OPTO- ELECTRONI C | NTEGRATED CIRCUIT
1. Field of the Invention

T
ne present In

an opto- 5 el ectronic integrated ci.lzzﬁénescr(p(fﬁhcpagdm h. torp:agetﬂé

el ectronic circuit section and an optic i)t  : paged 2
structure capable of effecting an 'mnﬁng@nn@egmon
conver si on) between an electricaluf

through a light 10 en1tt|ng or

entionr

eeijaged 2

(fmia'dé’d

2.

conpound sen1c3ﬁ 2sh a S|I|con substrate.
Description of t Silicon sem conductor
technol ogy has r transistors to ICs (Integrated Grcuit) and

VLSIs (Very 15 | arge Scale Integrated GCrcuit), and it is thought the
integration scale will be continually increased in the future. In
recent years, with an increase in integration scal e, there has
arisen a concern that the operation speed of such silicon devices
will be limted by a 20 retardation of the distribution in transmtting
t he el ectric signalQPTor RIVETHIRANY ¢S AINFEQGRFIEPI@IR@EMT an CEl C
(Optical Electronic Integrated Crcuit) techni que I nvol vi ng a signal
connection with the use of light has been devel oped. 25

When such an CBRCKERQUNDqQE THEE{ AQNBENTION  est abl i shed, the nethod for
formng a lighi. enﬁggiggogrthe Inveht98L receiving |ayer (hereinafter,

referred to as T1ght mttirng/receiving | ayer) consisting of a
conpound sen1condEE?oPr%ﬁeﬁtSFFV€8H1§Hb§?93F§Sh5§ BBefiPpPoved to
5 electronic integrated circuit (OEIC) which includes an

electronic circuit section and an optical ci

section, and has a structure capable of effecting an

rcuit

inter-connection (mutual conversion) between an

.

electrical signal and an optical signal through a light

10 emitting or light receiving layer consisting

compound semiconductor formed on a silicon substrate.

2. Description of the Related Art

of a

Silicon semiconductor technology has realized

transistors to ICs (Integrated Circuit) and VLSIs

(Very

15 large Scale Integrated Circuit), and it is thought the

integration scale will be continually increased in the

future. 1In recent years, with an increase in integration

scale, there has arisen a concern that the operation

speed of such silicon devices will be limite

20 retardation of the distribution in transmitt

electric signal. 1In order to solve that problem,

d by a
ing the

{Optical Electronic Integrated Circuit) technique

an OEIC

involving a signal connection with the use of light has

been developed.
25 When such an OEIC technigue is to

be

established, the method for forming a light emitting or

light receiving layer (hereinafter, referred to as light

emitting/receiving layer) considgting of a compound

semiconductor on a silicon substrate has been proved to
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- 2- be a nost inportant basic technique. Conventionally, as

a neans for integrally form ng a sem conduct or conpound on a single
crystal silicon substrate, there have been suggested mainly two
types of nethods. One is the so- 5 cal | ed super hetero-epitaxial

met hod in which a sem conduct or conpound formng the |ight
emtting/receiving | ayer, such as a GaAs | ayer or InPTmsﬂma}m£a%ERekk§i

caused to epitaxially grown on a silicon substr |s a
di rect bonding nethod in which 10 a sem conduct or g t he

l'i ght em tting/receiving | ayer,2such as a GaAs I

| ayer, is directly bonded to a single-crystal silicon pl at e by
virtue of a heating treatnent. However, the
above-nenti oned super hetero- 15 epi taxi al nethod requires that

sem conduct or conpoun | ayers having lattice constants different
fromthat of P€ m%??lb%ﬂoﬁEaP%tﬁﬁﬁéFl§egBPH§Heon FRBVENRYPRALLY st aF

silicon substrateeaddi soﬁem%@falyycausamg laabémﬁeonductorntsmpbﬁhd

bet ween t he sen&conggggeéugfg Td81?Y85§e§§gggggﬁe Ege Bgle stal

silicon substrate an of "a Y di ? Ycati on
in the conpoun@uggestedsm@1nbydﬂn©otypayep§ methods. One is tloa sbe ot her

hand, there 'Sc@ﬂPé@béﬁﬁé%hﬁétépg—epltax h@tﬁéEﬁ8§ Qﬁtwﬁﬁehtge conpound

senlconductor | ayers and single-crysta | 1con substrate formed
by the above- semlcon@%ﬁEPén@ama@w@étfﬁéﬁanﬁgthﬁthéa Fs subject to therma

stress due to éﬁ@t@iﬁ@ﬁf@@@ﬁviﬁgthsyéheraabheésaascans layer geethpci ent
bet ween the siJicon and the ¢ sen conduct or rlng cool i ng
c

o he b ohaEoR A0e £ 0Ca e P IS ¢ aert At 1B r Gy BBy St RLLHFPRCL pondrng.
Such a thermalsubstratstresheadvieesely ahdhigectheopliyagcakthodpent weschf

the 1, sem condycl ok, EOIROUDELANE" forming the 1ight
emitting/receiving layer, such as a GaAs layer or InP
layer, is directly bonded to a single-crystal silicon
plate by virtue of a heating treatment.
However, the above-mentioned super hetero-

15 epitaxial method requires that semiconductor compound
layers having lattice constants different from that of
silicon be integrally formed on the single-crystal
silicon substrate. This necessarily causes a lattice
mismatch between the semiconductor compound layers and

20 the single-crystal silicon substrate and results in
generation of a misfit dislocation in the compound
semiconductor layers.

On the other hand, there is a problem that the
interface between the compound semiconductor layers and

25 the single-crystal silicon substrate formed by the above-
mentioned direct bonding method is subject to thermal
stress due to the difference in the thermal expansion
coefficient between the silicon and the compound
semiconductor during cooling after the high temperature

30 treatment employed by the direct bonding. Such a thermal
stress adversely change the physical properties of the

semiconductor compound layers.
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- 3- In addition, the OElIC generates heat at the

sem conduct or conpound | ayers or the SI|IC § Qs rate during
operation, and the heat |ncrea§@ a-c m sfit dislocation
and enhances the thermal stress. uIt, there also arises a
probl em that the operation cs of the CElIC change during
its operation, whi ch degrades the rellabllity of the CElC.

For the foregoing reasons, it is still difficult to actually use a
sem conduct or conpound device 10 having a structure in which a

sem conduct or conpound has been3foernmed on a silicon substrate, and
also it is difficult to actually use an CEIC in which silicon

el ement and seni conduct or conpound el enent are nmonolithically

i nt egr at ed. 15 SUMVARY OF THE | NVENTI ON It is
therefore an object of the present invention to provide an inproved

OEIC in which a |ight In adgitiGng tde CFdS ASHEI3RRST Reisiat it of a

sem conduct or semlcon@@m@uﬂ@dn@dmrdoltlaty@x@aldry tfrey nEd iorora sﬂ&stcﬁte
substrat e. rises a silicon substrat an

el ectronic C|réﬁFﬁnﬁoP§§&5t&thea§q %@n YYTEHIRE ©F MOV getssing an
el ectric si ghamisdiZn@ifsillomaftdomedngn eafhances tHeea:Q‘temmH]t isreds t hAs a

silicon substr nd i I t ed to
the el ec?r oni c%%lg}l%g "t t%%g%ptal%%hearolsﬁsca pcrl%;ﬂcw I nc tg?é aﬁ : eagﬁ one

GaN- based chagagitesididcs Otfor’ﬁbmwllcawé?ar\ﬂﬁ AL INPrigd daedtE ide Zno
filmand the G@N1Eﬁseeg%@@ée0&%%p&enfaynyyﬂyidﬁneﬂé OEIC. €ither receives
or emits an optical S|gnal he GaN based seqtconductor

conpound | ayer is 30 ﬁ?éﬁ@@a59}9ﬁ§ﬁ€9bﬁeﬁﬁ§”ﬁbnﬁéhﬁﬁb
Ga[err]ln[err]Nifeabeﬂt]eb[emmhully use aGajestirddBdRiatdY aronpoad clersiad

t her eof and ?l f\f?l.ll"lréreg %ttr%cture 1nt ?A{m.%r ataurseem%fcosn%dcq:r r].] %ompoluonvéa hasl tis

nor e prePerabI
been formed on a silicon substrate, and alsc it is .

difficult to actually use an OEIC in which silicon
element and semiconductor compound element are

monolithically integrated.

15 SUMMARY OF THE INVENTION

It is therefore an object of the present

invention to provide an improved OEIC in which a light
emitting or receiving layer consisting of a semiconductor
compound is monolithically formed on a silicon substrate.
20 The OEIC comprises a silicon substrate; an
electronic circuit formed in the silicon substrate and
processing an electric signal; a zZnO film formed on at
least portion of the silicon substrate; and an optical
circuit electrically connected to the electronic circuit.
25 The optical circuit includes at least one GaN-based
semiconductor compound layer which is provided on the ZnO
film and the GaN-based semiconductor compound layer
either receives or emits an optical signal.
The GaN-based semiconductor compound layer is
30 preferably made of the conventional Ga,,InN, Ga,,AlN,
Ga,B,N or mixed crystal thereof; and is formed at a

temperature of 800°C or lower. It is more preferable to
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- 4- enpl oy an ECR-MBE nethod for form ng the GaN- based
- sem conduct or conpound | ayer. The CEIC may further
conprise an opti cal m&helﬁﬂdﬁsmgh made of ZnO and optically

connected to 5 t he opti ‘&ernatlvely, the OEI C may
further conprise a Sl mm ween the silicon substrate and
|y connected to t he

the ZnOfilmwhile the ZnO‘fllml
optical circuit so as to act as an optlcal wavegui de. The
el ectronic circuit preferably includes at 10 | east one MOSFET, and the
optical circuit preferably i ncl gdes at | east one light emtting

di ode, | aser or phot odi ode. According to the
present invention, since a ZnO filmis formed to serve as a buffer

| ayer, the GaN | ayer 15 formed on the buffer layer has fewer msfit

di sl ocati ons t hereby obtaining a good crystallinity.

Furt her, S|nceeWREOZnﬁﬁfECRTMBEVWﬁQth dobuffpgming the Gglebased be forned

at a reIatlveIyehp@bﬁgﬁagégtggﬁpghha layer. a nethod such as sputterlng, it
i nhibits bad influences 20 caused b hi gh tenperature an %§S|bly

brought to the met3f QFfesmay FH€tQ? cEPBRIE SE PEUIOP i on of an
CEl C. M.)ae@geide swAgent he matal ofi rzaoseeaal @@tus:aquerm&xcttelae to

i gh tember at U B dOPY HGSEHELbFSukes PoFesBet i Yan s ARICGIRY dydErer ©
thereby effecttempyisahabbiOnd itlwe between aﬂim/esn.’enw@n@db@azdatﬂfdaménce At
this tine, S'”Eﬁgaﬂno fll%egﬁﬁ QB th%HBdEFimpigdo Qlc%ﬁqug%ﬂﬁggte%Y%r

the GaN at a relativel | ow t eratu
t her eby furthe?h?nﬁp%w@hgcarﬁéé’él BPeaBaloij ﬁFItuéﬁcént ergacal wayegvedsl

W re section. The elek@tohhe pHLPOSE gEeEb&ﬁ%u@ahm&guh%% at
i nventi on, rawi ngs several forns ich are

present}g pref%??%ﬁ o?? %@?ﬁGTunaEQSFgﬁdOPﬁé ef1XCHit preferably

includes at least one light emitting diode, laser oxr
photodiode.
According to the present invention, since a ZnO
film is formed to serve as a buffer layer, the GaN layer
15 formed on the buffer layer has fewer misfit dislocations,
thereby obtaining a good crystallinity.
Further, since the Zn0O film serving as a buffer
layer may be formed at a relatively low temperature with
a method such as sputtering, it inhibits bad influences
20 caused by high temperature and possibly brought to the
metal wires of the electronic circuit section of an OEIC.
Moreover, since the metal wire section is covered by the
ZnO film, the metal wires may be .protected from direct
exposure to high temperature during the process for
25 forming the GaN layer, thereby effectively inhibiting the
above-mentioned bad influence. At this time, since an
ECR-MBE method is used to form the GaN layer, the GaN
layer may be formed at a relatively low temperature,
thereby further inhibiting a possible bad influence to
30 the metal wire section.
For the purpose of illustrating the invention,
there is shown in the drawings éeveral forms which are
presently preferreqd, it being understood, however, that

SPEC\293230



the invention is not limted to the precise arrangenents and

instrunmentalities shown. BRI EF DESCRI PTI ON OF THE DRAW NGS

Fig. 1 is a partial sectional view showing an 5 essential structure of
an CElI C according to the first enbodi nent of the present invention.
Fi 0. 2rHisSheet BsBeen Bepiatddonal vi ew show ng an CEl C according to the
second he present i nvention. 10 Fig. 3
is acr i i ew showi ng en CEl C according to the third
enbodi sent i nvention. Fig. 4is a
cross sectional view show ng an - 5CElI C according to the fourth

enbodi nent of the present 15 i nventi on. Fig. 5is a
per spective view showi ng an CEl C according to the fifth enbodi nent
of the present i nvention. Fig. 6 is a cross
sectional view show ng an 20 CEl C according. to a further enbodi nent of

the present  the 1pKGBREPBnis not limipedarpEBheEBERCEPRORTER EREEERRED
EMBODI MENTS  and instrumentalheiksveRbans of the present invention have

conducted active research and have found that a ZnO | ayer 25 can be
suitably used as a buffer |ayer between a sem conduct or conpound
| ayer and a si BREBA DEBSRIATEONr OF THE DBAWEINGE | ayer. A

ZnO film (or layer) for on,a.silLi : J a i Ly
orientated in a direqtigﬁggf éx%% % gggtlalaﬁﬁc?ﬁgiéﬁf?§F§ﬁ§§§§?“ hé"™
| attice 8onst affsepbiateAtrngture of ZRCOEILREACTAENS [tioc ires dgstat e and

the GaN fil migmbodiment of the present invention.
Fig. 2 is a cross sectional view showing an
OEIC according to the second embodiment of the present
invention.

10 Fig. 3 is a cross sectional view showing an
OEIC according to the third embodiment of the present
invention.

Fig. 4 is a cross sectional view showing an
OEIC according to the fourth embodiment of the present

15 invention.

Fig. 5 1s a perspective view showing an OEIC
according to the fifth embodiment of the present

invention.

Fig. 6 is a cross sectional view showing an

20 OEIC according to a further embodiment of the present
invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The inventors of the present invention have

conducted active research and have found that a Zn0O layer
25 can be suitably used as a buffer layer between a
semiconductor compound layer and a silicon substrate or
silicon layer.
A ZnO film (or layer) formed on a silicon
substrate is usually orientated in a direction of axis c
30 and the difference of the lattiée constants between the

Zn0 f£ilm on the silicon substrate and the GaN film is
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- 6- only 2% Therefore, it is possible to inhibit the msfit
di sl ocation which is otherw se caused due to the lattice m smat ch,
making it possible to forma se U@SBeenReplaced conmpound havi ng fewer
di sl ocations and good film quali t meﬂ ,I The seni conduct or

conmpound | ayer used in the t| on is preferably made of a
de of

[11-V sem conduct or conpound, and nore specifically, nma
Ga[err]In[err]N, Ga[err]AI[err]N Ga[err]B[err] N or m xed crystal thereof,
i.e. GaN-based materials. These naterials are suitable for a 10
Ilght emtting/receiving |layer or an acétive |ayer for | aser devices.
Differences of the lattice constant bet ween these materials and the
ZnO filmon the silicon substrate are so snmall that the
sem conduct or conpound | ayers of these material formed on the ZnO
ocations. In addition, these materials are

filminclude 15 oess gls

not | i ke?’i}hf BHegr ?%OJF‘?gh%tehﬁtP@ﬁ%lbb%etm hghibit the misfit

char act eri st i csdiebharalt bS5 ﬁﬁl@%l55eﬂ@ﬁe@@léesaﬁuée@ugygrto the lgétlce

di sl ocati ons. T[ple rﬂé’é}? rE%,rse sem conduct or conpounds

suitably used to of m an Jt??eh%l?%%rs’t ente %‘?r‘QOa Sem%‘é@’é@\#@wrght

stably. compound hﬂlxmshefewanodimlo@ah/mﬁﬁg@nwé& nlaymequallty

obt ai ned y using the Zn I fornmed at
Q‘ﬁé é@rﬁlsc&{@%tto%f ('Z&TQSunén fayew lt‘?]ec?hbnu"s]%eof a

arelatively | ow terrperature (at
met hod such as R{R%HEr i y/enthieh CEImgeD8rably thmde| @ ta ohi T-¢i rcui t

section and thesapidaatudidrWdnpound, SRFUHE asre;?eéfff@éjlf)g,r PEEL VLY W in

t he use of dlfféereg G ];naterlas Thi s caus vari ous ue to
di ff erent Wl t ConeP kD For-RNgorhessedecryehal thepeeti cul.er,
since the pr Ocm-dfaédcghndtﬁmeﬂﬁ ur erHéé@tn@%’Erl'asléoare sﬁ"ﬁ_cfzﬁséaré/og of
o Tt o ccel wit & a RISt e an 2ot kg daker e
el ectronic ci rdmaers@@twmes s degifadethdss of the tihe diigh dgperature
treatment. OneRfudd® MRise materials and the zno film on the silicon
substrate are so small that the semiconductor compound
layers of these material formed on the ZnO film include
15 less dislocations. 1In addition, these materials are not
likely to degrade in light emitting/receiving
characteristics regardless of existence of a small number
of dislocations. Therefore, these semiconductor compounds
can be suitably used to form an OEIC required to emit or
20 receive light stably.

Further, another advantage which may be
obtained by using the ZnO film is that the Zno film can
be formed at a relatively low temperature (at most 300°C)
with the use of a method such as sputtering. In an OEIC,

25 the electronic circuit section and the optical circuit
section are formed respectively with the use of different
materials. This causes various problems due to different
conditions for forming these sections. 1In particular,
since the process of high temperature treatment is

30 necessary for growing a semiconductor compound serving as
a light emitting/receiving layer, metallization or metal
wiring in the electronic circuié section is degraded by
the high temperature treatment. One of the most
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-7- i nportant advantages obtainable in the present invention
is that a buffer layer of ZnO may be forned at a t enper at ure of
300[err]C or lower, which tenperature is |ow enough so that there
will be al nost no bad |nfluence to 5 the netal lization. Further,

si nce t heThi ﬂ* “ N covered by the ZnO filmduring the
process of rrperature treatnent for growing the GaN | ayer, the
metal lizati eing directly exposed to the hi gh
tenperature. In thls may, since the ZznO filmcan 10 act as a
passivation filmduring the high tempervature treatnment, it is
possible to inhibit possible bad i nfl uences on the netallization.
According to the results of our experinents, it has been confirned

t hat when the ZnOfilmis formed so as to cover the 15
metal | i zation, and when the filmformation tenperature for form ng
the |ight enitifRQrEeeei 3dvigntages PBtaepebhe 1n the BOEFERE] CNBELE SRR,

t he bad lnflueﬂgetﬂattaebﬂpféfl1z§étoaf ZnoO ma Mebeogaaaratlad wi thin an
al l owabl e range. In de material or the |ike

i s interposed 5§m8¢§6ture Bfo%%%t?oﬂrlﬁ9%?rbeV FﬁQPZHEFFFanﬁn “¥he

netal | i zat i on, endugls posshbtetheréuwihbrbenh1MOStsnaebbadlnfluencentbuence

to the metal wipes,.abinoygh; adding,suek. oiocoPERLeRbian,ayet ui Ll cause

t he manufacturrng process fre conp 0 Sone
The above- nent toviededehy coheudnor £ cbmpduning the pragesscafi béghornmed at a

relatively lo e 7 € S E E (ELectron
Cycl otron Resg%%ngpgééﬁyé tre?t ?& R%éd%¥%§??§x§zg o ggygﬁls net hod for

f or mi ng m@hél%éﬁ@%bﬁau@@bra%@h%ohﬁan9a9éF8F 1§XBFBPﬁ§€ EpokP80

igarple, in f9335§$2é?§@f§@?réb ﬁﬁleﬁis9féy,63iﬁae the Znopﬁiﬁgtcgn 231884
| C on an anese , n - ,
O o o0 ot eatR d8i ARs e T PREISR LR e B hr ing, be ARLE e PBPER BHEE.

According to theeatment, it is possible to inhibit possible bad
influences on the metallization. According to the
results of our experiments, it has been confirmed that
when the ZnO f£ilm is formed so as to cover the

15 metallization, and when the film formation temperature
for forming the light emitting/receiving layer is kept at
800°C or lower, the bad influence on the metallization
may be controlled within an allowable range. In the case
where a polyimide material or the like is interposed as a

20 protection layer between the ZnO film and the
metallization, it is possible to further inhibit some bad
influence to the metal wires, although adding such
protection layer will cause the manufacturing process to
become complex to some extent.

25 The above-mentioned semiconductor compound
layer can be formed at a relatively low temperature
(700°C) using an ECR-MBE (Electron Cyclotron Resonance
Molecular Beam Epitaxy) method. This method for forming
the semiconductor compound layer is explained, for

30 example, in U.S. Application No. 09/201,924, German
Patent Application 19855476.1 and Japanese Patent
Application No. 9-331884, the disclosures of which is
hereby incorporated by reference. According to the
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present invention, since the process tenperature for growi ng the
sem conduct or conpound | ayers can be limted to 700[err] C or | ower
by using the ECR-MBE nethod, it is possible to greatly reduce the
adverse effects to the 5 metallization in conbination with the
function of the passivation film It is, however, to be noted that
film formati on net hods ot her than the above dlscussed ECR- MB ﬁi

nmet hod may be enpl oyed as | ong as the sem conduct or his

is formed at a tenperature of 800[err]C or 10 | ower . |

The above-expl ained ZnO fil m may be al 80 -used as a

waveguide in the CEIC. This sinplifies the structure of the CEIC.
Further, since the optical signal may be transmitted w thout using
an optical fiber, it is 15 not necessary to install an optical fiber to
the CEIC, thereby al so sinplifying a manufacturing process of the
CEIC. A SlC{erPFe$§V§rlﬁa@Pﬁ@°§ I@W@ﬁeré%ﬁ erogessngerperature for zno may

be interposed bebweeg the %bhh@@ﬂd@@@%&r@E&p@&%dalayers &R0kl hmseewi ng
as a optical wave fter thedgreferred

enbodi nents of © Phg%O e OryaP¥§§nFyiH§éﬁﬁlﬁﬁe EgRe a“ﬁ&@Odn &t 3l with
ref erence poskdbilee tdr gwengldy reduce thElaﬁweEmbo@mments to the

Fi 1is a partl i;gnal, vi i 2 Jetur CEl C
anOFdlné topth%%%hégggén%g e ﬁ?%bigggl%% MQ%hh§he Fu O% %gno film2
i's provided onpassilviatérn fllm sdlsstisat dovexed  a tGakel @P@Ied3 thatf dadher
provided on th%ormatmnzﬁgtfn'ob@ Snbhe 130 khbMeBovRl s A seabichelpkay er

hel ping to formthe ayer 3_thereon | ayer generally
represents a s@ﬁFE@ﬁdW@VoPeCSWEéQHGdIé@eﬁOWH'éﬁ the’ Se"@&ﬁ“@HFFoér recei ve

light. The strgehpbendl 150 rOECformed athewWkempela@urk oF BoopredoRy the
fO||OMA98 processes.

The above-explained Zn0 film may be also used
as an optical waveguide in the OEIC. This simplifies the
structure of the OEIC. Further, since the optical signal
may be transmitted without using an optical fiber, it is

15 not necessary to install an optical fiber to the OEIC,
thereby also simplifying a manufacturing process of the
OEIC. A S8i0, layer having a lower refractive index than
ZnO may be interposed between the silicon substrate and a
Zn0 film serving as a optical waveguide way.

20 Hereinafter, the preferred embodiments of the
present invention are explained in detail with reference

to the drawings.

First Embodiment

Fig. 1 is a partial sectional view showing the
25 structure an OEIC according to the first embodiment. As
shown in Fig. 1, a ZnO film 2 is provided on a silicon
substrate 1 and a GaN layer 3 is further provided on the
ZnO film 2. The 2Zn0 film 2 serves as a buffer layer
helping to form the GaN layer 3 thereon. The GaN layer 3
30 generally represents a semiconductor compound layer which
can emit or receive light. The étructure of the OEIC

shown in Fig. 1 is formed by the following processes.
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-9- First of all, it is necessary to prepare a
single-crystal silicon substrate 1 which is usually used to forma
silicon sem conductor el enent. This Sheet Has Been ReplacedThen, a ZnO fil m having a

t hi ckness of about 3 5 [err] the silicon substrate 1
with the use of a met hod etron sputtering. The ZnO
nta

film?2 is a polycrystal filmorie in adirection of axis c
and serves to provide a function as a buffer |ayer for formng the
GaN | ayer 3. Any thickness which perforns 10 that function can be
enployed. During the formation of - 9 -the ZnOfilm2 by a RF nmagnetron
sputtering nethod, the desired filmis formed while the silicon
substrate is bei ng heated. The silicon substrate 1 can be heated at
a tenperature of about 300[err]C at nost, while the silicon 15
substrate 1 is typically kept at a_tenperature of about 200[ err] C

After the ZnOfilm2 is FérgEdofnadhe abolé necessagyniker PRERATCaR | ayer 3
is formed on tkgndn@-btirk®r3dl Theicon subG@Marayar iy ke Ja1md Wskh t he
use of an ECR- MBE _20 thod. In nore detail, ECR- MBE apparatus (not
shown) itRc EQAM G éggﬁﬁgﬁaSF@FE&PﬂHﬁtQFéﬁlgﬁﬁné'fiIn1fornation

area is used to induce amhehectr galc fayal blafang @sa@hdrktess of abllR) 3
phenonengn in the.pl asna f.ormation area, the e% pr.oduci ng a pl asma
br i trogen gab® iRefoTa BaLhE #1350 SebEace, 1 w0 T TRt on
area, and is caeséddt such as RFeaegneittionGespustalrisigppl it fZndmiKdomdgen
cells provided; L a i : 0N ar.ea,: t Q. t he
desired GaN IaﬁgraSPS%y?ﬁgggﬁ% ?ﬁﬁﬁ%%q?%%?%g% |?% 2 %lr%g?g%ﬁhgﬁo%&g%eg.
When the GaN | 8y S8rvesf sPnPdoNiide ehdusgtionygs & buid egcRayBE feirhod,

since the raw fakeAihgl t4aSGARS layer 3.2l hegdyhhefmelsy Wwhs dH gRinfoener gi zed
state bE%ause ogﬁan . ECR pggsna ondition in which it is.in, it is
sure to CaRhcEMPCEdPm CRE B5NE QVe§'ev9quP9tﬁ@etéﬁﬁgpﬁﬂﬁpeoéf

the ZnO film 2 by a RF magnetron sputtering method,*the
desired film is formed while the silicon substrate is
being heated. The silicon substrate 1 can be heated at a
temperature of about 300°C at most, while the silicon

15 substrate 1 is typically kept at a temperature of about
200°C.

After the ZnO film 2 is formed in the above

manner, the GaN layer 3 is formed on the ZnO film 2. The
GaN layer 3 may be formed with the use of an ECR-MBE

20 method. In more detail, ECR-MBE apparatus (not shown)
including a plasma formation area and a film formation
area 1s used to induce an electronic cyclotron resonance
(ECR) phenomenon in the plasma formation area, thereby
producing a plasma of nitrogen gas. Then, the plasma is

25 supplied to the film formation area, and is caused to
react with Ga metal supplied from Knudsen cells provided
in the same film formation area, so as to form the
desired GaN layer'3 on the Zn0O film 2 in the film
formation area. When the GaN layer 3 is formed with the

30 use of the ECR-MBE method, since the raw material gas has
already been in its highly energized state because of an
ECR plasma condition in which ié is in, it is sure to

exactly form the GaN layer 3 even if the temperature of
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- 10 - the substrate is not increased any further. In nore
“detail, if the tenperature of the silicon substrate is set at about
700[err]C, the GaN Iayer 3 is forned wi t hout any difficulty. In this
enbodi ment Thit $iverGadsde2 formed at the substrate tenperature
of 720[err] ¢ ond Enbodl ment An CEI C of the
second enboqi "ﬁ H Fresent invention will be described in
detail bel ow eference to Fig. 2. 10 Fig. 2is a
cross sectional VI ew showi ng an OElI C according to the present

enbodi nent. A phot odi ode 15 FslPorned as an optical circuit
conprising a |ight emtting/receiving layer on a ZnO film 12 which
is provi ded on a single-crystal silicon substrate 11. A 15 field
effect transistor (MOSFET) 16 is forned as an el ectronic circuit on
the sane substrate 11. The phot o- iode 15 is electrically connected
to the MOSFET th§ substrafg ok?gﬁl% r%qﬁr@seﬁ]ea%o‘?%?%%’é 155 3PtHe MOSFET

16 may d&aallectarﬂ ald yt@mummb bye el $1 zakbRNs(pet rabewg 20
formed on the sili

on strate . nth FET 16, a
p-type regi on Sffa qcts Lﬁe jobse, ]th% G4t *av§%oh %%bt?’?rﬁ?‘g YAt AR 22%%ur ce
region 11lb andli&ficulty drix rthiegieombddionarespectie vedly Iayaeds ofasn-type

region are - rornd OB AD JNSAELIDE B AN 8.0 A Souice el ectrode 17 25

and a drain electrode 19 are source region |1 b and the
drain region 11lc, respectively, and a Sigerr] | ayer 20 is provided
on the silicogstdist e didnes as to cover a region of the p-type
region l1la between the sou%ﬁ_xr i on %1b a(? t he drgl n regl on l1llc. A
gate 30 el ectrode 187 £HiOR D IHRE PEIMERY P resent

I n the phot odilad/eerﬂﬂi,oramﬂlt)kmd&\d:ﬁm@ n.’eraietall be}soxf:cmﬁﬂd on the ZnO
film12 and ax%fté/rpenc%a'\tlzol ]23b

10 Fig. 2 is a cross sectional view showing an
OEIC according to the present embodiment. A photodiode
15 is formed as an optical circuit comprising a light
emitting/receiving layer on a ZnO film 12 which is
provided on a single-crystal silicon substrate 11. A

15 field effect transistor (MOSFET) 16 is formed as an
electronic circuit on the same substrate 11. The photo-
diode 15 is electrically connected to the MOSFET 16
through wiring 5. The photodiode 15 and the MOSFET 16 may
be electrically connected by metallization (not shown)

20 formed on the silicon substrate 11.

In the MOSFET 16, a p-type region l1lla is formed

in the silicon substrate 11 and a source region llb and a
drain region 1llc respectively formed of n-type region are
formed in the p-type region lla. A source electrode 17

25 and a drain electrode 19 are formed on the source region
11b and the drain region 1lc, respectively, and a Si0,
layer 20 is provided on the silicon substrate 11 so as to
cover a region of the p-type region 1lla between the
source region 11b and the drain region 1llc. A gate

30 electrode 18 is provided on the Si0, layer 20.

In the photodiode 15,‘an n-type GaN layer 1l3a

is formed on the ZnO film 12 and a p-type GaN layer 13b
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is formed on the n-type GaN |l ayer 13a so as to forma p-n junction.

- An n-type el ectrode 14a and a p- type el ectrode 14b are respectively
provi ded on the n-type GaN | ayer'® &mﬂusg%néz he p-type GaN |l ayer 13b so
as to forman ohmc 5 juncti ty The n-type GaN | ayer
13a and the p-type GaN | a /gglfl,a{ a light receiving | ayer and
| ight entering the p-type GaN | ayer carriers to cause
a potential difference between the n- type el ectrode 14a and the
p-type el ectrode 14b, thereby 10 converting the light signal into an
electric signal. The convertedlel ectric signal is fed to the MOSFET
16 as a control signal of the MOSFET 16. When
manuf acturi ng an OEl C according to the present enbodi nent, the MOSFET
16 is first fornmed by 15 usi ng knomn various processes used in a silicon

sem conductor f.ield such as photo-1it ra 0 antati on
et ching treat mefit “2AG<So t%e type i é%@ﬁd g%tﬁ?s;?m??mé?ﬁm
di scussed i n thHankitish. An n- ewb@demmdtnqdanmﬂhtand(Hrptﬁypéﬁéléeﬁrndé

e 0 0 a8 0 i 05 g
inpurities suclknds t8e andyms §@Na§aM§ﬁ(ﬁﬂh SO aS fe skt | ae @@ﬁﬁ%ct|V|ty

types. At the tipRcibh,i SespectividlROrt aMte tp dgidnddie fi11a lZhonide
silicon 25 substrate Jlil at | e st so as ta cqver the, FET 16 as

i ndi cated by d&FtE®e CRY 12YSTALES dtadsS & Fearhing laveg andictive
ion etching (RllE)gl—xitSeutsedmg t@&RO e typan el layer 1jWwrdemansatdst he p-type

Rt housn Fo ghle YRS Rlloe & poteiitier o SEEANE BReAd ot oo |
portion 12a typeokleke xod® flidlamatd t:tmeppmytpa:)rel’lﬂa:rmq'e nNiotb bet reemnwed.
Further,l the négak]%tzft‘lﬁi@ %ﬁ% "_it tth%l rfayip%é‘%ﬁaecér{ Qe A o signd © TR{ded

on t he type I"ayer a an
converted electrlc SLgnal 1s fed to the MOSFET 16 as a

control signal of the MOSFET 16.
When manufacturing an OEIC according to the

present embodiment, the MOSFET 16 is first formed by

15 using known various processes used in a silicon
semiconductor field such as a photo-lithograph, ion
implantation, etching treatment and so on.

Next, the same method discussed in the first

embodiment is used to form the ZnO film 12, the n-type

20 GaN layer 13a and the p-type GaN layer 13b except that
the n-type GaN layer 13a and p-type GaN layer 13b are
doped with impurities such as Si and Mg so as to form
respective conductivity types. At the time, it is
important to form the ZnO film 12 on the silicon

25 substrate 11 at least so as to cover the MOSFET 16 as
indicated by dotted line 12a. After that, a process such
as reactive ion etching (RIE) is used to remove unwanted
portions of the p-type GaN layer 13b, the n-type GaN
layer 13a and the ZnO film 12. Although Fig. 2 shows

30 that the MOSFET 16 is exposed by removing a portion l2a
of the ZnO film 12, the portion 1l2a may not be removed.
Further, the n-electrode 1l4a and the p-type electrode 14b
are formed on the n-type GaN layer 13a and the p-type GaN

SPEC\293230



- 12 - | ayer 13b, respectively, thereby fornming a photodi ode 15.

In this way is forned an CElI C capabl e of converting an ext er nal
optical signal |nto an Ie trlc signal by virtue of the photodi ode
15, and controFWF ‘bn of 5 the MOSFET 16 by virtue of the
electric S|gnaIJ According to this structure, when the GaN
| ayers 13a and under a condition of a high

tenperature, it may be ensured that various netal wres of the
MOSFET section 16 serving as an electronic circuit 10 section are
protected by the ZnO film 12, so that izhese nmetal wires avoid being
directly exposed to high tenperature, therefore naking it possible to
i nhi bit deterioration in the operation performnce of the MOSFET
section 16, and thus properly maintaining the desired 15 operation

per formance of _an OEl C. Al t hough in the above enbodi nents a
| i ght r LR¥EYi hdPr aYBFPPSL{BRH¥d Bheeenw freMpRgsenPhPheeirrsn 15 -

shoul d not be thnthed weysushrspeedf as exanpbepabMefaetconvertlngtahs al so
possi ble that a gigﬁt rece|V|RP | ayer r K be 20l Eoglother
material s suchSRESAPEANCPEAEAN StSnal Iphe apne %ﬁFFﬁSrSlgPﬁ hVitt tHEs
been describedofntheephotodlodbowe,eapddcgnnrelnhag gheNBﬁEEatusnfofned
whi ch cap the SHO¥FEES1 é“bgr$§£E§Q'8f0££8U%&e8€§EE°Qi§§91faCt It s

al so possible to formother sorts of active e is also
apparent to the person skffpeding thethis shauchure, whep| ghgl Cay of active

el ements may b@a?@f§9g3hnaﬁael§blh?@nformed uﬁa9§taa&ena@taehnb§ hoaheh
circuit or her circuits Mor eover n the present _enbodi ment

al t hough it haEe%B%ﬁature 1He§%Y|B%dePﬁ%Fe§ntBﬁF|EaFlEPFcW?FaiSWF§eForned
after the 30 offBhéHMDQHE@fsaﬁtebﬁClEOQEﬁthgCustaﬁﬁelbbtr&nabselrcult

possi bl gothat ancel sqtLoni & SLLCULY 49 LR PRAPH: BI85, oo enbRechgLEmtion
metal wires avoid being directly exposed to high
temperature, therefore making it possible to inhibit
deterioration in the operation performance of the MOSFET
section 16, and thus properly maintaining the desired
15 operation performance of an OEIC.

Although in the above embodiments a light
receiving layer is formed of GaN, the present invention
should not be limited to such specific example. In fact,
it is also possible that a light receiving layer may be

20 formed from other materials such as AlGaN, InGaN,
InGaAlN. Further, although it has been described in the
above embodiments that an MOSFET is formed which can
serve as an electronic circuit section, in fact it is
also possible to form other sorts of active element. It

25 is also apparent to the person skilled in the art that a
plurality of active elements may be formed in the silicon
substrate to form a logic circuit or any other circuits.
Moreover, in the present embodiment, although it has been
described that an optical circuit 15 is formed after the

30 formation of an electronic circuit 16, it is also
possible that an electronic cirquit 16 is formed after

the formation of an optical circuit 15.
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- 13 - Thi rd Enbodi nent An CEIC of the third
enbodi nent of the present Th,sshe&n%@ggdf&gh&hll be described in detail

bel ow with ref erence t The OEI C accordi ng
to the third enbodi nent of m ﬂl‘ H i nvention includes a | aser
section 25, a opti cal nd a MOSFET 26 on a single

silicon substrate 21. The | aser section 25 and the opti cal

wavegui de 32 are fornmed on or over a ZnO film22 which is 10 provi ded on
the silicon substrate 21. The MOSFET 26 forned in the _
silicon substrate 21 has the-sampe-structure as the MOSFET 16 shown
in Fig. 1. That is, a p-type region 2la is forned in the

silicon substrate 21 and a source region 21b and a drain 15 region 21c
respectively forned of a n-type region are formed in the p-type
region 2la. A source el ectrode 27 and a drain electrode 19 are
formed on t he BuirdEmbedigient 21b and the drain region 1lc,

respectively, and SiJergd oric of |tﬁ’}’e.ertk3&d5erﬂ5&i/irﬁ@9c%‘ftth@e Shtd £

substrate 21 so as to 20 cover a re of the erelon 2la
between the *1VenGiRp Wil fesdr C&% p%%}?/ A gate
el ectrode 18 isefumncedorFide X5 Jerr] Iayer 30 The

| aser 25 conprises an n ECiwgéj;l I 423 p
active i%ayer 23b and a pf%lé;g% ﬁé‘%}qdar}g%l ddthe "Sfa% ?@9 Tg%%es/e fTayers
23a, 23b and 23w gresent inypmMidded ronludrs Zﬂdéﬁ&lmﬁctsmmh%ﬁ tdhe p-type

&GN active ‘?&P’ i t &N i ng
| ayer and the -tlépaquGgaN aidétﬁ nBIE %@%%@%% t&? A4 4881 el e%?%ge 24a

and an p-type %1‘%‘%3?% Pup arhe aoﬁﬁlﬁe?cﬁ%l% 25 arf e 19l €N cl addi ng
| ayer 23a and gdeedir id/é’@ﬁaeN:e formed:l&ddjxngox}@wa 226, 1 BRPEEUYELY . is

The optlcal wavequl 32 | of ZnO and provided on a SiQ2 film
31 whi cH |s f(ﬁ?é&?é%@ 1con substrate 21.
The MOSFET 26 formed in the silicon substrate
21 has the same structure as the MOSFET 16 shown in Fig.
1. That is, a p-type region 2la is formed in the
silicon substrate 21 and a source region 21b and a drain
15 region 21lc respectively formed of a n-type region are
formed in the p-type region 2la. A source electrode 27
and a drain electrode 19 are formed on the source region
21b and the drain region 1llc, respectively, and SiQ,
layer 30 is provided on the silicon substrate 21 so as to
20 cover a region of the p-type region 2la between the
source region 21b and the drain region 21c. A gate
electrode 18 is provided on the Si0O, layer 30.
The laser 25 comprises an n-type GaN cladding
layer 23a, a p-type GaN active layer 23b and a p-type GaN
25 cladding layer 23c. These layers 23a, 23b and 23c are
provided on the Zn0O film 22 so that the p-type GaN active
layer 23b is interposed between the n-type GaN cladding
layer and the p-type GaN cladding layer 23c. An n-type
electrode 24a and an p-type electrode 24b are provided on
30 the n-type GaN cladding layer 23a and the p-type GaN
cladding layer 23c, respectively.
The optical waveguide 32 is made of ZnO and

provided on a SiQ0, film 31 which is formed on the ZnO
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film22. The optical wavegui de 32 covers the side face of the p-type
active layer 23b and the peripheral side regions of the junctions
bet ween the p-type &GN cladding | ayer 23c and the p-type GaN active
| ayer 23b and bet ween the n-type GaN cl adding | ayer 23a and the
p-type Gams&maphsgagkhm@mjayer 23b so that the optical waveguide 32 is

optlcally he | aser 25. Since the SIQ2 film 31 has a
refractiv
emtted fr

t han the opti cal wavegui de 32, a | aser beam
5is 10 effectively confined in the optical
wavegui de 31. The MOSHET 26 and the |aser 25 are
electrically connected by, for exanple, wring 33, whereby |aser 25
is controlled by a gate voltage applied to the gate el ectrode
28 of the MOSFET 26. 15 Since the optical waveguide 32 can be
f or med using the sanme material of the ZnOfilm22, it is
possi bl e to si hptRi52t heThanaPaeeat | Hgvearidei oA pPBeESsthe side Eageher,

since an opticef sh&ngltypy Q@tioanﬁayé£eﬂ3b and tMet peHipHSELAY anaept i cal
fi ber, one can dlsgense Wih t bl esone insta IlngFggﬁratlon

for installingFg#tons of BB?léﬁPc??BEF b?ﬁ%?%ﬁyt?ﬁrPﬁEnglﬁﬁwl ditde
manuf act uri ng papeesz3éoanaaﬂhéaptuypégcan §Et Cre layer 23b and betweéhe
present gnbodi t a rned bene t he

opti cal %avegugg£I §2E2§ %$ é%%%él lg%efa2%? %?dt% BthgF @é@eQU|de 32
since Si qerr]acsraevbwer 23b scohh@h hheeopaltcab vaeegulideoh2 is

sem conductor ggvi££%18Ndonnecredt B8 HHQUiQQEPrQQQ pé@ﬁ@éstﬁéns?é £ilm
sinplified by using SiJerr]. However, it Is possible loy a
filmmade of 31 hasaAcrREFafaiéei aNdax F@ﬂbiﬁ§ Fhénnﬁb@rPaFlﬁaé a

refractive 30 wavefidex 5ﬂﬁ|é61a§8ﬁnbé8ﬂ &Nl ted from the 1aserFmstb§r
al t hough.in theFPresent e rmed by an

n-type tAN | ay® %gﬁlgﬁﬁypconklneé }ngh%hRPFé§%f %%X ﬂﬂ?@ﬁ % e active

| ayer is fornmed by a The MOSFET 26 and the laser 25 are electrically

connected by, for example, wiring 33, whereby laser 25 is

controlled by a gate voltage applied to the gate
electrode 28 of the MOSFET 26.

15 Since the optical waveguide 32 can be formed
using the same material of the ZnO film 22, it is
possible to simplify the manufacturing formation process.
Further, since an optical signal may be transmitted
without using an optical fiber, one can dispense with the

20 troublesome installing operation for installing an
optical fiber, thereby further simplifying the
manufacturing process for manufacturing an OEIC.

In the present embodiment, the Si0, layer 31 is
formed beneath the optical waveguide 32 as a cladding

25 layer of the optical waveguide 32 since Si0, is a very
common material to the silicon semiconductor devices and
the manufacturing process can be simplified by using
Si0,. However, it is possible to employ a film made of
another material as long as the material has a refractive

30 index smaller than the ZnO.

Further, although in ghe present embodiment the
clad layer is formed by an n-type GaN layer 23a and p-
type GaN layer 23c while the active layer is formed by a
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- 15- p-type GaN | ayer 23b, it is also possible to formn-type

Al GaN cl ad | ayer, p-type Al GaN cl ad | ayer and p-type I nGaN active

| ayer. In addition, the active |ayer of the | aser 25 may have a

singl e-quantum wel | structure or 5 mul ti-quantumwel |l structure

enpl oyi ng I nGaN and GaN. Fourt h Enmbodi nent An CElI C
of the foumg@mgﬁgo i ment of the present invention will be described
in detail th Replaced reference to Fig. 4. 10 An CEI C
accordlng nbodinent of the present invention is
formed in hat on - 15the silicon substrate |ayer 41 there
are fornmed a Ilght emtting diode 45 and a photodi ode 53 each
serving as a light emtting/receiving |layer, an optical wavegui de 52
15 formed of a ZnO material serving as an optical circuit

section, and a NCSFET 46 serving as an electronic cjrcuit section.

By adj usting tzﬁe YR {1 etfRo L it 2150 PosiRte riduef 2 gt - ke
MOSFET 46, it AkGaNireldd Iaoyew ap-Ghhfe AlGaN ciaﬁﬂﬂ&yeﬂ ammnp{ﬂjpmg a light

em ssi on of aa# ngﬁ gg ive et)}l ng di Oc?%rcton, nagct%lv? hlea%reloqf tdhl S a

Cross section VI ew SNOW n accor sent
enbodi nent. Sikrser hdS may ha\set raucs inel of QWASRET besmnectf.wtd:r

enbodi ment i s just; - uantL]grﬂ h»?elsf‘r@cﬁ?ct}]ere pf&hﬁﬁmﬂq@at@@%'wt a

description 25 ereof is omtted in Fig. 3, MOSFET 46
is forned in a sillcon substrate 41 and a ZnOfilm42 is formed on
the surface ofyéﬁmtﬁimﬁﬁguhm@$§trate 41 so as to cover the MOSFET

40, AL TG O oo 62 00 e couen Pnib by G2 0L 43,00 @
el ectrode 44a amteracion w1mtb@m@d®c1baﬂe1m4dleualbllm1¢woeiﬁky connect ed to
the n- reference to Fig. 4.

10 An OEIC according to the fourth embodiment of
the present invention is formed in a manner such that on
the silicon substrate layer 41 there are formed a light
emitting diode 45 and a photodiode 53 each serving as a
light emitting/receiving layer, an optical waveguide 52

15 formed of a Zn0O material serving as an optical circuit
section, and a MOSFET 46 serving as an electronic circuit
section. By adjusting the voltage applied to a gate
electrode 48 of the MOSFET 46, it is sure to form an OEIC
capable of controlling a light emission of a light

20 emitting diode 45.

Fig. 4 is a cross sectional view showing an
OEIC according to the present embodiment. Since the
structure of MOSFET 26 of the fourth embodiment is just
the same as that of the second embodiment, a description

25 thereof is omitted here. As shown in Fig. 3, MOSFET 46
is formed in a silicon substrate 41 and a Zn0O film 42 is
formed on the surface of the silicon substrate 41 so as
to cover the MOSFET 46. A light emitting diode 45 having
an n-type GaN layer 43a and a p-type GaN layer 43b is

30 formed on the 2ZnO film 42. An n-type electrode 44a and a
p-type electrode 44b is electriéally connected to the n-
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- 16 - type GaN |l ayer 43a and the p-type GaN | ayer 43b,
respectively. A SiJgerr] film51 is fornmed on the ZnO film
42 and the light emtting diode 45 so as to cover the light 5
emtting diode 45. A though hole exposing a portion of a surface of
the p-type GaN |l ayer 43b is provided in the S filmb51 and an

opti cal wavegui de |ayer 52 is forned in the througlPhishQ)Ie 0, aS,t

b
optically connected to the light emtting di ode 45. et‘ e e?;ge
is formed 10 on the optical wavegui de 52 so as to recei m [] NE I l
signal emtted fromthe light emttingd&i-ode 53. An L
el ement 54 such as an inductor is also provided on the SiJerr] film
51. According this structure, the optical wavegui de 15
52 can successfully confine the optical signal transmtting in the
optical waveguide 52 by providing a SS2 filmb51 having a refractive
i ndex smal | er EWRA EAN laver 43acmBfobhe PheEYBEt Fall laxesgditde 52.

I'n addition, sipsgeafi@Btical signal nay be 20 transmtted in a desired
manner w t hout using an optical_. fiber, ope can dispense with the
troubl esone installing # 510 dgdmiilontd ofoﬁ"?%fi]a?@iﬂbe Qptitmi4%iang
ther;aby tﬁul’llﬂghtsbﬂiﬁlttimgngiadﬁ’&ﬁgf S@t dei g pboeesshkonight .
manufacturing an.CELC.  ..2 Fifth, E i ment . A fift
erbodi et of BN CHF E2eiofRvaRci ont CnolSR GETR' sarasine egors iagt g o

bel ow wi t h ref enehaseet ofFthe p-type BaN layer 43b is proVhe€e@ELG &beor di ng

to the fifth egbgdigqent of - !&ej | venty on. £ rjSes.gnsi!icon
substrate 61, a  ° I\%SF%%ZJ1 76 fc;rmac%(l?n t eeé%ﬁ]co%suggs?rate,oa‘ﬂght
em tting di odeiB5thadtBrgrehf hphe66owWAECchcabsoorEisadd vagonnected to

the light emitting diode 45. A photodiode 53 is formed

10 on the optical waveguide 52 so as to receive a optical
signal emitted from the light emitting diode 53. An
electronic element 54 such as an inductor is also
provided on the SiO, film 51.

According this structure, the optical waveguide

15 52 can successfully confine the optical signal
transmitting in the optical waveguide 52 by providing a
Si0, film 51 having a refractive index smaller than the
Zn0 around the optical waveguide 52.

In addition, since an optical signal may be

20 transmitted in a desired manner without using an optical
fiber, one can dispense with the troublesome installing
operation for installing an optical fiber, thereby
further simplifying a manufacturing process for

manufacturing an OEIC.

25 Fifth Embodiment
A fifth embodiment of the present invention
will be described in detail below with reference to Fig.
5.

The OEIC according to the fifth embodiment of
30 the present invention comprises a silicon substrate 61, a
MOSFET 76 formed in the silicon substrate, a light
emitting diode 65 and a ZnO film 66 which also acts as an
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- 17 - optical waveguide and is provided between the silicon

substrate 61 and the light emtting diode 65. A Si(err] | ayer 67 is
formed on the silicon substrate 67 so as to cover the MOSFET 76 and
the ZnOfilm®66 is forned on the 5 SiQ2 |ayer 67. The light emtting
di ode 65 is forned on the ZnOfilm®66 so as to be optically
connect ed mnth t he ZnO‘fiIn166. The light emtting
di ode 65 &S Been Rep 1y GaN | ayer 63a and a p-type GaN | ayer 63b,
and an n- t4 i: trode 64b and p-type el ectrode 64a are
electrlcal cted to the re1ype GaN | ayer 63a and the p-type
pectively. The MOSFET 76 is used to contr ol
the en135|on of the Ilght emtting di ode 65. According to
this structure, since the SidJerr] 15 film67 has refractive index
smal l er than ZnQ, it_is possi bl e to confine the optical signal in the

ZnO film 66 ©OPtigal adayegniéde aandnisppredkdgdvbgtvgen AbeoFdilagPy, t he

ZnO film 66 caguMerkags HOthna bﬁéfﬁaghayeﬁlEeangoaﬁbag 85. A s@aN layer
and an opti cal mavegU|de Thi s great ifies the productlon

p
steps as it isiAGET nebesSaf§rmed on t%ef6%ﬁﬂﬁﬁnoﬁPP§§Faﬁ§véduFHeas to
;_e%[ar atial y. covelr tl‘ée7 MOSFEA ybodgh ttnet hﬁ??%% explhéi m@Q‘m%I Gn the

i err m 67 i et ween the i
silicon 3ubst r%&éz e2Y S5t t?:zr mbr%%ﬁﬁ%%ge”éltrtelfr}%é{]ﬁé Zé::'g %Pes%l | er

than ZnO may beheiszdo fFiunt Ber soaast her be opt1c8nE&etbhnéctEdOW1ahother

filmhaving a J r@giﬁvg6|ndex smal l er than ZnO may be fornmed on the
top surface of 't ZnO film66 so as to increase the transm ssion
ef ficiency of t heTERACLtghm 68iating dppleabSwavrguiges a 80typeSi xt h

Embodi ment GaN layer 63a 3H8 SEbCt etangi§§@9tsbﬂveQbHOBn'ﬁ Robebe
Ilnlted to t he exa ¥es described in e_above
electrode 64b and p-type electrode 64a are electrically
connected to the n-type GaN layer 63a and the p-type GaN
layer 63b, respectively. The MOSFET 76 is used to
control the emission of the light emitting diode 65.

According to this structure, since the SiO,

15 film 67 has refractive index smaller than ZnQ, it is
possible to confine the optical signal in the ZnO film 66
so as to act as an optical waveguide. Accordingly, the
ZznO film 66 can work as both a buffer layer for forming a
GaN layer and an optical waveguide. This greatly

20 simplifies the production steps as it is not necessary to
form an optical waveguide separately.

Although in the above-explained OEIC, the SiQ,
film 67 is employed between the ZnO film 66 and the
silicon substrate 61, other films having a refractive

25 index smaller than Zn0O may be used. Further, another
$i0, film or another film having a refractive index
smaller than ZnO may be formed on the top surface of the
Zn0 film 66 so as to increase the transmission efficiency

of the ZnO £ilm 66 as an optical waveguide.

30 Sixth Embodiment

The OEIC of the present invention is not be

limited to the examples described in the above
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- 18 - enbodi nents. For exanple, it is also possible that two
silicon substrate plates for form ng one OEIC nay be arranged facing
each other in a manner such that two light emtting/receiving |ayers
73 and 74 are placed one 5 upon another (Fig. 6) so as to forma
conposite type CEIC. By virtue of the formation of such a structure,
one can forman CEIC in which the |ight emtting/receiving | ayer 73
is controlled by the MOSFET 75 formed on the silicon substrate 71,
and an optical 10 signal fromthe light emtting/receiving |layer 73 is
converted into an electric signal, witB the sane function bei ng
obtainable for the Iight emtting/receiving | ayer 73 formed on the
silicon substrate 72. Under such circunstance, it is only necessary
to forma space (an 15 air gap) between the two | um nescent |ayers 73
and 74 wi t hout a necessity of forming a SiJerr] film

Wi | e pref er r SFRQAIGEHENt s BFY e fentitonts also prgelbbentirEci¥Red,

various nodes $if1 G Wk tded BB ates forfidmit@Sotk schpsedaferei n are
contenpl ated as_bein ,__wthin the scope of the follow ng clains.
Ther of or o, it Srrangey Saging Hanly AT 1o SCOPETE THER | THRN FER 15 not
to be 1liigHhtednexaeiptg /aseaiihemy Seawets {18 tdnd n74 herel pl ased one
5 upon another (Fig. 6) so as to form a composite type
OEIC. By virtue of the formaticon of such a structure,
one can form an OEIC in which the light
emitting/receiving layer 73 is controlled by the MOSFET
75 formed on the silicon substrate 71, and an optical
10 signal from the light emitting/receiving layer 73 is
converted into an electric signal, with the same function
being obtainable for the light emitting/receiving layer
73 formed on the silicon substrate 72. Under such
circumstance, it is only necessary to form a space (an
15 air gap) between the two luminescent layers 73 and 74
without a necessity of forming a SiO, film.

While preferred embodiments of the invention
have been disclosed, various modes of carrying out the
principles disclosed herein are contemplated as being

20 within the scope of the following claims. Therefore, it
is understood that the scope of the invention is not to

be limited except as otherwise set forth in the claims.

‘This Sheet Has Been Replaced

AR

-
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VWHAT IS CLAI MED | S: 1. An optical electronic integrated
circuit conpri si ng: a silicon substrate

i ncl udi ng an el ectronic circuit processing an electric signal; 5

a ZnO | ayer on at |east portion of the silicon substrate; and

an optical circuit electrically connected to the electronic circuit
and conprising at |east one GaN- based sem conductor conpound | ayer
on the ZnO | ayer, 10 wherein the GaN- based senicondqgtor conpound Iayer

ei t her receives or enmits an optical signal. This Sheet Has “"Re
An optical electronic integrated circus - accordi né “H II
wherei n the GaN- based sem conduct or conpound | aye
Ga[err]In[err]N, Ga[err]Al[err]]N, Ga[err]B[err]N or m xed crystal

t her eof . 3. An optical electronic integrated circuit
according to claim1, further conpr|5|ng an addi tional | ayer of ZnO
which is opti AT ISnABIMED: ISt he opti cal circuit and di mentioned
so as to function as an optical 5 maveguide 4,

An optical electronic in egr ed cj i acco rdlng to . cla .
further conprising a Si 3% optica b%}ﬁEEEOFﬁE $PFPE ﬁtgﬁbEPFSPé and
the ZnO | ayer,canprising: mhereln the ZnOfilmis optically connected to

the 5 optical circuit soaagiigcgﬁtsggsggaggtEﬁghuggxggghde.

electronic circuit processing an electric signal;

5 a ZnO layer on at least portion of the
silicon substrate; and
an optical circuit electrically connected
to the electronic circuit and comprising at least one
GaN-based semiconductor compound layer on the ZnO laver,
10 wherein the GaN-based semiconductor compound layer either

receives or emits an optical signal.

2. An optical electronic integrated circuit
according to claim 1, wherein the GaN-based semiconductor
compound layer is Ga, JInN, Ga,_ AlN, Ga_ BN or mixed
crystal thereof.

3. An optical electronic integrated circuit
according to claim 1, further comprising an additional
layer of ZnO which is optically connected to the optical
circuit and dimentioned so as to -function as an optical

5 waveguide.

4. An optical electronic integrated circuit
according to claim 1, further comprising a Si0O, layer
between the silicon substrate and the Zn0O layer, and
wherein the ZnO film is optically connected to the

5 optical circuit so as to act as an optical waveguide.

IR



- 20 - 5. An optical electronic integrated circuit

according to claiml1l, wherein the electronic circuit conpri ses at

| east one MOSFET. This ShthHasAEenﬁﬁMiC@’al el ectronic integrated
0

circuit according to claim1l, optical circuit
i ncl udes at | east one nenber sele gr oup consisting of a
light emtting diode, a |aser and'a p odi ode. 7.

An optical electronic integrated circuit according to claim1,
wherein the ZnO | ayer does not cover the electronic circuit.

8. An optical electronic integrated &% cuit according to claima1,
wherein the ZnO | ayer covers the el ectronic circuit.

9. An optical electronic integrated circuit device conprising a pair
of optical electronic integrated circuits according to claim1, one

of said pair further copprisin FET, wherein said.palr ar
di sposed in 5 opt[caISCo ‘iggk%gﬁ?sgggeEﬁgplfhéHESﬁfégﬁGUSESFufgyers
face one anot haccandingetsepaaamed, byhargap. the electronic circt@t A net hod

of form ng thecggéggggseggciégggcone moskpiegrated circuit according to
claim11, conprising: providing a silicon substrate

i ncluding an electronic circuit processing an electric signal; 5
formng a ZnO | ayer on ag | eagh BRELEQD Blectronithenskbi-aepgsubstiate; and
formng an optical circuit electrically connected™to the electronic

circuit and Coﬁﬁppgﬂhggago claim 1, whérein the optical circuit
includes at least one member selected from the group

consisting of a light emitting diode, a laser and a
5 photodiode.

7. An optical electronic integrated circuit
according to claim 1, wherein the Zn0O layer does not

cover the electronic circuit.

8. An optical electronic integrated circuit
according to claim 1, wherein the ZnO layer covers the

electronic circuit.

9. An optical electronic integrated circuit
device comprising a pair of optical electronic integrated
circuits according to claim 1, one of said pair further
comprising a MOSFET, wherein said pair are disposed in

5 optical communication such that the semiconductor layers

face one another and are separated by a gap.

10. A method of forming the optical electronic
integrated circuit according to claim 1, comprising:
providing a silicon substrate including an
electronic circuit processing an electric signal;
5 forming a ZnO layer on at least portion of
the silicon substrate; and
forming an opticél circuit electrically

connected to the electronic circuit and comprising at

A
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- 21 - | east one GaN- based sem conductor conpound | ayer on the’

10 ZnO | ayer, wherein the GaN based sem conduct or conpound | ayer
either receives or emts an optical signal. 11. A met hod
of formng an optical el ectronic integrated circuit according to
claim 10, VWEBM%NH ace GaN- based sem conduct or conpound | ayer is
formed at a I ure of 800[err]C or |ower.

12. A et ho I uﬂmmw optical electronic integrated circuit
according to c erein the GaN- based sem conduct or conpound
| ayer is forned by t he ECR- MBE 2¥et-hod. 13. A

nmet hod of formng an optical electronic integrated circuit according
to claim12, further conprising formng an additional |ayer of ZnO
optically connected to the optical circuit and dinentioned so as to

5 function,as an optical % A net hod of
formi ng an opt%%ﬁ?tePﬁgtﬁﬁﬂlEaseggsemFﬁ?EﬁPﬁF%H E?WEBPPdaéEB?Hlﬂﬁ EBecl ai m

13, furtiber Zno 1apaﬁr|@hageiﬁrﬂhegGaNEb&Eeﬂayemlbehmeeﬁotheo&pbuﬁdn
substrate and he Zn gﬁge jI;%Cnd wherei n_t optically
i Tcul

connected to t ay8pt % FtVsd 98 T6° g%tan Opk*ggiaﬁ138?|Cal

wavegui de. 15. A nethod of formng an optical electronic

integrated circuit accorgEng Aomgkﬁéa]éﬁ’ﬁ&@ﬁi%énaﬁhSPtﬁcal eSEEEEBR; ¢

substrate includes a MOSFET and ereint isinitially
formed so as t&nEegYERtEAaEipERifoRCEPrdEbng tot @éaim| LeonwBabSiratBeWhi ch

includes the MgBkEdasB8 E8miconduct8ereshbetnel 1582t ed Eromegakd gortion.

temperature of 800°C or lower.

12. A method of forming an optical electronic
integrated circuit according to claim 11, wherein the
GaN-based semiconductor compound layer is formed by the
ECR-MBE method.

13. A method of forming an optical electronic
integrated circuit according to claim 12, further
comprising forming an additional layer of ZnO optically
connected to the optical circuit and dimentioned so as to

5 function as an optical waveguide.

14. A method of forming an optical electronic
integrated circuit according to claim 13, further
comprising forming a S$iO, layer between the silicon
substrate and the ZnO layer, and wherein the ZnO film is

5 optically connected to the optical circuit so as to act

as an optical waveguide.

15. A method of forming an optical electronic
integrated circuit according to claim 14, wherein the
silicon substrate includes a MOSFET and wherein the ZnO
layer is initially formed so as to cover that portion of

5 the silicon substrate which inciudes the MOSFET and is
thereafter eliminated from said portion.
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- 22 - 16. A method of form ng an optical electronic

I ntegrated circuit according to claim 10, further conprising formng
an additional |ayer of ZnO optically connected to the optical circuit
and di nentioned so as to 5 function as an optical wavegui de.

17. A nethod of form ng an optical electronic integrated circuit
according to claim 16, further conpri si ng forningmg | ayer

bet ween the silicon substrate and the ZnO | ayer, emRmM@QZnO
filmis 5 optically connected to the opti cal circuit

as an optical wavegui de. =22 - 18. A nethod

optical electronic integrated circuit according to clain114 erein
t he silicon substrate includes a MOSFET and wherein the ZnO

layer is initially forned so as to cover that portion of 5 the silico

substrate which includes the MXEET

t hereaft eei(iaént' d from
sai d portion.

c? of EErmlng an optica

integrated circuit according to claim 10, further
comprising forming an additional layer of ZnO optically
connected to the optical circuit and dimentioned so as to

5 function as an optical waveguide.

17. & method of forming an optical electronic
integrated circuit according to claim 16, further
comprising forming a S$i0, layer between the silicon
substrate and the ZnO layer, and wherein the ZnO film is

5 optically connected to the optical circuit so as to.act

as an optical waveguide.

18. A method of forming an optical electronic
integrated circuit according to claim 14, wherein the
silicon substrate includes a MOSFET and wherein the ZnO
layer is initially formed so as to cover that portion of

5 the silicon substrate which includes the MOSFET and is
thereafter eliminated from said portion.
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