
第 27卷　第 2期
2006年 2月

半　导　体　学　报
C HIN ES E J OU RNAL O F S EMICOND U C TO RS

V ol . 27　N o. 2

Feb. ,2006

3 Project supp orted by t he National High Technology Research a nd Develop ment Progra m of China ( Nos . 2002AA312240 , 2003AA312040)

a nd t he National Natural Science Foundation of China (No. 60536030)

­ Corresp onding aut hor . Email :gaopeng @semi . ac . cn

　Received 12 October 2005 , revised manuscrip t received 31 October 2005 ν 2006 Chinese Institute of Elect ronics

Monolithically Integrated Optoelectronic Receivers
Implemented in 0. 25μm MS/ RF CMOS3

Che n Hongda1 , Ga o Pe ng1 ,­ , Ma o L uhong2 , a nd Hua ng J iale2

(1 State Key Laboratory of Integrated Optoelectronics , Instit ute of Semiconductors , Chinese Academy of Sciences , Beijing　100083 , China)

(2 School of Elect ronic I nf or mation Engineering , Tia nji n Universi ty , Tia nji n　300072 , China)

Abstract : A monolit hically integrated op t oelect ronic receiver is p resented. A silicon2based p hot o2diode and receiv2
er circuits a re integrated on identical subst rates in order t o eliminate t he p arasitics induced by hybrid p ackaging.

Implemented in t he p resent deep sub2micron MS/ R F ( mixed signal , radio f requency) CMOS , t his monolit hically

O EIC takes advantage of several new f eatures t o imp rove t he perf ormance of t he p hot o2diode and eventually t he

w hole O EIC.
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1　Introduction

The de ma nd f or high volume data t ra nsmis2
sion i n a s hort ti me i n t he p rese nt age of i nf or ma2
t ion has brought on a huge need f or op tical i nte r2
connection ,w hich has bee n p rove n t o be t he best

way t o t ra nsmit da ta a t ext re mely high sp ee ds .

N owa days , t he a rea of op t oelect ronic devices is

domi nate d by comp ound se miconduct or mate rials ,

due t o t hei r int ri nsic c ha racte ristics . Since most

t ra ns mit ted data a re p rocessed on silicon c hips ,

chips on dif f e re nt mate rials have t o be p ackaged

t oget he r t o realize t he w hole op tical i nte rconnec2
t ion syste m . Hybrid p ackagi ng eit he r by wi re

bondi ng or by f lip2c hip bondi ng has i nt roduced

seve ral undesi re d ef f ects , w hich i nevit a bly li mit

t he utilit y a nd p e rf orma nce of t he syste m . Because

of t he disa dva ntages me ntione d a bove , t he i ndus2
t ry has bee n rele ntless in its quest t o i ntegra te t he

f unctions of op t oelect ronic syste ms ont o a si ngle

chip . Monolit hic i ntegration on comp ound se mi2
conduct or subst rate has bee n p ut i nt o p ractical use

f or ma ny yea rs [ 1 ] , but integra tion on silicon i n

ge ne ral I C p rocesses is p ref e r red because of its

low2cost a nd la rge2scale integra tion , esp ecially i n

L AN (local a rea netw or k) a nd VS R ( ve ry short

reach) app lica tions . The motivation a nd p ote ntial

t o realize suc h f ull i ntegration in CMOS has in2
creased ma r ke dly as t he sp ee d of CMOS ci rcuits

has ma de t he m via ble ca ndida tes f or Gbit ra te da2
t a com munica tion [ 2 ,3 ] . I n t his p ap e r ,we review t he

issues associa te d wit h f a bricati ng p hot o2diodes i n

CMOS. Some new f ea t ures off e re d by p rese nt MS/

R F CMOS a re e mployed t o imp rove t he p e rf orm2
a nce of such p hot o2diodes . The f ront2e nd ci rcuits

of f ibe r com munica tions a re i ntegrated wit h t his

novel p hot o2diode , i ncluding TIA’s ( t ra ns2i mp ed2
a nce a mplif ie rs) a nd L A’s (li miti ng a mplif ie rs) .

2 　Design of photo2diodes in MS/ RF
CMOS

　　Fa brica ting a high p e rf orma nce p hot o2diode

i n CMOS is rega rded as t he bot tle nec k i n realizi ng

a monolit hically i ntegrate d receive r , because t he

design tech nique of such a n op t oelect ronic device

is rest ricted t o a na r row sp ace not only by t he op2
t ical p rop e rties of t he mate rial but also by t he

tec h nology p rocess . Fort unately , CMOS p rocesses
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t he mselves a re conti nually p rogressi ng. Ma ny new

f eat ures have bee n a dded t o t he basic p rocess i n

orde r t o exp a nd t he availa ble f unctions . They ca n

also be ta ke n a dva ntage of i n t he design of p hot o2
diodes . I n t his section , we f ra me t he p roble m by

desc ribi ng i mp orta nt f eat ures of t he silicon mate2
rials a nd se miconduct or p rocess tech nologies as

t hey relate t o t he p roble m of realizi ng p hot o2di2
odes .

The op tical p rop e rties of silicon a re well

know n. I n p a rticula r , t he a bsorp tion coef f icie nt
(α) wit h a gra dual onset owi ng t o silicon’s i ndi2
rect ba ndgap st ruct ure is of p ri ma ry i mp orta nce .

In cont rast , t he a bsorp tion onsets of di rect

ba ndgap mate rials a re more a brup t . This unique

f eat ure causes t he a bsorp tion le ngt h (1/α) t o va ry

signif ica ntly wit h wavele ngt h , a nd t o be much la r2
ge r t ha n t ha t of di rect ba ndgap mate rials f or

wavele ngt hs in t he vici nit y of t he ba ndgap . The

p hot on a bsorp tion p rocess c rea tes elect ron2hole

p ai rs i n t he bul k silicon ; but only t hose ge ne ra ted

i n a region of elect ric f ield , or close e nough t o dif2
f use i nt o t he region , ca n cont ribute t o t he outp ut

p hot o2cur re nt . Ot he rwise , t hey will eve ntually re2
combine i n t he a bse nce of a n elect ric f ield . Com2
p a re d wit h t he f ield2aide d drif t comp one nt , dif f u2
sion2based ca r rie rs a re t ra nsp orte d at a much slo2
wer velocit y , w hich will signif ica ntly af f ect t he

ti me2resp onse of t he p hot o2diode .

The basic p hot o2diode is a si mple p n junction

wit h a dep letion region widt h W. For a n i ncide nt

op tical p owe r ( Popt ) , t he p hot o2ge ne rated cur re nt
( Ig ) is related t o t he resp onsivit y ( R) by

Ig = RPopt (1)

R =
Ig

Popt
=ηqλ

hc
(2)

η = (1 - Pref ) e -αd 1 -
e -αW

1 +αL
(3)

w hereηis t he exte r nal qua nt um eff icie ncy , a nd L

is t he mi norit y ca r rie r dif f usion le ngt h i n t he re2
gion wit h a relatively low dop i ng rate . As de2
scribe d i n Eqs . (1～3) , L a nd 1/αa re cha racte ris2
t ic le ngt hs associate d wit h p hot o2ge ne ra ted ca r ri2
e rs . For W on t he orde r of 1/α, most p hot o2ge ne r2
ate d ca r rie rs a re collecte d by t he elect ric f ield ,

a nd t he dif f usive comp one nt ca n be ignore d. Wit h

t he ca r rie rs drif ti ng wit h t he aid of t he f ield , t he

p hot o2diode ca n op erate at a ve ry high sp eed. U n2
f ortunately , t he a bsorp tion le ngt h is a bout 14μm

f or a wavele ngt h of 850nm ,w hich is muc h deep e r

t ha n t he junction dep t h t hat ca n be achieve d i n a

nor mal CMOS p rocess . The ref ore , t he dif f usive

comp one nt will cont ribute a la rge p a rt t o t he p ho2
t o2ge ne ra ted cur re nt a nd will conseque ntly i nt ro2
duce a n undesi red eff ect on t he ti me2resp onse of

t he p hot o2diode .

2. 1　Double photo2diode in CMOS

As me ntione d a bove , if t he ge ne rated cur re nt

p urely contai ned drif ti ng ca r rie rs , a bet te r ti me2
resp onse w ould be at t ai ned. B ut unf ort unately ,

CMOS p rocesses a re sp ecialize d f or t he f a brica2
t ion of elect ric ci rcuits . The source/ drai n i mpla nt

p rocess we usually use t o ma ke t he p hot o2diode

ca n only f or m a dep letion region wit h a dep t h of

a bout 5μm ,f or its high dop i ng level of a bout 1016

cm - 3 . The ref ore , t he ti me2resp onse will be i nevi2
t a bly degra ded by t he slow t ra nsp orti ng of t he dif2
f usive ca r rie rs ge ne rated i n t he bul k silicon . Met h2
ods f or boosti ng t he sp eed of CMOS comp atible

p hot o2diodes f ocus on how t o eli mi nate t hese dif2
f usive ca r rie rs . Such a met hod is illust ra ted i n

Fig1 1 [ 4 ] .

Fig. 1　Cross section of inte rdigitated p hot o2diode

As show n i n Fig. 1 , a p hot o2diode is i mple2
me nted i n a p rocess ide ntical t o t he f ormation of a

p2t yp e MOS F E T. A p + region wit h a n i nte rdigita2
ted la te ral st ruct ure is designed as t he a node of

t he p hot o2diode , w hich is origi nally i mpla nted t o

f or m t he source a nd drai n of t he MOS F E T. A n in2
te rdigit ated st ruct ure is e mploye d t o broa de n t he

dep letion region ,a nd ma kes as ma ny of t he p hot o2
ge ne ra ted ca r rie rs as p ossible drif ti ng. A not he r di2
ode f or me d by a n n2well a nd p2subst rate also p lays

a n imp orta nt role i n t his st ruct ure . Called a

scree ni ng diode , t his diode p rohibits t he dif f usive

ca r rie rs ge ne ra ted i n t he bul k f rom cont ributi ng

t o t he t otal ge ne ra ted cur re nt . This kind of

scree ni ng sche me obviously t ra des resp onsivity f or

sp eed , because a la rge p a rt of p hot o2ge ne ra ted

ca r rie rs have bee n disca rded . Fort unately , t he de2
ge ne ra tion of resp onsivit y is not a se rious p roble m

i n L AN a nd VS R applica tions , w here t he p owe r
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f a de in t he f ibe r is much less t ha n i n long2haul

t ra ns mission app lications .

2. 2 　Novel photo2diode implemented in MS/ RF
CMOS

　　Tha nks t o t he rap id develop me nt of CMOS

tec h nology , we have ma ny new ways t o i nve nt

new p hot o2diodes . Havi ng bee n p redomi na nt i n

digital ci rcuit f a brica tion f or ma ny yea rs , CMOS

p rocesses a re a t t racti ng more a nd more at te ntion

i n t he a rea of MS/ R F ci rcuits . The deep2n2well is

a dded t o mitiga te t he i nf lue nce of switc hi ng noise

ge ne ra te d by digit al ci rcuits on t he f ria ble a nalog

or R F p a rt on t he sa me chip . I n conjunction wit h

newly develop e d S TI ( s hallow t re nc h isola tion )

tec h nology , t his new f eat ure ca n signif ica ntly i m2
p rove t he p e rf orma nce of CMOS2comp atible p ho2
t o2diodes . O ne exa mple of novel st ruct ures based

on MS/ R F CMOS is give n i n Fig. 2 ,w he re a t ra di2
t ional D PD (double p hot o2diode) is sur rounded by

a n S TI ci rcle a nd t he n buried i n a deep2n2well .

Fig. 2 　Cross section of novel p hot o2diode in MS/ R F

CMOS

Comp a re d wit h conve ntional D PDs , t his no2
vel st ruct ure has i mp rove me nts i n ma ny as2
p ects [ 5 ] .

(1) Da r k cur re nt :Some da r k cur re nt is inevi2
t a ble because it is i mp ossible t o get a p e rf ectly de2
f ect2f ree silicon subst rate . However , t he da r k cur2
re nt ca n be mitiga te d by isola ti ng t he la te rally dif2
f usive ra ndom ca r rie rs . Through t he use of S TI

a nd t he deep2n2well , t he magnit ude of t he da r k

cur re nt is only a bout 1/ 5 of t hat i n D PDs wit hout

t hese new f ea tures .
(2 ) Resp onsivit y : Poor resp onsivit y has bee n

rega rded as t he mai n shortcoming of D PDs . It ca n

be e nha nced w he n a n S TI wall is i nt roduced ,si nce

t he p hot o2ge ne ra te d ca r rie rs a re rest ricted inside

t he ci rcle , w here t hey ca n be eff icie ntly used. The

exp eri me nt has show n t hat t he resp onsivity of t he

novel st ruct ure is 0 . 066A/ W , comp a red t o only

01 017A/ W i n conve ntional D PDs [ 5 ] .

O n t he ot he r ha nd , t he conce nt ration i ndex

va riation i n t he n2well will i ncrease t he p hot o2di2
ode cap acit a nce , w hich may dege ne rate t he ba nd2
widt h of t he receive r ci rcuit .

3　Receiver circuit design

The f ront2e nd of a n op tical receive r ci rcuit u2
sually consists of a TIA a nd a n L A .

A regulate d cascode ( R GC) conf igura tion is

e mployed t o realize t he TIA . It has bee n p roved

t hat R GC ca n more ef f ectively isolate t he p hot o2
diode cap acita nce f rom t he ba ndwidt h dete r mi na2
t ion t ha n ot he r st ructures [ 6 ] . As show n i n Fig. 3
(a) , M1 a nd M2 ma ke up t he R GC i np ut stage ,

signif ica ntly e nha ncing t he i np ut gm , a nd conse2
que ntly p ulli ng t he p ole decided by t he p hot o2di2
ode cap acit a nce a nd t he inp ut i mp e da nce out of

domi na nce . The f eedbac k resist or Rf is app lied

f rom t he outp ut stage ( M4) t o t he drai n of M1 ,

w hich not only boosts t he outp ut gm but also ef f i2
cie ntly buf f e rs t he cur re nt at t he i np ut .

Fig. 3 　( a) Schematic diagram of an R GC TIA ; ( b)

Schematic diagram of one stage of an L A

The L A consists of a n i np ut stage , a gai n2
stage a nd a n outp ut buf f e r . The gai n stage is com2
p ose d of 6 se rially con nected diff e re ntial a mpli2
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f ie rs , one of w hich is give n i n Fig. 3 ( b) . All t hese

dif f e re ntial a mplif ie rs a re loa de d by active i nduc2
t ors consisti ng of a n n2MOS F E T op erati ng i n sat u2
ration p lus a gate resist or , in orde r t o broa de n t he

ba ndwidt h .

4 　Chip design and measurement re2
sults

　　A monolit hically integra ted op t oelect ronic

receive r is i mple me nted i n TSM C 0. 25μm MS/ R F

CMOS tech nology. A c hip p hot ograp h is s how n i n

Fig. 4 . The p hot o2diode is designe d wit h a n octag2
onal la te ral conf iguration , w hic h i nt roduces less

cap acit a nce t ha n a squa re one .

Fig. 4 　A monolit hically integrated op t oelect ronic re2
ceiver

The O EI C was tested wit h a si nusoidal modu2
la te d op tical i np ut wit h a n incide nt p owe r of

600μW at a wavele ngt h of 850n m . The measured

t ra nsie nt resp onse is s how n i n Fig. 5 . A n a mp li2
t ude of nea rly 20m V is ac hieved at t he outp ut of

t he O EIC ,w hich mea ns t hat a t ra ns2i mp eda nce of

a bout 56dB ·Ω is at t ai ne d by t he f ront2e nd ci r2
cuits .

Fig. 5　Transient resp onse of t he O EIC at 150M Hz

Figure 6 shows t he f reque ncy resp onse of t he

monolit hic op tical receive r . O nly a 400M Hz 3dB2

ba ndwidt h has bee n achieve d. The dege ne ration

of t he ba ndwidt h ca n be at t ribute d t o t he i nc re2
me nt of t he p hot o2diode cap acita nce . More ef f ort

s hould be devoted t o t he design of t he TIA ci rcuit

i n f ut ure wor k .

Fig. 6　Frequency resp onse of t he O EIC
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基于 0125μm MS/ RF CMOS工艺的光电单片集成接收机设计 3

陈弘达1 　高　鹏1 ,­　毛陆虹2 　黄家乐2

(1 中国科学院半导体研究所 集成光电子国家重点联合实验室 , 北京　100083)

(2 天津大学电子信息工程学院 , 天津　300072)

摘要 : 设计了一种单片集成的光电接收机芯片.在同一衬底上制作了基于同一工艺的光电二极管与接收机电路 ,

以消除混合集成引入的寄生影响.这种单片集成接收机采用了先进的深亚微米 MS/ R F (混合信号/射频) CMOS工
艺 ,利用这种新型工艺提供的新技术对原有光电二极管进行了改进 ,使其部分性能显著改善 ,并对整个光电集成芯
片性能的提高有所帮助.

关键词 : 单片集成 ; 光电集成电路 ; CMOS工艺
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