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Fig. 1 —5 Repeater spacings as functions of signal
wavelength for 32-, 100-, and 400-Mbit s

signal.

1 =5 BERSPKFEROtEH

1.2 HEXRICETDIEREFEHFHL -V
FEEL—HF L, TOREONHHSZLLDOHBIC>VTRAON, OB EE &LE&FH ICE
2T, UL, SNORPUNKBEEROECLINCEDOTHY, Z0OREHNE bBIER T

_9__



PDHBAETH>T, EMNUHEEAEREB ST, Rl L — ¥ NEAN LR 5 HR
AEDB LoD, GaAs /AIGaAsDF T u~FuliE® 4 A & — F TR #EEE R
REB SN TnETHs PP, COEBRICHENT, GaAs EAIGaAsE VIBTFEH DFIEFHF L

VLB RDHAAENERL LI ERKRERNEM o, b, ~TOEEEMRLIBAE
GaAséGaAs POL IS TEMMD DR AME OR AR OB EICIE, EAOREIETR
BEATET, BAShAF v ) TERIRLTLEL., RBEHICLE LRBVDOT, L —FRRIBE
CHL, CHICH LT, GaAs & AlGaAs DX ICERFEMMIZIIE LM OHRALELED
WA, ZOBEAEMSI JoMICHERCINOTEENLLONTE, ++ ) TOMHLLAD
WO LAHMTET, L—FEHEDOLX WMEBRMBABICTO, ZREERR VAR LES
T

312, LEARLLCLT, XEDa—=r 74 DKapron 54320dB / kmDEHEL 7 7 1 %
ER L. T 7 A NACEREKE LTERNICEZ 2R BB T o, $ZBEL—HiF, NUIT
BEAEETHO, BEZHAVNBEBICT A EWVIFANDZ, Ty, X7 7452k R
ODHFEELT, HAL—#FDPEGEKL-—HFICHENTBATHY, TOEREFERRERICLY, K
BELTEAMEENDE LDICH o7, GaAs /AlGaAs ¥EHE L —FDORKRFE K TH50.85um
H120F, YEHEOEBREAT7 7 A NOHOEBERTHS (Bl o ildblcoTwY, F/2, &
ODEEOHICH LTI, Si OT/NF7 ¥ 2 «Fk b& 44— F (avalanche photodiode , APD)
EVWIOEBIGEOCBEmEbEDoT W, oT, TDGaAs /AlGaAs L —FiIHZERAXE
ELTEENR D EHIBEN, KBYOFEEKL -V OHKL, CDGaAs /A1GaAs L —
WWER LT o/cDid, ¥R ESZHARUTHo 7L, U DGaAs /Al GaAs L —FIF, ERRE
RATD & 100BELUT, 2 EBBEMALUTTHIL L, EEEICRT LN, ToRVEILORERRA
AT BICHDIC, BAMBHEMBTONL T o,

CHULHEDEH & LEMIC, ¥FEER LV -V ORRERFEREZLT AL LI NTL, 1
pmiy OFZE L —HF OB L, 1972410, @O 1L 52 GaAs Sb /A1GaAsSb £ 7 v~ F
OEESA A - FORRASVAREEARE LEOABRNTHEY, Ui L, 4B, GaAs/
AlGaAs L —# OWMSNNESOMBEORR D * FEZILILHVRRTHO, 17 74 OB
KOBBILOVWTLEZRDODBRE T oINS, 7 74 NZEOEHUAZERE TEIRE
Tldthpote, LT, REEHEBTH, BEXOANPSLENNLNILAER/ITAFIELEL, o
BEEL-—HORRIZLLIEB bEDLI o/, UL, MEMNEK,LS 1 um T O¥EE L

—FEAESFETON, D%, 1L.06umAiEIC, 0.8 um TLDGEBEDENSH L L5



BHEDLEoT, WONOHEBICSTI um & TORKOWE NS NI, RCADHE HE
u,ﬁﬁ&%ﬁﬁﬁﬁﬁﬁﬁ%ﬁ5ﬂﬁéﬁﬂmtﬁﬁfbéﬂ.weuwmﬁ,Gunufv
{545 (grading) BO InGaAs #HE X & i FAREAOEBAZEMLIHER LICInGa
As O+ E +« Jv 7 ¥ 3 (homo— junction) D pn HEEEIEO, TOF4 4+ - FTZREY
WRBREAEE LD, 20k, AU InGaAs @7 LA F ¢ v/ BARRESHIER LIS, #
ﬁ@%ﬁ%&%%%é?%IMhP%Uﬂb%%ﬁotDH%%%@ﬁLu%ﬁbéwﬁmﬁﬁm
EtoTuior' T, 24, W5, InGaAs OREF A4 — FCHERBRRETV . ZORHREND
EWEONREIZEZD%RKE LIk b~ (photon) DI A VF —p/NSHEHICEREFBICIEDS L
g L) co%EE, GaAs /AIGaAs L —# W ICHI SN TV %k O % OBk %,
ERESEBRICL Ll &2 5 ®%EER L,

COLHICHAROKE COMESH TS, VETEBEBICEREL -V OREMNKELEIN
Tuvtc, L~ L 7 (Lebedev )% ET @ Eliseevd @ v —7 13, 19746 (CGa InAs P/ InP
ﬁfw«%n%ﬁﬁ4w—F@ka@v—ﬁ%ﬁ%@ﬂbm,égu,wwﬁuuiﬁN/v
2REAEE LY, cN5@d, CDGalnAsP/InP L—#DEBNIMHEDLHIC,
DEHEL— ¥4 B I CERLICAG CEAFREINTELEELE S LNUEEHDTH
5t, L L, VELUAOECHS T VRSN Uh ool &, Y4B ILEREH L —FOEE
BrEEALBBINTN DAoL EREND, COGalnAsP/InPL—#MHAAEBT S
Wi, =% Faty YV ITRAK¥ (MIT)DHsieh DRREZE I TRHRILRLNLS P o/,

Bl ELV— O R Sk RIK(E, 1976 £~ (Bell )BIZEFT ® Pollack 512K D, GaAs Sb
/AlGaAsSb L—FTERANCERsALD), cNid, GaAs B o LicGaAs SbD 2 L 4 F 4
VIBABE S S, BTIAEAOEEBAEML T, EBRRICKYI L2bDTH B, 3l x0T
Hsieh (2, GaInAsP /InP L —# 0,0 2RI D b 2R amaR > 28% Lz, 7, RCA
THE AR ONTE7-GalnAs /GalnPL— b, 1976 & ICER EERE ICKRD L2,

CNODEREXERL - VYORFEOER EMHEAIHR LT 7 1 YO DA = Al L,
1975203, AE7 74 OO EEEBAE SN, AEOHEN L 27T um TEEHL D T EH R
sn') BEAGBEXOANCERESOAR SHAEER SN, 2L T, 1976 £, 43 h 3
OHEDHAICE > THIEREL T 74 ~HBAR SN S DCRAT, 1L2~13 um BEBESTO
HEZEOBUY BEENALIOLENLD, AEERFROXFEERL —FORENEFZ SN,

ZNETIWME SN T2 GaAsSb /A1 GaAsSb, GalnAs,/GalInP, GalnAsP /InP

L—Hd, 9XTLO~1L1umEFTORRTHoIH, BERLK7 4 vDBRREICLYD, &b




EWEORE AT TH5GalnAsP/InP L — OB AME 41, 19774, #F 510+ D,
13 um ORESERREALEER LED) 2LT, cOL—FEMUOLE —2— F7 ;4 ~PFE
T— F7 7 45T O{nkHER %ﬂ’ﬁ’)ﬂ““’w), B ME % O EAE N, BRIB#EZL LD
ﬂﬁ#%ﬂénam&ﬁf,%&%W&ﬁ@@osmm”m‘1sﬂmﬁmwﬁﬁﬁﬁﬂénm

4 #-. Hsieh 5(2GaInAsP /InP L —+# OB @, OHOL S bh D 5T, 1000
Bl P Ao E4R L, GaAs /AlGaAs L —F LD bRFAMm L BAlfetkAmE LIS LD
GaInAsP/InPL—FOH%4A—En& T oRHER LI,

Bi{f, GaAs /AlGaAs L —# O IE, K& (Aid L, XFEXFBHBEOL—FBEZIME
M, H—F— FREAEZ2DEIESBIRNICIE 0TS, $1, EHUEOHATE, HILENOR
oZNODORENSNIHRE, 1 TEOE®ARIET S LEEAELEL>TEY, &ilknE
SRR ICE > TIOHBME LOFRRTRINE S noTaR™ ™, 21T, #HIK
ZEMAEEELT, ARBESEENHORGRABRICHER s, EAMLZARICETLL, TN
W% LT, GalnAs P/InP LV —# b ERMABTBZEMANRE L LT, MEMEVER ICT DN,
ZOHEHIZEL, COEHRRLV—# DL b Galds /AlGaAs L —HILAMICHAIOTIN S L

B A5

1.3 GalnAsPR&FE&K

ILEMFEBEANT A ZICICH T AR ICER LT8O OVEEL /T 2 — 2 358HHERE
ERFEMTHL, CNOHDOEMIZ, 2 0ROM - VELAEYFEEETIE, 20N OESEE
OHBHELTEFT>TWE, CO2XRLEHNDI L, NV I/HBEEE L TERBIIHETES0
2, IKEADOTETHSAl, Ga, InEVEADLETHSP, As, Sb DHARIZL B 9EE
DILEMTH %, 1 -6, CNODILEMEFERDOERFIE LB FEROBEFRATR T, &
WL DL EMIR EEFIHES)N XL, RTFERMBRKESABEI2EAND S, THODLAYDE
HlEEIE, 2R TO0.17eV (InSb) 752 45eV (AIP) S TIEAM o T A HY, FBEEE L
Bohd, TEOEHHEROMGRAMZ T, BICE~NBE3TP4 TR ICE ST
AG R

INOD2HHEO2LRLEMEREERII TRERORHHECHE TERID, TOBKE

ZThHr2nFtEmMOoThooMoEEols, FORGHAEEZEZSIEILEIDEZZ st

X5, BEAONBISEMO3ITHRRED D L, KBEWLCH SN T 5 8 TE DR R O £ fH i
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AM1-TIRT, COMLD, BEOKEOKREAB S enilid, W20 OEREHMNH L DA
b BH, EEICHEBARSICH o T, BENESH, LEOREE TR O, T4V F—
SNV PR ILEY S, BFREMIIEIDEOMOUENSKEHB LT 5, ¥EELV -V £
£ 23188, EUBEKFESLEHALADBOBRLENAAREDT, HFEHOERIREGE
BAEEE LN oTWVA, AlGaAs DL D ICAl EGaDHAEL S ETHGaAs KR FREGLICE
GG E ST 2 L DB T, DR TEHMBRELICK > THFEBMENRT S0, 37T
CORFOHMALETHRFEANENDIDER, K1 - 2R T LI I3 TRIBS QR LMBUC
MLUTHEITHD, CRICH LT3 -3 LEOMARHEEZD L, R1 -3 ERT LIIL

W B I DT ot WA NBEBINEALDN S, CHSOR T, EHEEH LADEOKT

3.0
AIP O
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Fig.1 -6 Relation between lattice constant and energy
bandgap in IM—V compound semiconductor

crystals,
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BEARBMA TS, EWE &R &I FEMNRES foh, BRI Uo7 5 i 1 B
RS EI NI L —F (VIO BARE SEALENRDHD, REFUHEMNEM L5, F okt L
T3BOITDI Lo L fFOMKAR M T 24682 ~7 o F il TOREFFECHTED
EOEANHEORIRNICE > THEE SN, AIETENEVLIRAER 2,

CNLDORA, BULATRBRABN T LICLDEEENS, 2FD, 4TRERT
3EEDHLOL D BHBEEN 1 DA TVAIHIC, BEHIHIE K- ERABILICHB TS &
MTEB, BUIWCHRE SN 4TRIE, GaAsP Bl FICHE S €7.GaAlAsP TH b ., AJHHA
B DL — 21970 4 IC Holonyak Sick bfEon i), z0%, £ 04 LRBH RSN
H, TNODOPTHEE2 um ETOEBMIC 50T, GalnAsP-InPH & & U GaAlAsSb -

GaSb ZNFHICENIHBE 2R 2, 2% D, BIFAEENUL AT v~T oBELEE TS, KA

GaPp GaAs InP GaSb InAs InSb
Y S S —
GaAs—GaP F--—
InP—-GaP b —y
GaAs—AlIAs [
GaAs—GaSb —_—
GaAs—InAs } 1
InP—InAs - -
GaSb—InSb I 1
InAs—InSb } g
L 1 TR S . | R S W ST
0.2 0.4 0.6 0.81.0 2 4 6 8

WAVELENGTH (um)

~— UIdEA HvisiBLEF——  INFRARED o

Fig. 1 —7 Wavelength range at room temperature
covered by several commonly used

M-V ternary alloys.
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£1-2 BERFELSTI2TILEWEITRADHEAE R

Table 1 — 2 Ternaryll —V alloys grown on binary
compound substrates with minimal lattice-

mismatch effect

Al1GaAs /Ga As I Ga 51P/GaAs

Ny 4o
AlGaP /GaP Ino';,gGao_”As/InP
GaAso.HSb O'QQ/IHP

GaAs 0 91 Sb 0.0Q/II’IAS

InAs 0,91 Sb o’og/Ga Sb

£1-3 BFESTEITRELEI LOMHAEH

Table 1 — 3 Ternary alloys lattice-matched

to other ternaries.

LARGE E, SMALL E, WAVELENGTH
SMALL 7= LARGE 7= am

InGaP GaAsP 0.55 — 0.87
InGaP InGaAs 0.87 — 1.7
GaAsSb InGaAs 0.87 — 3.4
InAsP InGaAs LT = 3.4
InGaShb InAsSDb 3.4 —1.3

BMEICLOBESGICRERLEONS,

1 -83, 4% GalnAsPEZEDOHKRICH T A2HFHBEBTEHODRE®HAR LD
Thbd, CORBFZDOPFTRIKFILE o TV EERDELEFHEMGEERL, COBRRZOHEEE
B oS TO036eVH522eV FTEMLLTNEIENDNPE, MO LEDGaPICE L —E 45
BHEEBEOEBEZRLTVS, COGalnAsPORE® S , EH TO0.557 6 3. 4 umbA O E
EBAIEMTES, MFIKHRTENLPNTLION, ERFELMBR TH O, HICEHEE G
DTH5, COFRTEHMBE, WCEADPOFREFFREMB X boT B0, Thig,
GaInAsPIRAICHENT, MFERAE AL LR BB S K BHERBAESBENEB OB I &
ABW% T B, LEAF InPICHE L5869 A OB TFEMAB SBRSEIE, 135eVH50 75eVE
THEHBEBEZEALTES, TNho6DIENS, InP ERAHE L, EHEAGa InAsP 4TRSS,
FALA®WEZAZ InP& LB IHEET, 0092 um»5 1L 654m I COHREHBDL 7L ~5 0
BEZIELAILENTEE, COBER, BUHEBUANATZ2TREDInP THD, EUHBOKTFEK
BRI INPIE—HEIHDIIENTEEILEDORERIBELETHY, kFBCENLFZTHS LS



InAs

Fig.1 -8 Energy bandgap versus composition for
GalnAsP quaternary alloys. Nearly horizontal
solid curves are iso-bandgap. Dashed curves

are iso-lattice constant

1 -8 GalnAsP 4nB&EICHT 24K 24 g OBF

2%, COInP FLDOGalnAsPREDKE(F, 19724 I Antypas HICL o TH b A Y — F
( photocathode ) ~DEMEE & LT b b2,

Z0%, BEELV-—YDBEFShBEDTHLE, EEEZLOMENIORICHO>UTITDRATL
B, $12, COZROHEHKEIBETHS InPER LD Gagyr Ingss AsODERERI, £ 4 K5 ICEo
<, 1974 F it 50, APDZ EDXBME P FET (field—effect transistor ) ~ MIGMH
HEZTTHENERAL LTS,

GaAlAsSb—GaSb% b, GaSbER LAWK FRS LI T v~AToOBEAIEDL &M

TEx52H75, GalnAsP—InPRICK T, L—HF DA OHENREHLN TS,



1.4 AHROBMEATEH

RwX i, REELMEBEABME LTH>TEGalnAsP /InPA T v ~7 oL —¥ 0
BEE R Z OBHB IOV TOEEOHER R LT bDOTHS, HXBUTD3 20FENL
B o> T2 Hi% 3= OfEeg 2 L1 T ICRd,

(F2#)

A#ETIE, InPER E~DGalnAsPESZOBWHEBR ICONTR TS M L7I2ER DF
i, WHEREERZZ LD\ TR~N/H, GalnAsPEEAZ LD L IITEDH T o e ZHSHIZT
5, F1, MR (saturation DEW k4, (001) M InP /— 2 (source) #EHWIH LTRHD
SN BE, (111) BEAY - ZARFERBCH LTRDpON LD ERL TSI &, T2,
COBRMBBREE > TR SELEMHGERTALOEBEZ Y TNLI LB L, KR THDT
BOoMER s ERICOVTHRNE,, BEBIC, V—FEIEDLHDLF T v~T olE oREE &
ZOFMEICO>NTHN S,

(B3®)

A&ETIL, GahAﬂquPa7w«Tn%LukU5%?l BEiz7 4y tERAOHMEZE
ﬁﬁo#m%?®“70ﬁﬁf®xﬁhﬂhfi SETHREHEO®RSE BH 59, GalnAsPE
EInPBOANT7oRHMICENT, BFAEEVNOI2E550BTFEFROERTY, I 27 4 » MEfU
DELSVKBTIAERGOHEBEAM S iz, COZRDEANBEA*ER T I LAY THS, X
M2REROMEZR CTEFERECODVTRDLERE, DHY T —A~TDI X7 4 v FMEMOD
FRLBFABRSOBFREIBANICERICOVTHER~NS,

(B4E)

COETH, GalnAsP /InP V- ORMELELEZO/MHICHOVTHENE, BIEEDT o+
Z (process ) HIfiOHFT, CORDL —HI Lo THROEERL &iF, Bl (-3 57,
ohmic ) EMDOEKTH 5, THIL, GalnAsP+ v+ v 7 (cap) BOEAILLY, BEREY £ <
BHSHERERMLBONAE Lo, COBRKEHROMEDITA, Si0, A/ v £ (sputten
WL B3BEEOME, Zn OIEBEREICDVTH~NE, T, TOV—FOREHHEIZ, L—¥
B O 70t RIEBVTERWAENRECEBINT VL IEMNPA SN ENL o, T, GaAs

/AlGaAs L —H I NT, @B ho PV IEHEELZONS, TITI, 2/ £8i{0, &




o

ZZnfi# A~ 22 (mask) WM L7c7F L —F+ « X2 547+« L—+ (planar stripe laser)
DM, X FF4TEBICKELTWAZE, 15 umiBOL —F TEUEORFNELAILI L
ZHLIC, Yo X EOMBEAEZS, £ LT, InPOIE s+ 7 (epitaxial ) 4 Zn
=27 ETHH LT o242 L, RFRUECEHA LEERCODOVTENS,

BB, AR CTRME LoV — AL o TiTo 1o IEME - KEREEERBICHOOTHHEEIC

1%,
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2.1 [ LI

EHARABEROICL Y VIREOHIE L LTI, SEREEY, BREKEEY, 578
Teskv s vBEEY, nEnsY, I- VERSEBROKREILS, SN5TXTOHEHA
WHNTW3, ThH6DH b, RHEBESHIE, 19634 iCNelson & o T, Ge, GaAs #HED
RECAVONTURY, 20BECEBCEREORENBONE LV IRADRD, LD
MR LT OLATE T B, HIC, 254 F-K—F (slide boat ) OBIFIC & oY
FTNATOERBEOEEREBEEDRENESICT ALKl e&ms, £ 0Kt
YEEXERFARERECIOEOSNTLS,

GalnAsPRS &, Wi, SME, FFRICEF Yy VEDTNTOFEILLD, KEH
RAEONTWLE, TNH6DHI L, BE—MBUTHY, ZLOMEMNELINT VS DONEMAKEE
ThHd, CNF, 4RBEICH LTS, @472 KMHA A L b (melt )DENL (mole )it EXER
BAEBDHDHI LI, BADIEAx Y s VENBELNS T L, InP, GalnAsP &9 20T,
4TTD~TOERL, 2754 F R MECIDBEARKFRMNBONDI I L, BEICLo TS,
T/, AlGaAs DB HEKE LRI, Al 28ATVWHWICEE, KEZXOME oW TEh
BEBLCBLEVIFIEEEATNS, CNCH LTRMARER, SRICKE3IIEHRTH RO
B HEM 755, %72, InP, GalnAsP ~7 oA OREHKEIC, ## R BHMEA 428
ZAEHEMLENHE, COMEIET, InPEREOKEDZEMA 2 DX T AT EICLDRHEX
NT, BERECLIRSLAREOREMNM I+ Y 7 VN, SHREICE OB SN TLEY
zZolty, 4%, IEKXEICLS5GalnAsP BEOHFTIIHBEAILKL ST, D EE DN B,
HE, PFRI L2+ 7 VEICE5GalnAsP BEOBKEIL, As LPORESA4IET 2
ONEELRIHIC, BEFSHEREIBON TN,

AETIE, GalnAsP EHE L —HEREDLLDICHA VLK HEBKE OFKER ICHO>WTHR~N5B, InP
EW E~OGalnAsPRGOHKER, 27, 4 TRED~F o REAFHKT 2120, ZOHER
L BAMICEBEBARDNGE EVIBEEKEVERAN S Lo, TORKERLIC, U
FTURTABKDVTHE TS, 1) ERICALAINPEKORE, 2) AULREKEEZRS,
PR, REEBE Of8 & LR, 3) 27 27 - 7 —L (step-cool ) BEE X — /9~ 7 —
(super—cool) HIC L DEE S #7#@OME, 4 InP £R E~DGalnAsPREME 081 3 £



REHMEKEYR,, 5 7 r~7 oBEORE

2.2 EWROFM

EZZ5H. GalnAsP ER O KL 4th b oMk iz, XX BEOHE L GaAs FLTHO, %1t
LBV —HF 2271003, BAORBWERMBELEND I ET, GaAs BB DOBEAL M
EHON, BEDGaAs HEERAEFICANI I EREETHo, Chic L. InPHESE,
HEOBEMNRVENIILET, BREACAGTOREEITHNATEST, FICAS InPH&E
BERERZLDOTHo, TOIPHEEERELTAVIICEL, TOREBEEFMHT 570D

HBBEXE PRI 77 (topograph ) , RE X R 77, {b¥x v F 7 (etching) ICL 53

(111) InP

REF XRT 9333

ETCH PATTERN O00HM ENLARGED 50um,

Fig.2 -1 Transmission and Reflection X-ray topography
of a section of the InP substrate and its

etch pattern.

M2-1 InPEROBEB/BXBIES 77 LRHXBIRIT T
BLUZODOIL v F e —v




HERLELT > 12,

Rofcf&aid, MCP# (() JOBALICLDOTHS, H2— 1 DBBXMIFE7 771085 L,
ERICIZLCOBACRZZRMEMNELEL, EE5OD, @, Qb T 20k, R +£7 77
OHRTHEHINBZ I ENS, KEMREICHEI EMbnd, @ICHBT 5 bDIF, REMEIC
BRZY, ThOHDORMEIE, InPREARCAALTVWSLEDNE, CNODRMEER~NS T
WIZ, F@MAHCI:HNO, : Br=20: 10 : 0.25 (58 H) OBRAK Tz v F 7 %2 L, BEH
BTHELILNEZ, R2—-1TWKRY, RE MRS 70MICHET28ARRMENT vy F € b
(etch pit ) E LTRZ, LA (ATF) »o6ZL OREMNDOERAAKRTHLI LD B, 1,
INSDOHAKRKMEOMICT » F/94— >~ (etch pattern) 75, 5~6 x10* / em* DT » F
Ey PBBEINT, COEROBBXB IR 77T, Bc0EMBABAT A EMTEI
HotcDid, COLINGAFEOEIILLIEEDN S, ENFER, FRREANTHENN7 V F
NHO, FERDOT s b (rot) ATEEVDSHS, Doy tOKETIE, XBBEBE X7
FIDEET, M2-1ChsLHBHARORMBIBE NG Lo, BNBRIIEAEE OF
B (~10"/cm®) THEELTWVWAI Ehbhot, ThODERIE, BEMREN TS InPH
fRild, GaAs CHNT, IHXHEEUENBAED T, HEORMMAR TNV EARLTWSE, Th
CDOMEELT, AP ELEBICFN—7 (dope) LT, BMNDHARBSTHEMNEZ LN S, T
DF L, GaAs R OBRHBEMICIH N ARE Loy, InPRRICHLTS, BE (S) 210°
Jem® CHOWF—FF BT EINED, BHEEE 500/ em> UFIcF s enTes,
INGDERBROZBEICLY, TOEFLICHE ST T -/~ (wafer) »EfEoc L —
Fh, EOLINEELZZTENPICHOVTIE, 4585 TRNZH, ZhiZEEBEARIZLTLG

Ve

23 BRMEKEDHE

231 E£EBR%E

ERLULLKRERKREBE DK EN 2 —2IKRY, Y797 LBROKERMILEE THES L
KE%A, KERIDO 7 ) ~— 7 (pre—bake ) ¥ 200 cc/min, KEMK 50cc,/min DHEE CE#
ELREBEHRICH L, AREOESIE, 200mm AR 660mm THd, EKFIL, L4 — L
JHE (VF-100)T, #Y2VBRICEIAERMAFTXNTHO, PIDBEH @S X »E b
5, REBEE, EROFDOH—KY - F—1+ (carbon boat) PICHKEL/ICAHE - BL o v v LA
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Fig.2 —2 Schematic diagram of the LPE

growth system used in the experiments,

2 -2 FERBIHOVWAEEMBHIECZFY s URER

MEX (PR-13) X3 A% F1v40 - K bri—sg (REEHF-TR-6515D) T, 0 1
EOWETHM L1,

A=Y W= ME, BEMES 77 74 b (graphite) L OEIE L, 300ce/minfiE OkE
T, 850°C TB8MHGa i~ —* 2 (baking) L, R AR DB L S5I1C L, 20

B>V T, 23 4 TR NS,

2.3 2 B EEHR O

BERICER U7 InPREMRIE, MCP# (3£) , MR# () , ~U 7 vtk (k) , ERETH
(), BARESH (B) »oBALLLDTH S, 500um EOY T —~%10x 8mm Dk &
SO LTHWEZ Br # % / — 0 (methanol ) T T » F Lk, 25 v L 28 0ig i 1
Do, "oV ET5~10%DBr A4/ -0k <T, A H/) -~ HLT o3 (mechano-
chemical etch) IC&D | 300sm B OB &EH LI ORFEAB 12, < O AT VL 28 OEL A
W2, AFEH O THRA A 1oh. EBAROIDIEHAENTE Do, ZDH%, R DR 12
F-MCANSER], HF:HNO,:H,0=1:3: 2 (F8H) ORAKTIAME LT » 5 o
77 L,

A AICHEM Lick e iz, In, InAs, GaAs, InPT#Ho7, Inlz =ZFLEBEHDY » 7 =2 .
717 (sixnine) O In&BEHEB P T09MC S 0T » F v 7 Lk, MK THS 0k & L,

TEPAXBFIFALOT v a-VTKEBHBLTHEM L, InAs, GaAs (3, EREIHE T,



) v F—7 (non—dope) DEHETHD, 10BDBr # 4/ —METI0HHT » F 7 LItk
AR )= NTHD, @IKTHAIESELTHOT € b Y THRKLTHEM L, InPiE, HEHICHEM
LikcBgERognid Lo, MRA& () MoB#kGEZRKICBr A4/ —VTZyF Y7 LT,
Yotk Mk L7cgE Lic, F—sS2 b (dopant )& LTI, nBOHDICIITe XS, PH
i3 Zn 2R LK, EB5BI0%DHCIKETIONM ST »y F 2 LT, #MKTHRRSL.
T by TRAKLTHER LI, THoDHMEE, 0.0lmg DIEETHUNERFE (R4 X« A+ 7
—HEM-5SA)THEPERICH >, 1BORECKHLTANVFOES(FIFEF3 g &L,

2.3.3 Kk B

GalnAsPO L OB ATLERZDOBE, REITOD2LFR - 3TRICH~NT»T 4 =42 —(
parameter ) MF < 51, REMOPE , Bl BNERN ORILICEROH NELE LT,
SEMICHI AT D fowbic, ILegems & Panish 7GaAlAsPF 4 TR& K LTI o2 A
BEYLE L, RORSTED 2L 3 TORROMBICESNT, AFED GaxIn| xAsyP;
KB L CORBEROHTE£T o7, COEBTHOBFE, EMERENEAVNE, ROXT
EbEhs,

nX+YinY+(1-Y)in(1-Y)

s s

a, o
=YQ,+(1-Y)Q, -¥Y (1-Y) - (1-X)* (2-1)
RT RT
(n(1-=X)+YinY+(1-Y )¢n(1-Y)
a,’ a;”
=YQ, +(1-Y)Q,—Y(1-Y) - X? (2-2)
RT RT
(nY+XinX+(1-X)¢n(1-X)
a,’ ag’
=XQ,+(1-X)Qs —X(1-X) —(1-Y)* (2-3)
RT
(n (1-Y)+¢nX+(1-X)¢n(1-X)
gy g
=XQ,+(1-X)Q,-X(1-X)— ~—Y? (2—-4)
RT RT
rtoRXdT
asFirLery ard rl XE X
Q. = tin ¥ Y (2-5)
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Table 2 —1 Notation for phase diagram calculations.

SUBSCRIPTS ELEMENT, COMPOUNDS, or ALLOYS
1 Ga . GaAs . or  GaAsyP)y
2 In s GaP , or InAsyPl_y
3 As , InAs ,or GayInj_xAs
4 P , InP , or Gayln; P

CHEMICAL POTENTIALS AND
ACTIVITY COEFFICIENTS

L
#y . wf element ; in liquid
P ternary solid ¢ in quaternary solid
PRI A S binary compound ; in ternary solid j;

INTERACTION PARAMETERS

dig s in liquid solution ¢ —
a,” :=1—4 in ternary solid solution ¢
af , i=5, 6 between ternary constituents of quaternary solid

ay (ag ) describing the mixture of A and B (C and D) on the group Il (group V)

sublattice.
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Fig. 2 —3 Calculated Ga-In-As -P quaternary phase

diagram at 650°C.
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Table 2 —2 Parameters used for quaternary phase

diagram calculations,

SYSTEM IMTERACTION PARAMETER as” T
(cal /mole ) (eu .)

GaP 3212 —4.34 T 16. 40 1470
GaAs 5160 — 9.16 T 16. 64 1238
InP 4500 — 4.00 T 14. 00 1070
InAs 3860 — 10.00 T 14.52 942
Ga—1In 1060
P—As 1500
GaP—1InP 3500
GaAs —InAs 3450
GaP —GaAs 400
InP—1InAs 400
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Fig.2 -4 Temperature profile for three growth
methods ,
Ts means the saturated temperature
of the melt and t, means the

beginning of the epitaxial growth
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Fig.2 -6 Lattice constants of GalnAsP layers grown by
three methods as a function of atom fraction
of Ga in melt, Xéa, Atom fraction of As in
the melt, Xﬁs' is fixed at 3 mole percent
throughout this growth series.

(1) Super-cooling method at the rate of 0.5°C min for
20 min from melt super-cooled by 10°C (Q) .

(2) Step-cooling method by 4T =10°C (A).

(3) Step-cooling method by 4T = 5°C (x),
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Examples of ( 333 ) reflections from
GaInAsP layers on InP (111) B substrates.
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at 4 mole percent,
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Fig.2—9 Photographs of the surface structures of
the source crystals after removal from
the melt.
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Fig.2 —10 Solubility of P as a function of Ga in the liquid
solutions for ZAZS: 0. 045, Solid lines are drawn
through the experimental points at 650°C for the
(001 ) and (111 ) B InP source. Experimental
data at 640°C for the (001) InP source are also

shown as a broken line for comparison.
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Fig, 2—-11 (a) An Auger spectrum of the surface of the

(111) B InP source crystal after removal
from the melt.

(b) An Auger spectrum of the surface of the
GalnAsP epitaxial layer on the (111) B
InP substrate,
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Fig.2-12 Lattice mismatch (4e,/a) as functions of growth
solution composition, Zéa for LPE growth of
GalnAsP on (001) and (111) B substrates,
Measurements were made on the (004) and (333)
lattice planes for (001) and (111) B layers,

respectively.
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Fig.2—13 Photographs of the GalnAsP epitaxial layers
on (001) and (111) B substrates,
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Fig.2—-14 Structure of the boat and slider for the growth of
GalnAsP,/InP double -heterostructure .

2—-14 GalnAsP/InP ¥ 7 ~TolEBREDKHD X— 1

GalnAsP
MELT—BACK[‘
|

670

TEMPERATURE (°C)
2
()]
T

T IME

Fig.2 —15 Temperature profile for the growth of

double - heterostructure.
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Table 2 —3 Relation between the quaternary melt composition
for the active layer and the lasing wavelength of
diodes.
MELT COMPOSITION LASING WAVELENGTH (g4m)
(ATOMIC %) (111) B (001)
Ga In As P
0. 36 96. 21 3.0 0.43 1.15 -
0.55 95.13 4.0 0. 32 1.:28, —
0. 77 94. 49 4.5 0. 24 1. 30 =
0. 63 94. 59 4.5 0.28 - 1.25
0. 80 94. 08 4.9 0. 22 = 1.29 ~1.30

P—InP BDF—s¥Y |t (dopant )¢Cid, ZnZ MM L7, Zn 3B M OILEEE K & W0

DT, P—InPBANREGFICZn S FDOGalnAsP FICHE L, (F7EE L LWESICE, n—InP

PETHEHLT, pnBECOSHMNEHBHRICE NI I s,2nid, —BO)E— b JrY

J Y a v e~n7TolE (remote junction heterostructure )lg)fééé H, TOLEHE T T —

MOBMIELIL — %, BHRLSOVESEBEDO L —HICH~NT2EBUEEEos, THICH LT,

M2—-160L2IEHRBDOLEIC, v F—7DOn—InPEA0.2~0 3 um IKE X¥7%p— InP

«— P —GalnAsP CAP LAYER

«— p—InP CONFINING LAYER

< n—InP CONFINING LAYER

GalnAsP ACTIVE LAYER

\\\rrﬂnP CONFINING LAYER

<—n—InP SUBSTRATE

Fig.2 —16

2 —16

A schematic diagram of a remote -

junction laser,
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SIHEAENRFA A - FDPEDR RS bV (spectrum) 2R A8, E@EIED, ©— 7 (peak ) ¥
EL20 umDbDT90nm, 1.26 um Db DT 115nm & GaAs FHXF A 4 — FOBDICHNT
MIEDIEV, CThiICH LT, Zn OBEA3 X107 /em® BEIK TYTRE s #1457 r~7 O
BET, = /JHEL3 um THEEWOm OREX I 414 - FE2B TG, ThODEWHED N
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Fig. 2 —17 Spontaneous emission spectra
of the lasers. The emission
was observed from InP

substrates,
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Fig.2 —18 Schematic diagram of photoluminescence
topography measurements apparatus.
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Fig.2 —19 Photoluminescence topographies of the double -
heterostructure grown on (001) and (111) B

InP substrates
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Fig.3—1 Schematic diagram of the
X -ray double-crystal

diffraction measurement .

B3 —1 X#El4r2tE&sE OLEX™

T, KERAEETHAOBFEBHAZRET 2 iC3EdHunmomr 4R B+ 5, SEO-H
WERICINEEFERDRNL 2 F v s VEBES—BRE LEBEELEZS L, 4B O
Bl ixt 92 2B OEEEF, I3 —2DLIIKEZONE, CITO L@k (ALTADT 5 »
7'f (Bragg angle ) & ( Ak MERAORBITMAZNEFNRL TS, TEZ+Y 7 LEE
CEWRICL 2200 e— 7 HOAER, SELEROK FEMOES 49 L FEMEEOE
dd CERELTLE, B3 —21060T, (Akl) \2XBOAHANO + ¢ O ORE x4
BEfrE L, (hki)g 20 —HOREWCHT T S0IFrET2E, M- JRAOAEIIARE
EBEB I LT

A= (O3 —B, })+dp (3—1)

46,= (0, =0, )—dog (3—2)

CZT, 0,0, BEOBDERLERICHTI2RFEDOT 7 v 27 A4 TT, & (3—-1) ,

(3=2) £D
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Fig.3—2 X-ray asymmetric diffraction using the

identical plane, (Akl)s diffraction
stands for the setting in which the
incident angle of X-ray beam is 0+¢
(hkl)g diffraction stands for another
setting. 6 and ¢ are the Bragg angle of
the (k) plane and the angle between the
(Ak ¢)plane and the surface , respectively.

B3 —2 X#R DR —mcxd 53k FE 4T
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WA EILLARFTAEDE A0 »BE% T S, %D

40 =35 (46,+48,) (3-5)
ZLT, 4013, 77 9 7 DEAEHRN TAHILICLOEONSAK (3 —-6) THELERDK
FHEREDOE 4d ICEEST N5,

44d
—d—z—cotﬁ(dﬁ) (3'6)

AT, dat t 4d 2 2hZh, TEL+ v 7 VBEECEELARNEKERZFAOICL v
FVEOKFEY, o5 ALK BOEROBFEME LT
det =al —a, £ §—%3
da’= a"— ag (3-8)
LRbEND, LT, dd /dxgat, 4" TEDTE

Ad 1 4" 4at
— { A4 BYy—— 4 &F (3—-9)
d 2L B 2 a Ty
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Fig.3 —3 CuKa, rocking curves
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! 46 1
46
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40

setting reflections,

EB8—2

(004) and (115) A-and B-

(004) m & (115) MODA—BE LB -EBICHT 2

CuKa, DxhZhoo y 7« h—7

%3—1 DHYI— ""DEEICEBEAFIEATOInPRE & GalnAsP
oo+ s e h—TWBTE2E—JHAE, FmHREE
18, =0050 DAV EHEEREEILBDTH B,

Table 3 — 1 Angular spacings between peaks of the InP layer

and those of the GalnAsP layer in rocking

curves in three places selected randomly in the

water for ;= 0.0050,

(004) (115) (115)
A—setting B—setting
(sec) (sec) (sec)
— 385 — 710 — 380
— 385 — 705 --380
— 390 — 710 — 390
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Fig.3 —4 Schematic representation of

stress-free and deformed lattice.
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B3 —5

Ga ATOM FRACTION IN LIQUID SOLUTION

Lattice mismatches (4daa) as functions of

growth solution composition léa, Aaj‘ Oe®)
shows the mismatch for the lattice constant

normal to the wafer surface and 4<" (A, A)
show that parallel to the wafer surface O, A
indicates the water free from misfit dislocations
while @, A indicates the wafer with misfit

dislocations,

16, KRT B IS+ v s VEOBRTIES DL
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Fig.3 -6 Schematic representation of the lattice
deformation in GalnAsP/InP DH wafer.
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Fig.4 — 1 Etching depth vs etching time of InP
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Fig.4 — 3 Etching depth of stripe region vs, etching time of
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Fig.4 —4 Leak current of
spttered Si0O2 films
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Fig.4 — 5 Effects of Si0; deposition and annealing on carrier concentration
profiles of InP The anneling was carried out with deposited
Si0: film at 535°C for lh in vacuum.
(1) Deposition by diode sputtering, (1a) before and (1 b) after

annealing.
(2) Deposition by magnetron sputtering, (2 a) before and (2b)

after annealing.
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DRy AEBEICE TR SN A A —vERBRVERDILHIC, InPRABEZ2EORN
5t HHETT =— (anneal ) Utco —H 12 Si0, A S o F FHEHRT, 53 Si0; EAE K
DB k) VEBRSHBT, FE5 653 ClIEMT=— v L, REDOHIETIEH, 8mm BT
EX8cm OAET v 7 VvAHEZEHGL, K£Y Y0 5mgaRk&—HICHA LK, TILTT
= LERBOF v ) TEE 07 7ALERIERUAETRDI, CO5G, REOEME
T2V BEATICEAEET A LICLOEoc, COREmMOEMmOmBEEL, Y2 v FPF— - F
A4 - FOLHOREDOEHEL O LT o AXOT, REOEMITY 5 v +F— - F4 24— F
DA T2 (bias ) DIRETA — 3 v 7 EABTIENTEL, AERHTT = - LEEERIC
W AERAN4 - 508 1 bE2bIlRT A, RKABDOL A — o DOREMNT = — L ORGICE
Sl hibh B, IS, v bo YR, 2L ARBTHERBEPEICHEED, F v Y
TEEMHFEBENOF—EY S e LVTEE—E LMo/, T/, )V YEERAKPTT=—n L1
ABORERLETEPRTT -V LI bDICRTEBRERMLELTHo, CDRNNY BEELET =
— VO InPEBEICHT 29R4FK4—1ICENT 2, COERBRIZ, 2y 2ERFILLOA4 2

VoA TSy r—va DS LA InPEEERICAEDO FF -BIED IR BT EAER

F4—1 pHInPOF* —UEDEX

Table 4 —1 Summary of thickness of damaged
layers in p-InP.

TYPE OF SPUTTERING SYSTEM THICKNESS (pm)
BEFORE ANNEALING AFTER ANNEALING"
DAMAGED n- TYPE DAMAGED n-TYPE
LAYER LAYER LAYER LAYER
DIODE SPUTTERING 0.6 0.17 =, 1 <005
MAGNETRON SPUTTERING 0.15 <0.03 ., 0

* The annealing was carried out in vacuum with the SiO. deposited films on the samples.
Similar result was obtained for the sample annealed in a P ambient after removal of the

SiOqe films.
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Fig.4 — 6 Zn diffusion into InP, The diffusion was carried

out for lh using the ampoule shown in the figure,
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Fig.4 —7 Zn diffusion into InP. The diffusion
was carried out for lh at 536°C with
constant weight ratio of Zn :P=1:0.5
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Fig.4 — 8 Temperature profile of sintering for ohmic

contacts,
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Fig.4 —9 Ohmic contact resistance of p InP as

functions of sintering temperature .
M4—9 BOABEEICHT2pHInPOA -3 v 7BHOE(



430 CTHY, ZhU FEEA4 LG LERBREFOBEBMEZRT. IHE,
Ptk TEEBIICHZLHEEFEL LN S, b FOEBECOVTHER LRAKOERVE

InPoFi@m» 5

Sht, Bk, COEINENRBLTLE EOEREEF/ YR (pulse ) EIC & 3 1 — Vit OER

300 mADE T ATEMES SRE L

n % InP OEF MK & LTI, Au—Sn (80 :20&&E/ ), Au—Ge —Ni (80 :10

C0EEE ) AR LI, nBInPICHLTRELSBESICRIFHBRUEEHSEBON D,

ptoTZ ZTIlE, FiZAu—Ge —Ni o WTEHEERORMBREKRERICODVLTE~, &

tﬁﬁ@%@ﬁﬂwu~F(mm>ﬁumoufﬁ&50aHKMn—hm(n:2x1w%ﬁa

(00 @A AL, Zh4 100umDE ST 0 b - 4 2/ =V THELE, WiiCAu—Ge —

Ni#A 1,500 ABZEEEICL DT, ~+BIT 300um x 300um OFIKRIC LTz, T DEBZHTIC

B AL EEEE L,

DEMBEOANBEEKREEAT N, TORKREF, BRNBER-—EEFHELERL, FH4

350 C~ 460 C (BERE ) OBHTEE4+ZZ CALE L., £ Ok

—10CRT LI, ABBEICLAERBEOEMIIARONT, FETO. 13 QBETH o7

WKL —#IC) — FHU AT 28, nfins ) — FERDETHEENE L, o TnllER
DLW — FpfIRd b EINBEENLETH D,
MOETIEE, Au—Sn, Au—Ge —Ni L bFEFICTEMNEL, ChidkBZS(HAES, BF

nfllEmo i InizAET) — Fa

BAEYF (bond) THLRILTHA D, Mo TIHLDEBMBOLICAUEEELT, ) — M

0.4
0.3 L
N —0 o o o—
S
> 0.2+
<
=
99}
%)
= 0.1+
&
| | | 1 | | | l L | |
350 400 450
SINTERING TEMPEPATURE (°C)
Fig.4 —10 Ohmic contact resistance of n-InP as

functions of sintering temperature
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Fig.4 —12 Voltage -current characteristics of SiO, stripe
lasers with and without GalnAsP cap layer.

Leak currents of SiQ, films are also shown.
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GalInAsP and InP cap layers,

Voltage -Current characteristics of the planar stripe lasers with

Leak currents of the region without

stripes are also shown by dashed lines. The SiO. films (300A and
1, 200& thickness by magnetron sputtering and 300 A thickness by

diode sputtering ) were used as Zn diffusion masks to define the

stripe region.
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Fig. 4 —16 Etched strcture of InP mask layer on GalnAsP cap
layer ( etching solution, HC1 : H,0=4 © 1)
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Fig.4 —35 Dynamic behaviors of the lasers with 10-and
15-um stripe widths., They were operated with

current pulses of 1. 51y, and 10nsec duration.
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Fig.4 —36 Dependence of delay times on current above
threshold for typical laser diodes with
different stripe widths. The spontaneous
lifetime can be calculated from the slopes

of these curves,
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Fig.4 —37 Spontaneous lifetimes at threshold and
threshold carrier concentrations as a function

of stripe width,
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Fig.4 —38 The peak wavelengths of the spontaneous edge
emission spectra of 5- and 15-um-wide
stripe lasers as a function of injection dec
current, The 15-um-wide stripe laser began
to lase at 110mA, while the 5-um-wide

stripe laser did not lase in the cw mode.
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Typical values of the lasing threshold currents(a)
and the lasing wavelengths (b) of the planar stripe
lasers of different stripe width from three
different wafers in pulsed operation ( 200nsec, and
1, 000 pps) . Wafer A was grown on the substrate of
high etch pit density (10* — 10° em *), and wafer B
and C were grown on the substrates of low etch
pit density (<500cm™) .
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Fig.4 —40 Near -field patterns for the planar stripe lasers
of 6-and15-um wide stripes just above the
threshold,
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Fig.4 —41 Far-field patterns along the junction plane of a

6-um-wide stripe laser,
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Fig. 4 —42 Characteristics of output power from one face vs dc
drive current for 6-and 15-zm-wide stripe lasers,
For the sake of clarity, the zero points of current
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Fig.4 —43 Emission spectra for room - temperature cw operation of

a 6-um -wide stripe laser.
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Fig.4 —44 Dynamic behavior of a 6 -xm-wide -stripe laser

at two current levels of 1. 28 Ith and 1. 50 Iy
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Fig.4 —45 Single -mode fiber transmission

experiment system configuration.
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Table 4 — 2 Single -mode fiber

transmission experiments,

Digit rate

1. .
(Gbits) o1 ’ i
Total length
(km) 30.1 22.7 13.1
Total fiber loss
(dB) 31.2 20.9 10. 4
Average fiber loss 1.04 0.92 0.79

(dB./km)

Wavelength 4=1.3 um

F, 1.6Gbit/ s DIESAA0kmERXT 5T LNPHFTE 5,

K 4—46ld, /'L—F o F AVF o) AREEE—F - 77 ANGEEEBOERA R LT3,
COEE, 77 A NDOEEBEMITFEEICMEL, 1.3 um T06 dB kmThHot, T, D
T4 NORBITESHITL2Tum TRELIN T, Bohi{zEE#IZ, 32Mbit/ s DfE
262 3km, 100 Mbit/s DEST 52 6km, 400Mbit,/ s DIEET20kmTHo7 ",

CNODIEEY AT LI, BEPEBEF -7V AF oS EIEBNARICHLTHEICERL

bDOTHY, BEHBIFERIN TS THA D,
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Fig.4 —46 Attained repeater spacing in graded- index
multimode fiber transmission experiments,
Average fiber loss at 1.3um is 0.6dBkm,
and the profile of the graded-index fiber is
optimized at 1.27 zm,
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