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Table 1-1. T -V Compound semiconductor heterostructure devices

Year Heterostructure Device Growth method Result
1970 © GaAs/AlGaAs double LPE Room temperature
heterostructure (DH) laser CW operation(0.8um)
1976 2 InGaAsP/InP DH laser LPE Room temperature
CW operation(l. 3 um)
1975 ¥ GaAs/AlGaAs multi-quantum MBE Lasing operation
well heterostructure (MQW) between quantum states
laser
1978 ¢ Modulation doped GaAs/AlGaAs MBE High electron mobility
superlattice of two dimensional electron
gas (2DEG)
1980 *? Selectively doped GaAs/AlGaAs MBE Extremely high 2DEG mobility
single heterostructure and application to high speed
FET
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Fig.2-1. Possible emission wavelengths corresponding to the
direct band gap energy of Il — V quaternary semiconductor
materials composed of Ga, In and Al forll group elements
and P, As and Sb for V group elements, Hatched regions
show the extent of miscibility gap. Black areas labeled
a, b, ¢, and d represent emission wavelength ranges of
quaternary alloys lattice-matched to GaAs, InP, GaSbh

and InAs substrates, respectively,
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which gives a lattice-matched condition to GaSh,

Table 2-1. Melt compositions and the corresponding solid compositions,

Melt composition Solid composition

In Ga As Sh

0;12 0.805 0.00012 0.075 In0. 018 Ga0.982 As0.016 Sb0.984
0.19 0.715 0.00019 0.095 In0. 031 Ga0.969 As0.027 Sb0.973
0.29 0.586 0.00029 0.124 In0. 051 Ga0.949 As0.044 Sb0. 956
0.39 0.457 0.00040 0.153 In0.072 Ga0.928 As0.063 Sb0.937
0.48 0.333 0.00054 0.186 In0.092 Ga0.908 As0.080 Shb0.920

A) Ing 073635 927430,0835%0.917

B) Ing 062520, 938450,0695%0.931

C) Ing 076%30,9244%0.0255%0.975

Fig.2-9. A view of the etched cleaved surface of grown wafers,
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Table2-2. Melt compositions and the corresponding solid compositions,

Melt composition Solid composition

2 2 2 V4 Y 2 2 Y
X X X X X X X X
In Ga As Sb Ga In Sb In

0.5 0.0 0.0407 0.4593 0.0 0.919 InAs0. 88 Sb0.12
0.4928 0.00719 0.0338 0.4662 0.0146 946 In0. 846 Ga0.154 As0.90  Sb0. 10
0.3971 0.00593 0.0376 0.5594 0.0149 1. 409 In0. 85 Ga0.15 As0.92 Sb0.08
0.3832 0.00314 0.0430 0.5701 0.0082 1. 488 In0.91 Ga0.09 As0.91 Sb0.09
0.3822 0.00386 0.0410 0.5730 0.0101 1.499 In0. 886 Ga0.114 As0.915 Sb0.085
0.3806 0.00562 0.0402 0.5736 0.0148 1.507 In0.84 Ga0.16 As0.91 Sb0.09
0.2708 0.00369 0.0553 0.6701 0.0136 2.475 In0. 847 Ga0.153 As0.94 Sb0. 06
Y Y/
Fig. 2-14, 2-15ic X , X AENAXELBORBMEAKROEILERT, BETD
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Fig.2-17. A view of the etched cleaved surface of InGaAsSb/InAs

double heterostructure wafers,
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F1g.2-19. (004) X-Ray diffraction patterns of the InAsPSb quaternary
' grown on the (001) InAs substrate by the equilibrium-cooling
method with a cooling rate of (0.2 T/min, (2) was obtained
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Fig.2-20. Typical results of the compositional variation in epitaxial
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Fig.2-21. Lattice constant variation along the growth direction in
InAs-1nP-1nSb pseudoternary section.
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Fig.2-22. (004) x-Ray diffraction patterns of the InAsSbP quaternary
grown on the (001) InAs substrate by the step-cooling method
with a temperature step of AT=5 €. (a) was obtained for §

mm thick “as grown” layer, and (b) was obtained for the step

etched surface.
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Table2-3. Melt compositions and the corresponding solid compositions,

Melt composition Saturation
Wafer temperature Solid composition
2 2 V4 2
X X X X (c)

In As P Sb
A 0.8742 0.0167 0.00013 0.109 526 InAs0. 94 P0. 04 Sb0.02
B 0.7877 0.0131 0.00025 0.199 936 InAs(. 81 P0.12 Sb0. 06
G 0.7638 0.0277 0.00047 0.208 601 InAs(. 88 P0.08 Sh0. 04
D 0.6332 0.0171 0.00069 0.349 601 InAs0. 71 P0.20 Sb0.09
E 0.4883 0.0167 0.00096 0.494 607 InAs(. 69 P0.20 Sb0. 11
F 0.3535 0.0211 0.00142 0.624 607 InAs0.75 P0. 18 Sb0.07
G 0.5 0.0407 0.0 0. 459 650 InAs(. 88 P0. 12

In As 1-x-y P« Sby DHYz"DOLPERE
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Fig. 2-24. A view of the etched cleaved surface of InAsPSb DH wafers,



2.9.3

P-Indsg 71%0.205%0.09

n-InAs

4 \ P-Indsg 71%5,205%0.09

n-InAs SUBSTRATE

Fig.2-25. A view of the etched cleaved surface of InAsPSb DH wafers,

In As -x-y Px Sb , @7 v—F 4 YIEERHAV/InAsSbL PERE

InAsSb3 TR iz, BWEIIumE CORXENAETHEH, TN RFESTIHLANLE
R, LPEREEREKE - TIRT7 4y PEREODPBOVKREEEZBR S LRTT
DLV, LAML25 I TRANLEIIIE, BRFERNRESFMICERAICHE MY 5 [nAsPSb
BAFBLT, Sb @Ky 8UBEDINNSIARET A2 &NTE 5, Fig. 2-261C, equi
librium-cooling # TInAsPSh BOAARE LI ES F v e vy 2 " ONEHBHEEERE
L, Z20(004) EBRHEXBo v F I H—TOT 0T s A VERT, HHATRLILAHE
OBIED, In As 0.925b 0. 0 s OFEBRIHIBL, TDOIn As PSb &7 v —7F
4 Y 7EOXRBEE In AS 0.925b 0. 0sBEFEET S LICNS, Fig. 2-2TIKLPE
RECHOKBE 754, REABKMEREZR Y. n - InAsER LITInAsPSh E%
0.2 T/ HDOLHEETREL, BTy =% H, K|WHPICESL, AAFEE%: 2T/
DICEZ B, InAsSOREH » v bz, FTHOInAsShE%:, EEKELALHES, FEL Ty
FNyI2FTHOT, +HRERAE ( 5~ 8TC) EHOKHEE ( 2T/ H) TH-T
InAsShIE AR E Lo Fig. 2-28ICCDIESF v o vy 2 "ONSHKEEE.XRY,

~FuRE, FLUrEREELOBOD THEHETDH 5,

InAsPSb Graded Layer

InAs Substrate

—p

10um




Fig. 2-26.
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Table 2-4. Thermodynamie date for the calculation of InAs-InSh-GaAs-GaSb peudogua-
ternary phase diagram, TF and AST are the temperature and entropy change of
tusion, respectively, a ! is the interaction parameter in the liquid and a% is

the interaction parameter in the solid

TE.as=1511 K Thas=1215K
TEusu=983 K Thse=798 K _
ASE,as=16.64 cal/mole K AS5F,4s=14.52 cal/mole K
AS5&,s5=15.8 cal/mole K AS8F.s5=14.32 cal/mole K

abaas=3160—9.16 T cal/mole Alaas=3860—10 T cai/mole

0as50 =4700—6 T cal/mole othnsp=3400—12 T cal/mole

ainca = 1060 cal/mole alysu =750 cal/mole

a?nAs—GlAs=2000 Cal/mo]e ainSb—GnSb = 1475 cal/mo]e
Ainas—1aso= 2900 cal/mole G aas—casp =4000 cal/mole
1
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Fig, 2-29. The calculated pseudoquaternary liquidus curves of
Ga and As from which the lattice-matched growth
condition on InAs subtrate can be obtained at a

given temperature
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Fig.2-30. The calculated solidus isotherms ( ),
calculated solidus (@), experimentally
determined solidus isotherms (-—~---—- ), our results
( A ) and iso-lattice constant line (——-—) in

InAs-1nSb-GaAs-GaSb pseudogquaternary system,

The hatched region represents a miscibility gap,

Table 2-5, Themodynamic data used in calculating the InAs-InP-InSh pseudoternary
phase diagram., TF and ASF are the temperature and entropy change of fusion, re-
spectively, a@ ! is the interaction parameter in the liguid, and a« = is the inte-
raction parameter in the solid,

TEa.=1215K Th.=1343 K Thss =798 K
4551, =14.52 cal/mole K 45§, =14.0 cal/mole K A5f,s5=14.32 cal/mole K
ofaas=3860—10 T cal/mole alp=4500—4 T cal/mole Afnsy =3400—12 T cal/mole
al.p= 1500 cal/mole .50 =750 cal/mole apsy =4300 cal/mole
&iaas—1np =400 cal/mole Oinas—1nso=2900 cal/mole - ®inp - 1aso =6000 cal/mole
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Fig.2-31. Calculated liquidus curve and distribution coefficient
curve of As in InAsPSb quaternary lattice-matched to InAs

substrate, Solid point E corresponds to wafer E in Table2-3.
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Rig. 2-32. Calculated liquidus curve and distribution coefficient
curve of P in InAsPSb quaternary lattice-matched to InAs

substrate, Solid point E corresponds to wafer E in Table2-3.
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Pig. 2-33. Calculated liquidus curve and distribution coefficient
curve of Sb in InAsPSb quaternary lattice-matched to InAs

substrate, Solid point E corresponds to wafer E in Table2-3.
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Fig.2-34. Calculated InAs-InP-InSh pseudoternary solidus isotherms
and experimental points corresponding to wafer E kand G in

Table2-3.
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Fig.2-35. The temperature dependence of lasing wavelength for
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Table 4-2 Typical growth conditions for atmospheric and reduced pressure

GaAs MOCVD,
Flow late
Sample TMG (AsHs) Growth Growth
No, Reactor Total 5, 23% H,/TMG  bubbler temp, rate
pressure (1/min) AsHs/H. bubbler temp. ( C) [TMG ) { €) (un/h)
(Torr) (ml/min) (ml/min)
57-8-4 760 2.5 137 2.0 - =12 80 628 4
57-8-4 76 0.25%  147x 2. 0x -12 36 628 6.5

x Flow rate in the source gas supplying system maintained at atmospheric pressure,
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ETHBONTEH, AlGaAsiKBAL TR, BF, RILIZREBOBRIZTAOME S
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BOHTCEREEAFREINS. AMETHE, REBAOKERED, 87 v =v 7R
THBPYVAFATHNI=DLTHDLEZEX, TVMIZUL-REEEN IV AF LTI
= AXDFOERF N IFATAI =T ARBH N, Fig 4-9 KINIEFICOVEEFRELEILS
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DB, EBIMY I FALTAI =T L
HHO/AIGaAASOMOCVDRETH, PV AFATAI =Y AKUREFLIRFZFOREAN
LU,
ABTR, BRI BOUONTW A F L HREREBICI AAGASKEKMA, = F R
EREBLZHVIERERZVOTEAS, REEORZELCHAL CHEREREM B 2 B L 2,
4 6.1 »FrEREHREBEHOIAIGASEE
BMEBOAEBRIE, CaAsERLELICRELAZANSTIES F v v VEO X BHETBEZEAS
GaAs—AlAs (= 3728) 2 b &iC, ATHIRE X &ALl Ga, W ASTESZF v+ LBOREITAE
#AN 0GaAs— Al Ga, _AsHEEBIT A E L TRDA, ¥

Table 4-3 T 7 v F—7Alo. s Gag. 7 ASORESFHEZRL 2,



Table.4-3. Growth condition for Al,.s Gao. 7 As using TMG and TMA

MG (-12T) 1.6 cc/min  —
TMA ( 20C) 1.1 cc/min
— Standard condition
AsHs (20%, H. base) 120 cc/min
Total flow rate 10 1/min —
Growth temperature 650°C
Reactor pressure . 80 Torr
(TMG ] : 4.8X10°° mole fraction
(TMA ] 9.0%10°° mole fraction
(AsH3;) 2.3%X10°® mole fraction

(TMA 3 / ( (TMG ) + (TMA ] ) 0.16
CAsHs) / ( (TMG J + [TMA 3 ) 40
Al solid composition 0.30

(o]
Growth rate 5.0 A / sec

CORTTMA®D nole fractionid, TMAXBBEARTH A ELRELTRD 2,
Table . 4-4 i, [AsHs) / ( (TMG ) + (TMA ) ) =15,40 3L UFYITHE LT v F —
7 Alo.s Gaog.7 As BOBRMWBEMEERLUA, (AsHs) / ( (TMG ) + (TMA ] ) &L
ERTCTEHERBEODPHBICNKYD, GaAsTHEI N XS, (AsHs) / ( (TMG ) + (TMA 3 )
OEHVEB T nBICKE LR, GaAsictb~, AlGaAs T, BET 7 €74 —0OHY

RABRELOIEEZTRRBRL T B,

Table, 4-4. Electrical characteristics for Alg, s Gag. 7 As

Conduction Carrier Mobility
(AsHs) / ( (TMG ) + (TMA J ) type concentration (em~®) (cm?/V.sec)
15 p ‘4.3X10‘“(77 K) 105 (77 K)
40 Semi-insulating
80 Semi-insulating




4.6. 2

TFLREREBLTH O AGAASKE

TFNFABEREBIT, Table, 4-5 IKRTLDIICARMMELTOY ) a VEEN F LA
KHENBORENRDE, AW a v, EREBERBIC, VIXBREINBREKE
REBLTROAINDLEEX SR |, BRORBICEL-TY ) a vy ETCHERILEWIL
ENTCLEI, BT A FRILAYIZ, Table, 4-6 KART IDCBILVBRBERICHAHT 3

Table, 4-5. Impurities in organometallic compounds,

Impurity TMG TMA TEG TEA
Si <1 <1 4 5
Fe <1 <1 <1 <1
Zn <1 <1 <1 <1
Cu <1 <1 <1 <1
Sn <1 <1 <1 <1

These data was obtained by flameless atomic absorption analysis,
HADeWhro5Ks, LMdPRB MY zFALTY YL (TEG) , P zFr7as
=74 (TEA) dBROAEVODOIEALEZFC LI - THBEIT L EIHNETH S,

CDIEDIFLAREREBOMENBOILOHEHDO 1 DTHEBLEEZI LN S,
TFLRERSRIT, £ Table. 4-6. Boiling points of

organosilicon and related compounds,

FHRICHENEIENBE

Ted, BETNT Y v Id Compound Boiling point (T)
5 &I, B L N (Cols) 4Si 154
S HENELZON S, (C2Hi5) sSiH 107~109
L LooXkiz, S (Cahe) Sl 56~ 57
EREICE - THFELLIA (CHs) sSiCl 143~145
Ve THDLE, BRICRE (C2lis) 2SiCl, 129
EhHFREBERERRDI S, (C.Hs)SiCls 99
AHMTHERT 1Rk TEA 187
TEG 143

é%{), QNOLJ;‘:J‘@ifn



BLENEZEIZONENSTH B, Table. 4-7T KT 5 —OEEAFELEHBOT v F—
7 AlGaAs BOERWHHEA R L. TEG, TEAED T 5 —DBEX TR &
0, 17 EVHEORENBEESN, ChRNTS-BEATHLILCED, &
BrAZitevomErHlashiclsicisdiEIoNS, X, 2 FVZ2EBREEDE
& (AsHis) / ( (TEG ) + (TEA ) ) DEOVREZEHETO I nE@BLrEONTED, » F LR
EBREBICHL~NT 7274 —~FAHYPONOD AL IFEINTHBEIEERBLTN S,
Table. 4-8 I2, TF L EKEBERAVLT Y F—7 AlGaAs ORELZEBERLIZ. 2O

Z2TCTEA® nole fractionizd, TEADRBEBRTHAIELAERELTRD I,

Table, 4-7. Electrical characteristics of undoped Al, Ga,_x AsS

Conduction Carrier Mobility
Bubbler temp, (AsHs) / (1) X type conc. {cm™®) (cm?/V sec)
TEG(20°C)TEA (60T) 10 0.28 n 2.15x 107 1706
5] 0.31 n 9.94x10"7 1548
TEG( 0C)TEA (40T) 23 0.53 n 1.58x10'*® 1502
TEG(-5C)TEA (20T ) 23 0. 32 n 3.57x 10" 1840

Table., 4-8. Growth condition for Aly.s Gaoe,» As using TEG and TEA

TEG(-5T) 45.7 cc/min
TEA(20C) 36.5 cc/min
AsH, (20%. H. base) 120 cc/min ] standard condition
Total flow rate 10 1/min
Growth temperature 650C
Reactor pressure 80 Torr

{TEG ] 3.49%10-% mole fraction
{TEA ) 1.36x10°% mole fraction
(Aslis]) 2.3 x10-° mole fraction
(TEA )} / ( (TBG ) + [TEA ) ) 0.28

(AsHs) / ( (TEG J + (TEA ] ) 46

Al solid composition 0. 30

[o]

Growth rate 1.4 A / sec
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4. 8

F LD
MOCVD i3, BB~ o BENRYUFRELLT, BB IO TR, ~FoEdRAHA
BHESIT, TAHI=2v s AEURE, RUERANKEETH 2A16aAs 3 R B OB IR
BMhbD oMo BFETIE, THONCV) ZORAKORREZBRRT 270D, UTRRTESL
T - 7o
) ~FyoREaBEREOLD, BRI XOBETOBAS X OREREOERILEER
L7,
2 AlGaASB~OBZEARHYRBERAZRB O T D, FRAEERLTEBEEIL, XEREHEAL
B BBE, REORBHABR L, |
@ AlGaASE~OBERHMOBALBUY 3701, TAI =0 AFBELTH) 2547
V=g sarH0l,
IO EIXD, HROMICVD i E B L THEF SN L& Table, 4-9 IZRLU 7,

Table., 4-9. Typical characteristics in MOCVD apparatus used in this study.

MOCVD apparatus Conventionally
used in this study used MOCVD
02
in carrier gas <0.01 ppn 0.5~1.0 ppm
Oxygen conc, .
in AlGaAs <10'% cm -3 10'® ~10'% ¢cm -3
Carbon conc,
in AlGaAs <10'¢ cm -3 1077 ~10'® cm -3
Gas flow velocity 60 cm / sec 2~3 c¢m/sec
Gas exchange ' <{.1 sec 10 sec
o] o]

Growth rate 1.0 A /sec 15 ~30A /sec
Abruptness o o
in heterointerface <6 A 50 ~100 A
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