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SUMMARY

I. Subject

A development of the technology for 2 Gbps long-wavelength receiver OEIC

II. Objectives and significance of the research

Worldwide interest in OEIC's (optoelectronic integrated circuit} which
maximize the processing and transmission performance of signal by means of
the monolithic integration of optics and electronics, will be accelerated,
providing the wide applications to the long and short haul optical fiber
communication technology, because of high speed, low noise, and low cost
due to the integration.

Essential is the development of high ‘speed and high sensitivity
photodectors operating at the 1.3 ~ 1.55um of the spectrum where optical
fiber shows minimum dispersion and loss., Integration of a PIN photodiode
(PD) with a field-effect-transistor(FET) has been a very attractive

research field for high speed OEIC because of its small stray capacitance

in the interconnection,.

We develope the technologies for the fabrication of 2 Gbps receiver
OEIC, Epitaxial growth of InP and InGaAs using OMVPE, design of descrete
devices and integrated cuircuit, lithography and selective etching,

vii



metallization and characterization are established through this project.

I1I. Contents and scope of the research

During the last year of the three-year research project, we have
carried out the fabrication and improvement of OEIC using the technologies
established during the previous two years such as design and revision of
OEIC structure, optimization of process technologies and epitaxial growth

technologies using OMVPE.

1) OEIC design and revision

- Revision of OEIC design

2) Epitaxial growth using OMVPE
- p-type and n-type doping of InGaAs
- High purity of InGaAs growth

- Growth of InGaAs/InP quantum well structure

3) Fabrication and cahracterization of QEIC

- Improvement of integration process for OEIC fabrication

. Lithography process
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. Selective etching of InGaAs and InP

. Multilayer lift-off process
. Improvement of InP/InGaAs JFET

- Fabrication and improvement of InGaAs PIN PD

IV. Results and suggestions for applications of technologies for 2 Gbps

receiver QEIC

1) Results
- Epitaxial growth using OMVPE
. High quality u-InP/InP : mobility(300K) = 3,500 cm?/V sec
back ground doping(300K) = 1.2 x 101> cm3
. Doping of InP : 2 x 1016 {n <7 x 1017 cm-3
3x 1017 {p <1 x 10i8 cp-3
. High quality u-Ing 53Gag. 47As mobilify(300K) = 9,500 cm?/V- sec
Back ground doping(300K} = 7 x 10l4cm-3
. Growth of InP on the non-planar substrates

. Growth of InGaAs/InP quantum well structure: well width = 50 A

- Fabrication and characterization of p-InP/n-InGaAs JFET
. Gate length : Lg = 1 um
. Transconductance : gm = 50 ~ 87 nS/mm (Vgs = 0 V)

. Capacitance : Cgs = 0.34 pF (Vgs = 0 V)



. Gate leakage current : Ig1 = -14 nA
. Pinch-off voltage : Vp = 2.5~ 3V
. Output resistance : rout = 300 ~ 500 ©
- Fabrication and characterization of InGaAs PIN PD
. Dark current : Ip =2 nA at Vp =5V
. Junction capacitance : Cp = 0.35 pF at 80 um diameter

75 fF at 20 um diameter

. Quantum efficiency : n =45 % ( =1.3 um)

- Fabrication and characterization of PIN-JFET OEIC
. Integration scale: 1 PINPD + 2 JFET + 1 Resistor
. Transconductance : gm = 6.7 mS at Vm = Q0 V
. Total input capacitance : Cinp = 1.2 pF
. Pre-amplifier voltage gain : Av = 12.5 at Vpp = 15 V
. OEIC bandwidth : f3dp = 1.2 GHz
. Maximum bit rate : B = 2.1 Gbps (NRZ code)

. Sensitivity ¢ S = -20.5 dBm at B = 2 Gbps

2) Application of results
- OMVPE technology for InP material system
. Epitaxial growth for BH(Buried Heterostructure) LD
. Epitaxial growth for quantum well LD and photodetectors

. Epitaxial growth for high speed electronic devices(HEMT, HBT)



. Epitaxial growth for waveguide switches

- Technologies for high speed InGaAs PIN PD

. Fabrication of photodectors for repeater OEIC
. Fabrication of balance FD

. Fabrication of photodectors for optical fiber communications

- Technologis for JFET

. MMIC
. Digital IC
. Analog IC

- Technologies for receiver OEIC

_ OEIC for LAN
~ OEIC for FDDI

. Receiver QOEIC module for CATV

. OEIC for broadband optical communications

3) Suggestions for commercialization of 2 Gbps receiver QIEIC
- To commercialize the 2 Gbps receiver OEIC developed through this

research project, further studies on the following areas aire required.



- Improvements and optimization of devices processes
. Reduction of gate length
Improvements of ohmic contact

. Technologies for antireflection coating

- Jmprovements of integration scale

Integration of BFL and TZ circuits

- Fabrication of receiver module

. Packaging technologies
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<E21> ¥ 43 2AE

Growth Pressure 600 C
Growth Pressure 76 Torr
Total Flow Rate 4.5 slpm
TMI Bubbler Temp. 20.0°C
TMI Bubbler Pressure 760 Torr
H, Flow through Bubbler 300 sccm
F’H3 Flow Rate 120 sccm
V/III Ratio 170
Gas Velocity 17 cm/sec

Substrate (100) 2 %ff S.I. InP
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n-InP =58 AHe] FEH4E A7) #13te] 600°C ol Z}7] tle =8 =S
2 0P 38 A4HOT 4 A7 F A/ VR Nl 23% 2

AE (Y 2-6)0f Veluigdch 2@ olA n-InPE of-$ 2323 AWS /IRE
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Ag 4= glth. wiztA] SiHgeL JFETE] 2d33t o] AL Hato] 3=+ o]
9 =% AQRE AYUS ¢ T A%k

OMVPES] 218t p-InP A &A] A12EE =R EAZAN = F45/71E DEIns
DMZn7} Wo] AMEEITh 2yl DMZne] A% F7Ide] vie wold BHY KT
zAo] ojajgo] ogJoerg E A¥ojM DEIng AHE3l p-InPE 8% AIZiT

DEZn/TMIn -f-3u]o] whE wigat v =& (23 2-7)o] LERf STt
A 4 A Lattice Matched InGaAs/InP A%

(3 2-8)2 6000Ce] Az o|A ¥hg7|o] FUA FHFF TMIng H[&
%, Xin® = fin/(fin+fca)®] H3ol W FJBH Ini-xGaxAsollA In &7, 1-x,
o] Mg RHoFa At oH7AM fiad ™Ing 3|3 feats ™Gad Fo|H
G ZIAHAElE vepbdch AN fYE= ™MIngol 7l w2l 8%E o
v]EoA Ing] o] F7IEE & 4 den, I vHIBAE YERo{F = InY
A Kin = X1a8/X1a6 7} 0.808] k& Hof Folon 2= wzl A4US
A4 4 2t
OMVPEE A AFEl Tny-xGaxAs?] ZAAAE DCD(Double Crystal Diffractometer)
2} PL(Photo-Luminescence)-& ©|-83}lod ZRZA}SIS L LPERE AAH Ing-xGaxAs$]
5% ZAet vlaste] (2@l 2-9)o el vigich DD mjA 8] RIZIES FRH
NI F2] FA XS LA YitFo R FHH o5 AP S HERT
3 ddA gt aydew He] OMPEE HAE Ini-xGaxAs7t InPete] Zx} A}
ZA S ZHE 120 arcsec oL} ¢l oL}, Az} BIRZA O FXHE 72 arcsec Bl O]

& LPEE 448 Ini-xGaxhso] B]3) Hriges & 9% Hde ¢ 4

A
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13 2-9) LPES} OMVPER A A3t InGaAse] Double Crystal X-ray Diffraction: (a) LPE,
(b) OMVPE(600° C, 76 Torr.), and (c) OMVPE(650° C, 76 Torr.).



At} B3], Ao AILE OMVPEE A AE Inp-xGaxAs®] F77} 1.5 umE LPE
2 A Ing-xGaxAs®] 6 umol Hl3] 3] ¢3& ¥ uf OMVPER 43
Ini-xGaxAs &2 A do] mj¢ F3& & = ALl (O 2-9-¢)of] 6500°C2]
713t Eol A OMVPER AAH Inj-xGaxAse] DCD A7} Vel Qith. 6500Co) A
429 Ing-xGaxAs %©] 600°ColA “8AH In-xGaxAs -0l 8|3} DCD ®|F&] 4b
71Eo] Zasion, mIAL AulF HAxIt FIHE & 4 UM o|EFYH
6000C2] Ao ul3f] 6500C8 A=A Hrp F2 APPE ZHe
Ini-xGaxAs7t AZEE & 4 gt & AHo|A &2 20 ~ 30 arcsec?] Hi7}
-2 OMVPEE A B9 Ini-xGaxAsollA HIES A= BE Flo|r}e),

A3t A2(10K)ollA  YAG o|x& o|&3te| LPEX OMVPER %3
Iny-xGaxAs®] PL &3 & st -+ 3o &3 Iny-xGaxAs®| 42 PL 3|3
E BAE o), OMVPEE A AH In{-xGaxAs 28] ¥17}Z o] 41 meVo]m LPER A%}
H In;-xGaxAs®] Hlt7}&o] 44 meV S & 4 2t $/&] DD 3 Y2 PL &
Aol AE el OMPEE A AH Inj-xGaxAs 0] LPEE A AH Inp-xGaxAs &
of uj3] Br} $3 AFEE Ze FHY AduFUds & 4 AUt

OMVPEE o]-&3}o] A A3t Inj-xGaxAs o ¥ $2] FUEE R $)319
InP 27 SJo|HE 7|3t 2 A}83}o] Ini-xGaxAs 5& AASSL DCDE 2} &
Axl FUEE FFst (28 2-10)o] Yehfdch. ZFE Ini-xGaxAs= -40
arcsec (Ga rich)ollA] 270 arcsec (In rich) 7}x]8] Az} HAUTE Ho 29
Ch o]& In 24O0% A4t & 2% 0.531 ~ 0.5480] EHev o|Fxe Az} #4
UE 7]e] 27 & 2y of )¢ 4% Jos BAHc} 53 YL
oA Az} 3P AEI} 150 ~ 270 arcsec® FLEL R oL} sste] spakal

gloA] FdAdo] AjA o g A3HES o 4 giart
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FAH InGaAs®] H71H B2 Van der Pauni3} A3y C-vHL o] &3}
of FAstodct. & AN 8L InGaAst YHHHOE 1-5 X 10!5cm32] W
EE 55 A2 23 9,500 cm?/v-secd] AR} o]l FEF UE} igich &

Agolr ZAH ARo)FTE e VARIEIT g ALl 17

A

o

12,000 cm?/v- secBTl= ZFx|ut 4) 0¥z 2] InGaAsolA] ¥tA o2 HaE o] A=
k=t vlg ot}

%o HAHL2HE OMPEE ©]&3l Y Ini-xGaxAs7t 2 234
A7H BAZE 7 AdSE o 4 dgich olFA HAH Ini-xGaxAs & 3/
AaRbo] ALMEEL7] A= EHo| U4Holn, 53] Tt A 2sh=
JFETZ n-Ini-xGaxAsS 2dF 08 AJL3EE SiHE =UEAT A}L3]9
n-Ini-xGaxAs®] =Y FEE ZABIATE. (3 2-11)0d FYL silY] ¥ F
7to W& HtEA} = WMHIL FA2xo] whel U dct, OgldM B
o150l 600°C A2 EofM = 5 x 1016cm~37}2] £ o] 7Ha3tal 6500C H2 %
M= 2 x 1017cn37kx] E3 o] 7hs3iadtt. olgidt U EWsE= InP A%

e THE 5402 Qo ooty & U we A7t dlejobsizict

A 5 d &2 S

2 Gbps AulA F<=Al CEIC 7ide] WQFE InP, InGaAs F¢ HIEH oy &
& OMVPEAIAEIE o]&3le] AAstgrt & d-olA Y InP3o] 5500C2}
6500C Atole] AALTolA AL T2 TH Y-S Ze Y osds
Jatn] A2 PLE o] &3te] Hlstdt}. Van der Pauwd 2t A 7|313}3 C-VE ol

£33t F3FY u-InPY  IH UFAL T2 AL AHARlIEEE 44 1.2 X



1015cm-3 2} 3500 cm?/v-sec®] ZtS 7Tl SiHi &t DEZnE o83t n-InP W
p-InP & AASIFg e EW7s H= 22 2 x 1016em3 ~ 7 x 1017cm3 2} 3
x 1016cm-3 ~ 1 x 10!8cm-30]¢it}. OMVPEE o] &3t AAH InGads 2L InP8}
o] A AU =7} vf Fohom LPER 4 FH InGaAso] H]3l HA/do] ¥
o] DCD &} & PL& ©|-&3}o] HstHrt OMVPER Y FH InGaAse] H7|HE4
= 1~3 x 10l5cm32) W& 2F{F EE X8 23 9,500 cm?/v-secd] 2 A
Aol x2S RArh SiHgE o] B =WAHH ZI} 6500C2] FH2EoA FHi 2
x 1017cn=32] k& 7HArh & oM @oj3 o2 F3}E52 2 Gbps F4] ¥}

A #4540 0EIC Pgel Woy B4 A4S ©F ste AoE Aludr:






A 13 L8

ol ol 2 W Aty AR FFAE AR dol B A
ulolx| 1 glom, 53|, Al P4l AAFZTLOZT [nPA EWR|AE Y it
U2 77} Hojea gtk o]y EMAAE R JFET'sl) Y HIGFET's?2-g9]
UEE g oLt EMXAY AN B 3t 4ot Ao Fiaxbet
12t 4= gAY S8

=
Ze B35t JAZY TAY &2 B4 T Ao Us A2 UAH AU
d

B

o wlYH O Astel 7 22 BEE F

9.4 o2lgt EAE I} st B dFAIME 12} W 23

A5 . 6ol4 AFE uie} 2L AMTE FZ2) InGaks JFETE AT st olof

-

Bet 22t AA, Az R 5 5 Aol Bt AFstaat ok

ARES} 4 CbpsFe] A% FAL AT B4 YHHRE Y EVA2H
£ A0RE Fe ALTIULY} W HHEY, WS FHAR R R &
g UYL Fol Atk oldY F4L FA Hiy BFAN7] Aste] 47
342 43}t MAES SPICE modelV & o83} stdom, HA AAZE A
&} FAI7} 0.20 ~ 0.25 um, n ¥ = H=7} 7x1016 ~ 1x1017 cm 3 o wf
H3E ol& 4 itk OWPE 23 4% % A" Az 3 5 ol8ste] A
B8 T4 InGaAs JFETE AHZstgleom A 2H 1 um A]E JFET] 7o A
S22} 87 uS/mm, WG] 1.7 pF/mm 0|91 o] ZHE A4E AetFy

4= 8.1 GHz o]4rc}.



A 2 HojA+= A|2Y InGaAs JFETS] HAHHE ¥ dAo #H#sld dZ351a,
A 3 HollAl= InGaAs JFETS] #|2}gA X Zoj thslo] i8] AMesiy, A 4 3
o M= A 4H InGaAs JFETS] 54 &3 ZA}E =3}l32x} 3Py # 5 Hojr ZAE

& WiA} Rt

A 2 H &2 Fe HER AA

A= W 352 e AZRHES GAL AZEH oA ERRAEY &

%

g2t BAE7]8 F4E Al Lsliof gt & AAoA AU F4d H A

R FRENMN= HEL] Azt G2 HAT 7He3tERE & HolAs JFETY

A

&

P Aol #stAMrt d3317]8 ¥l 2 Gbps oA e8] F3E 7|Eo%
3 o), 23 UE 472 RoAe] mjEw, JFETY B4 @70] <E. 3-1>3}
c}. ol7]4 Aubael FET B40% AYTUB A AskeU7 trade-off T

& o 8T AHABluAste ¥R wel A3 AV 25| At & 4F

CE.3-1> 2 Gbps B4 AHIZE A 2AP4E

&2} R 22} 343k

I A (gnm) > 10 mS

B AR (Cys ) < 0.5 pF |
|

A HF(1g1) < 0.1 uA




of A AF F 22| InGaAs JFETOX gn 3 Cgss AP HE= LA 2 PTEc
4% FA E¢BEE, ACESY =78 sxTol Atk & dFedAME
Rt B 9l "SPICE model™& ©|§3t AAS 3tqich.?) A e
2, A°lEQ] pH(Zn) 9% L& 1x10!8 cn3 & IAAZIL AdEe F7
o 5% FEE HIAIIH HHZE HIGch FAA Had &3} 12 Y
= (E.3-9} Zrh. AdAA Y A8 B¥AE FeshE e Zrh

A AR 54 F4e) X3 Aojojs AYTYUAL SPICE BN AHRE,

gm = 2B(Vg - V¢)  meemes (3-1)
B = 2euvsW/A(uVpot3vsl) o (3-2)
Vpo = gNdgA2/2¢s eeeeem (3-3)
Ve =Vbi - Vpo e - (3-4)

olaL, APIE/LA Yl AOlE/=d Y ASEF2T),

Cgs = Cgso/ (1 - Vgg/Vpi)}l/72  ccoo (3-5)
ng = Cgsa/ (1 - ng/Vbi)1/2 “““““““ (3“6)
. Cgsa - WL(QNdJZVbi)lfz/z ——————- (3“7)

oltl, XEZE, Front-End¥ Z&Z7|ojA BF 2AE BEAA8)o] v} Zo] &=

HATH). &, d2je] Fu4(:B bps)ol A Y@ Tre] A Fo],

RL < 1/(2aBC¢) e (3-8)



(E. 3-2> &2} HAE A% 24

3

H

A
T

Al

IS E

P
o

| AR} ol FE(ute)
Ax} E3tSE(vs)

2id =8l FHE(es/€o0)

2de] =% sx=(Nd)
21d 2] F7(A)
Alo|E Zo|(L)
AlolE o] (W)

5,000 cm#/Vs

2. 7X107 cm/s

12.0

p-InP(Eg=1.35 eV)
1X1018 cm-3
n-InGaAs(Eg=0.96 eV)
1X1016 ~ 5X1017 cp-3
0.1 ~ 0.5 um

1 um

200 ym

(F 3-3> A33dR/ AxE T AeHS6)

ST

1.1

0. 56

0. 087
0.35 pF
0.15 pF

2 Gbps




d ul, {i2)> = 4kT(2nC¢B2I; + ['(2nC¢)2B3/gm}] ------- (3-9)
C¢, =Ca +Cqg+C =m=m==m- (3-10)

Ca = Cgs +Cga  —mm=-m-- (3-11)

oz Uehdrl o7iA4 AHEE ASARY A4 d¥AE E 3-DI Tl
Al(3-1)2 A AR 9 £04 A¥Fo ot A3Es FAZIL &% e
3 whg velhd Zo® =93 W T o] T AEITYU L FA4E U
b (2§ 3-1)2 . A Az JALIYEL7 JuiAE o
2 =294 557 S8 £5F 42 FAOA o]FAL 52 =AM Ho A
gdZYHA 4% $ 93S ¢ 4 vtk 2y, D.C.W.L0O Foll &J3pH) Na 2
5 x 1017 cm3 d uwl tunneling® o]l &J3t A FHEY FI7IE ALITHYULS
28 Aol UEhE R o]23t M= 18 oA AJAZAch (Y 3-2)=
A1(3-1)3} Al(3-5)& o] &3l AetFuteifed ALY AUE HUAE o|F &=
P 9 5 270 BEE o FriA = AY dBEE ¢ 4 ST
%

_%_3_
Jeul, (¥ 3-2)2 7|8 ASHE R WS 1A U2 BFEA 7] FAs

AE Ueld Zeg fo 7} X E o
T oA = Vpo > 5 volt 4 & 4 gt} pinch-off Qo] o]e} &
o] & Bl £ A& 2T dUR] Aol ABZ Vpo < 3 volt B A
SI=5 jith (¥ 3-4)= A(3-9)F o]-&3td =Y} FAlo] wl2 i2)e] Z

A€ A Aolth (I 3-3)olld UIFH FEL2 Vo < 2 ~ 3 volt B (i2)=



(gm;ms/mm)

TRANSCONDUCTAHNCE

750
%1% vVo=0 volt
550 L = 1 um |
Na=1%10E18 cm—3 I
Nd=1%:8E16,5%1BE ' 6
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(; 18BE—-19 H~Z2)

NOISE CURPENT
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148 Vgs=0 volt

L=1 um
130 Na=1%108E18 cm—3
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.8 | la = 1%18E18 cm—3
2 ?"\ Voo = 1-5 volt
B \1
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S
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(23 3-4) 2 =FH 32} F7 o] whE pinch-off At FA



<E 3-9 HAZHF Y ¥+ dH

T —

AAd FA(um) | =Y SE(cm3) k3l ¥ 9] (GHz)

0.2 6.0x101% ~ 1 0x1017 < 90
0.3 2.4x1016 ~ 4 3x1016 < 85
0.4 1.3x1016 ~ 2 6x1016 < 84 :
0.5 7.0x1015> ~ 1,6x1016 < 86 |

135x10°15 ~ 150x10°15 A2§ W&E3He= W9IE Uebd Zlelth oy HAE 3
2lshd <& 3-4>9 Ttk ITHEE, 3&FA e AT ARY F37) A%
& fiste] EUx2H 27402 AYFY FAE 0.20 ~ 0.25 pn, =97 H9

= 7x1016 ~ 1x1017 cm~3 B 3} Zio] Ao E ¥ITHHCE

A 3 A p-InP/n-InGaAs JFET A3}

(23 3-5)2 BAZPAIZE 9lste] ALY JFETS] |2 3 <o|¥ Ty
& el R gt £ AT AIolA A st JFET F-&2] S3e2 |, A #Hie
(13.3-5-a)oll A&} o] ABEHEE Hoj= o] u-InGaAse] A= 23 BA} A
7+g 315 p-InPe] TR AP HEFLE p/n HYUE olF HZste ALE,
u-InGaAs 32 BHE7|Y FFFTLE o &L JFET A|Zol= AP|EL Zol&

ARSI QAT Yol 82 X Y2 Qonz wgUd EAs HEY 4

........34........



e Zolx, F A= (#.3-5-b)oflrel Zo| ZoliLe®] AlZt nfAaz
u-InGaAs& MR} Li= Lo - 2hXcotfe] Alo|E Zo|&F Zi= JFETE &
4+ 93, A 2 (3%, 3-5-e)ollA BExo] AA/ACE ] F5 ol A
7188 F2YS ¢ + otk 3 ¥ SHS BAPIHE AT HoiFHd FH
o2 F83%3, TH Y BYZ L A|EY EVALAHE A TE 4 3
= ZFELoE, (111)"o] YElts HAL o dE 3lH 6= 53.40 o]B2E u-InGaAs$
o] FAI7} h= 1.5 um ©|3L Lo= 3 um ¥ulj L1= 0.78 um &] Z2 Alo|E Ho|& &
& 4 oA "ch oy AAY] Ffole InGaAs 2] ZbAlof WAESH=E under-cut

slejstojol gt A R FAZ APIE/LLAL A¥YE &Y 4 A4 Il

8 o
{n

HA L8 J5E AT §82 248 2EIITt

p-InP/n-InGaAs JFET A Z& ¢|3}e] S.I-InP 7|29} o] n-InGaAs(2d=: 0.2 u
m,Nd = 1%1017 cm3), u-InP(AZ}a}ehE: 0.1 um), u-InGaAs(F-F4Z=: 1.5 um,
Nd<1015 /cm3)& LP-OMVPE(:76 wTorr)E 650 °CojlA] AdArs}lgic}.5).6) Hall &
ol &3t 4% H n-InGaAs®] H=A} o|FE+= AZojA 4,500 V/cmZso]gitt,
A glolHe] AZntARE EEHRAAEH MY Lo = 2,3,4,5 um HEF gl
531 5H3P04:1H202 & u-InGaAs& 15 10X b Mey Azigict, E Ayge A
of] 3%t under-cut& 0.5 um ©|PY2 2 up SIS E | um AoJE Zo|E ¢4
 ddcth. AlZAE ol 9l p-InPE LP-OMVPEE 600 °C of]A] 0.7 um, Na=
1018 cm-3 o] R =5 u|gH AX GAsa6). 100 p¥ F& Ti/Pt/Aug HolE
&2 Lift-off ¥WH O R E-beam Z%}3}airh, 412 oCollA] 30 % Hp/Nz J}A £
#1712 10 & F ¢ annealing®¥ith. F2H Ao]lE 4 AlzZtulAaz Ao|E
w0128 p-InPE 4HC1:H202 1& F¢t A ASIL u-InGaAsE 5H3P04: 1H20, 2 5

T FRE ATk AR ol Rt Il A AR|E YA YRE] u-InGaAsE



(a) 1st OMVPE Growth (d) pP- metallization

(b) InGaAs Selective etching (e) p- InP, InGaAs Selective etchin

- - 7727,

(c) p-InP 2nd OMVPE Growth (f) n- metallization

(2% 3-5) InGaAs JFET A&} g%



(AR 3-1) A2} InGaAs JFET ¥W A}zl

(AR 3-2) |2l InGaAs JFET T A}z



AASH] $Yolrt. 224 4 =l FE5F52L Cr/Aud E-beanl 2 F-2}%h
¥ Lift-off W& AME3l FAH3IAI o] 2&5F2 AOE R E2E ©ix)o
o5t =71 A @ xE]o] R, Cr/Aug] annealing 30 % Ha/N2 7FA w9710l A 385
oCollA] 30 X H¢t ¥t} ulxjw} WA polyimided ]R3} passivationd}i

e F5& ST (AR 3-1)2 AFE JFETY 98 Aol (A 3-2)+=

Al 4 A p-InP/n-InGaAs JFET B4 & 4l =29

ey AT AAA 2FHE Axje] BYHLES AYIYUL, Ao
A9 AL AHilLer LMAF LA AY A3 pinch-off AQ), output
resistance & HAJIAUT]
(L3 3-6)2 Al°lE Zol7l 1 uml JFETS] I-VE/JLE Vgs= 2.5 voltoA]
pinch-of f2& & 4 A3 Vgs= 0 voltolA] output resistance?} 592 @ o]t}
(2g 3-7)2 AE/402 At wtE ALITYHL JHOE Vegs= 0 volto]

A 87 nS/mnE B.otl (O 3-8)2 AolE/4alAd BE+= HAFE UERH

OF Vgs= -2 volt ol 141=93 nAR L}E}NES Aol 23t ALIHEL
o] ZhA AEOl gnd=-dlgd/dvgd7} Vdg=4 volto| A gma=0.5 mS/mmZ F3E FA|

5 2 oltl, (2 3-9)= AClE Zol7t 1 um B AolE/AQA ZHe] C-V

X,
Jg
rx,
o

A= Vgs = () V(f)ltoﬂ)*’] Cgsm 1.7 pF/n}m Q]j__ Vgsm 25 V{)]tt}ﬂk] %_]":ﬂ ']
depletion®& & 4= glo] (2% 3-6)2 pinch-off A3 AXEE ¢ + 2t
E3C-V EAL o] /Y AESFY =EFYE 4AHE%te BE ~ 2x1017 cm 3o g A

AbElgict, o] ¥ AR AlE Zojit 1 mdd FFol A FIeTE fo(i2n
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(3% 3-10)3} (2§ 3-11)2 A°|E Holo] wE ALITHUL W £04/7
olES] AsgLL HMIE BAFE DYZTAN HIEYL AO|E o[l &9
Sof el MYH 28 FoJES HA3] & 4 U2 ALEYRLL] F¥e 1
A Vel A& o 4 AUrh olgh 2 AEIEYHELS] S S ¢
4Q HULes 42020 H{AYR ¥ HAFA YRS FBPLE sciHrl
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(713 3-11) Ao]E Zolo] w}E Hs}gak MY
A543

Fal AAHE ¢%te] PIN-FAE7]8 43l FEE s AL
7188 AYH AARz} EBAAEHE AMFA HASAL OMVPE 278 F3
AMEIA| 2t 5o 38 WY& §3lo] InGaAs JFETE A 23tgich. A2 ER|AY
o] EMOoR 1 um AOJEY Aol Vgs=0 volt, Vds=0 volt oA ALIYEA

7t} gm= 87 mS/mm, HE}-EFFO] Cgs= 1.7 pF/mm 22 ATtFut47t 8.1 GHzY =



ME& Hoct AolE/AA2 FAHAFE 15101 LA o]glil, pinch-off ¢}
Vpo=2.5~3 volt o[glct. ol ¥ 54 A= S2AY FHU 2 Gbps Bl A
3T F3E A H4 2AE WFIA ok au, 2485 ERAAH
A 2hE 9%t AEFe FA W =% 2H, FSHYY A4, 1um o]3}Y
ACIE HEE B3t o|FHE 4 3l& Zojn o] & niyoE FAAAYE &

ofe] o] Yolg WY Aoz slojuc)






714 52 FEo] JAREEERE W dFEe] £¥Fe MUttt IFdME FHS
718} A FF717F AV G 357 FH 3 Y 3 EF
& Z4AA 24 D AYE FAE olE4 2o I T Y tiite] FHoidt
th. o] ¥ 44l OEICE GaAsy} InGaAs/InP EHAE AL&3dto] A 2}px]o]Zit}
0.8 L§&] 0.9 ume] ©tu}A GaAs OEICSS o]n] Z s§ut¥ MESFET 7j&& 7|Hte
Z 5 GHz o|’d8] g E& Z= 314d% OEICeH 1) 42b4 2,0007) ol4de] HFE
& Zt= IR A CEICEo]| UEH UL 2) T}t InGaAs/InP &3E AHERH 1.3
=] 1.6 um 3R] P44l OEICEE StolHel=of vl3) ofzix] 1 dso] ¥
A2 o HAH Axpe] X WA 42 Al dct. o] olf= A=A 4
Aot BHE7] Atole &2 W AF FHo| v Agolsim, EZ InPAH ER|A
Bl Jlgo] ol37tx] dsEol U] ol A FFHI| Figo| F31x X7
zfoltl. 2efA] InGaAs/InP AE $I¥ H7ix] MY FRE0] AEHIALH,
oA2i7ix| F228| ERRAEFo] FA &7 M AEo{Fc}. InP MISFETS} JFETO]
InGaAs PIN BH&7|2t FHA Aldl o] dem, 3. 4) HIZoE GaAstt InGaAst
2 Agyz|3o] & EAE FUS5LE ANE8to] MESFETL} HEMTE PIN PDL} MSM
PD2} A XA P 54S Uehla lct.5).6)

< dtolMe FH=7|9F JFETS] A2 FA3 4 compatibilityZ} of¢ $-4

¥ AMEE F29 PIN-JFET 3441 CEICE A3t ?) cf 22 7)2 OEICH]



M FBRE7|8} FETE X epig&°] Ee|H 3 olF £x1E8] Az 23
HA| QEE $YFHZLE gLt £ dFo)A AHH PIN-JFET OEIC XA
= T2 OMVPE F3of &3] HHH BE epiFdEYL BE A2 FAE0] S
PIN g &7]2} JFETS] A 3o Hasjrl §3], 7|&L I3 FRME 1 U
3 8] FAE BHFTSol EXXLYH FHoMs ULl ol oo 3
AL 2 FRoME o] Fo] FEHE ohel L3 o] F& oL}
FETS] 2}7] BE F2&F B3t AolE Zol& &d4 qlth

© BolMe H2doA A PIN-JFET OEIC & Y o|8] A2} FFof
st Zl&3tal, A3HolM A|ZH OEICY Fgo| #3te] 2z} 3 the] Az} gl

OEICH]| th3ste] 7|3t npxjuto s A4dolM ZAES UFTL

A 24 44 CEICY 2 9 Az 23

1. PIN-JFET OEIC®] &

A QFH 4l OEICY] whHXEZE (Og4-1)d it FEE7]E+ InGaAs PIN
PD7} AHEEZon, EWA|LHZ = 27] BE F24 InGaAs JFET7F AHEE Q)
ch %P InP 7|3t gjof AztEo] A xo] HAo| &4 AXIF AIH £
7} &olHE ohel 7|8 &Fo] Aol i FE W HUETHEE olET UEF
stglch, JFETS] 2jd%& InGaAs®E 314 Ing dopant® 3t p*-InPE2 F&E3¥ pn
Aol Mg ohel InGaAs®] Az} o]F =7l wjHAM & gn U B IAF F
2to] 7He3t=F 33Tt

PIN ¥A&7]= p*-InPZ, n-InGaAs FEFE4ZE, n-InP o3 AEZ u

n-InGaAsFF L& F/gx o] e g BEE P ZA3Es L2sid A F|
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80 un7t S| =5 stedch. JFETE ¢ R2o¥e] p*-InPE3} n-InGaAs A d2 08 3
AElo] 9lom thEAHQ AlE Zo] 4l &2 Z}Z} 2 ume} 150 umo|ch. ©] OEIC
F2e] BAL

- PD&} JFET Ato]&] A2} A compatibilityZ} wi-¢ #3iti= A,

- PD] FAE BETSS AHESI AU E F&2] JFETE vles AUte

Z, 3,

- JFETY] A0]E ZolE BA 294 = o] gtk

2. PIN-JFET OEICS] A2} &%

o] F4Al CEICE T 22 X0l &3l Azx[ojziv), ¥z WhAd InP
7135t 9)of OMVPES] &J3] F E<¢E H5711 x 1015 cnd FEQ 1.5 um F7
¢] undoped-InGaAs ¥&E4%2 0.1 um F72] undoped-InP ol AFF B 1 x
1017 co3  BEE ZtE 0.3 pm T8 n-InGaAs MEFE AHR ZAALT
ojwj OMVPE & ¢g o 2x= 27} 76 Torr YW 6500Ce|d, I[IF{ ARTE
trimethylindium (TMIn)3} trimethylgalium (TMGa)7} V& U EE= AsHz el PHs
7447} AFRE]OI R}, n¥ dopantE: SiHy7t AREE|o]ZcT), AH]H OMVPE 27
A ¥ yndoped-InGaAs F-EF 423} undoped-InP ol AFSE (111)In Ho| L}
ERIEE ot AE] o3 ych ojunf of¥H 492 JFETY pn Fiol L=
Ao|E RE3} Axty} |x5A] okt 2] doo] Hrh o] FFolA JFETY A
olE Zo] Lg7t AAEM, Lot InGaAs F¢] T t&} ol npa3site] Zo] Ly
of &3] thZz} Ze] HTL

Lg = Ly - t/tand

A7l o= oY AP AxR o Sbeolrt. aRE e X



lithographyoll 2]3] ZAA=l= ZojRrl o & ZHolg] AIEE ¥=+ 3irh
Th22 PIN2} JFETS] pn HELS 3357 $1¢ OMVPE Fgojr}. ol HHH epi

2 1 x 1018 cm-32] doping ® =& Zt& 0.5 un FA8] p*-InPFLE 4% 4l
LEX 76 Torr®} 600°Cojt}. p¥ dopantE: diethylzinc (DEZn)o|T}. o]@]it
o MH thH HelE 2t u|HH 7|3 ¢olM e InP dF R0 HStqE= A|23}
dE BaAe] x4 sl&dtednh. T AL pd AP AHG ¢85
Ti(200A)/Pt(400A)/Au(2, 000A)S lift-off 2o &3] 225}, RTAS o] &3}

o 4120Col|A] 302 %9Qt annealing¥tt}. 12|31 InP, InGaAs B! InP&E&EE X}

Z.

2 49 AT} oju) oA BLAZTE JFETE] Aol REE p¥ 24 Pl
FHE71E 93t E photoresistE ARERITE o] ol FFo] FUH 7 B
e] 27l B JFET F&71 ¥ "t oY SR E = InPE #I%tef 1HCL +
8H3PO4 7} InGaAsS $|3}od BH3POy + 1Hz0:7} 232} AlEHT) H& ZFHOEE=n
¥ ABE HFES #1¥ Cr(200A)/Au(2,000A) F2F % annealing, HH3} 4l
passivation® 9% 1 um S48 polyimide FA, 2] npxjeto
interconnection} Y8 padE $]%F Ti(200A)/Au(2,500A) Z2to] At} (!
4-2)= ol g AN A2 FH whHXolr}

(1384-3)& ol2} 2 FFoll 23l A=t PIN-JFET ¥<4] OEICS ¥ A}
A3 R =olrt, dLbe] OEIC A2 600 x 500 um22] 7| E zton, AAH A
el = 2A T8 PIN #HE7], InGaAs x| EF 08 ghEolA ¥H7)e] v}

ololLs M¥, A2|A A FFHIE BAEse FAY JFETE FA4F] art



(a) First OMVPE Growth

Undoped-InGaAs
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n-InGaAs
S.1.-inP Substrate

(b} Anisotrophic Etching of InGaAs
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(¢} Second OMVPE Growth of p*-InP
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A 33 ¥4l CEICY 54 W =9

1. A8 che] A=xpe] BA

7}. InGaAs PIN PD

] Eo0] 80 umQl InGaAs PIN PDi= -5 V2] ujojo]A AojA] M AFE 2
nA Axoln, HA £2+2 it 0.35 pF AEL & Yehlgch (234-4)=
HjolojA Zgle] ubE PIN PDY 4 Awe} B &&foltt, w4 AHF JHo=
HE o] AY FHolM= Ed o] &J¥t M7 breakdowno] doAAUA] USE ¢
4 ¢lon, C-VIZHoZ HE undoped-InGaAs %2] doping %=+ high 1014 1j
2] low 1015 cm3 FE2 AAHCE -5 Ve nlojojA HloA ZFH A &3
o7 Hy AL -3 dB thgdEL 9.1 GHzE 314 F3o] JI5¢E o4 qlrh
o]RL utHA InP 7|3 AMEESL FAE polyimideo] 2]¥t passivation® @
718 &%E& UF AAY bR AAZCL FEH Al (responsivity)s
1.3 um T}AollA] 0.47 A/NE SN o] I 45%8] quatum efficiencyo] tf-F
Hct F$H ATt olAE v|aH HL olf FHkA B o] EHoiddAl W7l
wj-Fo] Tl

BHE71Y BA £FL 718 &%l U= BT mm HYol BLH FEFTT
o] Ao ulFIRZE, FAS7|Y WHE Eo|BE 2K FEo| Jhedith. I
Ll olujoll= PRkl Ajol oA "Hrh & dFdAME ¢Y BE I
2}e] AL 2% 20 um X S2] PIN PDE o}& 8 Azl HAAE FA3tc
-5 VollA] &3E FH &2 75 fFE 7| &% AY UZS ¥4 3L 9]

AL 42.4 GHzo] tj¥EE o g 234 Fao] s o4 oth
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L}, dlojoj& A%

1 x 1017 cm~38] doping =& Z+t 0.3 um F72] InGaAs @3 2] sheet
AR 77 /000, F 100 pm Zo] 77 um A viojoji A} AFIEE 100
ot} o]8} o] nioJolA Ayglo] AL o] K= FpAl OEICY & T2 ¢
siAojrt. B2 CEICY 4 ZEE BAAI7] ¢3iMEe HHo2 & A

e AT Hevt slon o|FA FEEHN HAF = thYFLE equalizer HE
of &3] Htx]ojof ghr}, (14-5)% vliojoja A [-V FHog nj H¥

A 54& LERAL glth

t}. InGaAs JFET

Aol E Zol7} 2 umo]iL Fo] 150 um) FEF A AL InGaAs JFETE 53
24 gl Mgt conductance HAo] (A7 4-6)0 qtrt. Y conductance S A
o]E Hglo] 0 Vo|il =gU-4A FHQfo] 3V dumjl B 45 mS/mmo| 3L ik
2 110 nS/mmo|T}. Pinch-off AhE -2.6 Volx, E3 =& ¢l AF (Ipss) =
37 AR o] 2 0.25 A/mmo]l ctH-EHTL ${2} H2 HiolojA XA &9
conductance= 10 nS/mm, AHo]E-ALAZF AAH R2F (Cis)= riZ 4.0 pF/mmo]

ch. 2@ BE o] JFETE] Huj Xwt FupiE oF 4.4 GHzz} W}

7}, AA] FF7)
Ax FE7]= 258 JFET active load® FZEO glon o] Fr|e

JFET= AlolE Zo| 2 um F 150 ;T LS IJ7|E Z5 el o] g¥t F-F7]¢
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(L=2 um, W=150 pum)
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Gate Voltage, Vg [V |
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A43% DC AYY o]FZ Fo3 ujojojA HolA T3} o] Hrh
Av = - gn/280ut

A7]AM gn H gour= Z}Z JFET] A% conductance?} &8 conductance
Zteltt. o] TS APlE A W =aEd-4£0A Ao wEl WA 2R Hlo]
olA zZAo] 23} AAHch Vpprt HARE 2t} JFET] Vps7t AAA =i 29
] 28 conductance 3to] FHOR|A Eof AN A o]Fe] HRA|A Hrl.

| 2tE OEICY AR $F7] B Alo|E Hgo] 0 VoliL VppZt 4 V ofA]
15 V 7128 ol d FAEHALH, FHol A} o|52 VppZ} 15 VW 12.5%
LIty (3§l4-7)E AX] FF57)4 == A

3 FAdelch 0V F22

¥ 5
U AloJE AdolM Hrf AL o]Fo] UElHS &4 en, AY Fio] H

L}. PIN-JFET OEIC

PIN ZZAZ7]8} 100 0] ufojoj A A3} 2|2 AX| FF7|7F AAH P44l
OEICe] DC W Fyl4 HAZE FA sty HBE7]0 /71H FAFol S &9
Aot 542 VppZh 15 V ¢dufl 1.2 KO BEE JEelyton, Jdgie] X3} &Y
e 8 mA AEE FL A4rt 0.47 A/W Aol #cf 12 dBm 7hA] 8] W&o
52},

o] F4=al OEICS] =¥}4 EA L SPICEE o]&3}o simulation 3}it}.
Simulationo]] AHEH F7} 3|28} parameter ghEo] (1H4-8)of Ligfolct #7
7= FAFLI -5 Ve vlojojA HeloA S H 38 capacitorE FIIAA
o, JFET= SPICES] JFET EH-& ARE3tgth 9o Jywie] 7148 gatog

10 fF& 7Hg3taen, JFETY &cte] 7|48 £¢o= =gz}l LA 0]
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Ade B3 Cpsot 713 B CsuvE 7HP3H 242} 30 W 10 fF 28 HA3}
ot} 2ea 34 E4719 oY ANYA Zia& 50 03 1 KO Z-Foll th3}
o simulationd}eit}. (2¥4-9)= simulation W FFH Fip B ZIXMOT
(a) W (b) ML BAM7]e] ¢ YygAE 50 ¢ ¥ 1 KO E simulationZlS

gL d
mo] Azjoln AN ZHL ZAHH Ajoity. FFL 3 GHz 7] &F THeRt
2l 3A =Ae] lightwave components analyser® ZA3lgitt ¢4 dxdAr}
50 008 simulation® (a) ZAe] ZA-$ CEICY &Y<z} ¢¥|WA matchingo]
o] Fo]x]2] oo} FZ peak7} Y= A& B4 den, oA §F AHE
Uehta glth ol2dt A peakd] AAE $3lA= CEICY] &¥thof buffer 3
ZE ¥ AFHIAU 2 ¢Y dudAE ZEe 4712 FHlojof Tk 1K
o] 2 Y YYPAE sipulationd} (b)] FFole o] ¥t F3F peakZ} AlelA]
= Ag B4 glon on thgEFE 1.2 GHzE YElydt) o] jt thg &2 NRZ
AT E 2.1 Gbps 7HA] F2A|Z 4 glrt. (8]

o] OEIC2] 2 GbpsollA] 4=217t%= BERo] 10-% duf -20.5 dBmoE AAIH
th, Aol AFEH ¢4 A2 AAAE HIAMo] Lte} 9l parameter {f
E2 F3H UE=EA thEE <3E4-1Dof gt

(H4-1> 435 Aite] AHS-¥H parameteri})

I Parameter l Notation l Value
Bias Resistance RL 1060 Q

. Leakage current It 10 uA
Input capacitance Ct | 1.2 pF
Transconductance gm 6.7 nS
Quantum efficiency N | 45 %
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Parameter Values

JFET SPICE

Model Values

I
<
),
O

1.78 x 103w/A /

0.6 V1 e
 -26 V. ¢
1x 1020 A

_Dm
-

1nA
100 @ *
04 pF *

=

L

10 fF **
Cps1
Cps2
Csub1
Csub2

30 fF ** 059 pF *

30 fF ** Cepo | 013 pF *

)P, QO
-

M —t

© 1o

10 fF **
10 {F ««

N
>

w {70
-
o
<<

502, 1 KQ

o
-
e,

*

ey | - |

* Measured value, ** Assumed value

(1.®14-8) SPICE simulationofl AR&H OEIC?] 571 3 & Y parameter IS
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A4d 2 &

& oAM= PIN FHE7|8 vlolo]& ¥ 2|3 T4 JFETRE o] F
A AA FZ7) 325 ZHY P44 EICY &, HA 23 2 B #©3}to
Jlgstact ALY FeAl CEICY F2RE FHE7ISE JFET Aloly FBA
compatibility7} »i-¢ $3t, FHE7Y FAL BFTFTZ €3l p*-InP
Fol ¥l RS ¥ A BE F2Y JFETE UET & Ao Alo|E Zo]
& A €45 U Bl Atk o F4Al 0EICY A2 F8o] HYEFglen,

o] Aol 2]ty 500 x 600 um2e} Z7|E Zt= OEIC o] jzteddct. A3

H CEIC 8] A2 i3 ¢t

Dimension of devices

- PIN PD : Diameter = 80 um
- Gate length = 2 um
- Gate width = 150 um

- Resistor = 100 x 77 um? { fabricated using channel layer )

Characteristics of OEIC

- Transconductance = 45 mS/mm for Vg = Q0 V

- Total input capacitance = 1.2 pF for Vg =0 V, Vp = -5 V
- Quantum efficiency = 45 % for A = 1.3 um

- PIN PD leakage current = 2 nA for Vp = -5 V

- Bias resistance = 100 Q



- Voltage gain of pre-amplifier = 12.5 for Vpp = 15 V

- Input saturation level | Iph.max = 8 mA

- Bandwidth of OEIC = 1.2 GHz

- Maximum bit rate (calculated) = 2.1 Gbps for NRZ code

- Calculated sensitivity = -20.5 dBm for BER = 10-9

o] 44l CEICE] H5A& bit rate®} 4l ZAEL] FHo|A 1988d o] ¥
UEH o] 8 2FSY Aot (2d4-10)olA vlasigich. ofz7ir] whdd
A Ao ApEo] a1y Jjo|He|= PIN-FET F4l7]o] H]3} 50| ¥ EojA|
AL B9 9den, 43y Az AA #& ul3] o 3 =] 5 dB FHA]
e A& 45 Urh

#F4] CEIC 418 g2 HAle HA 421 5 P4 U BHE A|E
Zolg © &ojof H, ¥A Ti/Pt/AvE AHEY pB AYY AEHS 5480l $X
XIERE F2 FEF 54& ZodA o nfAIEM YFEE s e 4
2 pB S5 tAlstoiof gt O ohet F3H Agd ¥AAE H3 ¥HE
7ol FHIAL IS dl= ' @2 Aleltt. dzla HAZXE FAAA
buffered FET logic (BFL) 3|2 W trans-impedance feedback ¥ Z& 23 A]# o}
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