental
method of determining the composition of de-
composition products is drawing a common tan-
gent to the composition-dependent Gibbs free
energy (as shown in Fig. 2). The two tangent points
represent the composition of - equilibrium phases

e
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after the decomposition. When the stramn effect is
taken into account, the right tangent point shifts to
the left (high In content terminal) and the position
of the left tangent point changes oaly slightly. It
suggests that the miscibility gap will become smaller.

In the previous models proposed by Stringfetlow
(67, which include only the strain effect, almost all
the strained epilayer is stable. In the model de-
scribed here, both the strain effect and the relax-
ation effect are taken into account. The analysis
shows that the miscibility gap will become smaller
but will not disappear.

Fig. 3 shows the miscibility gap of the Ga-In-Sb
ternary alloy without taking into account the strain
energy. Fig. 4 shows the miscibility gap of epilayer
with several thicknesses calculated by the method
described in the previous section. With the increas-
ing of the layer thickness, the range of miscibility
gap approach to the results calculated by previous
DLP model, which does not include the strain
effect. The miscibility gap of GalnSb epilayer with
thickness 500 A and the phase diagram showed in
Fig. 3 are almost the same. When the layer thick-
ness decreases, the strain effect increases, and the
miscibility gap narrows. The calculation shows that
if the layer thickness is less than 35 A. the miscibil-
ity gap vanishes. In the phase diagram. there exists
a critical temperature, above which Spinodal de-
composition will not take place at all and the epi-
layer is stable. The critical temperature is 205°C if

250

200F

150 ¢

100+

Temperature (C)

\

0.0 02 0.4 0.6 0.8 1.0
InSb X(Ga) ‘ GaSb

Fig. 3. Miscibility gap of GalnSb epilayer calculated from the
DLP model without including the strain effect.

250
200 - strain
2 150 f
2
=1
@
§ 100F
5]
=
07

0 ——— e

00 041 02 03 04 05 06 07 08 09 10

InSb GaSh
X(Ga)

Fig. 4. Miscibility gaps of GalnSb epilavers of different thick-
nesses caiculated from the DLP model including the strain
erfect.

the strain effect has not been taken into account.
With the strain energy and relaxation. the critical
temperature decreases. Fig. 4 also shows that the
miscibility gap in high In composition side changes
little with layer thickness, and in the high Ga com-
position side is sensitive to the layer thickness. The
reason is that the epilayer with high In composition
has a large mismatch with a GaSb substrate, so the
critical thickness is very small, even thinner than
a'single atom layer. As a result, the epilayer with
any thickness is totally relaxed, and the residual
strain is very small. Hence, the effect of strain is
very small. On the contrary, if the Ga composition
is high. the residual strain is sensitive to the layer
thickness. Therefore the effect of layer thickness will
have great influence on the miscibility gap.

4. Conclusious

An approach to calculate the miscibility gap of
Ga-In-Sb ternary system has been proposed. The
approach includes both the strain energy and the
relaxation effect. Without considering the strain
effect, GalnSb ternary alloy is unstable and will
undergo phase separation below 205°C. If the
strain energy is included then the miscibility gap
will diminish. The thinner the epilayer, the smaller
the miscibility gap. The critical temperature also

——
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decreases. with the layer thickness. If the layer
thickness is less than 35 A, the miscibility gap
vanishes. The calculated miscibility gaps of layers
thicker than SO0 A are the same as the results
calculated from the model not including strain
effect.
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Abstract

Aly ,Gag 3ASg 625b0.05/ 100 24Gag 76AS0.055bp 95 Strained quantum well structures were successfully grown by solid source molecular
beam epitaxy. X-Ray rocking curves and reciprocal space mapping were appiied to determine the strain status of epilayers.
Photoluminescence was used to investigate band alignment of AlGaAsSb/InGaAsSb quantum wells. For samples with low Al
concentration barrier, type II band alignment was found in such structures. The optical transition is between bound state in
conduction band and continuous state in valence band. If the Al concentration in AlGaAsSb barrier increases, the band alignment
changes to type 1. The optical transition is between bound states. Due to the 0.5% lattice mismatch between AlGaAsSb layer and

GaSb substrate, a thick barrier will lead to relaxation, and this has been proven by PL measurements. © 2000 Elsevier Science
S.A. All rights reserved. :
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1. Introduction

Due to the wide applications for mid-infrared lasers
working at wavelengths beyond 2 um, significant efforts
have been devoted to the development of AlGaAsSb/
InGaAsSb multiple quantum wells (MQW) laser diodes
{1-5]. Recently 4 W of quasi-CW power has been
reported in single-quantum well AlGaAsSb/InGaAsSb
lasers with a threshold current density J,, as low as 115
A cm ™! [2,6]. However, these lasers suffer from poor
carrier confinement. Conduction band offset ratio Q. =
AE/AE, of AlGaAsSb/InGaAsSb MQW for 2-um
lasers is close to unity. Furthermore AlGaAsSb/In-
GaAsSb with high arsenic concentration may form type
II band alignment. Consequently, radiation recombina-
tion efficlency may decrease severely due to inadequate
hole confinement. One way to increase the valence band
offset is by increasing the Al concentration in Al-
GaAsSb barrier. In their 4-QW Ga, 55Ing sASo 063D 94/
Aly 4Gag ¢Asg033bg o7 lasers [7], a AE, of 154 meV was
found by Newell et al. Another way to improve carrier
confinement is by introducing compressive strain into
the well region. Compressive strain can decrease heavy

* Corresponding author.
!

hole band edge and enlarge the band discontinuity.

In this paper, we present the effect of Al composition
in AlGaAsSb barrier on structural and optical proper-
ties of AlGaAsSb/InGaAsSb MQW.

2. Experimental

The samples discussed in this paper were prepared by
solid source molecular beam epitaxy with conventional
As, and Sb, sources. All the structures were grown on
(100)-oriented n-GaSb substrate at 430°C. Before the
growth of MQW structure, 0.5 pm undoped GaSb
buffer was grown on GaSb substrate. All the samples
consisted of (1-10) 10-nm InGaAsSb compressively
strained wells and separated by 10- to 30-nm Al-
GaAsSb barriers. Active regions in the samples for PL
measurements were enclosed by AlGaAsSb layers.

To calibrate the composition of AlGaAsSb and In-
GaAsSb layers, thick single layers were grown just
before the growth of MQW structures. The composi-
tions were determined by electron probing analysis. The
thickness' of each layer in MQW structure was cali-
brated by X-ray diffraction measurements on specially
grown AlGaAsSb/InGaAsSb MQWs.

!
092155107/00/S - see front matter © 2000 Elsevier Science S.A. All rights reserved.
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Fig. 1. Rocking curves of symmetric (004) and asymmetric (115) diffraction 10-well AlGaAsSb/InGaAsSb MQW structure (a) (004); (b) (113).

3. Results and discussion

A 10-well sample was characterized by four-crystal
X-ray diffraction. Rocking curves of symmetric (004)
and asymmetric (115) diffraction were measured by
Philips X’pert MRS system as shown in Fig. 1. Satellite
peaks are sharp and strong which indicates high qual-
ity, coherent strained wells and no obvious relaxation
takes place in this sample.

Reciprocal space mapping was applied to study the
MQW samples. Fig. 2 is the (004) intensify contour
map of the sample. Full width along the w-26 direction
is broader than the w direction. No rotation of recipro-
cal lattice points was observed. Such asymmetric broad-
ening indicates that no terracing occurs and the
interfaces are very flat since terracing causes rotation of
zero-order satellite and interface roughness causes
broadening in the o direction. Relatively large full
width in the w-20 direction can be attributed to the
fluctuation in period and strain variation.

According to the theory of: Tsou [8] and Van de
Walle [9], AlGaAsSb/InGaAsSb heterostructure for 2-
um lasers can easily form type II band alignment,
especially for high arsemic composition. An
Alp 18G5 82A80,025P0,98/T11g 264G 20 76A 80,0550 05 single
quantum well sample was characterized by PL measure-
ment. Photoluminescence spectra were measured at 8.5
K using Ar* laser as excitation source. The spectra
consist of two peaks at low excitation level as shown in
Fig. 3. The energy difference between the two peaks is
about 32 meV. The emission peak located at 0.64 eV is
relatively broad, and dominates under low excitation
level. The intensity of the peak located at 0.672 eV
increases rapidly with excitation level and takes the
dominant place. This two-peak spectrum may be at-
tributed to type II band alignment. As shown in Fig. 3,
the peak with lower energy corresponds to the transi-
tion from the first conduction energy level to valence
band of the barrier near the quantum well interface.
Since the wavefunction of the first conduction subband

concenirates in the center of the well, the wavefunction
overlap between the electrons and holes must be small
and the transition is indirect in real space which leads
to the broad spectrum and weak emission intensity
(trapsition | in Fig. 4). The peak with higher energy
corresponds to the transition from the first electron
subband to the valence band of well (transition 2 in
Fig. 4). When the. excitation level increases, more elec-
trons are excited in quantum wells. The potential
profile of quantum wells will be modulated by electro-
static potential. Due to the Coulomb interaction of

- holes with electrons, holes are localized inside quantum

wells. Thus the wavefunction overlap increases. This
transition is direct in real space. We also measured PL
spectra of several Aly-Gag gAsg 02Sbg g/
Ing4Gag 76A80 0558005 QW samples. Since the Al con-
centration is higher, the band alignment changes to
type I and only one peak exists in PL spectra.

Fig. 5 shows photoluminescence intensity of 10-well
Alp 2Gag §AS0.025b0.08/109 246G 20, 76A80,058bo 05 MQW ver-
sus barrier width. PL intensity decreases rapidly when

0.0 A

n-20

04] 8

o

-0.1 00 01
0]

Fig. 2. (004) reciprocal space map of 10-well AlGaAsSb/InGaAsSb

MQW structure. ;
-
[
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Fig. 3. Photoluminescence spectra of the SQW sample at 8 K with
different excitation levels.
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Fig. 5. Photoluminescence spectra of [0 QWs AlGaAsSb/InGaAsSb
at 8 K with different barrier widths.

the barrier thickness exceeds 15 nm. Due to 0.5%
lattice mismatch between AlGaAsSb and GaSb sub-
strate, MQW samples with thick barrier are relaxed.
High dislocation density leads to a severe decrease of
PL intensity. It can also be confirmed by X-ray rock-
ing curves. The satellite peaks for the samples with
10- and 15-nm barriers are much stronger than for
the samples with 20- and 30-nm barriers. As shown
in Fig. 35, for Aly2GagsAse02Sbo.ss/In02:G0. 76480 05
Sboos MQW, the barrier thickness should be less than
15 nm to avoid relaxation.

PL spectra of strained quantum well structures with
one to five wells were also measured at room temper-
ature. The Full Width at Half Maximum (FWHM)
values are as low as about 25 meV. Narrow spectral
halfwidth of photoluminescence spectra demonstrates
the high quality of the QW material and flatness of
the QW interfaces.

4. Conclusion

Rocking curves of symmetric (004) and asymmetric
(115) diffraction from strained quantum well structure
show sharp and strong satellite peaks. No. obvious
relaxation process takes place in the samples with less
than 15-nm-thick barriers. Asymmetric broadening of
reciprocal space mapping is mainly caused by the
strain variation and period fluctuation.

Photoluminescence measurements show that -for the
QW structures with low Al concentration barrier,
bound state to continuous state transitions will take
place. Two emission peaks at 0.64 and 0.672 eV were
observed in the PL spectra of Al ,3Gagg:AS0.025b0 98/
Ing 24Gag 76AS0.055bo0s Single quantum well. The spec-
trum may be attributed to direct and indirect
transitions in real space which indicate type II band
alignment with 32 meV valence band offset. In MQW
structures with high Al concentration barriers, only
transition between bound states vaas observed. The
energy band alignment changes from type II to type
I. Due to 0.5% lattice mismatch between AlGaAsSb
layer and GaSb substrate, barrier thickness has a
great influence on the relaxation processes, which has
been confirmed by PL measurements and X-ray dif-
fraction.
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Mid-infrared GalnAsSb photodetector grown by
solid source molecular beam epitaxy

C. Lin, Y.L. Zheng, A.Z. Li*

State Key Laboratory of Functional Materials for Informarics, Shanghai Institute of Metallurgy, Chinese Academy of Sciences, 865
Changning Road, Shanghai 200050, People’s Republic of China

Abstract

We report on the growth of two types of GalnAsSb detector structures by solid source molecular beam epitaxy. One
structure is capped with an AlGaAsSb window layer, and the other is a conventional PIN detector. The fabrication and
performance of detectors are also reported. As a result of suppression of surface recombination, the dark reverse
saturate current for the detector capped with window is much lower than the other type of detector. Black body
detectivity Dy, of the detector with an AlGaAsSb window is 5.0 X 108 cm Hz"/%/W, and voltage responsivity Ry is 78 V/
W at 300 K. For detectors without window, Dy, is 5.1 x 108cm Hz'//W, and R, is 37V/W at 300 K. Relative spectral
response is also measured. The peak response wavelength is 2.19 um at room temperature. © 2001 Elsevier Science B.V.

All rights reserved.
PACS: 85.60Gz; 81.15Hi

Keywords: 1nGaAsSb; AlGaAsSb; Detector; Mid-infrared

1. Introduction

Mid-infrared photodetectors are very important
for infrared imaging, pollution monitoring and
industrial process control [1-3]. Quaternary alloy
GalnAsSb can provide room-temperature mid-
infrared detectors over a spectral range of 2—4 um.
To decrease the surface recombination velocity
AlGaAsSb and AlGaSb have been grown on the
GalnAsSb layer [4]. It has-been proved to be an
efficient way to improve the reverse breakdown
voltage [1,2]. Most of the previous results were
achieved by metalorganic vapor phase epitaxy

*Corresponding author. Tel.: +86-21-62511070 8201; fax:
+86-21-62513510.
E-mail address: azli@itsvr.sim.ac.cn (A.Z. Li).

(MOVPE). Since the growth temperature of
molecular beam epitaxy (MBE) is lower than the
other growth technologies, high quality alloys of
GalnAsSb and AlGaAsSb in the miscibility gap
can be grown by MBE. In this paper, GalnAsSb
detectors with an AlGaAsSb window were grown
by solid source MBE, and the results were
compared with detectors without windows.

2. Epitaxy and device fabrication

Device layers of GalnAsSb and AlGaAsSb were
grown in a solid source MBE system with
uncracked As, and Sby elemental sources. All the
samples were grown on (100) oriented, n-type
GaSb substrates doped to 3x 10'7cm™ with

0022-0248/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.

PI: S0022-0248(01)00781-3

49

51

53

55

57

59

61

63

65



11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

CRYS 1117 -

2 C. Lin et al. | Journal of Crystal Growth 0 (2001} 1-4
p-Alo;GagAseeSbogs  025um  1x10'em’ p-lno7GaonASoaaSbosy  0.5um  1x10%em’
ud-Ing17GaggsASeeSboge  2.5um  5x10'cm’ ud-Ing 7Gaog:AS002Sbgss  2.5pm  5x10'7 cm?
n-Ine,17Gaos3A 50,025boss Loum  x10'%cm’ n-Ing 17GaggsASe02Sbegs  1.0um  1x10%cm™
n-GaSb buffer 0.8um  1x10%cm?? n-GaSb buffer 0.8um  1x10"%cm™
n"" GaSb sub 5%10"7 em™? n** GaSb sub 5x10"7 cm™

Fig. 1. Device structures of two types of GalnAsSb devices (with and without an AlGaAsSb window).

tellurium. The composition -of each layer was
calibrated by electron probe, X-ray diffraction and
infrared absorption. The growth temperature was
450°C, and the growth rate was ~1pum/h. The
undoped InGaAsSb active layer was p-type with
hole mobility of 250cm?/Vs and the carrier
concentration was 5x 10'°cm™>. The structures
of devices with and without AlGaAsSb window
are shown in Fig. 1. The only difference between
the two structures is the top layer. In order to
minimize the influence of absorption in the top
layer, we did not grow a heavily doped GaSb
contact layer on the top.

Conventional semiconductor processing techni-
ques were employed to fabricate GalnAsSb
photodetecors. Mesa photodiodes with 500 pum?
were formed by photolithography and wet chemi-
cal etching. Au/Zn was used for p-type contact
and Au/Ge/Ni was used for n-type contact. The
contacts were alloyed at 260°C for 15s. The
devices were separated and mounted on headers
using silver epoxy. The front contact pad was
wirebonded to the header post.

3. Characterization of detectors

The detectors were measured under zero voltage
bias at room temperature. Responsivity measure-
ments were conducted on a computer controlled
blackbody test set, which is composed of a
blackbody source, preamplifier, lock-in amplifier,
chopper, and an oscilloscope. The measurements
were carried out with the blackbody source at a
temperature of 1000 K and moduiating frequency
of 100kHz. The relative spectral response mea-
surements were made by using a Fourier transform
infrared spectrometer. Electrical characterizations
were carried out with HP4156.

1.0x10" T T T T s T
—— With AlGaAsSb window /
— — -Without AlGaAsSb window
5.0x10° ; /
‘
—
< ’
pey 0.0 2
c : >
= / P
Q s -
-5.0x10
v
-1.0x10?

20 45 10 05 00 05 1.0
Voltage (V)

Fig. 2. /—V characteristic of different types of GalnAsSb
photodetectors.

Since the band gap of the AlGaAsSb layer is
larger than the InGaAsSb active layer, it works as
a window for the whole structure. The band
alignment of the AlGaAsSb/InGaAsSb hetero-
junction changes from type II to type I according
to the composition of the quaternary alloys. It is
possible to choose a composition such that the
valence band offset is zero or very small but the

‘conduction band offset is large. As a result,

majority carriers (holes) can transport in the whole
region without barrier, and minority carriers
(electrons) will be stopped by the barrier. Since
the p-AlGaAsSb/p-InGaAsSb heterojunction is
type I band alignment, if the valence band is flat,
no minority carriers will be trapped at the
heterojunction interface. As a result, surface and
interface recombination velocity will decrease, so
the higher gap window can lower the reverse
saturate current.

Fig. 2 is the dark /—V measurement results. The
device without an AlGaAsSb window exhibits soft
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Table 1
Measurement results for two types of GalnAsSb devices
Device type Active area (cm?) Dy (cm Hz'2/w) R;, (V/W) ReA (Qcm?)
With AlGaAsSb window 1.47x 1073 5.0 x 108 78 76.4
Without AlGaAsSb window 1.47x 1073 5.1 10° 37 56.3

breakdown in the whole reverse region. At -1.5V
the reverse current exceeds SmA. But for the
device capped with an AlGaAsSb window, the
reverse current is much lower. At —2V the reverse
current is less than 4mA. The turn-on voltage of
photodiode with an AlGaAsSb window (0.3V)isa
little higher than the device without window
(0.15V). From the dark current-voltage relation,
we can also see that the series resistance of the
detector capped with AlGaAsSb is not larger than
that of the device without window. It can be
concluded that the ohmic contact of AlGaAsSb is
fairly good.

The black body detectivity D;b of the two types
of detectors has almost the same value of
Sx 108cm Hz"*/W, as shown in Table 1. As
a result of the suppression of reverse saturate
current, however, the voltage response R, of

the device with window (78 V/W) is superior to

the one without window (37V/W). It can be
attributed to the difference of zero-bias resis-
tance—area product Ro4 between these two types
of detectors. Surface leakage current is an im-
portant factor that influences the RoA4 product
which would increase as surface recombination is
suppressed. Rpd of the detector capped with
AlGaAsSb window is 76.4Qcm? and Rod of
detector without an AlGaAsSb window is
56.3Qcm?.

Fig. 3 is the relative spectral response of the
photodiodes with and without an AlGaAsSb
window. For detectors with an AlGaAsSb win-
dow, the peak response wavelength is 2.19 um. The
long wavelength cut off is 2.4 um, and the short
wavelength cut off is 1.25 um that are determined
by GalnAsSb and AlGaAsSb alloys. Short wave-
length cut off is determined at 10% peak response.
For detectors without an AlGaAsSb window, the
peak response wavelength is 2.25um. The long
wavelength cut off is 2.4 pm, which is the same as

1.0+

054 Without Window
With Window,

Response (a.u.)

0.0

T T T M T M t T T T T T L i
12 14 16 18 20 22 24 26
Wavelength (um)

Fig. 3. Photo-response of GalnAsSb photodetectors with. and
without AlGaAsSb window.

the one with window, and the short wavelength cut
off is 1.40 pm which is slightly longer than the one
capped with an AlGaAsSb window.

4. Conclusion

GalnAsSb PIN photodetectors with and with-
out an AlGaAsSb window have been grown by
solid source MBE. Optical and /—V measure-
ments show that devices with a wide gap window
have higher voltage response and larger reverse
breakdown voltage, but the black body detectiv-
ities are almost the same. Dj of the detector with
an AlGaAsSb window is 5.0 x 108cm Hz'/%/W,
and R, is 78 V/W. For detectors without window,
D;, is 5.1 x 108cm Hz'*/W, and R, is 37 V/W.
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Temperature and injéction current dependencies of 2 um
InGaAsSb/AlGaAsSb multiple quantum-well
ridge-waveguide lasers

C. Lin, A.Z. Li*, Y.L. Zheng, Y.G. Zhang

State Key Laboratory of Functional Materiais for Informatics, Shanghai Institute of Metallurgy, Chinese Academy of Sciences,
865 Changning Road, Shanghai 200050, People’s Republic of China

Abstract

Two micron AlGaAsSb/InGaAsSb multiple quantum well lasers were grown by solid source molecular beam epitaxy.
To avoid strain relaxation in active region, 10 periods multiple quantum well samples with different barrier widths were
carefully analyzed. We find that a 15 nm wide barrier is best for Alg ;Gag gAsg 02Sbg.95/1n0.24G20.76A50.055b0 95 quantum
wells. Five-micron wide ridge waveguide lasers were fabricated. A slope change in power-current characteristics was
observed. The emission wavelength switches from 2.01 (corresponding to le-1hh transition) to 1.87 um (corresponding
to 2e-2hh transition) as the slope changes. © 2001 Published by Elsevier Science B.V.

PACS: 81.05.Ea; 81.15.Hi

Keywords: AlGaAsSb; InGaAsSb; Semiconductor laser; Molecular beam epitaxy

1. Introduction

Since there are many important applications
including gas sensing, molecular spectroscopy and
pollution control for mid-infrared lasers working
at wavelengths beyond 2pm, significant ef-
forts have been devoted to the development of
AlGaAsSb/InGaAsSb  multiple quantum-well
(MQW) laser diodes. [1-4]. In recent years, the
separate confinement heterostructure (SCH) laser
structure including a broad AlGaAsSb waveguide
layer has demonstrated higher efficiency by redu-
cing free carrier absorption. Four Walts of quasi-

*Corresponding  author.  Tel.: +86-021-62511070-8201;
fax: +86-62513510.

E-mail address: azli@itsvr.sim.ac.cn (A.Z. Li).

CW power has been reported for broad area
devices [2]. Newwell et al. used an Alp4Gage-
ASO_03Sb0_97 barrier instead of Alo.szao_75ASO_02-
Sboog to improve the hole confinement.
A Ty of 140K for a four quantum well laser
was achieved. The emission wavelength has also
been extended to 2.6 um [5]. In this paper, we re-
port on the characteristics of 2.0pm MQW
InGaAsSb/AlGaAsSb ridge waveguide lasers
grown by solid source molecular beam epitaxy
(SSMBE).

2. MBE growth and device fabrication

All the samples were grown by SSMBE on
n type (1 00) GaSb substrates. Uncracked As4 and

0022-0248/01/3 - see front matter © 2001 Published by Elsevier Science B.V.

P1: S0022-0248(01)00778-3
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Sb, were used as V group elemental sources. Since
the As composition is very small (<0.05), ternary
alloy AlGaSb and InGaSb single layers were
grown and characterized by four crystal X-ray
deflection and Fourier transform infrared absorp-
tion to calibrate Al and In compositions in
the layers. Thick quaternary AlGaAsSb and
InGaAsSb single layers were analyzed by electron
probe to confirm the validity of the measurement
results of X-ray and infrared absorption. We
found that the results of the two approaches are
very close.

To optimize the active region of the lasers, a
series of MQW samples with different barrier
thickness was grown and characterized by photo-
luminescence at 8 K with a Nicolet Magna 860
Fourier transform infrared spectrometer. Ar+
laser of 514nm was used as excitation source.
The MQW samples consisted of 10 periods Alg»-
Gag 3As0.025b0.98/10 nm Ing 24G20.76A80.05500.95
quantum wells (QWs). The well thickness was
10nm and the barrier thickness varied from 10 to
30nm. Fig. 1 shows the photoluminescence inten-
sity as a function of barrier width. PL intensity
decreases rapidly when the barrier thickness
exceeds 15nm. Due to 0.5% Ilattice mismatch
analyzed by X-ray rocking curve between Alg,.

Gag gAsgg2Sboos and (GaSb substrate and the

0.10
o)
0.08- o/
3
&
0.06 4
=2
7
c
5]
c 0.04 4
- Q.
o \O
0.024

T T T M T

10 15 20 25 30
Barrier width (nm)

Fig. 1. Photoluminescence intensity of 10" QWs AlGaAsSb/
InGaAsSb at 8 K with different barrier width.

1.2% lattice mismatch between the InGaAsSb
and GaSb substrate, MQW samples with a thick
barrier would relax if the barrier is thick enough.
High defect density leads to a severe decrease of
PL intensity. It can also be confirmed by X-ray
rocking curves. The satellite peaks for the samples
with 10 and 15 nm barriers are much stronger than
for the samples with 20 and 30nm barriers. As
indicated by Flg 1, for lno_zGao‘gAS()_ozsb().gg/
Ing 24Gag.76AS0.05509.0s MQW, the barrier thick-
ness should be less than 15 nm to avoid relaxation.

The laser structures consisted of 4 periods of
10 nm In0.25Ga0.75Aso_05$b0.95 quantum wells se-
parated by 15nm Alo_z]Ga()ngSo_()szo'gg barriers.
The active regions were embedded in 0.6 pm broad
A10_21G30_79A50_ozsb0_98 waveguide. The A]0.42_
Gag 53AS0.065b0.04 cladding layers were doped to
2 x 10" cm ™2 with Te for n type and 1 x 10"¥cm™
with Be for p type. Fig. 2 shows the laser structure.

A non-alloyed Ti/Pt/Au metallization was pat-
terned by lift-off technique. for the ohmic contact
to the p*-GaSb cap. Five-micron wide ridge
waveguide mesa structure was fabricated by wet
etching of the p*-GaSb cap and p*-Alya.
GaAsSby o35 cladding layer, followed by burying
with polyimide. The wafer was thinned to 100 pm
and n-type ohmic contact was formed with
AuGeNi. The wafer was cleaved into chips with
cavity lengths ranging from 200 to 700 um. No
facet coating was used. The laser chips were
directly put on a probe stage with a temperature

GaSb 500nm p
Alp.42Gag 53A80,0655bog3s  1500nm P
Alg21Gag.79A50.028bo .93 300nm undoped
Alp21Gap 79A50.025bo.98/
Ino2sGeo7sAS0.0sSboss  _i00nm undoped
4 QWs
Alo21GaAsSbg s 300nm undoped
Alg.42Gag s8As0,065Sbo.gzs  1500nm n
GaSb Buffer 800nm n
GaSb Sub. n

Fig. 2. Schematic of laser structure.
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controlled heat sink, and characterized in pulse
mode. Emission spectra were measured with a
Nicolet 860 Fourier transform infrared spectro-
meter, and InSb detector and CaF beam splitter
were used.

3. Device characterization

The laser chip with 500 pm cavity length was
measured in pulsed regimes with a pulse duration
of 1us at 100 kHz at temperatures from —10°C to
70°C as shown in Fig. 3. The threshold current of
this laser chip is about 80 and 300 mA at 0°C and
60°C, respectively, corresponding to a threshold
current density of about 800 and 1800 Ajem? per
well. The maximum output power at 10°C is
greater than 30mW/facet. In the temperature
range of 0-60°C, the characteristic temperature
T, of the threshold current for this laser chip is
93 K. Fig. 4 shows the temperature dependence of
the pulsed threshold current. The maximum lasing
temperature under pulsed operation is greater than
80°C.

From Fig. 3, we observe the slope changes in
P—1I curves especially in the range of 30-50°C. The
power—current characteristics for our ridge wave-
guide 2 pm laser can be divided into three parts. In
Part I, output power is linear with injection

40

AlGaAsSb/InGaAsSb 2umLD

P-1 curves at different temperatures

-10°C - 70°C, step:10°C e
301 1us@100KHz

20 -

v T T T ™ T
0 100 200 300 400 500
Current (mA)

Fig. 3. Output powers versus injection current at a series of
temperatures for a laser with 500um cavity length and 5pm
width ridge at puise length 1 ps and repetition rate 100 kHz.

current. In Part 11, the P/I curve is almost flat.
As injection current increases, the output power
does not change. In Part III light output power
continues to be linear with injection current, but
the slope of P/I curve is different with Part I. To
determine the mechanism of slope changes, emis-
sion spectra were measured under different
injection current levels at 35°C as shown in
Fig. 5. At low injection current regime correspond-
ing to Part I, only 2.01 pm lasing mode can be

g .
]
g 100
E 1
(&]
3
2
8 AlGaAsSb/InGaAsSb 2umLD
£ T, 93K
10 T T T T T
-20 ] 20 40 60

Temperature ("C)

Fig. 4. Temperature dependence of threshold current of 5-um
wide ridge laser.

Injection Current: 400mA

‘Ll ' 340mA
A A

—-—
-
£

-
3
«
A
>
= 280mA
c
] ,
g L
220mA
-
ML LA T 1 T
1.85 1.90 1.95 2.00 2,05

Wavelength (um)

Fig. 5. Lasing spectra for a laser with 500 um cavity length and

5 um width ridge at 35°C.
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observed. As the injection current increases to Part
[1 in power—current characteristics, two emission
wavelengths, 1.87 and 2.01 pm, were observed in
the spectra. In the large injection current regime
corresponding to Part III in P—/ curves, emission
wavelength switches from 2.01 to 1.87um. The
emission wavelength switching is sensitive to both
temperature and injection current. At tempera-
tures above 50°C le-lhh transition cannot be
observed in emission spectra. The photon energy
difference between two emission peaks is 46 meV.

By calculating the hole and electron energy level
of the quantum wells including the strain effect, it
can be determined that the long emission wave-
length corresponds to le-lhh transition, and the
short one corresponds to the 2e-2hh transition.
The photon energy difference also fits the calcu-
lated results.

In an ideal diode laser, if there exists two lasing
mechanisms, the output power will be the sum of
them. In power—current curves, the output power
is linear with injection current and the slope
changes abruptly at the switch point. But in our
diode lasers, with increasing injection current, the
temperature of active region will rise. As a result,
output power of the le-lhh transition saturates
and even drops when the 2e-2hh transition starts
lasing. Because output power is the sum of the two
lasing modes, a platform is formed in P/I curve.

Slope change in power—current characteristics
has not been reported for AlGaAsSb/InGaAsSb
broad stripe lasers. Because in broad stripe lasers,
injection current density (/i ~100 Ajcm? per well
at room temperature) is much lower than our ridge
waveguide lasers (Jy, ~800 Ajcm® per well at
10°C), 2e-2hh lasing will not occur. We also
measured the P/I curves with different duty cycles.
If we assume that the heatsink temperature is
equal to the temperature in the active region when
the duty cycle is very small, the temperature in the

active region can be determined. The temperature
in the active region is 30°C higher than heatsink at
the duty cycle of 30%.

4. Conclusion

In conclusion, 2um AlGaAsSb/InGaAsSb
MQW laser structures were grown by SSMBE.
The barrier thickness in the active region was
optimized. Our results show that 15nm width
barrier is best for Ing-GaggAsg02Sbo.gs/Ing24.
Ga0_76Aso_o5Sbo_95 QWS Five-micron wide ridge
waveguide lasers were fabricated. The highest
operation temperature of these lasers can be as
high as 80 and Ty is 93 K. Slope change in power—
current curve was observed. It relates to the switch
from le—1hh transition to 2e-2hh transition.
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THE DESIGN OF GalnAsSb RESONANT CAVITY ENHANCED
PHOTODETECTOR

LIN Chun and LI Aizhen

(State Key Laboratory of Functional Materials for Informatics
Shanghai Institute of Metallurgy, Chinese Academy of Sciences
Shanghai 200050)

ABSTRACT

~ The composition and refractive index of GalnAsSb quaternary semiconductor material for pho- -
todetector operating at 2.4pum are obtained by using interpolation and models of dielectric function.
By putting the conventional p-i-n structure of GalnAsSb photodetector between two groups of Bragg
reflective mirrors, nearly unit quantum efficiency can be reached. Transfer Matrix Method (TMM) is
used to calculate the reflectivity of AlAsSb/GaSb Bragg mirrors as a function of wavelength and the
number of mirrors. The structure of RCE detector is determined and the influence of the changes of

absorption with wavelength on the quantum efficiency is also discussed.

KEY WORDS Resonant cavity enhanced detector, Reflectivity, Quantum efficiency





