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Fig.1-2 Methods for reducing regrowth times.
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Table 1-I Comparison of various effects used for changing the index of
refraction in optical modulators and switches

Ap(103) A p10-3)
Effect Field or @0.89um @1.06/L m
Carrier density 5 =3.60 Uo=3.48

a) Electrooptic 250kV/cm 0.93 0.63
b) Electro-reflaction 250kV/cm 1.52 0.27
¢) Plasma 1.0X 1017cm3 0.15 0.22
d) Band-filling 1.0 X107 ¢m-3 1.25 —

a) For a field Ez L (001)plane,

1
:\_2_ “’3 T41 Ez

A Hy,y(LEO)

where ra1 = 1.6 X 10-19%cm/V at A =0.891um, and 1.2 X 10-10cm/V
at A =1.06um were assumed , respectively. ( After reference[9])

@ )
b) A WER)= A\ E>
= 3.45 X 10-16exp[3/ A 3] E2
where A are in units of m .(After reference{10])
q*A?

2.2
§n e g, 1,

An Ap
* + *
me mh

C) A H(PL) = _

where A and A n are in units of m and cm3, respectively.
(After reference [11])
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TROONZEHEN B R~ VENERTH %,

3
N, =2 mcszT 5
2
nh (2-10)
N, = o ParksT |3
2nh?
ENER (2-11)
Mgn = My, + my,
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CHTED TP COREREKEE (0-1) RcEATECET. (2-13) &
BRONDN, BEHBEOHERE 2-1-53F K& 2,

C C
Ao.(N,P.E) = ——Ehf‘—\/E—Eg [f,EBa) - f(By) - 1] + —E“‘—\/E-Eg [f,(Eq) - f.(Ey) - 1]
(2-12)

oo

2¢ch Ao (N,P,E)
An(N,P.E) = = P B2 g

0

dg' (2-13)

2-1-3 Bandshrinkage effect IKEKE T 3 BIF LT

Bandshrinkage effect &id. +2RB DO+ + V) 7HEAINLIEBL oy - P
BEATDHRTH 50 EURMICHKROLIRBERETH B0 F+ U 7HEEICHEA
SN LT, electron Mo, REBOERSICF v Y 7 BB U T 5 Bh B %k A%
BOVEFBLBEY, R U —=v IHEMNREST 2, electronld & O & EEHE LD
HEBREERY, GEETHO Y FEER T2, EBlbk DB R W hole
LRMTEOMERTHEIN S 2, v FBEOD{LicL . WEEBENZE L.
BHRPEAT 2. FBFIC. bandfilling effect K bHBE 54 2., KEHE
DERITiddH 55 L% bandshrinkage effect % S L 7= F ¢. bandfilling effect
DFMICH A AUCBENS S (KARX TR, Nv F¥p ., TOKE o, B
BELTWS) o Starn, Casey 5> DT » 7 BT 1°) I T L T & 2 A5, ZoH% b &
TEERBEPRAS5h TV B,

WolffiC & % & bandshrinkage effect i& (2-14) O LS icEbxh 3 tred ]

AEg = -|—S5

X (2-14)

2neges \ T

CCTy x i electron L <13 hole OBEF, ¢  IIlE (DB &i3Gars) ©
k%¥$%§b?oCQ%K%%EéﬁT\JD%ﬁﬁﬁﬂﬁttf\(bw)%
BASF B4,

1
skl —-( o
§ cr
(2-15)
ABgly) = 0 X< K
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CCT. kBREAMBERERGT BT 49742085 25 X REEF YV TO
BAEETHD. PROEAMEDP ORDOND T 4 v 74 V1834 —5Th b,
KT Ty .13, (2-16) THEA SN B D& 4 2 [222012)

m,

l.4¢g

Xee = 16X 10*

(2-16)

CCT. mid+F+ VUT7TOFMHEEE/RTH. heavy hole, light hole, electron
ZHE LIS electron OBV EBMPE/NTH B 7%, electron OFEMN K & <
BE5bDEFRENG, RAM» D7 4+ v F 4 Y 7LD ELND k DIEIE. p-
GaAs, n-GaAs ,GaAs DEFNEFHNICHL 0.11,0.125,0.14 TH B, CoZ&Ems
p-GaAsiT B W TH & bandshrinkage effect /NI WVWEE X SN 3, BIFEEFL &
DIEBINAKENERDT & (2-17) OLS51C B, BMENEOEEICHEL Tt
- bandfilling effect& & dic, 2-1-5FTIKI 6 D&+ 3,

Aa(LB) = £ E-E, - AE,() - CyETE, @

2-1-4 Plasma effect K&K T 2 BIFRLT L

Plasma effect ELTHIONZERICEL TR, — O RR0BEEAETHI>D A
CEEDZ, COBRRREBEF+» VTHBNY FRNEBILEBLTAFLEHRIN G 2 & &
KEDREEL, ¥+ ) 7TEBEICHP T %, plasna effect @K+ 2 BIFRLEAL i,
(2-18) DkHicEkbadh 3237,

2
e’L

2
81 c2eon

An = -

(N p) (2-18)

-+
m, m, .

CCT A D EE. n: HEOBEIFR, ¢, BEEOFER, ¢: B OLE
TH 5o AR T heavy hole & light hole 2Z R LTVW3D T, coOR it
(2-19) DX >IBEHET I ENTE B,

-22 m7 +m
) 6.9 x 10 N 4+ p| P Ih

An = "D m, 3 3| (2-19)

7efl, CORPUKXFIFTHOWSHIZEHROBAIZ. E : e, N:cn™® P :cm?® &
oTW3,
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2-1-5 #+ V7EAMBIZBIHREA(

HIEETOREAVTHEHEZHEE TR -, HEREAVWABENBRMES
?jZ‘C/%I% LTH o

E,

m.

1.42eV, C = 2.3%X10'% em™'s™'7%* ¢, = 13.1, T = 300K
0.066m, mun = 0.45m, m,, = 0.084m, (S TR BFoOBILEE)
Xer = T.4%X 10" ¢ecm™® , n = 3.60

HBTO N — X GHIC T 2+ + V THEAREZTVWE DT, EHEMICGaAsiTiz1. 0
X100 en™ P D—HF—TWBRREshTWBSDEEL S, bandshrinkage effect @
EEFZEBICVNL, bandfilling effectic & 2 HINIEKZE/LE 1.0x 10 %cn™® p K
— 7 Gaks &, 1.0x10"%n™® nF— 7 Gahsicf LT E#NF N, electron , hole D
EABD -7 b0 & LBRIREMENZE Fig 2-3 (a), (B IKFRTo LIRAE T
BHofo, FiE% p-e BA. BE%E n-h BAELT B LI1cT %0 p-e A DS
BRBEBEROEMART Ny FIBOFN( Fig.2-3 @Q)VBHEBIESILATVS
DL n-hEADBEE ( Fig.2-3 G)ICEF + YT OEABOL(LAEB & T 6 RINEK
DRIHIZ R T IZIRE(L M MW T ik bandshrinkage effect i LT electron
FESXENTH 27D, n-h BATREACLIITE(EPEY DO OELET S
electron TREANTLES CEBEERTH Bo & o, GB#kD F— 7RI FT
plasma effect, bandshrinkage effect,bandfilling effect ic & 2 EiFRE(L %=t
BEL. Z{tBOGEH 2T 2y b2 & Fig.2-4 (3), D)D L >ici b, ThEhIE
ABBTDOMBEE—WERT S E. Table2-1 &b, HEHHBOAEZ SN S b
FHEasN2 L. BIRREIEEIZ electron » hole DEN % FEDH 2.5 ~
10 EEEOKREX TN 5,

PeEADBED., BIRKRE(LAEMONEFNR Fig.2-5 0L >R 6D THD. AA
electron EED 1.0X 10" en AT, KFDx 3 vF—% 1.4 eV UTOHEB TR
TNENRF 2V F— ot LT, bandfilling effect A 584X {E B 591 0.
bandshrinkage effect, IE THIXI{EE T, plasma effect B T X E B m /D
LAY D, /N FIEMIE TR bandfilling effect « /N FIEML S BN 513 &
plasma effect OMRVPERH I, BRRLENLELTREOREVWEEXRT. &
TANVF-flicBEN B &, plasma effect O RERNECR D, HLx 2L+ —2 0.8
~1.0 eVORITHE L T3, bandshrinkage effect O MBS VBN F + ) 7
EABRKESCRBEE->T, BxxArF—flier7 rLTwa, BAERYS 3 E
EMABLEABCHT ZERBLEABLET T 2725 ( Fig 2-4 ). v v FEF<
DEROHARBLTR., RELUIENEL(LBOBELEABHKROASEOHER
BVWIKERTAIHENS 5,
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10 7

E T ]
 p-GaAs o 3
p=10X10 cm P20x 1017 §50X1017 !
[ T=300K 10X 1017 \__ ]
10 6 - . \ .......................................... _g

cE) 10 7 TSR S 0 N A0 N WO vvorvers, - S W gy 2 e
T < :
! - L 2.0x 1017 5.0X1017
I 1.0 X 1017 7
10 4L R Y S S R, .
. ; (Injected electron density, cm '3)§

: no injejction
1.35 1.4 1.45 1.5 1.55

Photon energy (eV)
(a) Calculated bandfilling effect of electron injection to n-doped GaAs

10°p———T—————T
Ve
1.0 <1017
—_— /
- 2.0 X 1017
E A
5 5.0 1017 10X 1017 .
5 I AR ]
§ 10 : no injection 20 X107 : ;
] [ : 501017
I (Injected hole density, cin-3)
| i
n-Ga}\s
i n=1.0X 101ch-&
| T = 300K
10 4 N P i —i——b——————————
1.35 1.4 1.45 1.5 1.55
Photon energy (eV)

(b) Calculated bandfilling effect of hole injection to n-doped GaAs

Fig.2-3 Change in absorption coefficient from undoped
statement under consideration of bandshrinkage effect .
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04 T T T T T T
p-GaAs | f | : 5
”p_10><101acm

o
o
N

L T = (BOOK§

< :

Change in refractive index

10><1017
-0.02 2.0 1017/
5.0 X 1017 f '
i 10X 1017 20 X 1017
=0.04 et s s —
(Injected electron densnty, cm- 3)

0.8 0.9 1 1.1 1.2 13 14 15 1.6
Photon energy (eV)
(a) Calculated effect of electron injection to p-doped GaAs

0.005 p——T T T T
[ n-GaAs | i ]
n=10X10"%cm"3 ]

T = 300K

-0.005

Change in refractive index
©
Q
|

P SIS WU AU HA S R

0.015 bt —
0.8 09 1 11 12 13 14 15 1.6

Photon energy (eV)
(b) Calculated effect of hole injection to n-doped GaAs

Fig.2-4 Change in refractive index from no carrier injected statement
and combined bandfilling, bandshrinkage and plasma effect.
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Change in refractive index
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s
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lIIIIII
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(a) Calculated change with electron injection of 1.0X1017cm-3

Change in refractive index

0.04

0.03

0.02

0.01

-0.01

-0.02

-0.03

p-GaAs ‘ l
- p_10><10 Cm ..,' .................. LSS , ...... .
F T = 300K | | “
:'"ele‘ctron injection " e ]
= 1 o><1o"‘cm'3 |
— “\F
= TS SRS S _ ........... _1
bandshrinkage
R lasma e INNA T ]
P total ]
S R S bandﬁlling .......................................... _-

0.8 0.9 1 1.1 12 13 14 15 16

Photon energy(eV)

(b) Calculated change with electron injection of 1.0)X1018¢m3

Fig.2-5 Change in refractive index from no carrier injected statement
and bandfilling, bandshrinkage and plasma effect.
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Table 2-1 The rate of refractive index change with the specific wavelength

Wavelength(lum)

0.89 1.06 1.30 1.55

Energy(eV) 1.40 1.18 0.954 0.80
Change in refractive index per
1.0X1018cm™3 electron injection -30.3 -4.33 -4.36 -5.43
to p - GaAs (1.0 X 1018¢m™3) X 10-3 X 103 X 10-3 x10-3
Change in refractive index per
1.0X 10'8cm3 hole injection to -3.21 -1.80 -1.26 -1.68
n- GaAS(lO X lOlgcm'B) X 10_3 e 10_3 X 10_3 e 10_3
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2-1-6 #H

ERZRETLAEEE 0.89, 1,06, 1.300 L.55un®¢_RTICBWVWT, electron
DEFEREIICH ST 2FE5R]R hole DFENAE LFEZ EFRlE N CHiZ. EAT
ZLOEEFE+ VT ELT electron 2RATE2 L L2FEAD—2TH 3, DH+
v UTEAREBZ NNV GahsO BN BELEEII Table2-1 O & 5 ik —HEL & .
electron DHEAFAEES 2O OB ELEABR., ~Y FIEEVZFLF—% o
0.89umTHE S AKE . bandfilling effect DEEMNEKRTH - 720 XA » F%
FHT BIH > T, 0.8 unDEBROERPROHEBNTE S > &FHT & 2,

2-2 RXERERE A v FOKE
2-2-1 A

AER. EEAR XA v FEFOEGNRBIRUBTZENE LT W3 A,
ETRYVCEATHEODBBEIPNUBRICEBRET S &cd 2, REHR 24 4
FORTHELZ., ARTFLLTOUB LIS SHBHCBRET A LR TER L, &
BHbB, EFEEBLU., BREEEOHRA» S TCLEBOR WEETH TIRE
51 0e AETR., TFXRTFLUAOHAIRL 4B AEABREL, LrsBILAE
FELLTORFETUIN, ARFELLTRBI 2 THESEUHNREBELTRE
DEINREDONEL LN B,

1) (G&ALD7c%) npn HBT B+ v+ )V 7 AAHBEEIEEST 3
- ®WOWIT7TOKEH

) HEREZ2ITRHLIW
- Uy VHOEEDORH

3) npn WE LRI TIESIT 3
- HEBEERREMLCRETILEH

DEEVWEBAZE, BHEBFET L7 BT 2MARAT AT HASTVEND & &
KL %0 HBT WPRROFNA X =3 +5 P29 OBERERR IR, ~— 2 317850
THCEELTHEINIDS, — I T RN~ W, O T BT 3 7.
Fig.2-6 DX S N—20ESRFTEE2HF/NSLED26D0THL, L L. B

%%méﬁamuzm&~ngﬁétb\&—xﬁwﬁﬁgnw+ﬁm@ﬁ$£

EB/OoNBOBENNS B, THLIATIR. Fig. 2-6 O & 5 WIETFRHE D%\ 35
TRERE-FOFAELEFREBE L THRELT V., DOAHICLDIEBAL T
ERVDT, 25 7THEBEBEC L 3EAHBEORERTERV, £LT 3)DKHE
THLH, BIBICL > T~A7 o REIC pmESONBEE b 2BELE. ~—2/8
BROBOBEVMBECRELE22BR V. BERL~N-UBLRERERD 5 &L
MBIREB &, =3y s AnERMYMOMLN Y o v FSIHESELL CRME A L
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Doping Thickness InAs or AlAs

n-AlxGai-xAs .
x=0.3-0.0 300A

n-Alo.3Gao.7As .
5§X101%m-3 1400A

n-AlxGal-xAs .
x=0.0-0.3 300A

Material (cm-3)
n*-InGaAs 2X 1019
_‘ n*-InGaAs 2X101°
""" ' nt-GaAs 2% 1019
N-AlGaAs §X 1017
N-AlGaAs 5X 1017
e N-AlGaAs §X 1017
/ase/ T p+.AlGaAs 4X 10!
Collector L — i-GaAs undoped
nt-GaAs 2X 1019
/ S.1.GaAs substrate
[16]
Emitter
NN RN
nt-GaAs

Base
AN

p-GaAs 5X10¥cm-3 1000A
Cgég%’; n-GaAs 5X106cm3 0.5um
n*-GaAs 1X10¥c¢m3 1um

S.1.GaAs substrate

Fig. 2-6 Typical HBT structures for high frequency drive
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TLEIHSTH 3o |

BILEE & HBT B4 2 BN RRERUECEB IR N, CITREFNLLOR
MERZAERO L. BEMNLTEEL LU ToOBENREEESHEcs W CHHt%:
TRH>TEILT 3,

EHTE2MEOMMRIL . Alla-xAs KBWVWT 0.0 = x £ 0.2 &9 3,
N— BRI 0.2~0.6um BEELT 3,

Ty s -R—2FEERESRIERRE» S 0.5unllmET 2,

N—Z2-3 VI EAGRERSBERKED» S L.0unllNET 5,

Ty DAMRRRALBARCKELS, T L7 FDARRITBENCPNE L F B,

2-2-2 HIFOFIE

ERTEBFBROBRTRUBIFICEL TR, SHEFBECIE2RETLC E0T
o HBHWEICBLT Fig. 2-T QL SRy FHKEFTHBABARSBREICL S X5 T
FREEZZXE, PEHOTOEMEREBTEDLT &, (2-20) RO X5
b0

(nzk% - B2 - kii)w =0 (2-20)

Tl kot WM T 2HOEBHEMIC B T 2 K.
n,: EFBEERO VI BT AEIFR,
K RFBEFEBEP B3, xFA~DOEYK
d,: EFBERBOEE (O < i <n, Fig.2-7 )
¢ =W T B ORI '

ERABRRMUVEEEOBELRELAKRELTSE, Ko, d . n RETEKTH Y.
BERETZEICE->THHMIC |k, | OEVPRETE 2, T BYT
Ny Kov div BHBENTONIE, x = +0,-0 CBWTHDOMHME 0 Th 215
REGE/LTEHETHRVEIEET 2 (BENCREBETERARBICE WT g
HFHOEBERAVPHER THD. BERSLIBOR VLI CSAEND) , 0%
D, CORDOEMERS TEPERNZEZEMLESL, OB, k,, #H TR, HBE
MERETCBY 2BERRGOLECR S, BRICPVTI., TEE— FOBEAR
(2-21) . TME— FOBEI (2-22) D5 RMELZHTRDPTOIFITL L, ZE
DHEREREFEROFB B 2128, BOREICIH=Za—FYEREEAV 3 M
End 3,

E = Ajelkxjx_i_Bie-lkxjx

y
1 1 A 1 1 A
o N J = . . -l+1 (2-21)
(1kj - 1K, )( B, (11(j+1 - 1k, )(B_i+1 )
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bl

no tkxo **

ni tkx1 ** d1
i ﬁ = nefr-K tkx2 ** d2
wave propa sation in yz plane
tkxi 4+ di
Nm-1 ikx;n-1++ dm-1

Nm i‘kxm++
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Fig.2-7 An m-layer slab waveguide structure considered for the analysis.




3

. s
H, = Aje™™ 4+ B

1 1 | 1
ik ik, f%;)_ ik, ik, | A ) (2-22)
i j =| K j
>~ 73 |\ B 2 2 jl
ny o Ny Dy

REL. TME—- FREBBETTORANKE Vo, ABRXCTHERL LW
CEiLT %, HBOLD, UBRBTET - FOAEELTW {,

ET, HFEINEEMEBBOMB— 2 EWBLH WM, 25 7 REREEK CHICHE
BOBHWTURIBE, ZRAHBERRUOAEF oMK s EHE R, BT
—FIRBBEIBNS A -9 ZHET 5,

COBE. B = Kon.s DMFEILSHES n. PEBEFRREFENZ DT
Hbo “RTTABKEEOFE. B TR. COZMBHBHEHTNICAHLT WS
bOLEZB(Fig.2-8 )o PIAR., T— FOBEBHMAERER 5 7 G WEEEIH .
(2-23) TERE %, ~

2 2 2 NZ
Al i N = 2-23
kOT n% - N? ::(m—{-l)‘ft - tan ( N2—-n(2) - tan 5 n% ( )

7272L. no,ny,n,: Fig. 2-8 ()R- EMEIFR. T : BiEKIE,

m: ®—FRE. N:n, 237 ¢35 FEmNEREOSME TSR
ENTRMHFRYEREIELLDZ B/, ne=n,EF3EmKE—FOH » b F 7R
o(2-24) THRE B,

koTy n? - n) = mn (2-24)

Ll —BREARTFORFESGRMHERB O TRATEZ B EHMTH
Vo RMX TRAMCHES WA SMEFRESR Ic ZIRTBNEBAL T, HEBHE
SARA y F Y TRFORE. BT EB NS,

BRENIRR DE— - F25 7TEERBEORE. DTNtz v F v 7 LAk
TSI =ZRUTEREHBEORE. 3)FHETERARUIBTE B O R E ICBPMEN
EEALCEMmETZI. EVWSFIFER 5,

2-2-3 SREHEB 2L v F ORI BT

EFF. NI ALGa, - ASDEIFE E LT (2-25) RICRTEYUR 2B L,
RENEECB VW TL2RMNIcERT 26D 2,
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<N/

effective index

(b) Model for 2D-BPM with effective refractive index

Fig.2-8 Method of effective refractive index
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n2=A+—2 DA (2-25)
A-C

Al Ga,-xAsiTD>WT, A : 10.906 =~ 2.92x, B :0.97501
C :(0.52886 - 0.753x)* x < 0.36
(0.30386 - 0.105x)* x = 0.36
D : 0.002467( 1.41x + 1)

0.89,1.06,1.80, 1.5 unEREMNTFEEEL., ThFh ML THKR-BEIFEROM
BREZTo v bTBE Fig.2-9 DLEIEH B, T, HBEFHR 24 » F ORI
BUBEMTHEET 2L, FERCE O THERLUA DS O &I Fig. 2-10 (a)
DEOIBRASTHBRHEERCREZTEL S $TOBENHE —% — FREHRE K
BREND B, it ODBYIIC lover clad DAIASHARIXZHEL Ve x = 0.15&
LieiB&. Fig. 2-10 (a) OHEE L core B 0.58~0. 15y n0 @B s VT, {8
ETERPRTH—FE—FRSTHFEREN 2, upper clad ORBIM L TLB M
HLWVWODOT, core EELTRTRIECD 0.60un2EAT 2 &9 3,

upper clad @ AlAsERIZ. BRHWBERZI ED S, x = 0. 283 %, SAFREKEE
CBVTR 0,1 RE-FRESGLBVOT, BAEEBIIKE- FETBAD S
CL. BAERIORBELDZIELILT 3, ERECMLT, 2KE—FODAH » b g 7
Do)y YOFE, BOH Y b 7T OBBRERD B E Pig.2-11 )DL DIH B,
CCTRYIYTLELT, BB 3. 6un. BE 0.2unxER &40 L,

Ric, REFLBEHREMFHORELZITN 90 —ABICTEG/N 4° Bl 3 &
BHERMO T — FEAHFECRI20T, BXEAE °, BRBLE(ESHESZH4S
DEJZILBSEIRIFETEE. Fig2-12 QORBRNOL H 2 3,

COMRDZX A4 » FITBILTBPMIC L B2 BT TRV, AHMARBREOL 2 HE Y
5(Fig.2-13 o BMEAR I+ %, ~— A BB, ~—2ERBH Q% b 5
WT (2-26) DEIIKKDTo T} (2-27) THEALN., Qold (N— X EREXE
MNEABTFEE) TRoohd, EABK-2 7 BIFBL-LALBREOH T E
LB&. TFig.2-14 D> BEELESIN S,

Ig = — (2-26)
13:]
W3

5= 7D, (2-27)

CCT. Wa: =208 (0.6um)
Dy : "=t BT OIWBEE (85cm?/s& L)
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Fig. 2-9 Refractive index of each wavelength
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Air

Core thickness

AlxGai-xAs
(Lower clad)

(a) A simple slab waveguide structure

3!55-ll|!llTW!lll!l

w 3.5

@

~

=

S 3.45

b~

>}

[

5

= 3.4 ; : :

o ! é :
2 ' 5 2 .
o : H H H B
3 - f :
= 3.35 5 :

0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8
GaAs core thickness(Lm)

(b) The region of core thickness on Alo.15Gao.s5As lower
clad allowed to be a single mode slab waveguide about each
wavelength.

Fig. 2-10 Necessary condition of single mode waveguide
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Width

;.:‘:“j: I S L
Alo.2Gao.8As ¢High ¢

Alo.15Gao.85As
(Lower clad)

(a) A ridge waveguide structure.
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g
= 03
=
2
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A - Sample

0.1 | Pparame
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Stripe width (Lm)

(b) Calculated relationship between the hight and 2-mode
cut-off width for each wavelength.

Fig.2-11 Calculated relationship between the hight and 2-mode cut-off width.
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I
i
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‘
4

Base

Input
/
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(a)Top view of reflection type optical switch

@

@

Air i
: lo. 2GaO.8ASH .O iSum.
upper clad : Alo2GaosAs 0.18um n 1.0 >< 10 17cm 3 :
//
H aAs m .
core .:. GaAs 0.60um /9//////////////// GaAs 0.60““1

Zp 1.0 X 10 8cm™3
-’;///f///////////////////////

n 1.0 X 10 Yem-

M ITI It It

(b) Cross section of reflection type optical switch

Fig. 2-12 A structure of reflection type optical switch
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Wavelength
= 0.89um

S

Propagating power(arb.unit)

(a)Calucurated power propagation
at injection current = OmA.

Wavelength
= 0.89um

B

Propagating power(arb.unit)

Outputl +13.0dB
-15.7dB

Output2

(b) Calucurated power propagation
at injection current = 346mA.

el
Switch
° cross,length 1001m)

Outputl
Output2

(c)The sketch of simulated structure.

Fig.2-13 BPM analysis of the optical switch in Fig.2-12.
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Relative output power

0 100 200 300 400 500
Injection current (mA)

(a) Switching characteristics for 4° cross switch
calculated about 0.89.um wavelength.
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(b) Switching characteristics for 4° cross switch calculated
about 0.89,1.06,1.30 and 1.55 um wavelength.

Fig.2-14 Optical switching characteristics for 4° cross switch,
calculated using the BPM analysis.
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(a) Optical output at injection current = 200mA
compared with power at no injection

0.8 N

0.6

Relative output power

N 7 S T - N T

0 50 100 150 200 250 300 350 400

Injection current (mA)

(b) Switching characteristics for 4° , 5° and 6° cross switch
calculated about 0.89 pm wavelength.

Fig.2-15 Optical switching characteristics for 4°, 5° and 6°
cross switches, calculated using the BPM analysis.
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(b) Switching characteristics for 4° cross switches
calculated about 0.89 m wavelength.

Fig.2-16 Optical switching characteristics for different forms

of injection region, calculated using the BPM analysis.
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(c) The HBT structure for the carrier injection device

Fig. 3-1 The equipment of HBT to optical switch
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(a)The regrowth method's start  (A)The diffusion method's start

(b)  Patterning and etching (B)  Impurity diffusion
. ez

Caution for layer alignments

:

(©) Epitaxial regrowth (d) or (C) Patterning and etching

Emitter Emltter

/ / Corrector Corrector ’

77
Caution for layer alignments

Fig. 3-2 The fabrication process of DHBT using
regrowth or diffusion method
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Fig.3-3 Imprity level for AlxGai-xAs.
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Eg: bandgap of AlxGai-xAs (eV)
= 1.420 + 1.267 x

effective mass of electron

Me: rest mass of electron
= 0.066 + 0.083 x
, effective mass of heavy hole
TMhh : rest mass of electron
= 045+ 031x
mih: effective mass of light hole

rest mass of electron
= 0.084 + 0.053 x

mdh: averaged effective mass of hole
2
3 3)\3
- 0 2
=\ mn” + mnhh

Ep: impurity level of Sn (eV)
= 0.006 (0.0<x<0.2) .
=-0.174+0.900 x (0.2 < x < 0.36)

Ea: impurity level of Zn (eV)
( from valence band )
=0.0143 + 0.0813 x

Table 3-1 The formulas for approximation
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Fig. 3-4 Calcurated contour of carrier density , GaAs , Alo2GaosAs,
and Alo36Gao.c4aAs which doped Zn and Sn together
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Fig.3-5 Emitter injection efficiency to a uniform base.
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Fig.3-6 Structures of graded base transistor.
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(a) The case of constant diffusion coefficient
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(b) The case of diffusion coefficients which depend impurity density

Fig.4-1 The impurity profile calcurated from typical models
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® (ii)

Ill ~ gas

source

(iii)

substrate substrate

substrate

(a) The forms of impurity source for diffusion

(I) with closed tube

substrate

e

(II) with open tube

furnace

gas flow

substrate

(b) The major methods of heating

Fig.4-2 The technique of thermal diffusion
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700 ~ 1000°C
ArorNz 5100 ~ 400
3/min ~ Tube of Crystal SiO2
Thrust in
‘ Substrate
Pull out latm

— |

(a) The condition of the open tube method

/ |

Si wafer

ap layer (Sputterd Si02)
GaAs with 1mpur1ty source
p_,layer (Sputterd Si02)

Si wafer

(b) The standard treatment for a diffusing substrate -

Fig.4-3 The technique for impurity diffusion
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Si fon inplantation Sputterd SiO2 20004
100 keV  1015/cm?

:

° SI GaAs Substrate Sputterd SiO2 2000A

(a) The treatment of sample before annealing
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Depth from surface (lm)

(b) The carrier profile about annealed (a) structure for 60min

Fig.4-4 The diffusion profiles from implanted Si
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Sputterd SiO2 2000A

Sputterd SiO2 2000A

Sputterd SiO2 500A

Sputterd SiO2 250,1000A

GaAs Substrate

GaAs Substrate

Sputterd SiO2 2000A

Sputterd SiO2 2000A

(a) OCD film

Sputterd SiO2 2000A

(b) Sn metal with
protective layer

" GaAs Substrate

Sputterd SiO2 2000A

Sputterd SiO2 2000A

GaAs Substrate

(c) Sn metal without
protective layer

Sputterd SiO2 2000A

(d) Tin oxide ( SnO2)

Fig. 4-5 4 impurity structures for Sn diffusion
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Sputterd SiO2 2000A

Sputterd SiO2 500/1000A

SI GaAs Substrate

Sputterd SiO2 2000A

(a) The diffusing structure with Sn-OCD.
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3 protect layer SiO ,
= ' 1000A.§
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Depth from surface (Lum)

(b) The profile of electron density about (a) samples
diffused for 240min at 900°C ‘

Fig.4-6 The diffusion profile from Sn doped silica film.
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Sputterd Si02 2000A

Sputterd SiO2 2000A

Protective layer

GaAs Substrate GaAs Substrate

Sputterd SiO2 2000A Sputterd SiO2 2000A

(a) The diffusing structures with Sn-metal
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(b) The profile of electron density about (a) samples
diffused for 20min at 1000°C

Fig.4-7 The diffusion profiles from Sn metal
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Sputterd Si0O2 2000A

depo)

GaAs Substrate

Sputterd SiO2 2000A

(a) The diffusing structure with SnO2
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(b) The profile of electron density about (a)

sample diffused at 1000°C

Fig.4-8 The diffusion profiles from SnO2
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Sputterd SiO2 2000A

GaAs(001)

Sputterd SiO2 2000A

(a) The diffusing structure with Zn-OCD
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10 75

Depth from surface (Lum)

(b) The profile of hole density about (a) structure diffused for 20min

Fig.4-9 The diffusion profiles from Zn doped silica film
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High density Zn
GaA
GaAs
The sample after diffusion Sputterd SiO2 2000A
(from Zn-OCD )

(a) The treatment for drive-in diffusion.
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Depth from surface (Lm)

(b) The profile of hole density about (a) structure
diffused at 1000°C for 60min.

Fig.4-10 The hole profiles after the drive-in diffusion.
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Sputterd SiO2 2000A

Sputterd SiO2 200A

GaAs(001)

Sputterd Si0O2 2000A

(a) The diffusing structure with ZnO
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(b) The profile of hole density about (a) structure diffused at 1000°C

Fig.4-11 The diffusion profiles from ZnO
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Sputterd SiO2 20004

(deposited with EB-evapora
undoped GaAs(001)

Sputterd SiOz 2000A

(a) The treatment of sample before annealing.
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(b) The hole profile about diffused (a) structure.

Fig. 4-12 The diffusion profile from MgO.
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(a) The common emitter characteristics of the bipolar
transistor fabricated with double diffusion method of
Zn and Sn.
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(b) The common emitter characteristics of the bipolar
transistor fabricated with double diffusion method of
Mg and Sn.

Fig. 4-13 The characteristics of trial products.
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n-GaAs

(a) The concept of simultaneous diffusion.
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(b) Ideal impurity profile of simultaneous diffusion.

Fig.4-14 Simultaneous diffusion method.
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-~ % (a) A structure for simultaneous diffusion method.
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(b) The SIMS profile of impurity density about the GaAs
substrate of (a) samples after diffused for 30min at 1000°C

Fig.4-15 The trial of simultaneous diffusion.
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2000A SiO2
rrd Tz s )
7 monk % %
200A SiO2
n-GaAs n-GaAs
8.1x1016¢m3 8.1x1016¢m-3
2000A SiO2 2000A SiO2

(a)Diffused at 1000°C for 60min. (b)Structure for Sn diffusion.

(c) Bevel through npn-
structure obtained by Sn
diffusion 1000°C for 4min
after Zn diffusion.

p-depth 0.4um

n-depth 0.21um

{(c) Bevel through npn-
|structure obtained by Sn

| (c) Bevel through a
'structure obtained by Sn
diffusion 950°C for 16min
after Zn diffusion.

: if " n-depth too deep
S
Ry
g
i3
Fig.5-4 Fabricated n-p-n structure with double diffusion

method and diffusing conditions.
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(a) Too shallow n-diffusion. (b) Desirable diffusion.
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~ The front of p-diffusion The front of n-diffusion
. becomes hollow . pierces the p-region.

(c) Deep n-diffusion.  d) Too deep n-diffusion.
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“The front of p-diffusion
“ becomes hollow . _ :
(e)Surface Zn density is ~ (f) Special case of (e),if

too large to change type. more diffused it will
change to (e) profile.

Fig.5-5 Frequent impurity profiles with the
simultaneous diffusion method.
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15004 SiO2

Z2n0 23457 ,
200A SiO2 ¥y v

o
Undoped-GaA)s < o U 0’315'9 H 0 69pm—

(shallow n) P

2000A SiO2

(a) A impurity structure for simultaneous diffusion
and doped structure shown in the left part of (b).

(b) Bevel through npn structure obtained by simultaneous
diffusion of (a) structure at 1000°C for 120min.

Fig.5-6 Fabricated n-p-n structure with simultaneous
diffusion method and diffusing conditions.
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Zn was diffused at 1000°C
for 60min from Fig.5-4(a)
structure.

Sn was diffused at 1000°C
for 3.5min from Fig.5-4(b)
structure.

Device size is shown in right
picture.

.

Opm

/ Emitter

_

(a) Conditions for fabrication of GaAs bipolar
transistor with double diffusion method.

Wy 4

III%%;E!!I
=='.‘='b 0.01mA/ST

E
= | | s}l
L i

el ]
i L O T L R
= s Si .

. !!!!E:!\Zcmo.zvmlv

(b) The common emitter characteristics of the bipolar
transistor fabricated with double diffusion method of

Zn and Sn.

Fig. 5-7 The characteristics of GaAs transistor
fabricated with double diffusion method.
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Fig. 5-8 The characteristics of GaAs transistors
fabricated with simultaneous diffusion,which
device size is identical with Fig.5-7(a).
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Type-A

0.20um GaAs
0.20pm Al0.4Gao.6As

0.3pum GaAs

2.0um n+ Alo.2Ga0.8As

aboutrZ.O]J,m

(bevel d

Substrate nT GaAs

(avel tgh a structure of the type-A substrate diffused
Zn at 1000°C for 120min from Fig.5-4(a) structure.

- Type-B

0.05pum GaAs
0.25pm Al0.2Gao0.8As

0.3pm GaAs

2.0um n Al0.1Ga0.9As

Substrate nt GaAs

(b) Bevel through a structure of the type-B substrate diffused
Zn at 1000°C for 120min from Fig.5-4(a) structure.

Fig.5-9 Zn diffusion depth to hetero substrate made with MOCVD.
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2000A SiO2

1500A SiO2 20004 SiO2

200A SiO2 130A SiO2
Hetero substrate Hetero substrate

2000A SiO2 2000A SiO2

(a)Diffused at 1000°C for 120min. (b)Structure for Sn diffusion.

(c) Bevel through hetero-
structure obtained by Sn
diffusion at 1000°C for 8min
after Zn diffusion.

p-depth 0.5pum

Substrate: Fig.5-9 type-B

(c) Bevel through hetero-
npn-structure obtained by
Sn diffusion at 1000°C for
16min after Zn diffusion.
p-depth 0.52m

n-depth 0.28um

Substrate: Fig.5-9 type-B

Fig.5-10 Fabricated hetero-n-p-n structure with double
diffusion method and diffusing conditions.
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A “/
Zn was diffused at 1000°C iy
for 120min from Fig.5-10(a) /

structure.
Sn was diffused at 1000°C
for 18min from Fig.5-10(b)

-

g
%
N
structure.
Device size is shown in right
picture. ///B{s/e/ /
y / ///

60un1

(a) Conditions for fabrication of GaAs bipolar
transistor with double diffusion method.
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(b) The common emitter characteristics of the hetero-
bipolar transistor fabricated with double diffusion
method of Zn and Sn.

Fig. 5-11 The characteristics of GaAs/AkGaixAs
double hetero bipolar transistor fabricated with
double diffusion method.
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Machine:
Power:

Colil current:
RF bias:

Self bias:
Current density:
Cl2 flow:
Pressure:
Etching time:

ECR plasma etcher
T70W

54.0A

5.0W

20V

1mA/cm?2

4sccm

1.0 X 10-4Torr
2min

(a) Etching condition.

(b) Etched surface which is almost rough and partly :
flat around impurity structure.

*

(c) tched surface i is ast t .

Fig.5-11 The surface of hetero structures diffused impurity
and etched waveguides, observed with interference microscope.
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