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ABSTRACT 

The i ntegrated optoelectroni c s  bas ed on InGaAs P / lnP materials  

system are s tudied for appl icat ion to optical s ignal process ings . 

The InGaAsP / I nP system i s  very important for long-wavelength 

optical f iber communications . Generation , detect ion , and comput

i ng for optical s igna l s  are required to achieve optical signa l 

proces s i ngs . I n  this s tudy , three devices corre sponding to opti 

cal s i gna l generation , detection , and comput ing a r e  developed . 

Both the fabri cation of integrated s tructures and the characteri 

zation o f  fabr i cated devices are concerned . 

Process  technologies for the I nGaAsP / l nP materials  system are 

described f i r s t . They are epitaxial growth , insulator f i lm depo

s i tion , etch i ng , dopant d i f fus ion , a nd meta l l i z ation . Espec ially 

for the etching and the meta l l i z ation , such new technologies a s  

the reactive i on etching ( RIE ) u s i ng a mixture of Br2 and Ar 

gase s , and the transmi s s ion l ine model ( TLM ) method using a new 

contac t  arrangement are proposed and ut i l iz ed . 

The integration of a laser diode and a pas s ive waveguide i s  

s tudied for opt ical s i gna l generation . Two new i ntegrated s truc

ture s , a s e l f - a li gned integrate loaded ( SAIL ) guide and a pas 

s ive/active l oaded ( PAL ) guide , are proposed . Three s tructures 

i ncluding these two and a bundle-integrated-guide ( BIG ) are fab

r i cated . The guid ing lo s s  of the waveguide and the coupl i ng e f f i 

c i ency between the laser and the wavegui de a r e  evaluated for 

these three s tructures .  The SAIL guide i s  a l so appl ied to the 

integrated pas s ive cavity ( IPC ) laser cons i s t ing of an active 

c av i ty a nd a long p a s s iv e  c av i ty . I t  exh i b i t s  s tab l e  s ing l e  

l ongi tudi na l  mode o s c i l lation wi th a narrow spectral l inewidth . 

The mono l ithic photoreceiver i ncorporating a photodiode and a 

preamp l i fier i s  deve loped for opti ca l  s i gnal detect ion . The pho

torece iver con s i s ting o f  a pin photod iode , four j unction f i e ld

effect trans i stors ( FET ' s ) , four level shi ft diode s , and a feed

back re s i stor i s  successfully designed and fabr i cated . The band

width i s  mea sured with respect to d i s s ipation current for the 

three types of photorece ivers which are d i s tingui shed by the gate 

l ength and the feedback res i s tance . The experimental results are 
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wel l  explained by theoretica l cons iderations , and coincide with 

the results of computer circuit s imulation . Transmi s si on charac

teristics are measured to eva luate the sensi tivi ty . I t  is l imi ted 

by the 1 / f noise of the front-end FET and improved by increasing 

the feedback res i s tance . 

The photonic parallel memory ( PPM ) which i s  an array of opto

electron ic bi stable switches is proposed and fabricated for proc

e s s ing optica l  s i gna l s . The switch cons i s t s  of a heteroj unction 

phototrans i s tor ( HPT ) and a l ight-emi tting diode ( LED ) , and the 

switching and b i s table operation are caused by the optical pos i 

tive feedback from the LED to the HPT . In addition t o  the elec

trically erased PPM having only swi tche s , an opt ica l ly erasable 

PPM is also demonstrated . The optical reset function is atta ined 

by an addit ional HPT connected to the swi tch electrica l ly in 

para l le l . The memory operation of the PPM with functions of opt i 

cal wr ite-i n ,  read-out , and eras ing i s  demons trated . 
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I. INTRODUCTION 

The remarka b l e  progr e s s o f  e l e c troni c s  h a s  been a t ta i ned 

through the integration technologies of S i  electronic devices . 

Optoelectronic devices ba sed on al loy and compound semiconduc 

tors , such a s  AIGaAs / GaAs and InGaAsP / lnP ,  are now o n  the way to 

integration a s  e lectronic devi ces have been evolved from di screte 

devi ces into integrated c i rcuits ( IC ' s ) . It i s  the natura l trend 

of development in optoe lectroni c s  to pursue the integration of 

optoe lectroni c devi ces . 

In genera l ,  the i ntegration technologies of optical or opto

electronic devices are cla s s i f ied into two categorie s . One i s  

" integrated opt i c s "  or a n  "optical I C "  which i s  aimed a t  the 

integration of d i f ferent kinds of optical device s . The other i s  

a n  " optoelectronic i ntegra ted c ircuit "  ( OEIC ) i n  whi ch optoe lec

tr o n i c  devi c e s  are i n t e grated w i th e l e c t ron i c  c i r c u i t s . The 

OEIC ' s  are fabri cated only on semiconductor substrates , whi le 

die lectric and semiconductor substrates are used for opt ical 

I C ' s .  

The die lectr ic opt ical I C ' s con s i s t  of the opti ca l  devices 

whi ch do not perform convers ions between photons and electrons . 

On the other hand , some semi conductor optical I C ' s  i nc lude opto

e lectronic devices converti ng electrons to photons or vice versa . 

From the viewpoint of thi s  the s i s  s tanding on optoe lectroni c s , 

the semiconductor optical IC ' s  i ncorporating optoelectronic de

vices are only taken into cons ideration among optical I C ' s .  The 

f i e ld i ncluding both th i s  kind of optical IC ' s  and the OEIC ' s  can 

be termed as " integrated optoe lectroni cs " . 

In this thes i s , the thi rd category of integration i s  added to 

the integrated optoe lectronics . It i s  an " optoe lectronic inte

gra ted device"  ( OEID ) proposed by A .  Sasaki [ 1 ] .  The OEID i s  

d i s tingui shed from the OEIC a s  fol lows : I n  the OEIC , optoelec

tronic devices and electronic devices are integrated mono l ith i 

c a l ly onto a semiconductor substrate , and they are connected with 

e lectr i ca l ly conducting elements .  The OEID i s  the mono l ithi c  

i ntegra tion of devices onto a s emi conductor subs trate , with no 

conducting elements being used for the connection among them . 
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The bas i c  i dea of the integrated optics  was f irst proposed by 

S . E . Mi l ler in 1 9 6 9  [ 2 ] .  It i s  a proposal for a miniature f orm o f  

laser beam ci rcui try in which a dielectri c  waveguide i s  used not 

only a s  the means of optica l  connecting but also a s  active de 

vices such a s  a laser , a modulator , and a d irectiona l  coupler . 

The purpose of the integration i s  to i solate the laser c ircu i t  

assembly from thermal , mechanical , and acoustic ambient change s 

through sma ll overal l  s i z e , and thus rel iabi l i ty and economy are 

expected as ult imate resul t .  

The bas ic components for Mi l ler ' s  I C  are a "pa s s ive " waveguide 

transparent for s i gna l light and a laser with an "active" wave 

guide . The integrated structures of a laser and a pa s s ive wave

guide were fabricated succes s ively in 1 9 7 4 - 7 5  [ 3 - 6 ] .  Though they 

were exhibition of integration itsel f , one of them demons trated 

the modulation of laser output using a pas s ive waveguide [ 3 ] . 

Afterward , a pa s sive waveguide was used a s  a wavelength mul t i 

plexer combined wi th s i x  di stributed-feedback ( DFB ) lasers [ 7 ] ,  

and one of two lasers coupled through a pa s s ive waveguide wa s 

used a s  a detector or an ampli f ier [ 8 , 9 ] . 

Al l of the i ntegrated structures descr ibed above were fabr i 

ca ted with the AIGaAs / GaAs materia l s  system . However ,  i t  i s  re

quired to use the InGaAsP/ lnP mater ials  sys tem for long-wave

length ( 1 . 3  - 1 . 6 �m ) opti cal f iber communications . The i ntegration 

of an InGaAsP / lnP laser and a pa s s ive waveguide was f i r s t  demon

strated in 1 9 8 0 - 8 2  [ 1 0 , 1 1 ] ,  in whi ch a pas s ive waveguide was used 

a s  a distributed Bragg ref lector [ 1 0 ] and two l a sers coupled 

through a pa s s ive waveguide were used as opt ically coupled las 

ers , a laser with a photodiode , or a resonant optical amp l i f i er 

[ 1 1 ] .  In the same period , optical swi tch , whi ch i s  thought to be 

another important active device in the optica l  IC , was fabr icated 

using InGaAsP / lnP [ 1 2 , 1 3 ] , and the integration of DFB lasers and 

an opt ical switch wa s a l so demonstrated [ 1 4 ] .  

On the other hand , A .  Yariv proposed the integration of opto

e lectronic and electronic devi ce s  in 1 9 7 2  [ 1 5 ] .  The expected 

mer its of integration were high re l iabi l ity , low cost , and sma l l  

s i z e  as wel l  a s  high-speed operati on becaus e  o f  the reduction o f  
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parasitic capa ci tance and inductance between optoelectronic and 

e lectronic device s . Yariv ' s  proposal was embodied to be a real IC 

by C . P .  Lee et a le i n  1 9 7 8  [ 1 6 ] .  I t  wa s the f i rst OEIC on a GaAs 

substrate , in whi ch a laser diode and a Gunn oscil lator were 

integrated . The OEIC on an InP substrate was f irst fabri cated by 

R . F. Leheny et ale  in 1 9 8 0  [ 1 7 ] .  It was a receiver OEI C  cons i s t

i ng of a pin photodiode and a j unction f i e ld-ef fect transi stor . 

Though the concept of the OE IC was born in USA and the first 

OEIC wa s fabrica ted a l s o  i n  USA , the devel opment of CEI C ' s  ha s 

been l ed by compani e s  in Japan after 1 9 8 0 . Thi s  i s  because the 

OEIC was recogni zed as a key device i n  the National Res earch and 

Development Proj ect entit led " Optical Mea surement and Control 

Sys tems " whi ch is started in 1 9 7 9  by the Minis try of Internation

al Trade and I ndustry ( MITI ) in Japan . In the proj ect , deve lop

ment o f  GaAs-based OEIC ' s was mainly promoted [ 1 8 , 1 9 ] , while 

InP-ba sed OEIC ' s  were developed in para l lel but independently of 

the proj ect [ 2 0 - 2 3 ] .  As a result , the bas i c  technologies for 

integrating a laser diode or a photodetector with electronic 

c i rcui ts for both material sys tems were fa i r ly we l l  developed 

unt i l  1 9 8 6 . 

The recent research areas of the integrated optoe lectroni cs 

are thought to be c l a s s i f ied into three categories summari zed in 

Table 1 - 1 .  Thi s  c l a s s i f ication ha s been proposed by the author 

[ 2 4 ] .  In thi s table , " OEIC" i s  the succes sor of the prototype 

OEI C . I t  incorporates a s ingle optoelectronic device and a large 

electronic cir cui t .  The current intere st in the OEI C i s  low cos t 

and high-speed operation . The former wi l l  make the OEIC to be a 

key device for f iber -opt ic subscriber systems and the latter i s  

imp o r t a n t  t o  a p p l y  the CE I C  t o  l a r g e  capa c i ty opt i c a l  f i ber 

transmi s s ions . 

The second category i s  the s emiconductor optical I C  i ncorpo

rating optoe lectronic device s , whi ch is recently called as a 

"photoni c I C "  ( P IC ) [ 2 5 ] .  The PIC incorpora tes d i f ferent kinds o f  

optical and optoe lectronic devices connected with optical wave 

guide s . Al though i t  ha s not been rea l i zed yet , the mos t  attrac

tive appl ication of the PIC is an integrated coherent opt ical 
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receiver incorporating a frequency - stabi l i zed DFB laser , a 3 -dB 

coupler , a balanced receiver , and surrounding c ircuits [ 2 6 ] .  

In the OEIC , optoelectronic and electronic devi ces are con

nected wi th conducting wire s , and they form the circu i t . In the 

PIC , those devices are connected with optical waveguides ,  and 

they form the c ircui t . However , optoe lectronic devices can be 

connected or i ntegrated directly , and they form j ust l ike a new 

device . Thi s  i s  the OEID c la s s i f ied in the thi rd category . The 

OElD creates new functions such as optical ampli f ication , opt i ca l  

bistabi l ity , and optical switching whi ch are hard t o  be observed 

in individua l devices [ 2 7 ] .  The OElD has the advantage to be 

integrated in a large scale two-dimens iona l  array . In the array , 

optical s i gnal s  are proces sed i ndependently by each constituent 

and conducting elements are used only for power supp ly . 

From another viewpoint , the OElC , the PIC , a nd the OEID are 

optica l ly one , two , and three -dimens iona l device s , re spectively . 

The optoelectronic device in the OEIC i s  usua l ly coupled to an 

Table 1 - 1  Clas sification of recent research areas in the inte

grated optoel ectron i c s  ( OEIC : optoel ectron i c  integrated 

circuit , PIC : photonic integrated circui t ,  OEI D :  optoe lec

tronic integrated device, TDM: time divi sion multiple xing , 

and WDM : wavelength division multiple xing ) .  
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opt i ca l  f iber which guide s the opt ical s i gnal one -dimens iona l ly . 

In the PIC , the optical a nd optoelectronic devices are connected 

wi th opt i ca l  waveguides laid two-dimens i ona l ly on the substrate 

plane . The DEID can be arranged in a two-dimensional array , and 

opt ical s igna l s  are transmi tted three-dimens iona l ly in the free 

space . 

As described above , the DEIC , the PIC , and the DEID are d i s 

tingu i s hed b y  their conf igurations , optica l dimens ions , advan

tage s , and appl i cations . However , the proces s technologies for 

fabr icating them are a lmost common . Furthermore , the clas s i f i ca

t ion is va l id only for the current devices . In the future , e lec

tronic c ircui ts wi l l  be integrated a l s o  in the PIC , and a two 

d imens ional array of DEIC ' s  wi l l  be deve loped . The former i s  the 

combination of DEI C  and PIC , and the latter i s  that of DEIC and 

DEI D .  Any combination among the DEIC , the PIC , and the DEID wi l l  

b e  constructed i f  the problems i n  fabri cation are solved . In 

other words , a l l  of the DEI C , the PIC , a nd the DEID are in the 

f i e ld of integrated optoelectronics based on the same process 

techno logies and wi l l  be unif ied into a s ingle category i n  the 

future . 

The h i s torical background , the current s ta tus , and the future 

trend of the integrated optoelectroni c s  have been reviewed and 

d i s cussed . As described in them , the InGaAs P / l nP mater ials system 

i s  very important for applications to long-wavelength optical 

f iber communications . The purpose of thi s s tudy i s  to advance the 

I nP -bas ed integrated optoelectronics through upgradi ng the proc

e s s  technologies for the InGaAsP / lnP material s . In thi s study , 

three types of devices are deve loped for optical s igna l proces s 

i ng s . Generation , detection , and computing f or optical s igna l s  

are required t o  achieve opt ical signa l proce s s i ngs . The three 

devi ces correspond to optical s i gnal generation , detection , and 

computi ng .  In add ition , they are typi cal examples of the PIC , the 

DEI C , and the DEI D .  

The the s i s  i s  composed o f  s i x  chapters a s  f o l lows : In Chapter 

I I , the process  technologies for InGaAs P / lnP materials are de

s cribed . They are epitaxial growth , insulator f i lm deposition , 
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etching , dopant d i f fusion , and metal l i zation . The proces s  tech

nologies are advanced through the development of devices present

ed in the fol lowing chapters .  The devices are succes s fully fabr i 

cated owing t o  the process technologies deve loped herei n . 

In Chapter I I I , the integra tion of a la ser d iode and a pa s s ive 

waveguide is presented . It is the integration in optical s ignal 

generation , and i s  the bas i c  combinations for construct ing P IC ' s .  

Three integrated structures are fabricated and characteri z ed a s  a 

laser d iode with a monolithical ly-integrated externa l cavity . The 

guiding loss of the waveguide and the coupling e f f i c i ency between 

the laser and the waveguide are eva luated for the se s tructure s . 

In Chapter IV , a monol ithic photoreceiver incorporat i ng a pin 

photodiode and an amp l i f ier circu it i s  demons trated . I t  i s  a 

typica l OEIC f or optica l  signa l detection . The photoreceiver 

incorporating a pin photod iode , four j unction f i e ld-effect tran

s i stors , four leve l shift diodes , and a feedback res i stor i s  

succes sfully des igned and fabri cated . The frequency response and 

the sens itivity of the photoreceiver are measured , and the l imi 

tat ion factor s for them are ana lyzed . 

In chapter V ,  a two-dimens ional array of optoe lectronic b i s t 

able switches i s  demonstrated . I t  i s  the OEID based o n  the new 

concept proposed in thi s  study , that i s , a large s ca l e  integra 

tion of optoe lectronic devices with an identical structure . Thi s  

array has potential appl i cation to optical interconnections and 

optical digital computi ng . 

In Chapter VI , maj or and important results obta ined through 

this study are summari zed . 
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I I . PROCESS TECHNOLOGIES FOR InGaAsP/ lnP MATERIALS 

2-1. Introduction 

The fabrication s teps of InGaAsP/ lnP i ntegrated dev i ce s  are 

bas ica l ly the same a s  those of S i  or GaAs IC ' s .  Epitaxi a l  growth 

of semiconductor crysta l s , deposit ion of insulator f i lms , photo

l ithography , process i ng for crysta l s  such as etching and dopant 

diffus ion , and meta l l i zation are repeated to accompl i sh the de

vice structures .  However , the epitaxial growth takes more impor

tant part in i ntegrated optoelectronics than i n  the fabr i cat ion 

of S i  I C ' s  s i nce i t  constructs heterostructures bei ng e s sential 

in optoelectronic devices . In regard to the process ing for crys

ta l s , the etchants and the dopants for InP or InGaAsP are d i ffer

ent from thos e  for S i  or GaAs , and metal s  for ohmic contacts are 

a l so dif ferent . Deposi tion methods of i nsulator f i lms used in the 

Si process can be applied to I nP though more carefulne s s  i s  re

qui red for depo s i t ion conditions because InP is damaged more 

ea s i ly than Si or GaAs by heat treatment or plasma exposure . 

In thi s chapter , the proces s  technologies for the InGaAsP /  I nP 

materia l s  system , such a s  epitaxia l growth , insu lator f i lm depo

si tion , etching , dopant d i f fusion , and meta l l ization , are de

scribed in detai l .  They are advanced through the development of 

devices presented in Chapter s I I I , IV , and V .  The devices are 

succes sfully fabri cated owing to the proces s  technologies de

veloped herein . Thus the proce s s  technologies de scribed in thi s 

chapter and the device technol ogie s  in Chapters I I I  - V a re close

ly related and support each other j ust l ike two whee l s  of a cart . 

2-2. Epitaxial Growth 

2-2-1. Liquid-phase epitaxy 

The methods for epi taxial growth of I I I  - V s emi conductor mate

ria l s  are genera l ly cla s s i f ied into l iquid-pha se epi taxy ( LPE ) , 

hal ide and hydride vapor-phase epitaxy ( VPE ) , organometa l l i c  

vapor- phase epi taxy ( OMVPE ) ,  and molecular beam epitaxy ( MBE ) . 

Among them , LPE i s  the most e stabl i shed technology . High-q ua l i ty 

epi taxial layers can eas i ly be obtai ned by LPE though the growth 
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of very thin « 0 . 1  j.l m ) layers and the preci se control of layer 

thickne s s  are d i f f i cult . LPE has been used to grow epitaxia l  

layer s  f o r  a l l  the devices demons trated i n  thi s  the s i s  except for 

the mono l i thic photoreceiver wi th an improved s tructure . 

The apparatus for LPE used i n  thi s  s tudy i s  a common s lide 

type [ 1 ] .  A graphite boat with eight bins i s  loaded in a three 

zone furnace wi th a PID-temperature control ler and a high-speed 

boat loader . The supercool i ng technique [ 2 , 3 ]  wa s used for the 

growth of InP , InGaAs , and thi ck (> 1 j.lm ) InGaAsP layers with a 

cool ing rate of about 0 . 7  °C/min , whi l e  th i n  « 0 . 5  j.lm ) InGaAsP 

layer s were grown by the two-phas e  solution technique [ 2 , 4 ] .  The 

s oaking wa s done at a temperature of 6 7 0° C  for 9 0  min and the 

growth wa s started at about 6 3 5  ° C .  The exact growth temperature 

and the l i quidus compo s i tion for each layer have been determined 

corresponding to the sol idus compo s i t ion and the layer thickne s s . 

Typical growth cond i tions for InP , InGaAsP , and InGaAs layers are 

summar i zed in Table 2 - 1  • An examp le of a cros s - sectional s canning 

e lectron mi croscope ( SEM ) photograph of InGaAsP and InP layers 

grown by LPE is shown i n  Fig . 2 - 1 • 

Table 2 -1 Typical conditions of LPE growth for InP , InGaAsP ,  and 

InGaAs layers . 

SOLIDUS THIC KNESS GROWTH TEMPERA- TIME LI QUIDUS COMPOSITION 

COMPOSITION ( 11m )  METHOD TURE ( OC )  ( SEC ) 
i i 

x
i 

x
Ga 

x
As P 

InP 0 . 9  s . c. 6 3 5 . 0  2 0 0  0 0 0 . 6 5  

I nP 0 . 9  s.c. 6 3 0 . 2  1 0 0 0 0 0 . 6 3  

I nGaAsP 
1 . 2  s . c. 6 3 2 . 0  4 0  0 . 3 9  3 . 0 0  0 . 4 0 

( Ag = 1 . 1  j.lm ) 

InGaAsP 0 . 3  T . P .  6 3 5 . 0  7 0 . 9 7 4 . 9 0 > 0 . 1 9  ( Ag = 1 . 3  j.lm ) 

I nGaAsP 
0 . 3  T . P. 6 3 0 . 2  1 0  0 . 9 0 4 . 7 0 >0 . 1 9 ( Ag = 1 . 3  j.lm ) 

InGaAs 2 . 0  S . C. 6 3 0 . 0  2 2  2 . 4 0 5 . 4 4 0 

Ag : Bandgap wavelength , s.c . :  Supercool ing , T . P . : Two-phase 
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111m 

./ p-lnGaAsP /' (Ag = 1.1 11m) 
�p-lnP 

InGaAsP 
(Ag = 1.3 11m) 

� n-Inp 

� p-lnGaAsP 
(Ag = 1.3 11m) 

Fi g. 2-1 Cross-sectional SEM photo graph of InGaAsP and InP mu1 -

ti1ayers grown by LPE . 

2-2-2. Organometallic vapor-phase epitaxy 

Compared with LPE , OMVPE has advantages in controllabi l ity and 

uni formi ty of grown- layer thickne s s  whi ch enable one to grow very 

thin layers . Furthermore , it has two additional advantages which 

are uti l i zed in growth of the epitaxial layers for the monol i thic 

photoreceive r . The first i s  the growth of InP on InGaAs . I t  i s  

usua l ly impos s ible to grow thi s  layer structure by u s i ng LPE 

Table 2-2 Typical conditions of OMVPE growth for InP and In GaAsP 

layers . 

SOLIDUS THICKNESS TEMPERA- PRESS URE TIME FLOW RATE ( mol/min ) 

COMPOSITION ( 11m )  TURE ( °C ) ( Torr ) ( min ) TEIn TE Ga AsH3 

InP 0 . 5  6 0 0  1 5 0 1 7  2 . 1 4  0 0 

X1 0 - 5  

InGaAsP 0 . 5  6 7 0  1 5 0 1 9  1 . 1 9  2 . 1 4  8 . 9 3 

( Ag = 1 . 1  �m ) X1 0 - 5  X1 0 - 6  X1 0 -5 

Ag : Bandgap wavelength 
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140 pm 

1 GAS 
FLOW 

InGaAs MESA 

Fi g .  2 -2 Photomicrograph of an InP layer grown by OMVPE on the 

InP substrate with an InGaAs mesa .  

s ince InGaAs i s  d i s solved i n  the I n  melt super saturated with P .  

The second i s  the growth on the substrate wi th mesa -shape struc 

ture s whi ch usua l ly cause res idua l s  of the In melt after wipe-off 

duri ng the LPE growth . 

The apparatus for OMVPE u sed in thi s  s tudy i s  a low pres sure 

OMVPE system composed of a fast switching manifold with low dead 

volume and a hor i zonta l quartz reactor whi ch contains a graph ite 

susceptor [ 5 ] . The susceptor i s  heated induct ive ly and has a 

t i lted angle o f  1 5° aga inst gas f low . Typica l growth conditions 

for InP and InGaAsP layers are summar i z ed in Tabl e  2 - 2 . Triethy l 

i ndium ( TEIn ) , tr iethylga l l ium ( TEGa ) , ASH3 , and PH3 a r e  used a s  

s ource mater i a l s  and H2 a s  a carrier gas with a tota l f low of 

6 5 0 0 c c /min . A photomicrograph o f  an InP layer grown by OMVPE on 

the I nP s ub s t r a t e  w i t h  I nGaAs me s a s  i s  s hown in F i g . 2 - 2. A 

smooth and uni f orm l ayer i s  grown both on tops and on s ide wal l s  

o f  the mes as . 

2 - 3 . Insulator Film Deposition 

Two kinds o f  insulator f i lms have been used i n  fabrication 

proc e s s. They are Si02 depo s i ted with chemica l vapor deposition 

( CVD ) and S iNx wi th pla sma CVD . The latter f i lm has advantage s of 
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good step-coverage and re latively low depos it ion temperature 

though high-temperature heat cycle after depos ition often gener 

ates cracks in i t. To prevent thi s , the S i 02 f i lm w a s  ove r la id on 

SiNx in some cases . The S i02 f i lm was depos i ted with an a tmos

pheric-pre ssure CVD system ( AMS 2 6 0 0 , Appl ied Materia l s ) . The 

deposition temperature wa s 4 2 0  DC. The s ource gases were SiH4 
( N2 -base , 5 % , 6 8 0  cc/mi n )  and 02 ( 3 0 3  cc/min ) ,  and the carri er ga s 

was N2 ( 6 2 i /min ) . The depo s it ion rate for these condi t ions wa s 

5 0 0  A /min . 

The S iNx f i lm wa s depo s ited with a plasma CVD system ( PED3 0 1 , 

Ane lva ). The source ga ses were SiH4 ( Ar -base , 5 % ,  7 0 cc /min ) and 

NH 3 ( 1 0  c c / m i n ).  The ga s p r e s s u r e  a nd the p l a s ma powe r were 

3 0 0 mTorr and 2 0 0 W ,  respectively . The deposit ion temperature were 

varied within the range from 2 7 0  DC to 3 5 0  DC depending on the use 

of the f i lm .  Be low 2 7 0  DC, bubbles are formed in the f i lm whi ch 

i s  thought to be caused by insuf fic ient decompos ition of source 

gases . Above 3 5 0  DC, the coarse and opaque f i lm i s  depo s i ted . 

Th i s  phenomenon i s  enhanced i n  depo s i  t i on o f  the f i lm on 

InGaAsP/ InP epitaxial layers compared with that on Si and InP 

sub s t r a  t e s . The depo s i t i on rate wa s a pprox ima t e l y  5 5 0  It / m i n  

which did not strong ly depend on the depo s i tion tempe ra ture . 

In fabrication steps of the device s , i nsulator f i lms are used 

as an etching mask , a d i f fusion ma sk , an underlay for l i ft-off , 

and a pa s s ivation f i lm. The sort and thickne s s  of f i lms and the 

deposi tion temperature of S iNx for each ca s e  are summar i zed be low 

along with the reasons for choosing them . 

( 1 ) Etching ma sk : 

Dua l f i lms of lower S iNx ( 2 0 0 0  A ,  depos i ted at 3 5 0  DC) and 

upper S i02 ( 2 0 0 0 A ) , or 

a s i ngle f i lm of S iN ( 3 0 0 0  A ,  deposited at 3 5 0 DC). 
The S iNx f i lm i s  more adhes ive to InGaAsP / InP crysta l s  and 

cause l e s s  amount of s ide-etching than S i02 . Furthermore ,  S iNx 
deposited at higher temperature has higher qua l ity and better 

adhes ivene s s . Therefore , S iNx depos i ted at the upper-l imit tem

perature was used as a l ower f i lm .  The upper f i lm of Si02 wa s 

adopted for fear of pinholes of SiNx though the s ingle f i lm of 
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SiNx caused no problems . 

( 2 )  Di f fusion mask : 

Dual f i lms of lower S iNx ( 3 0 0 0 A ,  depos i ted at 3 5 0°C ) and 

upper Si02 ( 3 0 0 0 A ) . 

SiNx deposi ted a t  the upper- l imit temperature wa s used a s  a 

lower f i lm owing to the s ame reas on a s  that for selecting the 

etchi ng mask . Lateral extraordi nary d i f fusion along the interface 

between the f i lm and the crystal was observed in case of using 

Si02 a s  a d i f fu s ion mask . The upper f i lm of Si02 wa s adopted to 

prevent the formation of cracks i n  the S iNx f i lm duri ng the d i f 

fus i on . 

( 3 )  Underlay for l i ft-of f : 

A s i ngle f i lm of SiNx ( 3 0 0 0  or 4 0 0 0  A ,  depo s i ted at 2 7 0 -

3 5 0° C ) . 

The underlay for l i ft-off wa s used with photore s i s t  on i t  to 

form an overhang s tructure s i nce Au -based meta l s  are d i f f i cult to 

be l i fted-off i n  case of u s i ng only photores i st a s  a s tenci l .  

When the f i lm i s  used a s  the underlay , qua l i ty and adhes ivene s s  

of the f i lm i s  not important , but the amount of s ide -etching f or 

the f i lm should be control led . The s i de -etching of S iNx can eas i 

l y  be control led s i nce i t  i s  etched with reactive ion etching 

( Rl E )  us i ng CF4 , whi le Si02 i s  u sua l ly etched by wet chemical 

etching . 

( 4 )  Pas s ivation f i lm :  

A s ingle f i lm o f  S iNx ( 3 0 0 0  A ,  depos i ted a t  2 7 0  - 3 0 0°C ) . 

The pas s ivat ion f i lm i s  deposi ted after l i ft-off of contact 

me ta l s . S i nce the c o n t a c t  meta l s  a r e  a l l oyed w i th lnP above 

3 0 0° C ,  the depos i tion o f  pa s s ivation f i lm ha s to be done below 

thi s  temperature . Furthermore ,  damages of crysta l s  caused by the 

depos i t ion s hould be cons idered . The depo s i t ion of SiNx with 

plasma CVD generates damages in crysta l s  to some extent . To avoid 

thi s , polyimide was used as a pas s ivation f i lm for s ome device s . 

2 - 4 . Etching 

2 - 4 - 1 . wet chemical etching 

Compared with dry etching , wet chemical etching i s  not sui t-
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Table 2-3 Typical preferential etchants and their etchin g rates 

for InP, InGaAsP, and In GaAs . 

� HCf:H3P04 H2S04: H202: H2O H2S04: H202: H2O 
CRYSTAL ( 1 : 4 in volume) ( 5: 1: 1 in volume) ( 1: 1: 5 in volume) 

InP 0 0 0 5000 A/min < 100 A/min < 50 A/min 

InGaAsP 0 0 

(..l.g= 1.1 ,urn) -0 500 A/min 200 A/min 

InGaAsP 0 

(Ag= 1.3 ,urn) -0 - 1500 A/min 

InGaAs -0 - 2,um/min 

able for fine patterning due to s ide-etching . However , i t  i s  very 

useful since InP , InGaAsP , and InGaAs layers can be etched selec 

t ively by using preferent ial etchants . The preferential etchants 

are indi spensable for layer -by- layer etching e spec ial ly in case 

of using LPE for epitaxia l growth , because thi ckne s s  of l ayers 

are not uni form even within a s i ngle wa fer . The typical preferen

tia l e t chant s a nd the i r  e t c h i ng ra t e s  for I n P , I nGaA s P , a nd 

InGaAs are summar i z ed in Table 2 - 3 . 

The InP crystal on InGaAsP i s  etched s e lectively by HCl solu

tion . The end point of etching is usua l ly j udged by observi ng the 

surface of the wafer . The foaming continues whi le I nP i s  etched 

and stops when the surface of InGaAsP i s  exposed . The InGaAsP or 

InGaAs crystal on InP are etched by H2 S04 solution. In thi s case , 

change of color caused by interference i s  f ini shed at the end 

point . 

2-4-2 . Reactive ion etching 

The reactive ion etching ( RI E ) and reactive ion beam etching 

( RIBE ) are attractive for f i ne patterning of crysta l s  s i nce ver

tica l ly etched wa l l s  with sma l l  amount of s ide-etching can be ob-
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( a )  ( b )  10pm 
Fig . 2-3 Typical etching profi les of InP wafers using either 

( a )  neat Br 2 or ( b )  80% Br 2 and 20% N2• The etching condi 

t ions in ( a )  are a gas pressure of 1 7 mTorr , a plasma power 

density of 0 . 63 w/cm2 , a substrate temperature of 1 0 ° C, and 

an etching t ime of 1 0  min . Tho s e  i n  ( b )  are 4 mTorr , 

0 . 6 3  w/cm2 , 1 0 °C,  and 5 min . 

( a )  ( b )  20pm 
Fig . 2-4 S EM  photographs of etched InP wafers using 86% Br2 and 

14% Ar at a substrate temperature of ( a )  1 0 ° C  or ( b )  4 0 ° C .  

The etching conditions in ( a )  and ( b )  are a gas pressure of 

4 mTorr , a plasma power density of 0 . 6 3  W, and an et ching 

time of 5 min . 
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tained . Such etching wa s attained for GaAs by RIE and RIBE w i th 

Cl2 -conta ining gases [ 6 , 7 ] . However , Cl 2 is not a suitable gas 

for the I nGaAs P / I nP s y s t em s ince e t c hing r a t e  is  very s l ow 

( 0 . 0 5 - 0 . 2  j.lm ) in either RIE or RIBE [ 8 , 9 ] . In thi s s tudy , RIE 

with Br2 -containing gases were used to obtain the vertica l ly 

etched wal l s  [ 10 ] . 

The apparatus for RIE was a conventiona l parallel-plate sput

ter-etching system ( DEM4 5 1 , Varian ) .  It was equipped w i th a heat 

or cool stainle s s - s tee l sub strate pla tform . The temperature of 

the platform was maintained at 1 0°C except for the exper iment in 

wh i ch s u b s t r a t e  wa s hea ted� The ma s k  f o r  RIE wa s Ti ( 4 0 0 0� )  

formed with electron beam evaporation . Ti is an idea l mask for 

Br2 -RIE s ince etching rate of Ti is approximate ly z ero compared 

with the crysta l . The SiNx ( 2 0 0 0  A) wa s depos i ted before evapo

rat ion of Ti to prevent reaction between Ti and etched crysta l . 

When neat Br2 was used as a etching gas , vertical wal l s  were 

not obtained for any condi tions of gas pres sure and pla sma power 

though etching rate of more than 1 j.lm/min was achieved . The pho 

tomicrograph o f  a typical etching prof i le us ing neat Br2 i s  shown 

in Fig . 2 - 3 ( a ) . The etching conditions for Fig . 2 - 3 ( a )  are a ga s 

pres sure of 17 mTorr and a plasma power density of 0 . 6 3 W / cm2 . On 

the other hand , vertica l wal l s  shown in Fig . 2 - 3 ( b ) wa s obtained 

by using 8 0 %  Br2 and 2 0 %  N2 with a gas pres sure of 4 mTorr and a 

pla sma power density of 0 . 6 3 W/ cm2
• Further experiments revealed 

that the smoothnes s  of the etched surface is improved as s how in 

Fig . 2 - 4  by substituting Ar for N2 and heating the subs trate tem

perature to 4 0 ° C .  Under these conditions ,  the etching rate for 

InP is about 1 . 8 j.lm/min . 

The dif ference of exper imenta l results between RIE u s i ng neat 

Br 2 and that u s i ng a mixture of Br 2 and N2 or Ar can be explained 

as fol lows . In case of using neat Br2 ' chemical etching process  

i s  dominant . Chemical etching occur s when a chemica l reaction 

takes place on the surface and the re sulting products volatilize . 

It is nondirectional and highly selective for etched materia l s . 

On the other hand , the effect of phy s ical etching appears when N2 
or Ar is added to Br 2 . Phy sical etching uses the impact of oncom-
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ing ions to sputter materia l from the surface . I t  is highly di

rectional ( anisotropic ) but not very selective . In a mixture of 

Br 2 and N2 or Ar , vertical wal l s  are fabricated s ince chemical 

etching and physica l etching are we l l  balanced . 

2 - 5 . Dopant Diffusion 

I n  f abrication of heterostructure device s ,  dopants are u sua l ly 

added to crys tal layer s during epitaxia l growth . Therefore , do

pant dif fusion is used only to obtain homoj unctions . In this 

s tudy , the diffusion of Zn is used to form a p -type region of the 

I nGaAs pin photodiode and a gate of the I nGaAsP j unction fie ld 

ef fect transistor ( FET ) , both of which are integrated in the 

monolithic photoreceiver . 

The dif fusion of Zn was carried out by using a quartz ampule . 

The sample wafers were first inserted to the c leaned and baked 

ampule with the dif fusion sources of ZnP2 and ZnAs 2 which are 

also sources of P and As vapor preventing evaporation of P and As 
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Fi g. 2 -5 Relation between time and depth for diffusion of Zn 

into an InGaAsP layer . The diffusion temperature i s  500 ° C .  
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from the wafer . The amount of ZnP2 and ZnAs 2 were f ixed to be 

0 . 1  mg/ cc . Then the ampule was evacuated to a pres sure less than 

1 X 1 0 - 6  Torr and enc losed by fus ing the bottom . After enclos ing , 

only the d i f fus ion sources were preheated to remove the oxides on 

surfaces of them . Fina l ly , the ampule was set to the furnace and 

heated to 5 0 0  °C . 

Though the d i f fusion depth i s  control led by d i f fu s i on t ime , 

the background pres sure before d i f fusion a l s o  affects the d i ffu

s ion depth . When the background pres sure is h igh due to the l eak

age caused by the fai lure of enclosing , the d i ffusion depth be

come s sha llow or the d i f fusion is not carried out at a l l . Taki ng 

care of thi s , the diffusion depth can be control led preci sely by 

diffus ion time as shown in Fig . 2 - 5 . It i s  a result for d i ffus i on 

of Zn to InGaAsP ( Ag = 1 . 1  Ilm ) . Though d i ffusion depth i s  propor

t ional to a square root of d i f fusion t ime , they are i n  l i near 

re lation in Fig . 2 - 5 . Thi s  is because the time necessary to heat 

up the ampule i s  inc luded in the d i f fu s ion time . 

2 -6 .  Metallization 

Meta l l i zation are usua l ly repeated three t imes to complete the 

devices s ince the ohmic -contact metal s  for p -type and n-type 

crysta l s , and the interconnect ion metal are d i f ferent . To obtain 

ohm i c  contact f or p - I nGaAs P a nd p - I nGaAs , Au - Z n  ( 1 0 0 A  Zn i n  

3 1 0 0  A Au ) o r  Cr / p t / Au ( 5 0 0  A / 1 0 0 0  A / 1 S 0 0  A ,  f rom l owe r t o  

uppe r ) wa s u s e d . For n - I nP and n - I nGaAs P , Au - S n  ( 1 S 0 A  S n  i n  

3 1 0 0  It Au ) wa s uti l i zed . Au - Z n  and Au- Sn are a l loyed w i th the 

crysta l s , whi le Cr / Pt / Au i s  not al loyed . The alloy contact usua l 

l y  has lower contact re s i s tance than the non-a l loy contact though 

the non-al loy contact shou ld be used when sha l low j unction i s  

located j ust beneath the contact . I n  regard to i nterconnection 

meta l , Ti /Au ( 5 0 0  A / 0 . S - 1 . 0  Ilm ) was used in which Ti plays a role 

to improve adhe s ivene s s  between Au and the insulator f i lms . 

To form a Au - Z n  conta c t , Au ( 1 0 0 A ) , Z n  ( 1 0 0 A ) , and Au 

( 3 0 0 0  A )  were evaporated sequentially . The f i rst thin layer of 

Au is neces sary to improve the adhesivene s s  of the meta l s  to the 

crystal for l i ft-off process whi ch is usua l l y  used for patterning 
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Fi g .  2-6 Depth profile of Au ger electron spectroscopy for Au-Zn 

contact on an InGaAsP layer . Au ( 10 0  1\.) , Zn ( 10 0  1\.) , and Au 

( 3000 1\.) are evaporated sequentially and al loyed at 420 DC. 
The In GaAsP layer has a thicknes s  of 0 . 5 �rn. 

contact meta l s . After l i ft-of f ,  the evaporated metal s  were an

nea led at 4 2 0°C for 1 min in H2 atmosphere . During annea l i ng ,  Au 

and the crystal beneath i t  were a l l oyed . A depth profi le o f  Auger 

electron spectroscopy for Au- Z n  contact on an InGaAsP layer i s  

shown i n  Fig . 2 - 6 . The thi ckne s s  o f  a l loyed layer i s  about 3 0 0 0 A 

s ince the InGaAsP layer has a thickne ss of 0 . 5  �m . For Au-Sn con

tacts , Sn ( 1 5 0 li )  wa s subs ti tuted for Zn and annea led w i th the 

same conditions as Au - Z n . 

The contact res i stivity of the formed contact was evaluated by 

transmi s s i on l ine model ( TLM ) method . I n  the conventional TLM 

method [ 1 1 - 1 3 ] ,  rectangular contacts with a length o f  d and a 

width o f  W a r e  a r ranged on a d i f f u s e d  re s i s tor a s  shown i n  

Fig . 2 - 7 ( a ) . The number of the contacts are more than three and 

the d i stances between the contacts (1) are changed . By plotting 
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Fi g. 2-7 Layout of a thin conductive layer and contact metals :  

( a ) for the conventional T LM  met hod and (b ) for a new TLM meth

od proposed in this study . 

the va lues of re s i stance between the contacts aga inst R. ,  the 

sheet re s i s tance (Rs) and the contact re s i stance ( RC ) are ob

ta ined from the s lope and the extrapolated va lue of the res i s t 

ance at R. = O. By a s suming the contact res i s tance of a contact on 

a thin conductive layer fol lows the TLM , RC i s  given by using RS 
and the contact re s i stivity ( pc ) as 

RC = Z coth ( ad )  ( 2  -1 ) 

where a = 
, (RS/PC)2 ( 2 - 2 ) 

, 
and Z = (RS Pc J2 / W .  ( 2-3 ) 

When the contacts are long enough for sa ti s fying a d > 2 ,  Eq . ( 2  -1 ) 

i s  simplif ied to Rc = Z .  Therefore , Pc i s  obtained from RC and RS 
by using Eq . ( 2 -3 ) . 

Though the convent ional TLM a s sumed that the sheet res i s tance 

of the conductive layer beneath the contacts (RSK) wa s the same 

as tha t between the contacts (RSH)' they have dif ferent va lues 
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e s p e c i a l l y i n  c a s e  o f  a l l oy c onta c t s . 

Eqs . ( 2 - 2 ) and ( 2 - 3 ) i s  changed to be RSK ' 

I n  th i s  c a s e , R S i n  

whi le the RS obta ined 

from the s lope i s  RSH . To obtain RSK ' the modi fied TLM methods 

have been proposed [ 1 4 , 1 5 ] . One of the mod i f ied TLM method [ 1 5 ]  

uti l i z e s  a contact end resi stance ( RE ) whi ch i s  def i ned a s  V2 / I 1 
i n  Fig . 2 - 7 ( a ) . Us ing TLM , RE i s  given by 

RE = Z / s i nh ( ad ) . ( 2 - 4 ) 

By u s i ng Eqs . ( 2 - 1 ) - ( 2 - 4 ) , Pc and RSK are obtained . 

In thi s  study , a new TLM method using the contact a rrangement 

shown in Fig . 2 - 7 ( b )  has been proposed and uti l i zed . Though RE i s  

mea sured a l so i n  thi s method , the calculat ion to obtai n  a and Z 

i s  dra s ti c a l ly s impl i f ied by adopting a new contact arrangement . 

For the contacts shown i n  Fig . 2 - 7 ( b ) , the total contact res i st

ance ( RCT ) of contacts C1 and C2 is  obta ined by 

( 2 - 5 ) 

where RSH i s  measured by the convent ional TLM method . On the 

other hand , RCT i s  given by using Eq . ( 2 - 1 ) a s  

RCT = Z [ coth ( ad 1 ) + coth ( ad 2 ) ] 

= Z [ 1  + coth ( ad 2 ) ]  ( in case of ad1 > 2 )  ( 2 -6 ) 

By solving Eqs . ( 2 - 4 ) and ( 2 - 6 ) for a and Z ,  the fol lowing equa

tions are obtained . 

( 2 -7 )  

( 2 - 8 ) 

Furthermore , Pc and RSK are obtained by solving Eqs . ( 2 - 2 ) and 

( 2 - 3 ) a s  
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Pc = Z W / a ( 2 - 9 ) 

RSK = a Z W ( 2 - 1 0 )  

Therefore , Pc and RSK are ca lculated from the measured va lue of 

RCT and RE by using Eqs . ( 2 -7 ) - ( 2 - 1 0 ) .  

The mea sured values of Pc ' RSK ' and RSH for Au- Zn and Cr/Pt /Au 

conta c t s  on p - I nGaAsP , a nd Au - S n  on n - I nP a r e  s umma r i z ed i n  

Tabl e  2 - 4 . I n  the measurement , mesas o f  thi n  conductive crysta l s  

on a semi -insulating InP substrate were used a s  thin conduct ive 

layer . The Cr / Pt/ Au contact on p- InGaAsP crysta l wi thout Zn-d i f 

fus ion showed non-ohmic character i stics . The d i fferences between 

RSK and RSH are large for Au- Zn and Au-Sn , whi le RSK i s  a lmost 

equa l to RSH for Cr /Pt/Au .  These results correspond to the fact 

that Au- Zn and Au-Sn are a l loy contacts , and Cr /Pt /Au is a non

al loy contact . 

Table 2-4 Contact resistivity ( pc ) '  sheet res i stance beneath the 

contact ( RSK ) '  and sheet resistance between the contact ( RSH ) 

for Au-Zn and Cr/pt/Au contacts on p-InGaAsP, and Au-Sn on n

InP . 

CONTACT 

METAL 

Au- Z n  

Cr /pt /Au 

Au- Sn 

2-7 . Summary 

CRYSTAL 

( CARRIER CONC . ) 

p-InGaAsP 

( 2  X 1 0 1 8 cm - 3 ) 

p-InGaAsP 

( Zn-DIFFUSED ) 

n-InP 

( 1  X 1 0 1 7 cm - 3 ) 

9 . 2 X 1 0 - S  1 7 3 

2 . 6 X 1 0 - 4  7 0  

S . 1 X 1 0 - S  4 8  

1 1 6 3 

9 2  

2 0 0  

I n  thi s chapter , the proce s s  technologies for the I nGaAsP/ l nP 

materials sys tem were descr ibed . The proces s  cond i tions have been 
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examined for epitaxia l growth , insulator film deposition , etch

ing , dopant dif fusion , and meta l liz ation . Especia l ly for the 

etching and the metal lization , new technologie s , i . e . , the reac

tive ion etching ( RI E ) with Br 2 -containing gases and the trans

mis sion line model ( TLM ) method using a new contact arrangement 

have been proposed . The reliable technologies have been developed 

for a l l  the proce s se s , and they are applied to device fabrica

tions described in the following chapters . 

The important quantitative results obtained in this chapter 

are as fol lows : 

1 )  The conditions of liquid -phase epitaxy ( LPE ) and organometa l 

lic vapor -pha se epitaxy ( OMVPE ) have been determined for InP 

and I nGaAs ( P )  a s  shown in Tables 2 - 2 and 2 - 3 . 

2 )  By using the RIE with a mixture of Br2 and Ar gases , smooth 

vertical wa l l s  have been obtained for I nGaAsP / InP crysta ls 

with a high etching rate of about 2 �m/min . 

3 )  Ba s ed on a new TLM method , the contact resistivities of ohmic 

conta c t s  on I nGaAs P / I nP have been eva l ua t ed a s  s hown in 

Tabl e  2 - 4 . 
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III . INTEGRATION OF A LASER DIODE AND A PASSIVE WAVEGUIDE 

-- INTEGRATED PASSIVE CAVITY ( IPC ) LASER --

3 - 1 . Introduction 

In thi s  chapter , the i ntegration of a laser diode and a pas 

sive waveguide i s  des cribed . It performs s i gnal generation i n  

optical s i gna l proce s s i ngs . Two new integrated s tructure s ,  a 

self-al igned i ntegrate loaded ( SAIL ) guide and a pas s ive /active 

loaded ( PAL ) guide , are proposed . Three structures i ncludi ng 

the se two and a bundle- integrated-guide ( BIG ) are fabr i cated . To 

achieve high efficiency i n  optical connection , the i ntegrated 

structure should have a low guiding loss  in the pas s ive waveguide 

and a high coupl ing e f f i c i ency between the laser and the wave

guide . The guid ing loss  and the coupl i ng e f f i ciency have been 

evaluated for the three i ntegrated s tructures .  Furthermore , the 

SAIL guide ha s been appl ied to the integrated pas s ive cavity 

( IPC ) la ser consist ing of an active cavi ty and a long pas sive 

cavity . 

For the future optical s i gnal proces s ing sys tems , i t  i s  e s sen

tial to have stable s i ngle f requency semiconductor lasers as 

optica l sources . Al though a number of device geometries have been 

proposed to achieve s ingle longitudina l mode osc i l lation [ 1 - 5 ] , 

further reduct ions of spectra l l i newidth and frequency chi rping 

are requi red . On the other hand , long externa l cavi ty lasers 

constructed with an mirror or a d i f fraction grating have been 

proposed for the stabi l i z ation of osc i l lation frequency [ 6 - 9 ] . 

They have a short semi conductor gai n  medium with a long externa l 

cavity , where longer cavi ty i s  shown to be ef fective for the 

stab i l i zation . To rea l i z e a mechanica l ly s table device , however ,  

i t  i s  desirable to use integrated conf iguration , that i s , the IPC 

laser . 

3-2 . Integrated Device Structures 

The structure of the SAIL guide i s  shown in Fig . 3 - 1  [ 1 0 ] .  A 

loaded waveguide con s i sting of an n- InGaAsP ( Ag = 1 . 1  �m ) wave

guide layer and an n-InP load s tripe i s  used as the pas s ive cavi -
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p - InGaAsP 
(CAP) 

p -InP (CLAD)  

I nGaAsP(AC T I V E )  
n-InP (SEPARA TION ) 

n - InP ( L O A D )  
n-I n GaAsP (WAV E G U  I D E )  

n - I n P  (SUBST RAT E ) 

Fig . 3 -1 Schematic view of the self -aligned integrated loaded 

( SAIL ) guide structure . 

ty , whi le the active cavity i s  a bur ied heteros tructure ( BH )  

laser . 'rhe loaded waveguide ha s lower guiding los s than ridge , 

rib , and BH waveguides .  Furthermore , the load s tr ipe of the pas

s ive cavi ty i s  se l f -a l igned to the InGaAsP ( Ag = 1 . 3 Jlm )  active 

layer stripe , which wa s expected to reduce the optical coupling 

los s between the active and the pa s s ive cavities . However , the 

coupl i ng effic i ency of thi s  s tructure i s  relative ly low s i nce the 

vert ical mode of conf ined l ight i s  a f i rst-order mode in the 

active cavity and a fundamenta l mode in the pa s s ive cavity . The 

fabr ication s teps of the SAIL guide s tructure i s  deta i led in 

Section 3 - 3 . 

The schematic drawing of the PAL guide i s  shown i n  Fig . 3 - 2 . 

In thi s s tructure , the loaded waveguide i s  adopted in the active 

cav i ty as we l l  as the pas s ive cavity . The active layer a nd the 

waveguide layer of the PAL guide are on the same plane to reduce 

the coup l i ng l o s s  between the a c t ive c a v i t y  a nd the p a s s ive 

cavi ty . In spite of th i s  improvement , the coupl ing e f f i c iency of 

the PAL guide i s  also relatively low s ince the thickne s s  o f  the 
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AC TIVE �AVITY > < PA SSI V E  CAVI TY 

GUI D E  
LAYER 

Fig . 3-2 Schematic view of the passive/active loaded ( PAL ) guide 

structure . 

waveguide layer grown by the second LPE growth i s  not uni form and 

much larger than that of the active layer at the coupl ing point 

in the real ly fabri cated device . 

The third s tructure fabri cated in thi s  study i s  the BIG , which 

has high coupling efficiency between the active and the pas s ive 

cavities not only theoretically but experimental ly [ 1 1 ] .  However , 

the guiding loss of the pas s ive cavity i s  larger for the BIG- IPC 

laser compared wi th the SAIL guide and the PAL guide s ince i t  had 

a BH structure both in the active and the pass ive cavi ties a s  
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_
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G U I D E  
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Fig . 3 - 3  Schematic view o f  the bundle-integrated-guide ( BI G )  

structure . 
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shown in F i g .  3 - 3 . The deta i l s  of coupling e f f i c iency and the 

guiding loss for these three structures are d i s cus sed in Section 

3 - 5 - 1  • 

3-2 . Fabrication 

The fabr ication s teps of the SAIL guide s tructure are s hown in 

Fig . 3 - 4 . To fabricate i t , six layers are first grown on a ( 1 0 0 ) 

oriented n+ - InP substrate . They are an n - InP buffer layer ( '"  5 11m , 

3 X 1 0 1 8  cm- 3 ) ,  an n-InGaAsP waveguide l ayer ( 0 . 5  11m , 5 X 1 0 1 7  cm- 3  , 

bandgap wave l e ngth Ag = 1 . 0 5 11m ) , a n  n - I nP s ep a r a t i o n  layer 

( 0 . 1  11m , 1 X 1 0 1 8 cm-3 ) ,  an InGaAsP active layer ( 0 . 1 5 Ilm ,  undoped , 

Ag = 1 . 3 11m ) ,  a p- InP c lad layer ( 2 11m , 5 X1 0 1 7  cm- 3 ) ,  and a p

InGaAsP cap layer ( 0 . 5 11m , 2 X 1 0 1 8 cm- 3 , Ag = 1 . 1 11m ) .  Then stripe 

mesa etching and regrowth of p-InP and n- InP are done as shown in 

F i g . 3 - 4 ( b ) - ( d ) . In mesa etching , the wafer i s  etched down to the 

surface of the waveguide layer using a Si02 s tripe mask . The cap 

layer i s  etched by Br-CH30H . The c lad layer , the active layer , 

and the separat ion layer are etched by preferential etchants : 

A CT I V E 
WAV EG U I D E  

(a )  (d)  

a a 
S i0 2  M A S K  

(b) (e) 

a a 

(c) (f) 

a 

Fig . 3-4 Fabrication steps of the SAIL guide IPC laser . 
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C A V I  T Y  

~ 
E T C H E D  
FA C E T  

Fig . 3-5 SEM photograph of the SAIL guide at the coupling point 

of the active and the passive cavities . 

HC1 : H3P04 ( 1 : 2  in volume ) for InP and H2 S04 : H2 02 : H2 0 ( 1 : 1 : 5  in 

vo lume ) for InGaAsP ,  to expose the surface of the waveguide lay

er . The stripe width of the active layer is about 2 . 0  �m . 

500�m 

L AS ER 

�=-
ST R I P E  
/ 

==� SCR I BE 
I D  

PASSIVEIACT I V E  
CA V I TY C AV I T Y  

Fig . 3-6 Photomi crograph o f  the SAI L guide I PC l a s e r s  a f t e r  

wafer processes . 
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500 p m  
Fig . 3 -7 SEM photograph of the SAIL guide IPC laser after assem

bly processes . 

After the second growth , a part of the wa fer , which wi l l  be 

the active cavity , i s  ma sked by Si02 as shown in Fig . 3 - 4 ( e ) . The 

unmasked region i s  etched by CC1 4 RIE to remove the cap layer and 

i s  then etched by the preferenti a l  etchants for InP . As a result , 

the waveguide layer i s  exposed , except for the stripe region 

wh e r e  the a c t i ve s t r i pe i s  l e f t  a s  s hown i n  F i g . 3 - 4 ( f ) . The 

active layer i s  ea s i ly etched off by H2 S04 solution , and then the 

separat ion layer i s  left in the stripe shape , which i s  the load 

sel f -a l igned to the act ive stripe . The pas s ive cavity is made of 

th i s  load and the wavegu�de layer . The SEM photograph of the SAIL 

guide at the coupl ing po int of the act ive and the pa s s ive cavi 

t i e s  i s  shown in Fig . 3 - 5 . After removing the S i02 mask , the Au

Z n  contact i s  f ormed on the active cav ity and the Au-Sn contact 

on the back of the substrate . The photomicrograph of the wafer 

after contact formation is shown in Fig . 3 - 6 . The wafer is then 

c leaved and mounted on a package as shown in Fig . 3 - 7 . 

To f abr icate a PAL guide IPC laser , the layers for the active 

cavity are f i r s t  grown on an n+ - I nP substrate . They are an n-InP 

buf fer layer , an InGaAsP active layer , a p-InP c lad layer , and a 

p - I nGaAsP cap layer . Then a part of the wafer , which wi l l  be the 
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act ive cavity , i s  masked and the top three layers are etched off . 

After removing the mask , an n - I nP waveguide layer , an n - I nP c lad 

layer , and an n-InP cap layer are grown both on the active and 

the pas s ive cavitie s . After removing the secondly grown layers on 

the act ive cavity , the load stripe i s  formed . 

The fabrication steps of the BIG- IPC laser are the s ame a s  

those o f  the BIG-DBR la ser [ 1 1 ] except that DBR corrugation i s  

not formed . 

3-4 . Characteristics 

3 - 4-1 . Threshold current 

The current - output power characteristic s  of SAIL guide IPC 

lasers at room temperature pul se operation are shown i n  Fig . 3 - 8 , 

where ( a )  i s  a long IPC laser , ( b )  a short IPC la ser , and ( c )  a 

convent i ona l l a s e r . The pa s s i ve / a c t ive cav i ty l ength r a t i o s  

( denoted b y  Lp C / LAC ) o f  the l ong and s hort I P C  l a s e r s  a r e  

3 5 5 3  �m / 4 0 0  �m ( = 8 . 8 8 )  and 2 7 3  �m/ 2 2 4  �m ( = 1 . 2 2 ) , and the conven

tional laser has a 2 4 8  �m-long cavity , which is the same geometry 

as the act ive cavity of the SAIL guide IPC lasers . As shown i n  

Fig . 3 - 8 , the long IPC laser h a s  a lower threshold current o f  

5 8  rnA than the short I P C  laser with a threshold of 7 2  rnA , though 

the convent ional laser has the lowest threshold of 3 1  rnA . 

To clear the re lation between the threshold current and the 

length of the pas s ive cavi ty , thresho ld currents have been meas 

ured for IPC la sers with d i fferent pas s ive cavity length s . The 

results are shown in Fig . 3 - 9 , where no relat ion i s  observed be

tween them . Two rea sons can be cons idered for thi s . One is that 

the ma in reflection of the pas s ive cavity s ide occurs at the 

coupl ing poi nt of the act ive and the pas s ive cavitie s . In thi s  

case , the coupl ing efficiency and the guiding loss re lated to the 

pas s ive cavity length do not a ffect the threshold current . The 

other i s  that increas i ng of the threshold current i s  not due to 

the guiding los s  but to the coupling los s  though the main reflec

tion occurs at the end facet of the pas s ive cavi ty . 

The experiment described below was carr ied out to d i s tingui sh 

the main re f lect ing point . The characteri s tics of the laser with 
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Fig . 3-8 Current - output power characteristics : ( a )  a long IPC 

laser , ( b ) a short IPC laser , and ( c )  a conventional laser 

having the same structure as the active cavity of the IPC 

laser . The pas sive/active cavity l ength ratios of the long 

and short IPC lasers are 355 3 �m/400 � and 2 7 3  �m/2 2 4 � ,  and 

the conventional laser has a 248 �m-long cavity . 

a structure shown in Fig . 3 - 1 0 wa s f i r s t  mea sured . In th i s  struc

ture , an add i t ional active cavity suppres sed the reflection from 

the end facet of the pa s s ive cavity . Then the laser wa s c leaved 

to remove the additional active cav ity and the characteri stics  

were mea sured again . The laser with an additional act ive cavity 

did not o s c i l late up to a driving current of 2 0 0  rnA , whi le the 

laser without it had a threshold current of 1 S 0 mA . The threshold 

current was further reduced to 8 6 mA by evaporat ing Au on the end 

facet of the pas s ive cavity as a reflect ion coating . These re

sults shows that the ref lection at the end facet of the pas s ive 

cavi ty is important for laser osc i l lation . Therefore , the reason 
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Fig . 3-9 Relation between the threshold current and the pas sive 

cavity length for SAIL guide IPC lasers . 

why threshold current of the SAIL guide IPC la sers doe s not de

pend on the pas s ive cavity length i s  attributed that the coupl ing 

efficiency is the dominant factor whi ch increases the threshold 

D R I V I N G  
CU R R E NT t 

ACTIVE 
CAVITY 
3 1 5  pm 

I 

I 

• j • 

\ 

A D D IT I O NAL 
PASS I V E  ACTIVE 
CAVITY CAVITY 
500 p m  1 5 7 p m  

I-�I 

C I 
I 

! I 
I 
I 
I 

CLEAV E D  

Fig . 3-1 0 Structure of the test sample to clear the reflecting 

point on the pas sive cavity side for the SAIL guide . 
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Fig . 3-11 Relation between the threshold current and the passive 

cavity length for a PAL guide IPC laser . In thi s  measurement , 

the same laser was cleaved to be shorter to vary the cavity 

l ength . 

c urrent . 

The relat ion between the threshold current and the pas s ive 

cavi ty length ha s a l s o  been measured for the PAL-IPC and the 

BIG- IPC laser s . The results a re shown in Figs . 3 - 1 1 and 3 - 1 2 .  For 

these laser s , a laser with a longer pas s ive cavity has a larger 

threshold current s ince the measurement was done by c leaving the 

same l a s ers . The threshold current of the PAL - IPC laser does not 

s trongly depend on the pas s ive cavity length . On the other hand , 

the threshold current o f  BIG-IPC laser i s  a ffected by the pas s ive 

cavity length and the laser wi th a pas sive cav i ty l onger than 

1 mm does not o s c i l l ate at a l l . Thes e  result s  proves that the 

guiding loss of a BH wavegui de i s  much larger than that of a 

loaded waveguide . 

- 37 -



O F -1 0 - 1  ( BI G) 

1 50 

........ 
<! 
E ........ 

r-
z w 

1 00 0::: 
0::: 
::> 
u 
0 .....J 
0 
I 

50 VI w R T  0::: 
I P U L S E  
r-

o 0.5 1 .0 

PAS S I V E  CAVITY L E N GTH (m m )  

Fig . 3-12 Relation between the threshold current and the passive 

cavity length for a BIG-IPC laser. In this measurement , the 

s ame l a s e r  wa s c l eaved to be shorter to vary the cavity 

length . 

3 - 4-2 . Longitudinal mode 

The SAIL guide IPC laser exhibited s table s ing le longitudina l 

mode osc i l lations j us t  above the threshold , whereas the laser 

without pa s s ive cavity showed the multimode osci l la tion . The 

longitudinal mode character istics of the long IPC laser , measured 

at 20 D C ,  CW operation for several driving current , are s hown in 

Fig . 3 - 1 3 .  By increas ing the driving current , the o s c i l lation 

mode is transferred to a shorter wave length mode w i th a mode 

spa c ing of about 1 8 A . Th i s  mode t r a n s f e r  i s  due to the mode 

selectivity of the coup led cavi ty and is we l l  expla ined by the 

pha se and gain conditions as de scr ibed in Section 3 - 5 - 2 . 

From the viewpoint of mode selectivity in a coupled cavi ty 

laser , it is cons idered that LpC/LAC < 1 is favorable for s table 
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Fig . 3-13 Longitudinal mode characteristics of the 3 . 5 5  mm-long 

IPC laser measured at 2 0  ° C ,  CW operation for several driving 

currents . 
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Fig . 3-14 Ratio of main longitudinal mode to submode in relation 

to the driving current . 
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s i ng l e  long i tud i na l  mode ope r a t i on [ 5 ] . The l ong I PC l a s e r  

( LpC/LAC = 8 . 9 ) , however , showed a c lean s ingle mode o s c i l lation . 

The r a t i o  o f  ma i n  long i tud i na l  mode t o  s ubmode i s  s h own i n  

Fig . 3 -1 4 .  The maximum s ide-mode suppress ion ratio exceeds 3 0 dB . 

3-4-3 . Spectral linewidth 

The spectral li newidth of the IPC laser wa s measured by uti 

liz ing a de layed self -heterodyne technique [ 1 2 ] . An acousto-opti c  

modulator was u sed t o  obtain a 1 2 0 MHz frequency shift , and a 

convent i ona l s i ng l e -mode f i be r  ( l ength 5 km )  wa s u s ed a s  the 

opt i c a l  d e l a y  l i ne . The r e s o l u t i o n  o f  t h i s s y s tem i s  4 0 k H z . 

Assuming a Lorent zian l i neshape , the l inewidth of full-width at 

ha lf -maximum ( FWHM ) is  obtained as ha lf the mea sured FWHM of the 

beat spectrum recorded on a spectrum analyzer [ 1 3 , 1 4 ] .  Great care 

was taken to eliminate ref lection from various optical components 

by us ing two optical isolator s . 

An IPC laser with the active and pas s ive cavity lengths of 

2 6 5 �m and 1 5 1 8  �m was used for the measurement of spectral l ine

width . The end facet of the pas s ive cavity was coated with Au to 

increase the ref lectivity , whi ch i s  effective not only for reduc-

Fig . 3-15 Beat spectrum corresponding to the spectral linewidth 

of 900 kHz measured for an IPC laser with a passi ve cavity 

length of 1 . 5 1  mm .  
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Fig . 3-16 Spectral linewidths under amplitude modulation for the 

IPC lasers with passive cavity lengths of 2 7 3  � and 3 . 5 5  mm . 

i ng thre sho ld current but also for narrowing l i newidth [ 9 , 1 5 ] . 

The l inewidth i s  changed by the driving current and the tempera 

ture o f  the laser in a s sociat ion with the longitudina l mode spec

tra . The linewidth i s  narrowed when the longitudi na l  submode i s  

suppre s sed , whi l e  i t  i s  broadened when the submode appeared . 

Howeve r , the l i newidths of 1 - 2 MHz are eas i ly obtained and the 

minimum va lue i s  about 9 0 0  kHz which wa s achieved at 8 ° c  CW oper

ation with a driving current of 1 2 8 rnA and an output power of 

6 mW . The mea sured beat spectrum of about 9 0 0  kHz i s  shown in 

Fig . 3 - 1 5 .  

I n  add i t ion to the l i newidth narrowing , the IPC laser has 

another advantage i n  the reduction of frequency chirping . The 

s pe c t r a l  l i ne w i d t h s  under amp l i tude modu l a t i o n  a r e  s hown i n  

Fig . 3 - 1 6 .  The long IPC laser ha s narrower l inewidths than the 
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short IPC la ser , which i ndicates t he longer pa s s ive cav i ty i s  

more ef fective for the reduction o f  frequency chirping . 

3-5 . Discussion 

3-5-1 . Coupling efficiency and guiding loss 

Threshold current dens i ty ( Jth ) of an inj ection laser i s  given 

by [ 1 6 ]  

( 3 - 1  ) 

( d :  active layer thickne s s , LAC : active cavity length , R , and R2 : 

reflectivi ties of the both facets , a and JO : s lope a nd offset i n  

the relat ion between gain and nomina l current , n :  interna l quan

tum effic iency , r :  conf inement factor , and � i : guiding loss of 

the active cavi ty ) .  Therefore , thresho ld current ( I th ) .  is ex 

pres sed a s  

where 

and 

k = dW/n r s  ( W :  act ive stripe width ) 

( 3 -2 ) 

( 3 -3 )  

( 3 - 4 ) 

In case of the IPC laser , as suming that the ma in reflecting 

point i s  the end facet of the pas s ive cavity , the ref lectivity o f  

pa s s i ve cavity s i de ( R2 ) i s  given by 

( 3 - 5 ) 

where R 1 i s  the reflectivity of c leaved facet , n c i s  the coupl ing 

efficiency , �PC i s  the guiding los s of pa s s ive cavity , and LpC i s  

the pas s ive cavity length . Combining Eqs . ( 3 - 2 )  and ( 3 - 5 ) , the 

fol lowing equation is obta ined . 

( 3 - 6 ) 

- 4 2 -



1 5 0  O F - 1 0 - 2  ..-... 
« 
E 

I-
Z UJ 
0::: 
0::: 1 0 0  0 
:::) u 0 
0 -l 
0 R T  
:r: P U LS E  V) UJ 5 0  0::: 
:r: 
I-

o 0.5 1 .0  1 .5 
ACTIV E CAV ITY L E N GTH (mm)  

Fig . 3-17 Relation between the threshold current and the active 

cavity length for the BIG-IPC lasers without pas s ive cavi

ties . 

By using Eq . ( 3 - 6 ) , (lPC and 1l PC can be e s t imated a s  fol lows . 

Fir s t , the relat ion between threshold current and active cavity 

length is mea sured for the laser without the pa s s ive cavity , 

which gives the values of k and (leff . An example of the relation 

for the BIG-IPC lasers i s  shown in Fig . 3 - 1 7 .  In thi s  case , k and 

(le f f  are 2 5 . 0  rnA and 4 3 . 4  cm- 1 , respectively . Then the re lat ion 

between the thre shold current and pa s s ive cavity length i s  meas 

ured a s  shown in Figs . 3 -1 1 and 3 -1 2 ,  whi ch give s  the values of 

(lPC and 1l c • The va lue s obtained for three types of I PC lasers are 

summar i zed in Table 3 - 1 . 
As seen from Table 3 - 1  , the SAIL guide and the PAL guide have 

low coupling e f f i c iency and low guiding los s , whi le the BIG has 

high coupling e f f iciency and high guiding loss . To obtain both 

high coupling e f f i ciency and low guidi ng los s , combination of the 

- 4 3 -



Table 3-1 Coupl ing efficiency and guiding loss of three types of 

IPC lasers . 

STRUCTURE 

SAIL GUIDE 

PAL GUIDE 

BIG 

COUPLING EFFICIENCY 

n c ( % )  

< 3 6  

< 2 9  

> 6 7  

GUIDING LOSS 

apC ( cm -3 ) 

'V 1 

1 . 2  

2 4 . 0  

PAL and the BIG i s  thought to be the bes t , that i s , the layer 

s tructures of the act ive and pas s ive cavities are j ust the same 

as the BIG and both cavities have a l oaded waveguide s tructure 

[ 1 7 ] . Though the PAL-BIG-IPC laser has not been fabri cated yet , 

i t  i s  expected to have low threshold current and good character

i s t i c s  in f r equency s t abi l i z a t i on . Furthermo r e , the PAL - B I G  

structure can ea s i ly be applied t o  other photonic I C ' s  s ince i t  

has an advantage in productivity owing to s imple fabr i cation 

s teps . 

3-5-2 . Analysis for longitudinal mode 

The mode transfer observed for the long IPC laser descr ibed in 

Section 3 - 4 - 2 ha s been ana lyzed by u s i ng the phas e  and ga in con

dit ions of the coupled cavi ty . Device parameters of a mode l of 

the IPC lasers are denoted in Fig . 3 - 1 8 ( a ) , where r1 ' r2 ' and r 3 
are the ampli tude ref lectivities of each boundary , and n1 and n2 
are the refractive indice s  of the active and the pas s ive cav i 

t ies , respectively . The pha se conditions o f  thi s la ser i s  wri tten 

in the form [ 8 , 9 , 1 8 ]  

( 3 -7 )  

with 
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Fig . 3 -18 Phase condition for the 3 . 5 5  mm-1ong IPC laser in rela

tion to the oscillation wavelength A. 

Here , <1> 1 = 47Tn1 LAC / A  and <1> 2 = 47Tn2Lpc/ A ,  and A is the o s c i l lation 

wave length in vacuum . 

The relations of A vs tan <1> 1 and f ( <1> 2 ) are shown in Fig . 3 -

1 8 ( b )  with LAC = 4 0 0 Ilm ,  Lpc = 3 5 5 3 Ilm ; n1 = 3 . 4 1 , n2 = 3 . 2 1 5 ;  r2 = 

0 . 1 , r3 = 0 . 2 .  Each cros s poi nt of both curves gives the wave

l ength of a longitudinal mode . As LpC i s  much larger than LAC in 

thi s  laser , there exi s t  many modes that can be exc ited in the 

neighborhood of an active cavity mode . In thi s f i gure , however , 

only mode A i s  exc ited , becau se it has the lea s t  threshold gain 

[ 8 ] . S i nce the modes next to mode A have larger thre shold gain 

and the mode with the s econd lea st thresho ld gai n  ( denoted as 

mode B )  exi s ts with a spacing of about 1 8  A. ,  the longi tudina l 

mode of the laser i s  transferred with this spac ing . 

3-6 . Summary 

In thi s chapter , the i ntegration of a laser d iode and a pa s

s ive waveguide was de scribed . I t  is the integration i n  opt ical 
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s igna l generation . Two new integrated structure s ,  i . e . , a s e 1 f 

al igned integrate loaded ( SAIL )  guide and a pas s ive/active loaded 

( PAL ) guide have been proposed . Three structures inc luding these 

two and a bund1e-integrated-guide ( BI G )  have been fabricated . The 

integra ted devices have been eva luated as an integrated pass ive 

cavi ty ( IPC ) laser cons isting of an active cavity and a long 

pa s s ive cavi ty . 

In regard to the coup l ing efficiency between the active and 

the pas s ive cavities ( Tl c ) and the guiding loss in the pas s ive 

cavity ( apc ) ,  the SAIL and the PAL have lo.w Tl c and low apC ' whi le 

the BIG has high Tl c and high apc . To obtai n  both h igh Tl c and low 

apC ' combination of the PAL and the BIG i s  thought to be the 

best . The SAIL guide I PC laser exhibits s table s i ngle longitudi 

na l mode o s c i l lation and shows favorable e ffects f or the frequen

cy stab i l i zation , such as the narrowing of spectra l 1 i newidth and 

the reduction of frequency chirping . 

The important quantitative resul ts obtained i n  thi s  chapter 

are as fol lows : 

1 )  A SAIL guide IPC laser with a 3 . 5 5 mm- long pas s ive cavity has 

succes sfully been fabr icated and operated with a rather low 

threshold current of 5 8  rnA . 

2 )  The threshold currents of the SAIL , the PAL , and the BIG-IPC 

lasers have been measured in relat ion to the pas s ive cavity 

l ength , f rom wh i ch Tl c and a pC are eva l ua t ed as s hown i n  

Table 3 - 1  . 

3 )  The long IPC laser exhibi ts s table s i ngle longitudina l  mode 

oscil lation wi th the maximum s ide -mode suppre s s ion ratio of 

more than 30 dB . 

4 )  The mode of the long IPC la ser transfers with a mode spac ing 

of 1 8  fl. ,  wh i ch c o i n c i de s  wi th the re s u l  t of theore t i ca l  

analy s i s  by using the pha se and gain conditions . 

5 )  The spectra l 1 inewidth of the IPC laser ha s been measured by 

uti l i z ing a delayed self -heterodyne technique . The 1 i newidths 

of 1 - 2 MHz a r e  e a s i l y ob t a i ned a nd the m i n imum va lue i s  

about 9 0 0  kHz a t  the output power o f  6 mW . 
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IV . INTEGRATION OF A PIN PHOTODIODE AND AN AMPLIFIER CIRCUIT 

-- MONOLITHIC PHOTORECEIVER --

4-1 . Introduction 

In thi s  chapter , a mono l i th i c  photorece iver incorporating a 

photodiode and a preamp l i f ier i s  descr ibed . It i s  the integration 

i n  optica l  signal detection , and i s  a typi cal OEle incorporat ing 

an optoe lectronic devi ce and an e lectronic circuit . The monol ith

ic photoreceiver is very attractive for high speed and low noi se 

operat ion s i nce the integration can reduce the front -end capac i 

tance [ 1  -7 ] .  Recent progre ss o f  GaAs -based monol ithic photore 

ceivers are not i ceable [ 5 -7 ]  and a very wide bandwidth of 5 . 2 GHz 

has been achieved [ 7 ] .  GaAs -based optoe lectronic device s , howev

er , cannot be app l ied to long wavelength optical communi cation 

s ystems . InP -ba sed devices are nece s sary to be integrated for 

that app l i cation though InP-bas ed e lectronic devices are not so 

ma tured as GaAs -based ones . 

I n  t h i s s tudy , a mono l i  t h i c  pho t o r e c e iver b a s ed on the 

InGaAs / I nP materials system has been developed [ 8 , 9 ] . The fabr i 

cated photoreceiver cons i sts o f  a n  InGaAs p i n  photodiode ( PD )  and 

a trans impedance preamp l i f ier in whi ch four j unction f i e ld effect 

transi stor s ( FET ' s ) ,  four level shift diodes , and a feedback 

res i s tor are i ntegrated . The who le c ircuit i s  de signed to operate 

with a s ing le 5V power supp ly . The 5V operat ion of photoreceiver 

i s  a key to s impl i fy the whole transmi s s ion system s ince most 

logic Ie ' s  are operated with a 5V power supply . In addit ion , 

eas i ly produci b le devi ce structures have been adopted to increa se 

the yield of the photorece ivers .  The s impl ic ity in fabr i cation 

and the usabi l i ty in application are cons idered to be e s sentia l 

to make OEle ' s  practica l . 

4-2 . Integrated Circuit Des ign 

4-2-1 . Device structures 

The structure of the pin PD and the j unc tion FET integrated in 

the photoreceiver are shown in Fig . 4 - 1 . The PD is constructed 

wi th an n-- InGaAs layer having a Zn d i f fused p-type region and an 
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-----------------------
5. 1 . - I n P  

_ - -J 
Fig . 4-1 Schematic cross-section of the pin PO and the junction 

FET integrated in the monol ithic photoreceiver . 

n-InP layer to reduce the serie s res i stance of the PD . The diame

ter of the photosensit ive area i s  de signed to be 80 �m to permit 

optical coupl i ng with a mu lt imode optical f iber . The Zn-d i f fused 

reg ion h a s  a d i ameter of 1 0 0 �m i n c l ud i ng an a r e a  f o r  a r i ng 

anode and a margin between the anode and the edge of the d i f fused 

area . The FET is fabr icated by using an n-InGaAsP ( bandgap wave

length Ag =1 . 1  Jlm ) layer with a gate diffusion . The gate length 

was first des igned to be 6 �m for ea s ines s  of fabr icat ion . A gate 

length of 3 �m is adopted later to improve the frequency charac

teri stics . 

Not shown in Fig . 4 - 1 , a level shift d iode has the s ame p-n 

j unction a s  the gate-source of the FET , and a feedback res i stor 

i s  made of the n-InGaAsP layer without d i f fusion . The level shift 

diodes are used to give DC bias vol tage for the FET ' s .  The value 

of the feedback re s i s tor is des igned to be 1 . 2 kn or 3 . 6  kn . The 

latter value i s  adopted in high-sensi tive photoreceiver s though 

it degrades the bandwidth . 

To operate the whole c i rcuit with a s ingle 5 V power s upply , 

the FET should have low saturation voltage whi ch means that sha l 

low channe l depth i s  des irable . However , a sha l low channel de

creases the transconductance . Therefore , precise control of chan-
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nel depth i s  important to make 5 V  operation con s i s tent with high 

s peed operation . As seen in Fig . 4 -1 , the channel depth i s  the 

d i fference between the InGaAsP layer thickne s s  and the gate dif

fusion depth . Since the InGaAsP l ayer i s  grown by LPE and it i s  

d i f f i cult to control the layer thickne s s  exactly by LPE , the 

d i f fusion depth was adj usted for the moni tored layer thickness . 

The quantitative des ign for channel depth i s  descr ibed in the 

fol lowing section . 

4 -2 -2 . DC bias point 

The c i r cuit of the photorece iver i s  shown i n  F i g .  4 - 2 . The DC 

bias poi nt of the c i rcuit has been cons idered a s  fol lows to opti 

m i z e  the channel depth of the FET ' s .  S i nce dra in current ( IDi ) o f  

FET Qi ( i  = 1 - 4 )  i s  a function o f  dra in- source voltage ( VDi ) and 

gate - s ource voltage ( VGi ) ,  fol lowing equations are obtained for 

the ampl i f ier s tage : 

P I N 
- P O 

p:-4 I n  

Voo  

Vout  

F i g . 4 - 2  C i r c u i  t d i a g r a m o f  t h e  mo n o l i t h i c p h o t o r e c e i v 

e r  c o n s i s t i ng o f  a p i n  p h o t o d i od e  ( P D )  a n d  a t r a n s 

i m p e d a n c e  p r e amp l i f i e r . 
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( 4 - 1  ) 

( 4 - 2 ) 

where VDD and VLS are the power s upply voltage and the voltage 

shift of two level shi ft d iodes , and Rf and Ip are the feedback 

res i s tance and the current of the PD . Eqs . ( 4 - 1 ) and ( 4 - 2 ) can be 

so lved graph i c a l ly f o r  VD 1  and I D 1  ( = I D 3 ) a s  i l lu s t r a ted i n  

Fig . 4 - 3  ( a ) . I n  the figure , VDD , VLS ' and Ip are set to be 5 V ,  

1 . 6 V ,  and 0 ,  respectively , and VG2 i s  an unknown parameter . 

On the other hand , fol low ing equations are obta i ned for the 

buffer stage : 

ID2 = f2 ( VD2 , VG2 ) 

= f2 ( VD2 , VD2 - VDD 
+ VD1  

+ VLS ) ( 4 - 3 ) 

ID4 = f 4 ( VD4 , 0 )  

= f 4 ( VDD - VD2 - VLS ' 0 )  • ( 4 - 4 ) 

Eqs . ( 4 - 3 ) and ( 4 - 4 ) can also be so lved graph i ca l ly for VD2 and 

ID2 ( = ID4 ) as i l lustrated in Fig . 4 - 3 ( b )  though VD1 i s  an unknown 

parameter in it . S ince the unknown parameter in Fig . 4 - 3 ( b )  ( VD1 ) 

i s  obtained from Fig . 4 - 3 ( a )  and the unknown parameter in Fig . 4 -

3 ( a )  ( VG2 ) i s  obtained from F ig . 4 - 3 ( b ) , self-cons i stent solu

tions for Eqs . ( 4 - 1 ) - ( 4 - 4 ) give a l l  the vol tages in the c i rcuit . 

In case that a l l  FET ' s  operate in saturation region , the solu

t ions can eas i ly be obtained s i nce VG2 is determined only by 

using Fig . 4 - 3 ( b ) . 

The function fi is theoretically given by [ 1 0 ]  

- 5 2 -



(a) 

1 0  
V0 1 - VG 1 

.-... • • 
<! B IAS PO I NT 
E 
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,... 0 5 t-I 

o 2 3 

VOl (V) VOO - VLS 

(b) 

10 
V02 

- VG2 
--

« • . , 

E 
-

N 0 5 H 

o 3 

VD2 (V) VDD - VDl - VLS 

Fig . 4-3 Vo l t a g e - c u r r e nt c h a r a c t e r i s t i c s  f o r  e i t h e r  

( a ) amp l i f i e r  stage o r  ( b )  buf f e r stage t o  obta i n  the 

graphical solution of DC bias point s .  
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ID = 2W�qNDd / L{ VD- ( 2 / 3 d ) ( 2 E S / qND ) 1 / 2 [ ( VD+Vbi -VG ) 3 / 2  

- ( Vbi _VG ) 3 / 2 ] ) ( in l inea r  region ) ( 4 - 5 ) 

( in saturation region ) ( 4 - 6 )  

where 

( 4 - 7 ) 

( 4 - 8 ) 

The name s and values of �ymbol s  in Eqs .  ( 4 - 5 ) - ( 4 -8 ) are summa-

r i z ed in Table 4 - 1 . The curves in Fig . 4-3 are numerica l ly calcu

lated us ing these equat ions for the channe l depth of o .  5 �m . In 

thi s  case , all FET ' s  operates in saturation region . As suming d i s  

0 . 6  �m , however , the bias points o f  FET ' s  Q1 a nd Q4 move to l in

ear region , which is thought to reduce the output response f or 

i nput photocurrent . 

Table 4-1 Names and values of the symbol s used in Eqs . (4-5 ) -

( 4-8 ) • 

SYMBOL NAME VALUE 

� ELECTRON MOBILITY 3 5 0 0  cm2 / V  s 

£ s DIELECTRIC CONSTANT 1 2 . 4  £ 0 
n i INTRINS IC CARRIER DENS ITY 3 X 1 0 1 0  cm- 3  

NA ACCEPTOR DENS ITY IN GATE 5 X 1 0 1 8  cm- 3  

ND DONOR DENS.ITY IN CHANNEL 1 X 1 0 1 6  cm- 3  

L GATE LENGTH 6 � m 

W GATE WIDTH ( Q1 ' Q2 ) 5 0 0  �m 

( Q3 ' Q4 ) 3 5 0  �m 

d CHANNEL DEPTH 0 . 5 �m 
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Fig . 4 - 4  Relation between input photocurrent and output voltage 

obtained by computer circuit s imulation . The device parame

ters were determined based on Eqs . ( 4-5 )  - (4-8 ) with values 

shown in Tabl e 4-1 . 

To confirm this effect , the relations between the i nput photo

current and the output voltage have been s imulated with a comput

er c i rcuit s imulator for d = 0 . 4 , 0 . 5 ,  and o .  6 �m . The results are 

shown i n  F i g . 4 - 4 . The t r a n s impedanc e ,  wh i c h  i s  the ra t i o  of 

output vo ltage change to input photocurrent , for d = 0 . 4 or o .  5 �m 

i s  approximately the same a s  the va lue of feedback res i s tance 

( 1  . 5  kQ ) ,  wh i l e  tha t for d = 0 . 6  J..lm i s  sma l ler than thi s va lue . 

Therefore , the channel depth should be les s  than 0 . 5  �m for nor

ma l c i rcui t  operation . On the other hand , as the channe l depth i s  

decreased , transconductance and cuto f f  frequency o f  FET are de

creased which degrades the frequency re sponse a s  described in the 

fol lowing sect ion . Cons ider ing thes e  two factors , the optimum 

value of the channe l depth i s  o .  5 �m . 

4-2-3 . Frequency response 

The frequency dependence of the transimpedance ( Zt ) i s  given 

by 
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( 4 - 9 ) 

where Rf i s  the feedback re s i s tance , A i s  the open loop gain o f  

the ampli fier , and fc i  i s  the cutoff frequency determined b y  Rf 
and a front-end capacitance ( Ci ) ,  that i s , ( 2 TICiR f ) - 1 . The fre

quency dependence of A is g iven by 

A ( f )  = AO I ( 1  + i f  I fca ) , ( 4 - 1 0 )  

where AO is the low frequency ga in and fca i s  the cutof f frequen

cy of the amp l i f ier . As for the c ircui t shown in Fig . 4 - 2 , AO i s  

given by gm1 ( rds1 l l rds3 ) where gm1 i s  a transconductance o f  the 

FET Q1 ' and rd s 1  and rds3  are output resi stance of the FET ' s  Q1 
and Q3 ' respective ly . 

Z t ( f )  can be calculated by combining Eqs . ( 4 - 9 ) and ( 4 - 1 0 ) ,  

but i t  does not give a s imple so lution for 3 dB bandwidth ( f 3 dB ) 

of the photoreceiver . To clear the factors which l imi t f 3dB , two 

extreme cases are considered . In case of f 3 dB « fca ' A can set to 

be AO in Eq . ( 4 - 9 ) and f 3dB is given by 

( 4 - 1 1 )  

Thi s  s imple equation can be applied to mos t  photorece ivers a nd i s  

often treated a s  general expres s ion [ 7 , 1 1 , 1 2 ] .  I n  thi s  case f 3 dB 
i s  l imited by fc i  and AO . Therefore , gm1 ' rd s 1 ' and rd s 3  should 

be i ncreased to increase f 3dB . In the oppo s i te case of f 3dB » 
f ca ' A i s  presented by F/ i f  where F = AO fca i s  the ga in-band

width product of the amp l i f ier and approximate ly the same a s  the 

cutoff frequency ( fT ) of the compos i te FET . In this case Z t ( f )  i s  

rewr i tten i n  the form 

In thi s case the frequency dependence of Z t has resonance and 

f 3dB is l imi ted by fc i  and F .  To increas e  f 3 dB ' fT should be 

increa sed . 
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4-3 . Fabrication 

In thi s study , three types of photoreceivers have been fabr i 

cated , whi ch are d i stingui shed b y  the gate length o f  the compos 

i t e  FET ' s and the feedback r e s i s tance . The gate length i s  6 11m 

for Type I ,  and 3 11m for Types I I  and I I I . The feedback res i s tance 

i s  1 . 2 kQ for Types I and I I , and 3 . 6 kn for type I I I . Type I wa s 

fabrica ted for the f i r st time . Types I I  and I I I  have been fabr i 

cated to a i m  a t  h igher - s peed and h igher - s en s i  tivi ty operat ion , 

respective ly . 

The fabr ication steps of the photorece iver are i l lus trated in 

F i g . 4 - 5 . To f a b r i c a t e  the pho tore c e i v e r , a n  n - I nGaAsP layer 

( 1  . 0  11m , 1 X 1 0 1 6  cm- 3 , bandgap wavelength Ag = 1 . 1  11m ) ,  an n - InP 

laye r  ( 1 . 5 I1m ,  5 X 1 0 1 7  cm - 3 ) ,  a nd a n  n - - I nGaAs l a y e r  ( 2 . 0 I1m ,  

5 X 1 0 1 5  ·cm- 3 ) are f i rst grown by LPE on a semi - insulating InP sub

strate a s  shown in Fig . 4 - 5 ( a ) . Then the InGaAs layer , the InP 

layer , and the I nGaAsP layer are etched succes s ively to form the 

me sa shape in Fig . 4 -5 ( b ) . The InGaAs and the InGaAsP layers are 

s electively etched by H2 S04 : H202 : H20 ( 1  : 1 : 5  and 5 : 1 : 1  in vo lume ) 

and the InP layer i s  by HCl : H3 P04 ( 1 : 4  in vo lume ) .  Etching each 

(a) 

(b) 

n--l n GoAs 

n - l n P  

n - lnGaAsP 

S.I.- l nP 

M ESA E T CH I N G  

== 

(c) 

(d) 
Cr/PtiAu 

I ,d23: 
(e) �SiN 

=' � I I 
(f) 

T i/Au � I I 
Fig . 4-5 Fabrication steps of the monol ithic photoreceiver . 
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Fig . 4-6 SEM photograph of a fabricated photoreceiver . The chip 

size is 1 .  1 X 1 .  0 mm2 • 

l ayer i s  easy and reproducible s ince preferenti a l  e tchant s  are 

used . After the mesa formation , Zn is d i f fused into the PO , the 

gate of the FET ' s ,  and the p -type region of the leve l shi f t  

( a )  ( b )  

Fig . 4-7 SEM photographs of ( a )  a pin PD and ( b )  a junction FET . 

In the PD , inside of the ring anode corresponding to the 

photosensitive area has a diameter of 8 0  j..Im .  The FET has a 

size of 2 6 0  X 1 5 0  j..Im2 • 
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Fig . 4-8 Photomicrograph of assembled photorecei vers . The upper 

shows a receptacle type module for the Fe connector . The 

lower is standard TO-18 packages . 

d i ode s in Fig . 4 -5 ( c ) . Then Cr/pt/Au and Au-Sn are evaporated as 
p ..... type and n-type ohmic contacts , respectively , in Fig . 4 -5 ( d ) , 
and a S iNx pass iva ti on f i lm i s  depos ited i n  Fig . 4-5  ( e ) . Finally 
T i /Au interconnection meta l i s  formed and connected to the con
tact metal through a window in the SiNx f i lm in Fig . 4 -5 ( f ) . 

An SEM photograph of the fabricated photoreceiver chip is 
shown in Fig . 4 - 6 . The chip s i ze is 1 . 1 X 1 . 0  mm2 • The PD i s  locat
ed at the center of the chip to simplify the fiber coupling . The 
magnified photographs of the PO and the FET are shown in Fig . 4-7 . 
No defects are observed in the interconnect ion meta l  pattern 
though the devices have mesa s tructures . The fabricated chip is 
mounted on a TO- 1 8 package and assembled in a recepta¢le type 
module as shown in Fig . 4 - 8 . 

4-4 .. Characteristics of Composite Devices 

4 -4-1 . General character istics of FET ' s 

The drain-source characteri stics of a typ i cal FET w i th a gate 
length of 6 J..1.m and a width of 5 0 0 JlIn are shown :i,n Fig . 4 -9 ( a ) . The 
hys tere s i s  loops observed in them are discuss ed in the following 
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( a ) 

( b )  

Fig . 4-9 Drain - source vol tage - current characteri stics of 

typical FET ' s  with gate lengths of ( a )  6 � and ( b )  3 �m. Both 

FET ' s  have a gate width of 500 �m. 

s ection . The FET ha s a pinch-o f f  voltage ( Vpo ) of - 1 . 0 V ,  a satu

ration drain current ( Idss ) of 2 . 7  rnA , and a transconductance 

( gm ) of S . O mS at zero gate bias . Frequency characteristics  of S 

parameters have been measured for another FET w i th the same gate 

length and width . The FET has Vpo of - 1 . 2  V ,  Ids s of 4 . 5  rnA ,  and gm 
of 7 . 0  mS . The current gain ( h2 1 ) der ived from the measured S

parameters are plotted aga inst frequency a s  shown in Fig . 4 - 1 0 ,  

from whi ch a cutoff frequency ( fT ) of 9 2 0  MHz i s  obtained . From 
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the value of gm and fT ' the gate capacitance ( Cg ) i s  deduced to 
be 1 . 2 pF . 

The dra in- source characteristics of Fig . 4 - 9 ( b )  have been mea s 
ured for a FET with a gate length o f  3 Jlm and a width o f  5 0 0  Jlm . I t  
has Vpo o f  -1 . 1  V ,  Idss  of 6 . 4  rnA ,  and gm o f  1 0  mS . The relation 
betwe en I d s s  and gm f or severa l FET ' s  w i th d i f f erent Vpo i s  
shown in Fig . 4 - 1 1 .  I t  coincides with the general relation that gm 
i s  proportiona l to Idss

1 / 2 . The f requency characteristics of the 
same FET ' s  have been measured . The obtained fT are a l so plotted 
in Fig . 4 - 1 1 . The fT of the FET shown in Fig . 4 - 9 ( b )  is 1 . 7 5 GHz . 
The proportional dependence of fT on gm represents the cons tant 
Cg which is calculated to be 0 . 9 1 pF . 

4-4-2 . Output resistance of FET ' s  

The drain-source characteristics in Fig . 4 - 9 mea sured with a 
curve tracer ( Type 5 7 6 , Tektronix ) exhibit hystere s i s  loops . 
These loops can be el iminated as shown in Fig . 4 - 1 2 by i l luminat 
ing the FET ' s  with a mi cros cope lamp . Furthermore ,  the character
i stics measured by DC mode without i l lumination has no hysteres i s  
loops j ust l ike the AC character istics under i l lumination . From 
these facts , the hysteresis  loops are deduced to be caused by the 
s low traps which have time constant corresponding to the sweep 

Fig . 4-12 Drain-source voltage-current characteristics of the 

FET shown in Fig . 4-9 ( a )  under i llumination with microscope 

lamp . The hysteresis loops are eliminated . 
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speed of curve tracer ( 6 0 Hz ) . S ince further exper iments revealed 
that the Fe doping leve l of the semi -insulating InP substrate 
a f fects the shape of the loop , the traps are thought to be a s so
ciated with Fe and located at the interface between the Fe-doped 
InP substrate and the FET channe l . 

The hystere s i s  loops imply the change of output res i s tance 
( rds ) of the saturation region in very low f requency range . Then 
the frequency dependence of rd s  has been mea sured in the frequen
cy range from 1 Hz to 1 0 0 MHz . It was measured with an oscil loscope 
from 1 Hz to 1 MHz and with an impedance ana lyzer from 1 MHz to 
1 0 0 MHz . The results are shown in Fig . 4 - 1 3 in which rds is dra sti
ca l ly reduced in the frequency range from 1 0 Hz to 1 kHz and be
comes cons tant above 1 0 0 kHz . The s light d i scontinuities at 1 MHz 
are attributed to the di fferent methods of mea surement . As can be 
s een from Fig . 4 - 1 3 ,  the 3 �m gate FET has sma l ler rd s  than the 6 �m 
gate FET s ince the shorter gate shortens the current pa s s  in the 
p inched channe l which i s  the origin of f inite rd s • The relation 
between gate length and rd s  i s  thought to be approximately in-

5 0  

� � 
W 
u 1 0  z 
« 
I-
U) 5 
U) 
w 
ct: 

I-
:::J 
a... 
I-
:::J 
0 

1 0  1 0 2 1 0 3 1 0 � 
F R EQ U E N CY 

0 Lg = 3�m 
11 Lg = 6�m 

1 0 5 
( H z )  

Fig . 4-1 3 Frequency dependence of drai n  - source output res i st

ance in saturation region for FET ' s  with gate lengths of 3 �rn 
and 6 � . The DC bias voltage applied to drain - source i s  

2 . 5  V .  
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verse proportion though exact ana lys i s  has not been done . 
As described in Section 4 - 2 - 3 , the product of gm rd s  i s  one 

of the important parameters which affect the frequency character
i stics of trans impedance photoreceivers , because it dec ides the 
open loop gain of the preampli fier beneath cutoff frequency . For 
the photorece ivers fabricated in thi s  study , the gain in the fre
quency range above 1 0 0 kHz i s  quite d i f ferent from DC gain s ince 
rds is changed . Therefore , the low f requency ga in ( AO ) is def ined 
as the ga in in the frequency range above 1 0 0 kHz and beneath cut
off frequency . How AO affects the frequency characteristics of 
the photoreceivers i s  di scus s ed in Sect ion 4 - 7 -1 . 

4-4-3 . Characteristics of PO ' s  

Dark currents of several PD ' s  have been mea sured in relat ion 
to the rever se bias voltage . The re su lt for the PD wi th the low
est dark current is shown in Fig . 4 - 1 4 .  Thi s PD has a dark cur 
rent of 3 0  nA at a bias voltage of -3 V ,  which i s  the operating 
vol tage in the integra ted c i rcuit . The typica l  values of dark 
current at - 3 V are a few �A . Thi s  rather large dark current i s  

I
Z 
w 10 - 7  
0: 
0: 
:::J 
U 
� 10- 8 
0: 
« 
o 

1 2 3 4 
R EV E R SE VO LTAGE ( V )  

5 

Fig . 4-14 Relation of reverse voltage and dark current for the 

PD with the lowest dark current among measured samples . 
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Fig . 4-15 R e l a t i on of reverse vol t age and capa c i tance for a 

typical PD . 

a ttributed to the SiNx passivation f i lm [ 4 ] . However , i t  should 
be noted that the shot noise induced by dark current of a few �A 
is sti ll sma l ler than the thermal noi se of the feedback res i stor . 

The capacitance of PD has a l so been measured by changing bias 
voltage as shown in Fig . 4 - 1 5 .  The value at a bias vol tage o f  -3 V 
i s  1 . 1 pF . Since the capacitance of the interconnection metal 
across the n-type regi on is about 0 . 1  pF , the j unction capacitance 
of the PD is about 1 . 0 pF , f rom which the carrier concentration of 
the n--I nGaAs layer is deduced to be 7 X 1 0 1 5  cm- 3 . 

4 -5 . Circuit Characteristics 

4-5-1 . Circuit operation 

The circuit operation o f  the Type I photoreceiver has f irst 
been examined . I t  has a gate length of 6 �m and a feedback res i s 
tor of 1 . 2 kO .  A 1 . 3 �m la ser d iode with a f iber pigta i l  wa s used 
as an optical source . The end of the pigta i l  was butted to the 

photorece iver . The quantum efficiency of the photod iode i s  7 0 %  or 
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Fig . 4-16 Relation between photocurrent and change in output 

voltage for a Type I photoreceiver having a gate l ength of 

6 )..UtI and a feedback res istor of 1 . 2  kn . 

more wi thout correction for coupling los s . The re lat ion between 
the photocurrent and the change in output voltage i s  shown in 
Fig . 4 - 1 6 .  The mea sured trans impedance i s  9 6 S n whi ch is thought 
to be approximately the same as feedback res i s tance . 

The frequency characterist ics have a l so been measured by modu
lating the laser diode . In thi s  mea surement , bypa s s  capacitors 
were inserted in para l lel to the level shift d iodes to improve 
the frequency characteristics of the diodes . An emi tter fol lower 
c i rcui t wa s used to transform output impedance because the pho
toreceiver has a rather high output impedance of 2 0 0  n .  The meas 
ured characteri stics are shown in Fig . 4 - 1 7 .  The 3dB bandwidth 
( f 3dB ) of the photoreceiver is 2 4 0 MHz . Both the s tati c  and h igh
frequency characteri stics show that thi s  photoreceiver can oper
ate norma l ly with a S V  power supply . 

However , it should be po inted out that the transimpedance 
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Fig . 4-1 7 Frequency response of a Type I photoreceiver . The 3 dB 

bandwidth is 240 MHz . 

corresponding to the O dB l ine in Fig . 4 -1 7 i s  d i f ferent from the 
DC trans impedance obta ined from Fig . 4 - 1 6 .  As described in Sec
tion 4 - 4 -2 , the amp l i f ier gain in the frequency range between 
1 0 0 kHz and cutoff f requency i s  sma l ler than DC ga in s ince the 
output res i stance of FET ' s  are reduced . Therefore , the low-fre
quency trans impedance in the frequency range between 1 0 0 kHz and 
f 3dB i s  a l so smal ler than DC trans impedance .  The l ow-frequency 
transimpedance ( at 1 0  MHz ) ha s been measured to be 7 5 0  Q for the 
photorece iver with a DC trans impedance of 1 . 1 3 kQ .  

4 -5-2 . Dissipation current and bandwidth 

The speed of the photoreceivers depend on drain current of the 
FET ' s since gm ' fT ' and rd s  depend on i t .  The drain current for 
each FET is a ha l f  of the total diss ipation current ( Id ) s ince 
the FET ' s  Q3 and Q4 shown in Fig . 4 -1 have the same gate s i ze . 
The r e l a t i o n s  be tween I d and f 3 dB a r e  s hown i n  F i g . 4 - 1 8 f o r  
Types I and I I  photoreceivers .  Type I I  with a gate length of 3 �m 
has been fabricated for higher speed opera tion . The supply volt
age for photoreceivers are f ixed to 5 V . The frequency response 
of the Type II photoreceiver with the highes t  f 3 dB o f  2 8 5  MHz i s  
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shows results of computer circuit s imulation with device 

parameters shown in Tabl e 4-2 . The broken l ines are results 

obtained on the assumption that output resistance in satura-

tion region is infinite . 

shown in Fig . 4 - 1 9 .  

The solid l i nes in Fig .  4 - 1 8 show re sults of computer ci rcuit 
simulation . The device parameters for s imulation are determined 
by the measured value as l i sted in Table 4 - 2 . The broken l ine s 
also show results of s imulation using the same parameters except 
that rds in the saturation region i s  infini te . For Type I pho
torecei vers , the solid and the broken l i nes show quite sma l l  
difference , which means the f inite rds does not affect the fre
quency characteristic s . For Type II photoreceiver s ,  however , the 
solid and the broken l ines show dif ference in the high Id region , 
and the measured values correspond to solid l ines . Therefore , the 
speed of Type I I  photoreceivers is thought to be l imi ted by AO in 

- 6 8 -



--.. 
CD 
"'0 '--" 
r 
::> 
a.. 
r 
::> 
0 

0 
- 1 0 
- 20 
- 30 

1 10 1 02 1 0 3 
FR EQU E N CY ( M H z )  

Fig . 4-19 Frequency response of the Type I I  photoreceiver with 

the highest 3dB bandwidth of 2 8 5  MHz . The Type II photore

ceiver has a gate length of 3 � and a feedback resistance of 

1 .  2 kn . 

Table 4-2 Parameters of the FET and other devices used for the 

computer circuit simulation . 

PARAMETER 

TRANSCONDUCTANCE PARAMETER 

( gm / 2 l Vpo l ) ( mA/V2 ) 

GATE CAPACITANCE ( pF )  

OUTPUT RESISTANCE PARAMETER 
( 1  / rds ldss ) ( 1 /V )  

FEEDBACK RES ISTANCE ( kn )  

PHOTODIODE CAPACITANCE ( pF )  

SUPPLY VOLTAGE ( V )  

Type I 

2 . 5  

1 . 2  

0 . 1 3 

1 . 2  

1 . 1  

5 . 0  

- 6 9 -

Type I I  

4 . 5  

0 . 9  

0 . 1  7 

1 . 2  

1 . 1  

5 . 0  

Type I I I  

4 . 5  

0 . 9  

0 . 1 7  

3 . 6  

1 . 1  

5 . 0  
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high Id region . 
Type I I I  photoreceivers , which have a gate length of 3 11m and 

a feedback res i s tance of 3 . 6 kQ ,  are a imed at higher sensitivity . 
The relation between Id and f 3dB for Type I I I  photoreceiver s is 
shown in F i g . 4 - 2 0 .  The f requency response o f  the Type III pho
toreceiver with the highest f3 dB of 1 4 0 MHz i s  shown i n  Fig . 4 - 2 1 . 
The solid and broken l ines in Fig . 4 - 2 0  have the same meaning as 
the l ine s in Fig . 4 - 1 8 .  For Type I I I  photorece ivers , the solid and 
the broken l ines show difference not only in high Id region but 
also in low Id region . Therefore , the speed of Type I I I  photore
ceiver s are thought to be l imited by AO over the fu l l  Id range . 

4-5-3 . Transmission characteri stics 

The transmi s s ion characteri stics have been measured by modu
lating the optical source with a non-return-to-zero ( NRZ ) pseudo
random bit sequence . The output s i gnal of the externa l emit ter 
fol lower circuit was f irst observed with oscil loscope to obtain 
eye pattern . The eye pattern a t  4 0 0  Mbit/ s for the Type I photore
ceiver with f3 dB of 2 4 0  MHz is shown in Fig . 4 - 2 2 . The rise and 
the f a l l  times are approximately 1 . 8 ns which corresponds to the 

Fig . 4-2 2  Eye pattern obtained by using a Type I photoreceiver 

for 400 Mbit/s non-return-to-zero pseudorandom bit sequence . 
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Fig . 4-2 3  Bit error rate ( BER ) against input optical power meas

ured at a bit rate of 1 2 0  Mbit/s . The minimum optical powers 

to obt a i n  a BER of 1 0- 9  are - 2 7 . 1  dBm for Typ e I and 

-31 . 2 dBm for Type I I I . 

value derived from f 3dB • 
Then the bit error rate ha s been evaluated with an automat ic 

gain control ( AGe ) amp l i fier , an equa l i z er f i lter , a d i s crimina
tor , and an error detector to characterize the sens itivity . The 
relations of bit error rate ( BER ) and input opt ical power at the 
bit rate of 1 2 0 Mbi t/s are shown in Fig . 4 - 2 3  for Type s I and I I I  

photoreceivers .  The minimum optical powers to obta in a BER of 
1 0 - 9 are - 2 7 . 1  dBm for Type I and - 3 1 . 2  dBm for Type I I I . 

4-6 . Photoreceiver with Self-Aligned FET ' s  

4-6-1 . Device structures 

As described in the previous sections , the photorece iver with 
a shorter gate length has higher operat ion speed . However , i t  i s  
d i f f icul t t o  fabr i cate a n  FET with a gate l ength shorter than 
3 �m s i nce some margins are requi red for the a l ignment of the 
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Fig . 4 - 2 4  Circuit diagram of the photoreceiver with self-aligned 

FET ' s .  

gate metal and the gate d i f fused area . To obtain shorter gate 
length , it is f avorable to adopt a s e l f - a l igned gate s tructure . 
The j unction FET with a self-al igned gate has been fabricated 
eas i ly by using the gate meta l as an etching mask for the p-type 
gate on the n-type channe l [ 1 3 - 1 5 ] .  Crystals with d i f ferent com
positions are grown as the gate and the channe l layers whi ch 
enable one to use preferent ial etchant s for etching only the 
gate . The overhang of the gate metal formed with s ide etching of 
the gate layer is used for ma sk-l e s s  self-al igned evaporation of 
source and drain meta l s . 

In thi s s tudy , the photoreceiver s incorporating the self
a l igned j unct ion 'FET ' s descr ibed above have been f abr icated to 
improve the bandwidth . The devi ce s tructures are the same as the 
s tructure shown in Fig . 4 - 1  except that the n-InGaAsP channel i s  
separated to a p-InGaAsP gate and a n  n-InP channel , and tha t the 
FET has a self-al i gned structure . In regard to the c ircuit con
f i guration , an output buffer stage has been added to the conven
tional c ircu i t  as shown in Fig . 4 -2 4 . The roles of thi s  buf fer 
stage are to reduce output impedance and to prevent the output 
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load capacitance from affect ing the feedback ci rcui t .  

4-6-2 . Fabrication 

To fabricate the photoreceiver with sel f-al igned FET , an n-InP 
channe l layer ( 0 . 5  Jlm , 1 X 1 0 1 6  cm - 3 ) ,  a p - I nGaAsP g a t e  layer 
( 0 . 5  Jlm , 5 X 1 0 1 7  cm-3 , bandgap wavelength Ag = 1 . 1 Jlm ) ,  an  n-InP 
layer ( 1 . 5 Jlm ,  5 X 1 0 1 7 cm - 3 ) ,  and an n - - I nGaAs l ay e r  ( 2 . 0 Jlm , 
5 X 1 0 1 5  cm-3 ) are f irst grown by LPE on a semi- i nsulat ing InP 
substrate . Then the InGaAs layer and the upper InP layer are 
etched success ively to form the mesa shape . Af ter the mesa forma
tion , Zn is diffused into the PD . Then Cr /pt/Au are evaporated to 
form the anode of PD and the gate meta l of FET , and the gate 
layer is etched by us ing the gate metal as a etching ma sk . After 
evaporation of Au-Sn for n-type ohmic contacts , a S iNx passiva
tion f i lm is deposited . Finally Ti /Au interconnecti on meta l i s  
formed and connected t o  the contact metal through a window i n  the 
S iNx • 

An SEM photograph of the fabricated photoreceiver chip i s  
shown i n  Fig . 4 - 2 5 . The chip s i ze i s  1 . 0 X 0 . 9  mm2 • The PD h a s  a 
d i ffused area of 4 0  Jlm and a photosensitive area of 2 0  Jlm whi ch i s  

Fig . 4-2 5  SEM photograph o f  a fabr i cated photore c e iver with 

self-aligned FET ' s .  The chip size is 1 . 0  X 0 . 9 mm
2

• 
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Fig . 4 - 2 6  Cross-sectional SEM photograph o f  a self-al igned gate 

structure . 

des igned by con s ideri ng the coupl ing with a s i ngle mode f iber . A 

cro s s - sectional SEM photograph of the s e l f -a l igned gate i s  shown 

in Fig . 4 -2 6 .  The gate l ength i s  2 . 5 !lm and the d i s tance s  between 

gate-source and gate-drain are 0 . 2 !lm and 0 . 8 !lm , res�ective ly . 

4-6-3 . Characteristics of FET l s  

The drain-source characteri st i c s  of a self-al igned FET with a 

gate width of 2 0 0 !lm are shown i n  Fig . 4 -2 7 . I t  has a pinch-off 

voltage ( Vpo ) of - 2 . 0  V ,  a saturation dra i n  current ( Id s s ) of 

8 . 0  rnA , and a transconductance ( gm ) of 6 . 0  mS ( 3 0 . 0  mS /rom )  at zero 

gate bia s . The f requency dependence of current gain der ived from 

the S -parameters i s  shown in Fig . 4 -2 8 .  A cutoff frequency ( fT ) 

of 3 . 0  GHz i s  obtained . 

The values of gm and fT have been improved compared with the 

conventional 3 �m-gate FET with the same Vpo . The conventiona l FET 
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Fig . 4-27 Drain- source vo ltage-current characte r i s t i c s  o f  a 

typical FET with a self-aligned gate . The FET has a gate 

length of 2 . 5 � and a gate width of 200 �m . 

5 0  
..--N 

..c. 

Z 
- 1 0  « 
t9 
I- 5 z 
W 
0:: 
0:: 
� 
U , , 

, 

1 , 
, 

0.1 1 t 1 0  fT= 3 GHz 
F R E Q U E N C Y  (GHz) 

Fig . 4-28 Frequency characteristics of current gain for a FET 

with a s e l f - a l i gned gate . The cut o f f  f r equency ( fT ) i s  

3 . 0  GHz . 
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has gm of 1 2 . 5  mS ( 2 5 . 0  mS/ mm )  and fT of 2 . 2  GHz . These improvements 

corre spond to the reduct ion rate of gate length s ince gm a nd fT 
are proportiona l to the gate length and i t s  square , respective ly . 

To obtain more dra s t i c  improvements , further reduction of the 

gate length is neces sary . 

4-6-4 . Circuit characteristics 

The frequency respons e  of a fabr icated photoreceiver i s  shown 

in F i g . 4 - 2 9 .  The 3 dB bandwidth ( f3dB ) i s  3 6 0 MHz . Th i s  result wa s 

obta i ned u s i ng a power supply voltage of 7 V . In case of operat

ing i t  with a 5 V power supply both the trans impedance i n  low 

frequency range and f 3dB were decreased . 

Cons ideri ng reduct ion of the PD c apa c itance , operat ion speed 

of thi s  photorece iver i s  inferior to the conventional photore 

ceiver s . Thi s  i s  because I Vpo l of FET w a s  too large and the DC 

bias poi nt was in l i near region . For the conventional FET , the 

channel depth determini ng Vpo i s  control led by gate diffusion . 

However , the channel depth of the self-al igned FET i s  equa l to 

--.. 
CD 
"'0 -
t-
::> 
a... 
t-
::> 
0 

0 
- 1 0 
- 20 
- 30 

1 10  1 02 1 0 3 
FREQU ENCY (M Hz )  

Fig . 4-2 9 Frequency r e spon s e  of a photoreceiver with s e l f 

a l igned FET ' s .  The 3 dB bandwidth i s  360 MHz . 
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the channel layer thickne s s . As a result , the control of channel 

depth i s  very diff icult for the self-al igned FET due to uncer

tainty of layer thickne s s  grown by LPE . 

4-7 . Approach to a photoreceiver grown by OMVPE 

4-7-1 . Device structures 

One way to improve the control lab i l i ty of channe l depth for 

the self-al igned FET i s  uti l i z ing OMVPE for epi tax i a l  growth . 

Furthermore , OMVPE has two additional advantages , whi ch are the 

growth of InP on InGaAs and the growth on substrate wi th mesa

shape structures .  Ba sed on these advantage s of OMVPE , a new inte

grated structure shown i n  Fig . 4 - 3 0  has been proposed [ 1 6 ] . 

In thi s  structure , the PD i s  constructed with an n- -InGaAs and 

an n-InGaAsP layer s grown by LPE , and an n- InP window l ayer grown 

by OMVPE . The InP window layer i s  effective to reduce the dark 

current of the PD . The n-InP window l ayer i s  used a s  a channe l 

layer in the FET which i s  grown direct ly on a s emi -insulating I nP 

substrate outs ide of the PD region . The self-aligned FET i s  con

structed with thi s  channel layer and a p-InGaAsP gate layer grown 

by OMVPE . These layer structure s are formed by LPE and OMVPE w i th 

mesa etching after each epitaxial growth . 

PI N - P D  J - F E T 
Zn 0 1  F F U S ION 

L P E  M O VPE T i /Au 

[--------------------------

S . 1 . - I n P 

S i N 

C r/PtiAu 
A u - S n  ��� 

__ J 
Fig . 4- 3 0  Schematic cross-section of the photoreceiver grown by 

OMVPE . 
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10-7.--------------------------. 

2 3 4  
REVER S E  VOLTAGE (V )  

5 

Fig . 4 - 3 1  Relation of reverse voltage and dark current for a 

typical PD with a window layer grown by OMVPE . 

4-7-2 . PO with a window layer 

For the f i rst stage of deve loping the integrated structure 

shown in Fig . 4 - 3 0 , a PD with a window layer grown by OMVPE has 

been f abr i c a ted . To f a b r i c a te the PD , an n - I nGaAsP and an 

n- - I nGaAs are f i r st grown by LPE . Then they are etched with pref 

erenti a l  etchants to l eave the mesa shape . After mesa formation , 

the window layer i s  grown by OMVPE . Af ter the second growth , Zn 

is d i f fused to form the p-type region , and Cr / Pt/Au and Au-Sn 

were evaporated for the anode and the cathode , respect ively . To 

reduce the contact res i s tance , the anode of the PD wa s formed 

a f ter etching the window layer beneath i t .  

Typical dark current of the PD with a d i f fusion area of 1 0 0 �m� 

i s  shown in F i g . 4 -3 1  in relation to the bias vo ltage . The dark 

current at the bias voltage of -3 V i s  2 . 7 nA . thi s  va lue is much 

sma l ler than dark current of the PD w i thout a window layer whi ch 

ranged f rom 3 0  nA to a few �A . Thi s  result showed that the InP 

layer grown by OMVPE on an InGaAs mesa had enough qua l ity as a 

window layer . 

4 -7 -3 . Self-aligned FET 

The self-aligned FET has been fabr i ca ted by us ing the channel 
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Fig . 4-3 2  D r a i n - s ource vol tage-current character i s t i c s  o f  a 

typical FET grown by OMVPE with a self-aligned gate . The FET 

has a gate length of 2 .  5 �rn and a gate width of 200 �rn. 

a nd the gate layers grown by OMVPE . The fabr i cation s tep s are the 

same as those of the self-al igned FET grown by LPE . The dra in

source characteristics  of a fabricated FET w i th a gate width of 

2 0 0  �m are shown in Fig . 4 -3 2 . Th i s  FET has Vpo of - 2 . 5  V ,  Id s s  of 

4 . 3  rnA , and the maximum gm of 2 . 4  mS . The va lue of gm is much 

smal ler than the FET grown by LPE and maximum gm is not obtained 

at zero gate bias . 

The se results are thought to be caused by traps i n  the channe l 

layer grown by OMVPE . For the FET des cribed above , the carr ier 

concentration of the channel l ayer obta ined from the sheet re

s i stance was 6 X 1 0 1 5  cm- 3 , whi le the donor den s i ty from the ca

pac i tance wa s 7 X 1 0 1 6  cm-3 • Thi s  di screpancy shows that the neu

tral e lectron traps compensate carriers . The traps capture elec

trons and ha s negat ive charge in thermal equ i l ibr ium , and they 

emit electrons and are neutra l in the depletion layer . 

Due to these traps , the dep letion layer thicknes s  i s  l e s s  

control lable by the gate b i a s  voltage , and less  carriers f low 

through the conductive channe l compared with the channe l layer 

grown by LPE . The LPE-grown channel has a carr ier concentration 

of 1 X 1 0 1 6  cm- 3  and approximately the same donor dens i ty .  There

fore , gm of FET grown by OMVPE is sma l ler than that by LPE . The 
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rea son why maximum gm i s  not obta ined at z ero gate bias i s  at

tributed to the non-uni form d i s tribut ion of the traps . 

The origin of traps in epitaxial layers grown by OMVPE has not 

been clarif ied . S i nce the character i s tics of FET are not improved 

unt i l  thi s problem i s  solved , the proposed s tructure shown in 

F i g . 4 - 3 0  has not been fabricated . 

4 -8 . Discussion 

4-8-1 . Analysis for bandwidth 

In thi s  section , the l imi tation factors of the bandwidth are 

d i s cus sed for the Types I ,  I I , and I II photoreceiver demons trated 

in Section 4 - 5 . As shown in Figs . 1 8  and 2 0 , the mea sured va lues 

of f3 dB coinc ide with the resu lts of computer c i rcuit s imulation . 

By u s i ng the theory on the bandwidth of the trans impedance ampl i 

fier described in Section 4 - 2 - 3 , the dependence o f  f 3dB o n  Id 
shown i n  Fig . 1 8  or 2 0  i s  explained a s  fol lows . In high Id re

gion , the bias point of the FET moves i nto l inear region and rds 
is  decrea sed unrelated to the va lue i n  saturation region . Then 

f 3 dB is l imi ted by AO and decreased rapidly . Thi s  rapid decreas e  

of f3dB i s  observed for a l l  of three types though the value o f  Id 
where i t  s tarts i s  d i f ferent . Thi s  di fference i s  attributed to 

the d i fferent Id s s  under the same Vpo condition . 

As for Type I photoreceivers f 3dB in low Id region i s  l imited 

by F s ince it i s  not affected by the va lue of rds in saturation 

reg ion . Therefore , f3 dB i s  larger than fca in thi s  case . It i s  

i ncreased with Id s ince fT increases in proporti on t o  Id
1 / 2 . On 

the other hand f 3dB of Type I I I  photoreceiver s  in low Id region 

i s  l imi ted by AO determined by rds in saturation region . In thi s  

c a s e  f3dB i s  sma l ler than fca s i nce shortened gate length in

crea ses fca and increa sed Rf decreases f3dB • Increment of Id 
decreases f3dB , becaus e  rds decreases in i nver se proportion to Id 
whi le gm increas e s  in proportion to Id

1 / 2 . Type I I  photoreceivers 

have three factors whi ch l imit f 3dB accordi ng to Id . They are F ,  

AO determined by rds in saturation region , and AO determined by 

rds in l inear region . 

To cons ider the relat ion of the gate length and speed , AO and 
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fc i  for Types I and I I  have been calculated from the values l i s ted 

in table 4 -2 . Assuming Vpo = -1 . 0  V ,  AO for Types I and I I  are calcu

la ted to be 7 .  7 and 5 . 9 ,  respectively . Thi s result shows that 

shorter gate length decreases AO s ince the decrea se of rds i s  

more effective than the increase o f  gm . Furthermore ,  the va lue of 

( 1  + AO ) fc i  for Type I I  is  sma l ler than that of Type I s ince the 

increase of fc i  caused by the decrease of eg s  i s  l e s s  s igni f i cant 

than the decrease of AO . Therefore , shortening the gate length 

wi l l  decrea se f3dB in case that f3dB i s  l imited by AO . 

However , thi s  re sult does not mean that the photorece iver with 

self-al igned FET ' s  demonstrated in Section 4 -6 shou ld have smal l 

e r  f3dB than Type I I  photoreceiver . For the photoreceiver with 

self-al igned FET ' s ,  the capac i tance of the PD i s  a l so reduced by 

shrinking the photosen s i t ive area . Therefore , the l imitation 

factor of the bandwidth becomes F when the gate length i s  3 �m , 

and shortening the gate length i s  favorabl e  to increa se f 3dB • 
Accord ing to the computer c ircuit s imulation , the photorece iver 

with self-aligned FET ' s  i s  expected to have f3dB of 9 0 0  MHz if the 

FET ' s  has V po of - 1 . 0  V .  

4 -8-2 . Analysis for sensitivity 

To find the dominant noi se source whi ch l imits the sensi t ivity 

of the photoreceiver , the output noi se voltage has been mea sured 

for Type I photoreceiver with a spectrum ana lyzer after amp l i f i 

cation by a broad-band ampl i f ier . The mea sured noi se vol tage i s  

shown i n  Fig . 4 - 3 3  accompanied by an equivalent input noi se vol t 

age of the FET which was calculated from the output no i s e  of a 

gate-grounded source follower c i rcuit . 

As seen i n  Fig . 4 - 3 3 ,  the dominant noi se s ource of the pho

toreceiver between 1 MHz and 1 0 0 MHz i s  1 / f noi se . The output 

noi se of the photoreceiver corresponds to the input no i s e  of the 

FET . Thi s  result shows that the 1 / f noi se of the FET is the dom i 

nant noi se s ource of the photoreceiver because i n  a trans imped

ance c i rcuit the input noi s e  voltage of the amp l i f i er appears at 

the output after multipl ication by A / ( 1  + A )  where A is the open 

loop gain of the ampl if ier . 
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Fig . 4-33 Frequency dependence o f  output noise voltage for a 

Type I photoreceiver and input noise voltage for an FET with 

a gate length of 6 � . The dominant noise source of the pho

toreceiver is 11f noise generated in the FET . 

In rega rd to s ens itivi ty , the gate length does not af fect 

noi s e  characteri stics  in the frequency range les s than 1 O OMHz . 

The equiva lent input noi se current o f  Type I averaged in the fre

quen c y  range f r om 1 MHz to 1 0 0 MHz va r i e s  f rom 1 2 . 6  pA / IHZ to 

4 1  . 1  pAl/Hz with the magni tude o f  the 1 If noi se , whi l e  thermal 

no i s e  o f  t h e  f e e d b a c k  r e s  i s t o r  i s  a c o n s t a n t  va 1 u e  o f  

4 . 4  pA / .fHZ . The s en s i t iv i ty da ta s h own i n  F i g . 4 - 2 3  h a s  been 

obtained for the photoreceiver with the lowe st noi s e  current . 

Type I I  has the same noi s e  component s  and the s ame noi se current 

d i stribution as Type 1. Therefore , shortening the gate length 

does not af fect the sens i tivi ty at a bit ra te of 1 2 0 MHz . 

On the other hand , increa s ing the feedback res i stor reduces 

the input no i s e  current caused by the 1 / f noi s e  i n  inver se pro

portion to Rf s i nce 1 / f noi s e  of FET can be treated as a noi s e  

vol tage s ource at the gate . Therefore , Type I I I  photoreceivers 

should have 4 . 8  dB better sensi ti vi ty than Type I or II if only the 
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1 / f noi s e  is cons idered . The thermal noi se i s , however ,  inver sely 

proportional to Rf 
1 1 2 a nd becomes comparable to the 1 I f  noi se 

for the Type I I I  receivers with low 1 / f noi se . In ca se of account

ing both the 1 / f noi s e  and the therma l noi se , the improvement of 

s ensitivity is cal culated to be 4 . 3  dB whi ch corresponds to the 

result shown in Fig . 4 -2 3 . 

4 . 8  Summary 

In thi s chapter , the integrat ion of a pin photod iode and an 

amplif ier circu i t  wa s described . It i s  very attract ive for high 

speed and low noi s e  operation s ince the i ntegration can reduce 

the front-end capacitance . The monol ith i c  photoreceiver incorpo

rating a pin photod iode ( PD ) , four j unction fi e ld effect trans i s 

tors ( FET ' s ) , four leve l shift diode s , and a feedback re s i stor 

has been des igned and fabricated succe s sful ly .  Both the s tatic 

and the high-frequency character i stics  shows that the photore

ceiver operates norma l ly with a s ingle 5 V  power supply . 

The bandwidth has been mea sured in relation to the di s s ipation 

current for three types of photorece iver s which are d i s t i ngui shed 

by the gate length and the feedback res i s tance . The experimenta l 

results are we l l  exp lained by theoretica l cons iderations and 

coincide with the results of computer c ircuit s imu lation . Tran s 

m i s s ion character i s t i c s  have been measured t o  eva luate the s en s i 

tivity . I t  i s  l imi ted by the 1 / f noi s e  o f  the front -end FET and 

ha s been improved by increas ing the feedback re s i s tance . 

Por h i gher speed operat i on , the photo r e c e iver wi th s e l f 

a l igned gate PET ' s  ha s been fabr icated by us ing LPE . The band

width of the photoreceiver wa s inferior to the expec ted va lue 

s i nce the pinch-off voltage of the PET ' s  wa s larger than the 

des igned value . The photoreceiver grown by OMVPE has been pro

posed for preci s e  control of the pinch-off vo ltage . However , the 

self-al igned PET grown by OMVPE has much lower gm than the PET by 

LPE . It i s  thought that there are neutra l electron traps i n  the 

OMVPE-grown channe l ,  which capture the carriers and reduce the 

drain-source current . 

The important quantitative resul ts obta ined in this chapter 
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are as fol lows : 

1 )  The FET w i th a gate length of 6 �m has a transconductance of 

1 4 . 0  mS / mm and a cut -off frequency of 9 2 0  MHz , and the FET 

wi th a ga te l e ngth o f  3 �m h a s  tho s e  of 2 0 . 0  mS / mm a nd 

1 . 7 5  GHz . 

2 )  The output resi stance of the FET i s  drastically reduced in 

the f requency range from 1 0 Hz to 1 kHz and becomes constant 

above 1 0 0 kHz . Th i s  phenomenon i s  thought to be caused by the 

s l ow traps located at the interface between the Fe-doped InP 

sub s trate and the FET channe l .  

3 )  The highest 3 dB bandwidth of 2 8 5  MHz has been obta ined for 

the photoreceiver with a gate length of 3 �m and a feedback 

res i s tance of 1 . 2 kQ . 

4 )  The minimum opt ical power to obta in a BER of 1 0 - 9  at the bit 

rate of 1 2 0 Mbi t / s  is - 2 7 . 1  dBm for the photorece iver with a 

f eedback r e s i s ta n c e  o f  1 . 2 kQ a nd - 3 1 . 2  dBm f o r  that o f  

3 . 6  kQ . 

5 )  The maximum bandwidth of the photoreceiver with s e l f -a l igned 

gate FET ' s  i s  3 6 0 MHz . The computer c ircuit s imulation shows 

that it wi l l  be improved to 9 0 0 MHz i f  the pinch-off voltage 

of the FET ' s  are prec i se ly contro l led . 
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v .  INTEGRATION OF OPTOELECTRONIC BISTABLE SWITCHES 

- PHOTONIC PARALLEL MEMORY ( PPM ) -

5-1 . Introduction 

In thi s  chapter , a two-dimens iona l array of optoelectronic 

bistable switches i s  descr ibed , whi ch i s  named a photonic para l 

lel memory ( PPM ) [ 1 , 2 ] .  The optoelectronic bistable switch i n  the 

PPM is an OEID cons i s ting of a l i ght emitting diode ( LED ) and a 

heteroj unction phototrans i s tor ( HPT ) [ 3 ] .  As described in Chapter 

I ,  the OEIC and the OEID are d i s tingu i s hed by whether the i ncor 

porated devi ces form a c ircui t . Accordi ng to thi s def inition , the 

PPM is also clas s i f ied into the OEID since optical s igna l s  are 

proces sed i ndependent ly by each bistable swi tch and conducting 

elements are used only for power supply . 

The PPM i s  proposed by the author based on the following con

s iderations . The merits in production of Si I C ' s  a r i s e  from the 

fact that the incorporated devices have the identi ca l  s tructure . 

To uti l i ze the same mer i t s  i n  the integrated optoe lectronic s , 

identical optoe lectronic devi ces should be integra ted i n  large 

s cale . The PPM has potential application to optical i nterconnec 

tions within computer systems and opt ical digital comput ing . They 

are e s sential parts in optical s igna l proces s i ngs though the 

optica l  s ignal generat ion and detect ion described in Chapter s I I I  

and I V  are a l s o  important . 

Conventional computers based on VLSI techno logies suffer from 

communi cation problems such a s  interconnection bandwidth , c l ock 

skew , and von Neumann bottleneck [ 4 - 6 ] .  The se communication prob 

lems wi l l  b e  overcome by u s i ng optica l s igna l s  f o r  i nterconnec

tions s ince l i ght has inherent advantages of large bandwidth , 

dense para l l e l  transmi s s i on ,  and non- interferi ng propagation 

[ 5 , 6 ] .  To uti l i z e  optical s ignal s  in computers , opt i ca l  computing 

based on purely optical phenomena has been proposed [ 7 , 8 ] . The 

"pure" optical comput ing has potent iality of u l tra-high speed 

operation though it usua l ly needs high optical power . 

The required optica l  power can be reduced by u s i ng optoelec

tronic devices for s ignal processing .  Although the speed of opto-
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e lectronic devi ces i s  l imi ted by e lectrons , the l ogic and memory 

functions can be obtained ea s i ly by the a s s i s tance of electron

i c s . Large s cale i ntegration i s  i ndi spensable for applying opto

e lectronic devices to computing . The PPM , a two-dimens ional array 

of optoe lectronic b i s table swi tches , i s  j ust f i tted for thi s 

requi rement . 

Be s ides the OEID cons i s t ing of an LED and a HPT , various kinds 

of optoe lectronic bi stable swi tches have been proposed [ 9 - 1  2 ]  , 

and the integration of more than one thousand devices has a l so 

been demonstrated [ 1 3 ] .  Compared with them , the OEID in the PPM 

ha s advantages of inherent ga in and unidirectiona l i ty for opti cal 

s igna l s  [ 1 4 ] . Furthermore , the OEID ha s f lexibi l i ty in de s ign 

s ince l i ght emi s s ion and photodetection are done separately and 

the LED and the HPT can be used not only as an integrated device 

but a s  independent device s . 

5 - 2 . Integrated Device structures 

5 - 2 - 1 . Operation principle 

The optoelectronic bi stable switch integrated in the PPM con

s i s t s  of an LED and an HPT . They are connected electrica lly in 

series and opt i ca l  pos i t ive feedback from the LED to the HPT 

ca u s e s  the b i s t a b i l i ty [ 3 ] . The s w i t c h  take s " on "  a nd " o f f "  

s tates and emi t s  l ight in the on- state . The switch can be turned 

on by opt ical s igna l inc ident upon the HPT , whi le the bias volt

age for the swi tch is decrea s ed to turn o f f  the swi tch . There

fore , the PPM i nc ludi ng only the swi tches i s  wri tten in and read 

out by opt i ca l  s ignal s ,  and era sed by e lectr ica l s igna l s . Thi s  

type of PPM i s  named a n  e lectr ica l ly erased PPM ( EE-PPM ) . 

In s ome app l i ca tions , however , an optica l ly erasable PPM ( OE

PPM ) , whi ch can be written in and era sed by optical s igna l s , is 

des i rable . To attai n  the function of optical eras ing , an add i 

t ional HPT for reset operation and a load res i stor a r e  a l s o  inte

grated in the uni t c e l l  of the OE-PPM . The switch and the reset 

HPT are wired i n  parallel  and bias voltage is appl ied through a 

l oad res i stor . 

The equiva lent c i rcuit of the uni t  ce l l  of the OE -PPM i s  s hown 
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Fig . 5-1 Equivalent circuit and voltage - current characteris

tics of a unit cell integrated in the optically erasable 

photonic parallel memory ( OE-PPM ) to illustrate the operation 

principle of optical set and reset functions . 

i n  Fig . 5 - 1  along wi th the voltage -current character i s t i c s , by 

whi ch the operat ion of the uni t  ce l l  can be explained . Without 

input light , the thyri s tor-l ike character i st i c s  shown by solid 

line i s  observed . Thi s  l i ne and the load l i ne determi ned by the 

bias voltage ( Vcc ) and the load res i stor ( RL )  have two i nter sec

tions corresponding to the on-s tate and the o f f - s tate . When set 

l ight is incident upon the switch , the breakdown voltage is de

crea sed and the intersect ion of the o f f - s tate d i sappears . There

fore , the switch in the o f f - s tate is turned on by the set light . 

In case that reset l ight i s  put into the reset HPT , the current 

through the reset HPT is added to the current through the swi tch . 

As a result , the intersection corresponding to the on-s tate van

i shes and the switch in the on-state is turned off . 

5-2-2 . Electrically erased PPM 

The structure of the EE-PPM i s  shown i n  Fig . 5 - 2  [ 1 ] .  It  con

tains 3 2 X 3 2 me sas i solated by etched grooves . The groove has a 

width of 4 �m and a depth of 5 �m , and the rema ined mesa has an 

area of 1 6  X 1 6  �m2 . Each mesa is the bistable switch con s i st ing 
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Fig . 5-2 Schematic cross-section of electrically erased photonic 

paral lel memory ( EE-PPM ) . Each mesa consisting of a l ight 

emitting diode ( LED ) and a heterojunction phototransistor 

( HPT ) is an optoelectronic bistable switch . 

o f  s even layers which are an n - I nP emitter , a p-InGaAsP base , an 

n- InP col lector , an n-InP clad , an InGaAsP active layer , a p-InP 

c lad , and a p-InGaAsP cap . The f irst three and the rest four 

layers cons titute HPT and LED , respectively . All  the swi tches are 

wi red in parallel  with a Ti/Au i nterconnection meta l . The Ti/Au 

plays a l s o  a role of opt ical i solation for the switches s ince it 

surrounds all the s i de wal l s  of the mes a s . 

As shown in Fig . 5 -2 , input l ight i s  incident upon the HPT 

through the subs trate and output l i ght i s  emitted upward from the 

LED . Thi s  "pa s s ing-through " configuration can be attai ned by the 

fact that the substrate and the epitaxial layers other than the 

ba se of HPT and the active layer of LED are transparent for l ight 

wi th a wavelength of 1 .  3 �m whi ch i s  u s ed a s  input and output 

s igna l s .  

5 -2 -3 . Optically erasable PPM 

The s tructure of a unit c e l l  integrated in the DE-PPM i s  shown 

in Fig . 5 - 3  [ 1 5 ] .  I t  conta ins two me sas whi ch corresponds to the 

switch and the reset HPT . The switch and the HPT mesas have areas 
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Fig . 5-3 Schematic cross-section of a unit cel l  integrated in 

the DE-PPM . 

of 2 0  X 2 0  �m2 and 1 6  X 1 6 �m2 , respect ive ly , and the c e l l  ha s an 

area of 6 0  X 6 0  �m2 . The swi tch has j ust the same l ayer cons truc

tion a s  the switch i n  EE-PPM , whi le the reset HPT cons i s ts of the 

lower four layers of the switch . 

The substrate of the OE-PPM i s  a s em i - i nsulating I nP and the 

common emitter layer i s  used a l so as a load res i stor . As shown i n  

the equivalent circuit , the switch and the reset HPT a r e  wired in 

para llel and bias voltage is applied through a load resi stor . 

These electrical interconnections are atta ined in the array by 

connecting a l l  the contacts on tops of both the switches and the 

reset HPT ' s  with anode l ines , and a l l  the contacts on the load 

resi stor s with cathode l ines . 

5-3 . Fabrication 

To fabricate the EE-PPM , the seven layer s are f irst grown on 

an n+- InP substrate by LPE , which are an n- InP emi tter ( 1 . 5  �m , 

5 X 1 0 1 7  cm- 3 ) ,  a p-InGaAsP base ( 0 . 2 5 �m , 1 X 1 0 1 7  cm- 3 , bandgap 

wavelength Ag = 1 • 3 �m ) ,  an n-InP col lector ( 0 .  9 �m , 1 X 1 0 1 7  cm- 3 ) , 

an n-InP clad ( 0 . 9 �m , 1 X 1 0 1 8 cm- 3 ) ,  an InGaAsP active layer 

( 0 . 3 �m , undoped , Ag = 1 . 3 �m ) , a p-InP c lad ( 1 . 0 �m ,  5 X 1 0 1 7 cm- 3 ) ,  

and a p-InGaAsP cap ( 0 . 1 �m , 2 X 1 0 1 8 cm- 3 , Ag = 1 . 1 �m ) .  Then the 

epitaxial layers are etched with reactive ion etching us ing a 
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FAC E T  

Fig . 5-4 SEM photograph of a cleaved mesas with ring anodes on a 

PPM chip . The grooves are etched with RIE using a mixture of 

Br2 and Ar gases . 

Fig . 5-5 Photomicrograph of a fabricated PPM chip . The chip has 

an area of 1 . 0  X 1 . 0  mm2 including bonding pads and single 

switches for testing . The area for the array is 64 0 X 640�
2 . 
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mixture of Br2 and Ar gases to form the grooves .  After mes a  for

mation , Au- Zn r i ng anodes are evaporated on the tops of the mes a s  

and Au-Sn cathodes are outs ide o f  the mesas where the emitter i s  

exposed . An SEM photograph of the c leaved me sas with the r ing 

anodes is shown i n  Fig . 5 -4 . 

After contact evaporation , a Ti /Au interconnection meta l i s  

evaporated o n  a S iN pa s s i va t i on f i lm t o  connect a l l  o f  t h e  

anode s . Fina l ly ,  the back surface o f  the wafe r  i s  pol i shed s o  

that input l i ght can be incident upon the bottom of the swi tch 

without scattering . The photomicrograph of a fabricated chi p  i s  

shown i n  Fig . 5 - 5 . The chip has an area of 1 . 0 X 1 . 0  mm2 includ i ng 

bonding pads and s ingle switches for testing , whi l e  the act ive 

area for the array is 6 4 0 X 6 4 0  �m2 . 

The fabrication s teps of the OE-PPM i s  bas i ca l ly the same a s  

those of the EE-PPM except for the fol lowing three poi nt s . F i rs t , 

the subs trate i s  semi - insulating InP to form the load res i s tors . 

Second , the swi tch and the HPT mesas are formed with wet chemical 

etching to uti l i z e  preferential etchant s .  Th i rdly , pas s ivat ion 

Fig . 5-6 Photomicrograph of a fabricated OE-PPM chip including 

l O X Ia cel l s .  The chip has an area of 1 . O X l . O mm2 , and the 

area for the array is 60 0 X 600 j.IIIl
2 . Inset shows the magni

fied photograph of four cel ls . 
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f i lm i s  changed from SiNx to polyimide to obtain the s emi-planar 

surface for the met a l l i z ation of the anode and the cathode l ine s . 

The photom icrograph of a fabri cated chip including 1 0  X 1 0  array 

is shown in Fig . 5 - 6 . The chip s i z e  i s  1 . 0 X 1 . 0  mm2 • 

5-4 . Characteristics of EE-PPM ' s  

5-4-1 . Array operation 

The experimenta l  setup for operating the EE-PPM i s  shown i n  

Fig . 5 - 7  together with the s chematic d iagram o f  memory operation . 

To operate the EE-PPM , bias voltage ranging from 1 . 6 V  to 2 . 2 V i s  

f i r s t  supplied to a l l  the swi tches wi thout i nput l ight . They are 

in the o f f - s tate and no l ight emi s s ion i s  observed . Then the 

l i ght emi t t e d  f rom a 1 . 3 �m l a s e r  d i ode i s  i n c ident upon the 

bottom of the chip through a s i ngle mode f iber with a focusing 

len s . S i nce a photomask i s  set between the lens and the chip , the 

l ight i s  incident only upon l imited number of swi tches . The se

lected switches are turned on and emi t  output l ight . The output 

F IBER  

�[ LASER SELFOC 
DIODE LENS / 

PHOTO-
MASK 

<D 
_ POWER 

SUPPLY 

\ 
�o-JEf�N 

�:�RED 

lEI (QON 
LENS 

CAM E RA PPM 
CH IP  

OFF 

ON 

OFF 

OFF 

Fig . 5-7 Experimental setup for operating the EE-PPM together 

with the s chematic diagram of memory operation : ( a ) initial 

state , ( b )  write-in operation , ( c )  memory and read-out opera

tion ,  and ( d )  reset operation . 
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Fig . 5-8 Infrared video camera image of an EE-PPM chip in memory 

operation . A Chinese characters meaning "Matsu-Shita" are 

memorized and read out . 

l ight i s  observed through an infrared video camera focused on the 

top of the chip . The on- state is maintained after removing the 

input l ight and the sel ected switches keep on emi tt i ng l ight . Al l 

the switches are turned off by maki ng the bias voltage z ero . 

Infrared images of the EE-PPM chip in memory operation are shown 

in Fig . 5 - 8 . Chinese characters meaning "Matsu-Shi ta " are d i s 

played . 

5-4-2 . Static characteri stics 

Typical voltage - current character i stics  of a s ingle swi tch 

integra ted in the EE -PPM a r e  s hown in F i g . 5 - 9 . As s h own i n  

Fig . 5 - 9  ( a ) , a thyr i s tor-l ike voltage- current curve i s  observed 

unles s  input l ight is inc ident . In thi s  curve " on - s tate" and 

"off-state " are c learly d i s tinguished . As input optical power i s  

increa s ed , the breakdown voltage i s  decreased and a d iode - l ike 

curve shown in Fig . 5 - 9 ( b ) is observed when the input power mea s 

ured a t  the fiber end i s  1 7 5 �W . In c a s e  o f  operating it with a 

constant bias voltage , the switch i s  turned on before this cond i 

tion . In other words , the i nput opt ical power neces sary t o  turn 

on the switch ( set power ) depends on the bias voltage and the 

maximum value is equal to the input optica l power neces sary to 

obta in the d iode - l ike curve . 
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Fig . 5-9 Voltage - current characteristics of a s ingle switch 

with an InP collector and a thick ( tV  0 . 2 5 !-1m ) bas e :  ( a )  with

out input l ight and ( b )  with an input light of 1 7 5  !-I W .  
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Fig . 5-10 Vol tag e - current characteristics of a single switch 

with a quarternary col lector and a thin ( tV  0 . 1 5  I-Iffi ) bas e :  

( a ) without input l ight and ( b )  with input l ight of 20 !-I W .  
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For the operation of PPM , i t  is des i rable to dec rea se both the 

set power and the d i s s ipati on current in the on-state . The mini 

mum current to ma intai n  the on- s tate ( ho lding current ) can be 

found from vol tage - current characteri stics  and i s  1 . 6 rnA for the 

switch shown in F i g . 5 - 9 . The characteri s t ic s  for another switch 

with a ho lding current of 6 0 0  �A are shown in Fig . 5 -1 0 .  The input 

optical power neces sary to obtain diode-l ike curve has a l so been 

reduced to be 2 0  �W . For thi s  switch , the col lector of HPT ha s 

been changed to InGaAsP and the base has been made to be thinner 

( '"  0 • 1 5 �m ) .  As can be s een in Fig . 5-1 0 ( a ) , the breakdown voltage 

wi thout input l ight is a l s o  reduced s i nce breakdown caused by the 

opt ical pos i t ive feedback occurs at lower bias vol tage for the 

switch with a thinner base . 

To separate the cause for the reduction o f  holding current , 

the re lations between breakdown voltage w ithout input l ight and 

holding current have been mea sured for three types of switches 

<i E 2 .0 r-
I-
Z W a: a: 
::J 
u 1 .0 f-
<.9 
Z 
-o .....J 
o I 

o 

° $1 3 1  I n P  COLLECTOR 0/ 
o� .......-b o .... � 

y/0 

L I I I  I 
5 1 0  

BR EAK DOWN VOLTA G E  ( V )  

Fig . 5-11 R e l a t ions between breakdown vol tage w i thout i nput 

light and holding current . The switches are selected from 

three dif ferent wafers : with an InP col lector and a thick 

base ( # 31 ) ,  with a quarternary collector and a thick base 

( # 3 3 ) , and with a quarte rnary col l e c tor and a t h i n  b a s e  

( # 3 5 ) . 
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whi ch are s e lected from three dif ferent wafer s . They a re the 

wafer with an I nP col lector and a thi ck ( rv O . 2 5 �m ) ba se ( # 3 1 ) ,  

with a quarternary co l lector and a thick ba se ( # 3 3 ) , and with a 

quarternary co l lector and a thi n  ( rv  0 . 1 5 �m ) ba se ( # 3 5 ) . 

The r e s u l t s  a r e  shown i n  F i g . 5 - 1 1 . The breakdown vol tage 

depends on the thickne s s  of the ba se layer and the various va lues 

of breakdown vo l tage observed in swi tches on the same wafer i s  

attr ibuted t o  non-uniformity of layer thickne s s .  The swi tche s 

wi th a quarternary col lector have smal ler ho ldi ng current than 

those with an I nP collector , and the swi tche s with lower break

down vo l tage , whi ch corre sponds to th inner ba se , have smal ler 

ho lding current . The mechani sm which determines holding current 

i s  di scus s ed in Section 5 - 7 - 1 . 

5 - 4 -3 . Switching speed 

To eva luate the operation speed of PPM , turn-on and turn-o ff 

speed have been measured a s  fol lows . As for turn-on speed , l ight 

pul ses wi th var ious pu lse widths are inc ident upon the switch and 

set power is measured . The results are shown in Fig . 5 -1 2 .  The 

---- 500 3: 
:::l. 

-..J 
<t 
U 
l-

200 

n. 20 o 

5 1 0  20 

�35  o� 

50 100 200 500 1 000 
P U LS E  W I D T H  ( n s ) 

Fig . 5-1 2 Relat ions between pulse width of input light and set 

power necessary to turn on the switch for single switches 

integrated in PPM chips on waf ers # 3 1 ,  # 3 3 , and # 3 5 . 
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Fig . 5-1 3  Relation of bias voltage and set power for input light 

pul se with a width of 1 0  ns . External load resistors ( Rext ) 

are connected between the switch and the power supply in the 

measurements for high bias voltages . 

measurement ha s been done for three types of PPM chips on wafers 

# 3 1 , # 3 3 , and # 3 5  descr ibed in the previous section . The l ight 

pul se with a width of 5 ns can turn on the swi tche s on wafers # 3 3  

and # 3 5  though the set power i s  increased a s  the pul s e  width i s  

decreas ed . The product o f  set power and pu l s e  width for short 

pulse region i s  calculated to be 1 . 5 pJ for the switch on # 3 5 . 

The results shown in Fig . 5 - 1 2 are obta ined using a bias vo lt

age of 1 . 9 V . The set power s l ightly depends on the bias vol tage 

whether the pul se width i s  short or long . The dependence of set 

power on bias voltage is shown in Fig . 5 - 1 3 .  It has been measured 

for # 3 3  at the pul se width of 1 0 ns .  The holding vo ltage in the 

figure means the minimum vol tage necessary to ma intain the on

state . An externa l load res i s tor ( Rext ) was used in mea surement 

for high bias voltage to prevent the switch from f lowing exce s 

s ive current i n  the on- s tate . Thi s  load re s i s tor a l so doe s not 

affect the switching speed . 

To mea sure the turn-o f f  speed , the swi tches are f irst turned 

on and then the bias voltage i s  made to be zero during a short 
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Fig . 5-14 Relations between bias voltage i n  the on-state and the 

length of period necessary to turn off the switch ( turn-off 

time ) . 

period . The length o f  period neces sary to turn off the switche s 

has been measured for wafers # 3 1  and # 3 5  in relation to the bias 

vol tage in the on- s tate . The results are shown in Fig . 5 -1 4 .  The 

turn-off time strongly depends on the bias voltage and the va lue 

l e s s  than 5 ns is obtained in case of setting the bias voltage 

close to the holding voltage . To keep the on-state s tably , howev

er , s ome margin i s  neces sary between the bias voltage and the 

holding voltage . Therefore , the reas onable va lue for turn-of f  

time i s  thought t o  b e  2 0  - 4 0  n s . 

5-5 . Characteri stics of OE-PPM ' s  

5-5-1 . Array operation 

The s e t  operation of the OE-PPM i s  j us t  the s ame a s  that of 

the EE-PPM . The set l ight is incident upon selected swi tches ,  
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Fig . 5-15 Infrared image of an OE-PPM chip in memory operation : 

( a )  all of 100 switches turned on and emitting light , and 

( b )  hal f  of the switches turned off by optical signals and 

the rest switches emitting light . 

wh i ch a r e  turned on a nd em i t  output l i ght . To turn o f f  the 

switch , the reset l ight i s  put into the reset HPT . Dif ferently 

from that of the EE-PPM , thi s  reset operation is selective , that 

i s , only the se lected switches are turned off by the reset l ight . 

Infrared images of the OE-PPM chip in memory operat ion are shown 

in Fig . 5 -1 5 .  All of 1 0 0 switches are turned on by the set l ight 

in Fig . 5 - 1 5 ( a ) , and half of the switches are turned off by the 

reset l ight in Fig . 5 -1 5 ( b ) .  

5-5-2 . Static Characteristics 

Typical voltage - current characteri st i c s  of a switch in the 

OE-PPM wi thout i l lumination are shown in Fig . 5 - 1 6 .  Th i s  switch 

has a holding current of 1 3 0 �A . The dra stic reduct ion of holding 

current ha s been attained though the switch has j us t  the same 

layer s tructure as # 3 1  of the EE-PPM . The reas on of the reduction 

in d i s si pation current is related to the fabrication proces s  

whi ch i s  di scu s s ed i n  Section 5 -7 - 1 . 
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Fig . 5-16 Voltage - current characteristics of a single switch 

integrated in the OE-PPM. The holding current i s  reduced to 

130 JlA. 
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Fig . 5-17 Optical power necessary to set or reset a switch in 

the OE-PPM in relation to bias voltage along with the dissi

pation current of the switch in the on- state . 
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The optical power to set or reset the swi tch ( set or reset 

power ) has been mea sured for the OE-PPM in relat ion to the bias 

voltage . The results are shown in Fig . 5 - 1 7 a long with the d i s s i 

pation current o f  the swi tch in the on- s tate . A s  can be s een from 

Fig . 5 - 1 7 ,  the set power does not s trongly depend on the bias 

voltage . Thi s  tendency i s  j ust the same as the EE-PPM though the 

set power i s  much sma l ler than the EE-PPM . 

On the other hand , the reset power increases as the bias volt

age i s  increased whi ch can be expected f rom the operat ion princ i 

ple . The reset power i s  thought to reach zero when the bias volt

age i s  reduced to the holding vol tage . To keep the on- s tate s ta 

bly , however , some margin f o r  the b i a s  voltage i s  neces s ary . The 

measured minimum reset power i s  1 . 6 JlW at a bias vol tage of 0 . 9  V 

which i s  enough voltage for s table operation . The set power and 

the d i s s i pation current at the same b i a s  cond i tion are 3 . 4  JlW and 

2 0 0  JlA , respective ly . 
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Fig . 5-18 Relations between pul se width of input light and set 

or reset power of a switch in the OE-PPM. The response time 

of the HPT is also plotted . 
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5 - 5 -3 . Switching speed 

To evaluate the operation speed of OE-PPM , short l ight pulse 

i s  used a s  a set and a reset s igna l , and the set and the reset 

power have been mea sured . The results obtai ned a t  a bias vol tage 

of 1 . 0 V are shown in Fig . 5 -1 8 .  The l ight pul se with a width of 

1 0 n s can set or reset the swi tch though the set and reset power 

are i nc reased to 5 4 7 1lW and 4 0 6 1lW , respectively . The switching 

energy of about 5 pJ coinc ides w i th that of # 3 1  of the EE-PPM . 

5 -6 . Proposals for Application of the PPM 

In this section , appli cations of the PPM are described . Though 

they are j us t  the proposals  now , it can be expected that they 

wi l l  be rea l i z ed in the near feature . 

5 - 6 - 1 . Crossbar switchboard 

When the b i a s  vol tage of the PPM i s  modulated between the 

holding voltage and the breakdown voltage , modulated optical 

s igna l s  are emi tted from the switches i n  the on- s tate , whi le the 

swi tches in the off - s ta te do not emi t  l ight . Combining thi s  func

t i o n  w i th opt i c a l  s e t  or r e s e t  of the s w i t c he s , a c r o s sbar 

swi tchboard can be rea l i z ed as shown i n  Fig . 5 -1 9 .  

The switchboard cons i s ts of three layers and the m iddle layer 

is the OE-PPM . The anodes of the switches in the OE-PPM are wired 

a long each row and e lectr ical modulation s i gna l i s  supplied to 

each row . The modulated opti cal s i gna l s  emi tted from the switche s 

are incident upon the photodetector s on the top layer . The pho

todetectors arranged i n  column direction are wired and the opti 

cal s igna ls detected b y  the photodetectors a l ong each column are 

converted to an electrical s igna l . 

As a resul t , the crossbar swi tch ing of e le ctrical s igna l s  from 

row to c o l umn i s  a t t a i n ed by t u r n i ng on the s w i t c h e s  a t  the 

cros s i ngs where connections should be made . The bottom layer i s  

a n  array o f  l i ght s ource s , such a s  matrix addres sable surface 

emi tt ing laser array ( MASELA ) [ 1 6 ] , whi ch changes the points of 

connections by turning on or off the swi tches selectively . 
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(SET / RESET) 

Fig . 5-19 Optical crossbar switchboard consisting of an OE-PPM, 

a photodetector ( PD )  array , and a surface emitting laser 

( SEL ) array . 

5-6-2 . Free-space interchip connections 

Another examp le of optical interconnection s  ba sed on the PPM 

i s  shown in F i g .  5 - 2 0 .  Thi s  i s  a free-space reconf igurab le inter

chip connection . Each chip has an optical transmitter and a pho

todetector . The optical transmitter has the same construct ion a s  

the cros sbar swi tchboard shown i n  Fig . 5 -1 9 except that the top 

layer is not a photodetector array but a holographic optica l 

element ( HOE ) , and a l l  the switches in OE-PPM are wired in para l 

lel . 

In thi s  application , i t  i s  desirable to change LED ' s  in the 

OE-PPM to vertical cavi ty surface emi tt ing laser s . The laser beam 

from the OE-PPM i s  d i f fracted by the HOE wh ich changes the emi s 

sion angle o f  the beam correspondi ng t o  the pos i tion of inc ident 

beam . The dif fracted beam i s  reflected by mirror and detected by 
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Fig . 5-20 Free-space reconfigurable interchip connections using 

optical transmitters consisting of an OE-PPM, a SEL array, 

and a holographic optical element ( HOE ) . 

the photodetector on another chip . Therefore , the addres s  of the 

chi p , to whi ch the optical s ignal is sent , can be chosen by turn

ing on the switch in the OE-PPM se lect ively . 

Though th is conf iguration can be atta ined only with the MASELA 

and the HOE , e lectrical modulation s igna l s  and addres s  s i gnal s  

can b e  separated and one -to-many routes a s  wel l  as one-to-one can 

be constructed by add ing the OE-PPM . 

5 -6-3 . Optical parallel logic gates 

The optoelectronic b i stable switch can be operated a s  an OR 

gate , because an output s ignal corresponding to A OR B i s  emi tted 

when i nput s i gna l s  of A and B are incident upon the swi tch either 

sequenti a l ly or s imultaneou s ly . Therefore , the EE-PPM can be 

operated as a 1 Kb it para l le l  OR gate as shown in Fig . 5 - 2 1 . 
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(a) 

(b) 

A �  
B ->'  

A 
0 
0 
1 
1 

B 
0 
1 
0 
1 

(c) 

A 
C 
0 
1 
1 B 
1 

Fig . 5-2 1 O p t i c a l  pa r a l l e l  OR g a t e  b a s e d  o n  t h e  E E - P P M : 

( a )  input and output con f igurat i on ,  ( b ) truth tabl e ,  and 

( c )  i llustration of array operation . 

(a) 
(c) 

c � B 

(b) A B C 
0 0 0 
0 1 0 
1 0 1 A =  1 
1 1 0 

Fig . 5-22 Opt i c a l  para l l e l  NOT gate based on the OE-PPM : 

( a )  input and output con f i gurat ion , ( b )  truth t ab l e ,  and 

( c )  i llustration of array operation . 
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Furthermore , the OE-PPM has a function of a paral lel NOT gate 

shown in Fig . 5 - 2 2 . When an input s ignal A i s  incident upon the 

switch and B upon the reset HPT , the output is to be A - B .  If A 

i s  s e t  to be 1 ,  the output b ec ome s B .  S i nc e  both OR and NOT 

functions are ava i lable , a l l  the logic functions can be attained 

in para l le l  by log i c  gates using the PPM ' s .  

5-7 . Di scussion 

5-7-1 . Analys is for dissipation current 

The d i s s ipation current ( Id ) ,  the output optica l  power ( Pout ) ,  

and the i nput optical power ( P i n ) of the swi tch are related by 

( 5 - 1  ) 

( 5 -2 )  

where n ext is the externa l e f f i c iency of the LED in W/A ,  Gopt i s  

the optical gai n  of the HPT in A/W , and k i s  the ratio o f  the 

feedback optical power to the output optical power . In general ,  

n ext and Gopt i s  dec rea sed as Id decreases , whi l e  k i s  considered 

to be approximately constant and equa l to uni ty idea l ly s ince 

downward l i ght emitted from the LED has the same power as upward 

l ight . 

I n  c a s e  o f  P i n  = 0 ,  the t r i v i a l  s o l u t i on o f  E q s . ( 5 - 1 ) and 

( 5 - 2 ) is Id = 0 ,  whi ch denotes the o f f - s tate . The other solut ion 

corresponding to the on- s tate i s  k n ext Gopt = 1 .  Therefore , i t  i s  

important to fabricate a n  LED with high e f f i c iency and a n  HPT 

with high ga in in low current region to obtain the swi tch with 

low d i s s ipation current . As can be s een from Eq . ( 5 -2 ) , such a 

swit ch can a l s o  reduce the set power . 

The above d i s cu s s ion can qua l itatively explain the experimen

ta l results shown in Fig . 5 - 1 1 .  The optical gain of the HPT i s  

the product o f  optica l absorption e f f i c iency ( na ) and current 

gain ( a ) . The switches with a quarternary col lector have sma l ler 

holding current than those with an InP collector because the 

quarternary collector increa s e s  n a . The switches with a thinner 
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bas e  have smal ler holding current s ince i t  increa ses S .  

The reason why the swi tches in the DE-PPM have sma l ler holding 

current than the swi tches in the EE-PPM i s  a l so expla ined a s  

fol lows . The gain o f  HPT and the effic iency of LED i n  low current 

region are related to the surface recombination and a f fected by 

surface defects on the s ide wa l l s  of the switch mesa . The mesa of 

the E E - PPM , wh i ch i s  f o rmed by dry e t ch i ng and covered b y  

pla sma-deposited S iNx ' suffers severe damage which increases the 

surface defects , whi le the mesa of the DE-PPM i s  damaged only 

s l ightly since i t  is formed by wet etching and covered by poly

imide . 

5-7-2 . Relation of input and output power 

The typical optical ga in of an HPT ( Gopt ) inc luded in the 

swi tch has been mea sured to be 1 1  6 A/W at a bias voltage of 1 . 5 V .  

The interna l e f f i ciency o f  an LED ( T1 int ) i s  0 . 1 1  W/A , which i s  

the conversion effi ciency from the inj ected current to the opt i 

cal power fedback from the LED to the HPT . S ince T1 int = k T1 ext ' 

the product of T1 int Gopt i s  a lway s  uni ty in the on- s tate a s  de

scr ibed in the previous section . To sati sfy thi s cond i t ion , the 

bias voltage of the HPT in the on- s tate is decreased and the 

optical gain of the HPT becomes sma l ler . Therefore , the ratio of 

the feedback power to the set power is a lways greater than unity . 

However ,  the ratio of the output power to the set power i s  

sma l ler than thi s  va lue s i nce the output l ight from the LED i s  

shaded by the contact and interconnection me ta l s . The externa l  

effi ciency of the LED i s  approximately 0 . 0 1  W/A . In case of the 

swi tch shown in Fig . 5 - 1 7 ,  the output power at a bias vol tage of 

0 . 9  V is about 2 �W , whi ch is smaller than the set power . However , 

the ratio of the output power to the set power becomes greater 

than uni ty as increas i ng the bias voltage . 

5-7-3 . Improvement for switching speed 

Based on the discu s s ion i n  Section 5 -7 -1 , the set power a s  

wel l  a s  the holding current i s  reduced b y  u s i ng a quarternary 

col lector or a thin ba se a s  demonstrated i n  Fig . 5 -1 2 ,  where the 
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set power for long pul s e  region coincides w i th that i n  DC mode 

operation . However ,  the set power for the swi tch with a thin bas e  

( # 3 5 ) approaches to that f o r  the swi tch w i th a thick base ( # 3 3 ) 

i n  short pu l se region . The set power i s  a l so reduced by decrea s 

ing the s u r f a c e  d e f e c t s  a s  s hown f o r  the OE - PPM i n  F i g . 5 - 1 8 

though the set power in short pul se region i s  not improved . 

To f i nd the l imi tat ion factor o f  the swit ching speed , the 

response delay time of the HPT has been measured . It i s  also 

s hown i n  Fig . 5 - 1 8 .  The s et and reset speed coincides with the 

response time of the HPT whi ch i s  mainly l imited by the charging 

t ime of the emi tter - base and the col lector - base capaci tances 

with photocurrent . Therefore , the response t ime of the switch i s  

not improved by us i ng a thin ba s e  o r  decrea s ing the surface de

fects . I t  wi l l  be improved by reduci ng the capa c i tances of the 

HPT whi ch i s  s imply attained by shrinking the device s i z e . 

5 -8 . Summary 

A photoni c para llel memory ( PPM ) , an array of optoe lectronic 

b i s table switche s , ha s been propos ed and fabri cated . The switch 

con s i st s  of a heteroj unction phototrans i s tor ( HPT ) and a l ight

emi tt i ng d iode ( LED ) , and optical pos i tive feedback from the LED 

to the HPT i s  the caus e  of bi stabi l i ty .  In add it ion to the e lec

tr i c a l l y e r a s ed ( EE )  PPM h av i ng o n l y  s w i t c he s , a n  opt i c a l l y 

erasable ( OE )  PPM has a l so been demons tra ted . The optica l  reset 

function is atta ined by an additiona l HPT connected to the switch 

e l ectrica l ly in para l l e l . 

The memory ope rat ion o f  the PPM with func t ions of opt i ca l  

write - in , read-out , and eras ing has been demonstrated . The opti 

cal crossbar switchboard , the free-space reconfi gurable interchip 

connections , and the parallel  logic gates have been proposed 

based on the PPM . The factors determining the holding current , 

the optical ga in , and the switch i ng speed have been analyzed and 

c larif ied . 

The important quantitative results obtained in thi s  chapter 

are as fol lows : 
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1 )  The integrat ion s cales attained for the EE-PPM and for the 

OE-PPM are 1 Kbit ( 3 2 X 3 2 )  and 1 0 0 ( 1 0 X 1 0 ) , respective ly . 

Both of them have a chip s i z e  of 1 . 0 X 1 . 0  mm2 . 

2 )  The holding current and the set power are 1 . 6 rnA and 1 7 5 JlW 

for the switch in the EE-PPM with an InP collector and a 

thick ( 0 . 2 5 Jlm ) ba s e . They have been improved to 6 0 0  JlA and 

2 0  JlW by using a quarternary col lector and a thi n  ( 0 . 1 5 Jlm ) 

base . 

3 )  The l ight pul se with a width of 5 ns can turn on the switch 

in the EE-PPM , and the switching energy in the short pul s e  

region i s  1 . 5 pJ . 

4 )  The switch in the OE-PPM has a ho lding current o f  1 3 0 JlA , a 

set power of 3 . 4 JlW , and a reset power of 1 . 6 JlW . Compared 

w i th the EE -PPM , the holding current and the set power are 

improved s ince the damage for the s ide wa l l s  of switch mes a s  

a r e  reduced b y  us ing wet etching and polyimide pa s s ivation . 
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VI . CONCLUSIONS 

The integrated optoelectronics based on InGaAsP / lnP have been 

studied for app l i cation to opt ical s ignal proces s ings . Both the 

fabr ication of integrated structures and the characteri zation of 

fabr icated devices are concerned in the s tudy . The InGaAsP / l nP 

mater i a l s  sys tem i s  very important for app l i cation to long-wave

l ength opt ica l f iber communications . The proce s s  technologies for 

InGaAsP / lnP have been upgraded and the three devices for optica l 

s ignal proce s s i ngs have been developed . 

In Chapter I I , the proce s s  technologies for the InGaAsP / l nP 

materia l s  system are descr ibed . The proces s  conditions have been 

examined for epi taxial growth , insulator f i lm depos ition ,  etch

ing , dopant d i f fu s ion , and meta l l i zation . Espec ia l ly for the 

etching and the meta l l i zation , new technologie s , i . e . , the reac

t ive ion etching ( RI E )  with Br2 -containing gases and the trans 

mi s s ion l ine model ( TLM ) method with a new contact arrangement 

have been proposed . The rel iable technologies have been developed 

for a l l  the proce s s e s , and they are app l ied to device fabr ica

t ions described in the fol lowing chapters .  

In Chapter I I I , the integration of a la ser d iode and a pa ss ive 

wavegu ide is described . Two new integrated structure s , a self

a l igned integrate loaded ( SAIL ) guide and a pa s s i ve/active loaded 

( PAL ) guide , have been proposed . Three structures including these 

two and a bund le- integrated-guide ( BIG ) have been fabr i cated . The 

guiding loss  of the waveguide a nd the coupl i ng e f f i c iency between 

the laser and the wavegu ide are eva luated for these three s truc

ture s .  The SAIL guide i s  a l so appl ied to the integrated pas s ive 

cavi ty ( I PC ) laser cons i sting of an active cavity and a long 

pas s ive cavity . I t  exhibits s table s i ngle longi tudina l mode os

c i l lation with a narrow spectra l l i newidth . 

I n  Chapter IV , the integration of a pin photodiode and an 

amp l i f i er circuit is described . The mono l i thic photoreceiver 

i ncorporating a pin photodiode ( PD ) , four j unction f ield effect 

trans i stors ( FET ' s )  , four leve l shift d iode s , and a feedback 

res i stor has been des i gned and fabricated succe s s fu l ly . Both the 

static and the high-frequency characteristics show that the pho-
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toreceiver operates normal ly with a s i ngle S V power supply . The 

bandwidth has been measured with respect to the d i s s ipation cur

rent for three type s of photoreceivers which are distingui shed by 

the gate length and the feedback res i s tance . The exper imenta l 

results are wel l  explained by theoretical considerat ions and 

coincide with the results of computer c ircuit s imu lation . Trans 

mi s s ion characteristics have been measured to evaluate the sens i 

tivity . I t  i s  l imi ted by the 1 / f noise o f  the front-end FET and 

has been improved by increas ing the feedback re s i stance . 

In Chapter V ,  a photonic para l l e l  memory ( PPM ) , which i s  an 

array of optoe lectronic bi stable switches , has been propo sed and 

fabricated . The switch cons i s ts of a heteroj unction phototrans i s 

tor ( HPT ) and a l i ght-emi tting d iode ( LED ) , and opt ical pos i tive 

feedback from the LED to the HPT i s  the cause of bi stabi l i ty .  I n  

add i t ion to the e lectrica l ly erased ( EE )  PPM being a n  array of 

the switches , an opt ica l ly erasable ( OE )  PPM has a l so been demon

strated . The opt ical reset funct ion is attained by an additiona l 

HPT connected to the swi tch e lectrical ly in para l lel . The memory 

operation of the PPM with functions of optica l  wri te-in , read

out , and erasing has been demonstrated . 

The maj or and important results obta ined through thi s  study 

are as fol lows : 

1 )  The proces s  technologies for the InGaAsP/ InP mater i a l s  sys

tem , such a s  epitaxial growth , insulator f i lm depos ition , 

etching , dopant diffus ion , and meta l l i zat ion , have been de

veloped . 

2 )  By us ing the reactive ion etching ( RI E )  with a mixture of Br2 
and Ar gase s , smooth vertical wa l l s  have been obtained for 

I nGaAs P / I nP c ry s ta l s  wi th a h i gh e t ch i ng r a t e  of about 

2 �m/min . 

3 )  Ba sed on a new transmi s s ion l ine mode l ( TLM ) method , the 

contact res i s t ivities of ohmic contact s  on InGaAs P / InP have 

been eva luated . 

4 )  Two types of new integrated structures compr i s i ng a laser 

diode and a pas s ive waveguide , i . e . , a s e l f -a l i gned integrat

ed loaded ( SAIL ) guide and a pas s ive /active loaded ( PAL ) 
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guide have been proposed , and three types of integrated pas 

s i  v e  cavity ( IPC ) lasers including thes e  two and a bundle

integrated-guide ( BIG ) have been fabr i cated . 

5 )  A SAIL guide IPC laser with a 3 . 5 5 mm- long pa s s ive cavity has 

been succe s s fully fabri cated and operated with a rather low 

thresho ld current of 5 8  rnA . 

6 )  The thre shold currents of the SAIL , the PAL , and the BIG-IPC 

la sers have been mea sured with respect to the pa s s ive cavity 

length , from whi ch the coupl ing e f f i c i ency and the guiding 

loss are eva luated . 

7 )  The long IPC laser exhibited s table s ingle long i tudinal mode 

o s c i l lation with the maximum s ide-mode suppres s ion ratio of 

more than 3 0  dB . 

8 )  The spectral l i newidth of the IPC laser has been measured by 

uti l i z i ng a delayed s e l f -heterodyne technique . The l inewidths 

of 1 - 2 MHz a r e  ea s i l y obta ined and the m i n i mum va lue i s  

about 9 0 0  kHz at the output power of 6 mW . 

9 )  Monol i thic photoreceivers incorporating a pin photodiode , 

four j unction FET ' s ,  four level shift d iode s , and a feedback 

resi stor have been des igned and fabr icated . 

1 0 ) The output resi stance of the FET i s  dra stica l ly reduced in 

the frequency range f rom 1 0 Hz to 1 kHz and become s constant 

above 1 0 0 kHz . Thi s  phenomenon i s  thought to be caused by the 

s low traps located at the i nterface between the Fe-doped InP 

substrate and the FET channe l . 

1 1 )  The h ighes t  3 dB bandwidth o f  2 8 5  MHz has been obta ined for 

the photoreceiver wi th a gate length of 3 �m and a feedback 

r e s i stance of 1 . 2 kn . 

1 2 )  The minimum optical power to obtain a bit error rate of 1 0 -9  

at the bit rate o f  1 2 0 Mbi t / s  i s  - 2 7 . 1  dBm for the photore

ceiver with a feedback re s i stance of 1 . 2 kn and -3 1 . 2  dBm for 

that of 3 . 6  kn . 

1 3 )  The maximum bandwidth of the photoreceiver with self-al igned 

gate FET ' s  i s  3 6 0 MHz . The computer c ircu i t  s imulation shows 

that i t  wi ll be improved to 9 0 0 MHz i f  the pinch-of f voltage 

of the FET ' s  is preci sely control led . 
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1 4 ) A 1 Kbi t  electrically erased photoni c  para l le l  memory ( EE 

PPM ) and a 1 0 0 bit opti ca l ly erasable photoni c  para l le l  memo

ry ( OE-PPM ) have been successfully fabri cated . 

1 5 )  The ho lding current and the set power a re 1 . 6 rnA and 1 7 5 �W 

for the swi tch in the EE-PPM with an InP collec tor and a 

thi ck ( 0 .  2 5  �m ) bas e . They have been improved to 6 0 0  �A and 

2 0  �W by us ing a quarternary col lector and a thin ( 0  . 1 5 �m ) 

bas e . 

1 6 )  The optical pul se with a width of 5 ns can turn on the swi tch 

in the EE-PPM , and the switching energy in the short pu l s e  

region i s  1 . 5 pJ . 

1 7 ) The swi tch in the OE-PPM has a holding current o f  1 3 0 �A ,  a 

set power of 3 .  4 �W , and a reset power of 1 .  6 �W . Compared 

with the EE-PPM , the holding current and the set power are 

improved s i nce the damage for the s ide wa l l s  of switch me sas 

is  reduced by us ing wet etching and polyimide pa s s ivat ion . 

1 8 ) The mechani sms determining holding current , optical gain , and 

swi tching speed have been ana lyzed , and the approaches to 

improve them are sugges ted . 

As descr ibed in Chapter I ,  the recent research areas of inte

grated optoelectronics are clas s i f ied into the optoe lectronic 

integrated ci rcui t ( OEIC ) , the photonic integrated c i rcuit ( PIC ) , 

and the optoe lectronic integrated device ( OEID ) . The monol ith i c  

photoreceiver described i n  Chapter I V  belongs t o  the OEIC . The 

OEIC photoreceiver wi ll be a key device in f iber-opt ic subscriber 

systems if further cost reduction is attained . It wi l l  be appl ied 

to large capac i ty transmi s s ions if the inherent mer i t  i n  h igh

speed operation is ful ly exhibited . 

The IPC la ser described in Chapter I I I  i s  cons idered to be a 

bas i c  component of PIC though i t  can be u sed a s  a solitary l ight 

source . In the proposal of PIC , active devi ces such a s  lasers , 

modulators , opti ca l  switche s , and photodetectors are connected 

with pas s ive waveguides .  The PIC can be applied to wave length 

divis ion multiplexing ( WDM ) and coherent transmi s s i ons . In the 

future , e lectronic circuit s  wi l l  a l so be integrated in the PIC , 
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whi ch i s  thought to be the uni f i cation of PIC and OEIC . 

The PPM described i n  Chapter V i s  the OEID based on the new 

concept , that i s , a two-dimensiona l array of conventional OEID ' s .  

The array-type OEIO wi l l  be applied to opti ca l  interconnections 

and opti ca l  computi ng . As a combination o f  OEID and OEIC , a two

dimens i ona l array o f  OEIC ' s can be constructed . The optically 

erasable PPM may be recognized a s  thi s  type s ince the uni t  cell 

of OE-PPM form a c i rcui t .  The future optical s igna l proce s s ings 

based on integrated optoelectroni c s  wi l l  be rea l ized through the 

combi nation or uni f ication of OEIC , PIC , and �ElD . 

As described above , a l l  of the devices demonstrated in thi s 

study can be appl ied independently to some systems , and the uni 

f i ca tion o f  them wi l l  reach the f inal goa l o f  optical s ignal 

proce s s ings . The author bel ieves that they wi l l  be ut i l i zed soon 

in practical systems and unif ied f i na l ly into an opt ical s igna l 

proce s sor by conti nu i ng research and development of the integrat

ed optoelectronic s . 
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