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relates generally to integrated circuits and, nore specifically, the
present invention relates to the nodul ation of |ight using integrated
circuits. 10 Background Information Wthin the integrated circuit industry
‘there is a continuing effort to increase integrated circuit speed as well
as device density. One challenge that _integrated circuit designers face
with increasimgTéqu ARRABATIS FOR ORLICALLYMPDULATING AN Cr casi ngl y
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capaci tive | oadi-ng associ ated wiMPRIEATRR circuit connections. At slower
cl ock speeds, the capacitive loading on integrated circuit lines is

gener albl y BACKGROYND OF JHE MMYENTIONowever, as newer integrated circuit
design clock speeds continue to clinb towards the gigahertz range and
beyond, it is Eeldddnhe Inberitioane of the maj or bottl enecks for future
integrated circuits, such as for 20 exanple but not limted to

M Cr opr ocessor sThéjreseahinpemtivdltelates gomdraldy {odihgrabddeciscuité drdd, miage t he
| nput/ out put bandw dth and/or round trip delay between and w thin chips.

Prior art getigioBllys theprasést ﬁs&tto_meme@&iﬁeixﬂ&ium@ﬂidmgm%mems. associ at ed
with increased integrated circuit speeds and device densities have resulted

in the USﬁtél%f.até@éi%lits_and more powerful integrated circuit input/output
drivers on tRe chip. '

10 Background Information
Within the integrated circuit industry there is a continuing effort to
increase integrated circuit speed as well as device density. One challenge that
integrated circuit de;igners face with increasing circuit speeds and device
densities is the increasingly signiﬁcant. propagation delays of circuit inputs and
15  outputs due to the capacitive loading associated with off chip circuit connections.
At slower clock speeds, the capacitive loading on integrated circuit lines is
generally not a significant factor. However, as newer integrated circuit design
clock speeds continue to climb towards the gigahertz range and beyond, it is
evident that one of the major bottlenecks for future integrateci circuits, such as for
20  example but not limited to microprocessors, off chip caches, controllers, etc., will
be the inpﬁt/output bandwidth and/or round trip delay between and within chips.
Prior art attempts to address the capacitive loading problems associated
with increased integfated circuit speeds and device densities have resulted in the
use of larger and more powerful integrated circuit input/output drivers on the chip.

25  Undesirable consequences of utilizing larger input/output drivers include the facts



25 Undesirabl e consequences of utilizing larger input/output drivers

I ncl ude the facts WO 01/31388 PCT/ US00/ 41269 that the |arger input/output
drivers geo®1/ai38y consune nore power, create |large di/dt nBEHESO0GRGN
requires | ow i nductance packaging and | arge anount of on-die decoupling
capaci tance to provide a neans of noise suppression, dissipate nore heat
and occupy nore of valuable area on the integrated circuit die than smaller -
5 integrated circuit input/output drivers. Qther prior art attenpts to
overconme traditional integrated circuit interconnection limtations have

i ncl uded t h@gatihe 18EerGRpitatput BE RS BeHeRMlyl CORSumd MBre pUweR) cradté ladgd enpt s at
optical interconnections between integrated circuits have generally

i nvol ved or 4 i REEShH; w | G418 amont@renaPr oach has
been based glnm\eﬁ?’%sﬁg\rﬂlﬁis??%gﬂsglrbl iﬁu%%(@eh%?%kgg?‘gaﬁg)ﬁgl grger tdi ocrjles and
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t hrough str grown nol ecul ar®beam epi films in
GaAs 15 ntegrated circuits. can be appreciated to those skilled in the
art, it ¥s H&&’?‘E@FW“‘%‘HB“‘?%A‘\%PBV%"S'i npractical to integrate or conbine
I1'1-V based technol ogy, which includes GaAs, w{.t h st%[mard silicon based
conpl ement ary neaher grpgat a%%t&mm&t%}“{%ﬁ?@f iEerRiEt BERMt The second
typical prior art approach is based on using siljcaon based . 20 tical
wavegui des. infereennegpRnebimitatians Jaye E&W@F%&Fysﬁﬁfqﬁt‘cﬁ’smﬁéc"gp?q“@%--glEF-

I nsul ator (SO) based processing techniques. Prior art SO based nodul ators
utilize sil pdonaretiesps atopticalinetsoarectignshgtvesn integratedpircuithbavenr ough t he
opti cal

generally involved or have been based on two typical épproaches.

10 One approach has been based on either using gallium arsenide (GaAs)
laser diodes and modulating or switching the diodes electrically or by using GaAs
built modulators that amplitude modulate a laser beam passing through the
integrated circuit. The modulation is generally based on electroabsorption

~ through strained multi-layer grown molecular beam epitaxy (MBE) films in GaAs

15  integrated circuits. As can be appreciated to those skilled in the art, it is difficult
and therefore impractical to integrate or combine III-V based technology, which
includes GaAs, with standard silicon based corhplementary metal oxide
semiconductor (CMOS) technology.

The second typical prior art approach is based on using silicon based

20 optical waveguides. These waveguides are generally built using Silicon-on-
Insulator (SOI) based processing techniques. Prior art SOI based modulators
utilize silicon waveguide structures to switch light passing through the optical

waveguide. The switching mechanism however utilizes injection of carriers into

-2-



wavegui de. The swi tchi ng nmechani sm however utilizes injection of carriers
into -2 ~nr WO 01/31388 PCTI USOO 41269 the wavegui de rat her Ii'ﬁf i& a

‘bi pol ar W 8U¥3BY ansi stor. One consequence of this is sl oﬁFE’Hég H26%
exanple up to several hundred negahertz, and very high power consunption,
for exanple 10 mMNVor nore for a single switch. In order to increase the
nodul ati on depth, one often tries to obtain a large interaction volune 5
"between the injected charge and the optical beam This is generally
acconpl i shed by making very | ong wavegui des, for exanple on order of

t housands fife wivegslas rathdr ke @by bipolir basdngniiber.i Ohe tastquence efihisist hr ough
whi ch the optical beamtravels. As can be appreciated to those skilled in

the art, -a%uaépeéd,lwa&aﬁ@rei@ﬂo@évéﬁhunu@uw%am, hAd Ger§ high poweernul ti -1 ayer

standard CMOS based processing however is 10 not straight forward. Hence,

utilizatio M@’W ﬁg@@ﬁ AYh bRiek fPr acti cal when

used for h?%%mg%gggq-lonput ou%ﬁﬁ?gﬁ{nﬁg’zagr nas%%lr count

M oY 0T 0Ce 3200:3¢ e Tno i 3L5HS odc AN bl o Bedbifikadtion W VENTI ON A
an optica I'S .

met hod and“éfﬁeaé%paer MU or nodul at'or ~ar close n one
enbodi ngnt, an opti.cal ul at or..incl.udes a char. reqion di ed in a
semi con ucPBtrwegﬁﬂlﬁtlpjgftggggar %arfc{ﬁhgapg?ag “aty @E‘stlgggbe?ﬁ% agforrgPﬁsglgil ector is
di sposed 5 proximate to the charged region. The first defl.ector is to
def | ect an bg &‘;i‘é“oﬂ vess "fﬁ"F%‘t‘}?%sd ?‘Fﬁ?‘ﬁ‘g@ﬁ %%fr?&ﬂg%‘aﬂ}dgé’ﬂ}wrsaﬁk t hr ough
the charged region. A second | . .
: thereby increasing the interaction length through which the optical beam travels.
As can be appreciated to those skilled in the art, actual incorporation of SOI
waveguides into existing multi-layer standard CMOS based processing however is
10  not straight forward. Hence, utilization of these waveguide structures becomes

quite impractical when used for high speed input/output in large transistor count

microprocessors.



defl ector is disposed opposite the first deflector. The. second deflector to
deflect the optical beam deflected away fromthe first deflector back

through wweonsdsged region to the first deflector. The opRCTUS00HEAN is to

be directed away fromthe 10 optical nodul ator after a plurality of

defl ections of the optical beamthrough the charged regi on between the
first and second deflectors. Additional features and benefits of the
present invention will becone apparent fromthe detailed description,
figures and clainms set forth below -4 WO 01/31388 PCT/ USOQ 41269 BRI EF
DESCRI PTI ON SOIMMAR PIRIVTNESNMENTDIOR¢ ent i nvention is illustrated by way of
exanple and not Iimtation in the acconpanying figures. Figure 1 is an

illustration of o fefdd 268Gk afphraths 8NG SHRAThERIMtoL]re Aiskidstd. @ onbi P
packaged integrated circuit die including an optical nodulator using a p-n

junction changedih&] AbpRBA rhithdrod iﬂéﬁﬁgféhﬁtﬁgeh?%{nggisg&emk” ate an

optical beam 1n accordance wwth the te S O resent invention.
Figure 2 is @n.i L7 Al [ : .gent of a
I b ohip padRisonybhiabs Sbele of afiniighifen (RS N AR AEhaSs: FERBRETTI O
using a p- 10 n j i O harged regi @n reflectihve materials to
nodul at e“an pcg%’flFJ(?QGI%E%ea%afﬁaéﬁg?'dg%cgm{/ﬁ}%c&oﬁ5 t?éggﬁ?ﬁﬁgptg‘fal ?ﬁ%“ pr esent
invention. Figure 3 i njllustratio f a,cross secti.on qf yet, anot her
embodi ment glrected pepueh i shasged teaion bark thopubhdhe Charesd EBIgRe A S99 ng an
optical nodu] ator usin met.al - oxi de- sem cgopduct or ( t structure
char ged regi@?ﬂeﬁﬂ’d‘sldéﬁ’g?eﬁiqﬁf’g?ﬁépe §§§t 8%&9“5’61 &Qﬁsqcen%ﬁiﬁ%%@ é%feﬁbt i cal beam
in accordance with the teachings of the :

the optical beam deflected away from the first deflector back through the charged

region to the first deflector. The optical beam is to be directed away from the

10  optical modulator after a plurality of deflections of the optical beam through the
charged region between the first and second deflectors. Additional features and

benefits of the present invention will become apparent from the detailed

description, figures and claims set forth below.




present invention. Figure 4 is an illustration of a cross section of

anot her enbodinent of a flip chip packaged integrated circuit die

dncludi WOAH313B8i cal nodul ator using a MOS type struct ur CTAZ0Y41269 egi on
and reflective materials to nodul ate an optical 20 beamin accordance with
t he teachings of the present invention. -5 WO 01/31388 PCT/ US00/ 41269
~DETAI LED DESCRI PTI ON A net hod and an apparatus providing an opti cal

nodul ator is disclosed. 1In the follow ng description numerous specific
details are set forth in order to provide a thorough understandi ng of the

present inventi WRIEFIDFRCRIFIBORCORTEE DRAWENEKEr, to one having ordinary
skill in the arf that the specific detail need not be enployed to practice

the priesent | vent | 0fthe pfeseiy1fiertidf RS Rued B) b BOUmUIBLAN heli i lisgh™ 00

have not been described'in detal In order to avoid

i nvention. The I J ovi des an optical nodul ator that enables
1 BRlorh Bt el

10 integrated circu extracted fromintegrated circuit

output circuit nodes.through e _hack side of the _sem conductor.sybstrate
of a integrated circ i'%uregilgfm hﬁ‘“&%}é’“&{%&&‘?%ﬁ?}m&f °8f)ﬂ“88‘ﬁl‘mr?ﬂﬁ?ﬁaaﬁ'8r is

di sposed within a.flip chi. ackaged jntegrated circuit die. In one

embodi nent, 2n SPARE aﬂ?Béﬁ‘Fgétegicfr kit dis 1n¢ipding an cpticah modulatordisiig ap-n15

sen conductor suybstrate of an_ int egzrat ed circuit die. The optical beamis
directed throudhnciiop shargediresian and total intranal spflectinn tomedulatgisaoptieal beame
charge distribution of free charge carriers in charged region is nodul at ed
in response to dnaeqosdance with the teachings of the present invention.

. Figure 2 is an illustration of a cross section of another embodiment of a
flip chip packaged integrated circuit die including an optical modulator using a p-
10  njunction charged region and reflective materials to modulate an optical beam in
accordance with the teachings of the present invention.
Figure 3 is an illustration of a cross section of yet another embodiment of
a flip chip packaged integrated circuit die including an optical modulator using a
metal-oxide-semiconductor (MOS) type structure charged region and total internal
15 r‘eﬂection to modulate an optical beam in accordance with the teachings of the
present invention. -
Figure 4 is an illustration of a cross section of another embodiment of a
flip chip packaged integrated circuit die including an optical modulator using a
MOS type structure charged region and reflective materials to modulate an optical

20  beam in accordance with the teachings of the present invention.



signal originating from for exanple, an output node of'a circuit in the
Integrated circuit die. In one enbodinent, circuitry of the integrated
circuit woeowa3ssocated 20 towards the front side of the irﬁ"é‘iﬁ?ﬂl"@gﬂ@ rcuit .
die. The optical beamis deflected off a first deflector back through the
charged region. A second deflector deflects the optical beamthat was
deflected off the first deflector back through the charged region back to
the first deflector. After a plurality of deflections of the optical -6

111 WO 01/31388 PCT/ USOO 41269 beam through the charged regi on between

the first aglge_—pgﬁ%gﬁg@@ﬁ%ﬁ, the optical beamis deflected out through
t he back si nauct or substrate of the integrated circuit
die. To illustrat ' el ' gt ed circuit
die 5 101 i ncl udi“ﬁg‘egﬂr?%%%‘?iaéaaﬁ&%@ﬁ%?br‘"w %g%% g@gﬂ&”ﬁ?ﬁ%&t eachi ngs’
of the present, Lnvention..In one enbadinent, . . nteqgr d.circuit die 101 is
a cont rgl | edndbs *°glﬁ§’é“g ‘%ﬁ‘?rﬁ’"@Bﬁ‘r‘f@@fq"Bﬁp?‘gﬁ a%?lllsﬁrf get?%i mp%ggréaed o

integrated circuit die coupled to ckage substrate 1 t hr ou bal | bonds
107. As can Rsavidppthare dss‘taf‘ﬂ'ﬁgé’%mfgﬁeéh‘“i"ﬁ“me?’a‘f’ﬁfqb%%ﬂpf““eggnds 107 -
provi de nore direct connections between the 10 inter,PaI I Nt egy at %d circuit
nodes of 5 nthayrexew e enehaying erdisarygkilbinghe s thet the speot ’%flet%&ﬁ‘lé&’é Substrate
109, thereby reducing inductance probl ems_associated with typical wre
bond i nt egr atmgloysd topractipethe pytsert inventian! bypther instancsphevadbketfthent, the
internal integrated circuit nodes of integrated circuit die 101 are |ocated
t owar ds t he materisls or chethbls hafe riohbeagrdeseribed iin dethil ingerderito voidabseusing
characteristic of 15 flip chip packaging is that full access to the back
side 102 of thepagemtinetnton.cuit die

The present invention provides an optical modulator that enables
10 integrated circuit signals to be extracted from integrated circuit output circuit
nodes through the back side of the semiconductor substrate of a integrated circuit
die. In one embodiment, an optical mc;dulator is disposed within a flip chip
packaged integrated circuit die.
In one embodiment, an optical beam is directed through the back side of a
15  semiconductor substrate of an integrated circuit die. The optical beam is directed
through a charged region in the semiconductor substrate. The charge distribution
of free charge carriers.in charged region is modulated in response to an electrical
signal originating from, for example, an oﬁtput node of a circuit in the integrated
circuit die. In one embodiment, cncultry of the integrated circuit die is located
20 towards the front side of the integrated circuit die. The optical beam is deflected
off a first deflector back through the charged region. A second deflector deflects
the optical beam that was deflected off the first deflector back through the charged

region back to the first deflector. After a plurality of deflections of the optical
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101 is provided. It is appreciated that in other enbodi nent, integrated

circuit di Is not limted to being nounted in a fli | aged
.confi gurvg‘{)lﬁ%)l%égqln one enbodi nent, the optical nodul ator 0$C¥HJ§R%$13§J;M
i nvention includes nodul ation region disposed within the sem conduct or

substrate 103 20 including a charged region 115. In one enbodi nent,
~charged region 115 is provided using a p-n junction fornmed with doped
region 113 in sem conductor substrate 103. In one enbodi nent, doped region
113 is electrically addressable and switchable. -7 WD 01/31388

PCTI USO0/ 4126 thronglotie chatged reBidi betdedittie figdiafd sdobld defl@tors thy Pe doped
silicon region in a p-type -sili.con sem conductor substrate 103. |n anot her

embodi ment ,optlef®eam/ie @t MRteli bt todhthé YR SRTERS bdrhicOMULRISMLuLR an N-type
silicon substrate 103. It is appreciated that the present invention covers

the types Qj‘ftm\q{e?@ﬁedja%ﬁid?@d herein 5 as well as devices including
dopants of opposite polarities. For instance, the present invention covers

Chi s i sci osur o T Lo GG B 1 SKAREoR SfadihEl of t HhERER sin aer s ayer <
f th ' : i.ncl. udi f I | | ' '
ayers, Sor Attt Bt Bofulal i RO hant itk B ebeoige of BRProstnt | nvent on

may exist, .for .exanple, i.n the sem conduct or..subsirate nnwll inap

substrat e, 'BYGRUGR [ P opbadi fst'PFgﬁag? SFputt dig &a%?f qogirelled collapseni t axy

| ayer, etc.,.in__accor ce,Wth the teachings of the present invention In

one embodi feiR ‘,’°"Pﬁ‘§‘°l“r(g:29%%'lpgfi“ﬁﬂa§ ?HGSGFtF&'ﬁ%Fir?HGWéFi&é‘@“P]éQ t®n 115 is

nodul ated in &esponse to signal 129, which is carried by conductor 119 in
package substrate 109 through ball bonds 107. As can be appreciated by those

skilled in the art, ball bonds 107 provide more direct connections between the

10  internal integrated circuit nodes of integrated circuit die 101 and the pins 121 of
package substrate 109, thereby reducing inductance problems associated with
typical wire bond integrated circuit packaging technologies. In one embodiment,
the internal integrated circuit nodes of integrated circuit die 101 are located
towards the front side 104 of integrated circuit die 101. Another characteristic of

15 flip chip packaging is that full access to the back side 102 of integrated circuit die
101 is provided. It is appreciated that in other embodiment, integrated circuit die
101 is not limited to being mounted in a flip chip packaged configuration.

In one embodiment, the optical modulator of the present invention

includes modulation region disposed within the semiconductor substrate 103

20  including a charged region 115. In one embodiment, charged region 115 is
provided using a p-n junction formed with doped region 113 in semiconductor

substrate 103. In one embodiment, doped region 113 is electrically addressable

and switchable.



15 insulating layer 105 to doped region 113. |In one enbodi nent, signal 129
Is a signal generated by an output node of an integrated circuit included

within iwbogsssgd circuit die 101. Thus, when a voltage Vepof/usoogiaés 129 i s,

vari ed on conductor 119, the free charge carrier distribution in charged
region 115 is nodulated. It is noted that for purposes of this disclosure,
a "charged" region may 20 be interpreted as a highly charged regi on having
free charge carriers. In one enbodi nent, an optical beam 111 is directed

t hrough back side 102 into sem conductor substrate 103. As shown in the
enbodi nent depicted in . Fi.qure .1 tical,beam 111 is di.r.ected. t hrough
charged regi on 118 oah AmbaditiEhf dapediBEish 13 Ntk dobetiliBi Fhehdb 21500

off a deflector forned by. the interface qf doped region 113 and insul ator
705, °1 n' one ARBEESHERD sTHiSPIGstonsEhsHe eI 0 48 Sheiher Akedupet APBance 0
relative to the .interface between doped.region 113 and insul ator 105. For
pur poses of regies 113isap-bmsdopedsiliconsegionin ampitypasilicon sybsteate) 1. tlhisr an
optical beamnmakes with an 5 imaginary |ine perpendicular to a surface at

t he poi nt ofappresiateshibat the presens inveptierueayersitheibpee efdeviass desgribed hereigpt i cal
beam 111 is deflected off the interface between doped region 113 and

i nsul at 05 104 vwekasderices including dopands nEidpposite palarities. Fof instanee, debodi ment, t he
process in which the doped region 113 is fornmed is such that there is no
sil'i ci de f orprestneinveitionreekérs bbihngclannéland pathahdred devitesthwtgehet ween” 10
doped region 113 and insulator 105. In one enbodinent, insulator 105

i ncl udes si | Mesdvers fst®uffoséssf this disclosere, ib sappreciatslitkatahe tephr act i on of

approxjnately n,.,. = 1.5 and doped region 113
“substrate” covers layers of the semiconductor substrate including for example
well regions, epitaxy layers, or the like. Therefore, a p-n junction of the present
10  invention may exist, for example, in the semiconductor substrate, ann well inap -
substrate, a p well in an n substrate, an n epitaxy layer, a p epitaxy layer, etc.,in
accordance with the teaéhings of the present invention
In one embodiment; the free charge distribution in charged region 115 is
modulated in response to signal 129, which is carried by condudor 119 in
15  insulating layer 105 to doped region 113. In one embodiment, signal 129 is a
signal generated by an output node of an integrated circuit included within
integrated circuit die 101. Thus, when a voltage V of signal 129 is varied on
conductor 119, the free charge carrier distribution in charged region 115 is
modulated. It is noted that for purposes of this disclosure, a “charged” region may
20  be interpreted as a highly charged region having free charge carriers.
In one embodiment, an optical bearﬁ 111 is directed through back side 102

into semiconductor substrate 103. As shown in the embodiment depicted in

Figure 1, optical beam 111 is directed through charged region 115 and is deflected

-8-
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I ncludes silicon and has an index of refraction of approximtely ns; = 3.5.
In order_ to have total internal reflection of optical beam 111l the

inci dentWQHyP’é"B of optical 15 beam 111 relative to the i RETUSANAI268 ¢ oo
doped region 113 and insulator 105 satisfies the follow ng rel ationship:
sinO > n., ns; (Equation 1) As a result of the deflection, optical beam
111 is in one enbodi nent deflected back through charged region 115 until
it is deflected off the interface at 20 the back side 102 of seni conduct or
substrate 103 and air. At this interface, the incident angle O of

defl ected Opffa@efledisrofdimddlby e iterRelo? dbP&I reBiof 113 GRd ARLIESN 05S ¢ conduct or
substrate 103 and air satisfies the following relationship: -9 WO 01/31388

PCT/ US00/ 41&@Qemb%dﬂﬁ)erﬁ, tic'a{ Bim I(IE‘ﬂH?E%h 38@%@%@5%%‘%‘1}% 1“%]; Cr efraction

of air n,,;, 1s approximately equa tor is

formed at the pnterface,between I condyct or strate 103 and air. This
defl ector i ?65%555?%?3 ﬂ%pe(‘}éﬁ!%iﬁnaﬂ‘g'f‘ﬂij@%lmiag“iWE% hiset ween doped. 5

region 113 and insulatqr 105. As shown in the enbodinment illustrated in
Figure 1, ©stlpaus. 2pdagident angle § igjtheangle dapt mn optieph beara mpkes wishiaon 113 a
plurality of times wuntil it finally exits through the back side 102 of

seni conduct maginapy tineipepdbiicuwds to dshifaetae theqpintof incidease. 1the | N one
enbodi ment, optical beam 111 includes infrared or near infrared 10 |light

as silicon embaiimentdepictdd iafigae &ndptical beafn Hrdsl défla@hid off theOmerfiggbodi nent ,
optical beam 111 enters through the back side 102 of sem conductor

substrate lbdweeéd ddpedatgion 1 Rahdrinshistef | B5bReuseRridtal infRadMTeFRétigKi t S t hrough
t he back side 102 of
In one embodiment, the process in which the doped region 113 is formed is such
that there is no silicide formed at the reflecting surface at the interface between
10 doped region 113 and insuiator 105.
In one embodiment, insulator 105 includes silicon oxide or the like and
has an index of refraction of approximately n,,,, = 1.5 and doped region 113
includes silicon and has an index of refraction of approximately g = 3.5. In order
to have total internal reflection of optical beam 111, the incident angle 8 of optical
15  beam 111 relative to the interface between doped region 113 and insulator 105
satisfies the following relationship:
Sin® > n,../ng (Equation 1)
As a result of the deflection, optical beam 111 is in one embodiment
deflected back through charged region 115 until it is deflected off the interface at
20  the back side 102 of semiconductor substrate 103 and air. At this interface, the

incident angle 0 of deflected optical beam 111 relative to the interface between

semiconductor substrate 103 and air satisfies the following relationship:



sem conductor substrate at |ocation 125. In one enbodi nent, the surfaces at

| ocations 123 and 125 include anti-reflective coatings to reduce

at t enuat ivmMOU8138% optical beam 111 and reflected optical HREFUSWAIZGe to
reflections. As illustrated in the enbodi ment shown in Figure 1, the
surface of location 123 is angled such that the incident angle O of

optical beam 111 is reduced. Simlarly, the surface of |location 125 in one
enbodi ment i s angled such that the incident angle 0 of deflected opti cal )
beam 127 is reduced. In one enbodinent, optical beam 111 is 20 nearly

perpendicular relative to |ocation lL23-gpd,deflected optic ,gﬁa 27 is
nearly perpendicular to | ocation 12%. W t* nfbpt I cal beam 11?tqom gg | ect ed

optical beam 127, havi ng.reduced 4 nci dent angl relatiye, .to |ocations 123
and 125, - 1o e b R ocat oS MhnBRn Ry fude Yoy pfifact on a
these interfaces is correspondingly, reduced., As,a result | arger incident
angle 0 on t AETGSHr i fOFmPL | he fRigrTacE DEEWEPh SerhicpRdEtas Sustalsek3 and A :
i nterface between doped region 113 and_insulator 105 in Figure. 1) can be
attained. | Ahigslefestoriaonemtite thedafleerntiformed althe dterface beyveen dopsd nned in the
region 5L£roxi mate to charged region 115 such that the anount_of
seni condu®t oregsarki3ragddnsulader kK0ar d\sphowh i thesmbodimend dlusirated inpBigutes s
reduced. Thus, the distance between the interface between doped region 113
and i nsul at od, d@iakhedm Eldris deflngtedthmough tharged region d 1 3agluxalityiof timesluced. As a
result, the anmount of attenuation of optical beam 111 resulting from
opti cal beamuitillit fimsilyi exits throughthe backssida H2rufisem@mondudiartsnbstmatel 0B ass r educed.
I n one enbodi nent, sem conductor substrate 103 is thinned from back side
102 usi ng kndeflectddodptiogl beamt12@nchi ng
In one embodiment, optical beam 111 includes infrared or near infrared
10 light as silicon is partially transparent to infrared Iigﬁt. In one embodiment,

optical beam 111 enters through the back side 102 of semiconductor substrate 103

at location 123 and deflected optical beam 127 exits through the back side 102 of

semiconductor substrate at location 125. In one embodiment, the surfaces at

locations 123 and 125 include anti-reflective coatings to reduce attenuation of

15  optical beam 111 and reflected optical beam 127 due to reflections. As illustrated
in the embodiment shown in Figure 1, the surface of location 123 is angled such
that the incident angle 0 of optical beam 111 is reduced. Similarly, the surface of

location 125 in one embodiment is angled such that the incident angle 0 of

deflected optical beam 127 is reduced. In one embodiment, optical beam 111 is
20 nearly perpendicular relative to location 123 and deflected optical beam 127 is

nearly perpendicular to location 125. With optical beam 111 and deflected optical

beam 127 having reduced incident angles relative to locations 123 and 125,
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techni ques or the like. "In one enbodi nent, optical beam 111 is nodul ated in
response to signal 129 due to the nodul ation of free carrier distribution
in char @ orag8®n 115. In 15 particular, the phase of oprcTA@iS0dMIa6R 111
passi ng through charged region 115 is nodul ated due to the plasnma optical
effect. The plasma optical effect arises due to an interaction between the
optical electric field vector and free charge carriers that nay be present
al ong the propagation path of the optical beam 111. The electric field of
the optical beam 111 pol arizes the free charge carriers and this 20

ef fecti vel yreBRefiwlP TefriRioh A Hesdlinfl BELS ik Cor & i This in
turn | eads fbc?ea pgr turbation of the prlop%gapla%ﬁﬂélgﬁg%ﬁ{ctgg gsqtrﬁs[eatbpt I cal
wave and he . chi | ndex fo he Light, .since the refractive
i ndex is si grl%f‘%/e‘ Pﬁ'ede?l g%r{gge %P Xt FeP Ty r?/éfckffﬁ%ﬁﬁg déﬂ?ﬁt‘fﬁée@ﬂ‘%ﬁaéé’@f speed of
the light in vacuumto that in the nedium The free charge carriers also
| ead to absWiSHRFORErAEEN doped segien i 13 and igsulatop [ indiigwed) g3n basattained. up, to
accelerate the free charge carriers. Cenerall i/ the refractive index
perturbation is & agsmbediment,semicopdugton sybstratey [ 03igthinned inghe regionpart whi ch
causes the velocity change and the 5 imaginary part being related to the
free chdr gePresimateto chprged pegiem! 1 STyuch shat thetamsfunt pfsesdcariduttor sibsirstegi ven by 0
= (2, T/A)AnL (Equation 3) wth the optical wavelength X and the
i nt er act i onlQ3ethrpugh whidhropttical keawel 1dfpasdee is pdwcedn Taps, ithedistafidecct , t he
refractive i ndex change An due to the electron (ANA) and 10 hole (AN, J
concent r at i stwednethg enterfacgibesveeh dopa r2giond$3 and insulator 105 and
semiconductor substrate 103 and air is reduced. As a result, the amount of
attenuation of optical beam 111 resulting from optical beam 111 passing through
10  semiconductor substrate 103 is reduced. In one embodiment, semiconductor
- substrate 103 is thinned from back side 102 using known etching or trenching
techniques or the like.
In one embodiment, optical beam 111 is modulated in response to signal
129 due to the modulation of free carrier distribution in charged region 115. In
15 particular, the phase of optical beam 111 passing through charged region 115 is
modulated due to the plasma optical effect. The plasma optical effect arises due
to an interaction between the optical electric field vector and free charge carriers
that may be present along the propagation path of the optical beam 111. The
electric field of the optical beam 111 polarizes the free charge carriers and this
20  effectively perturbs the local dielectric constant of the medium. This in turn leads
to a perturbation of the propagation velocity of the optical wave and hence the

refractive index for the light, since the refractive index is simply the ratio of the
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An e .1 Db, (fie) + bh (~h) (Equation 4) 8f c-sono m mh where no is
the nomnal index of refraction for silicon, e is the electronic charge, c

i s the spwe®1B1388i ght, co is the permttivity of free spacBCTYSO0/YA nh are,

the electron and hole effective masses, respectively, b, and bh are
fitting paraneters. 15 As an end result of the nodul ation of free charge
carrier distribution in charged region 115, the intensity of deflected
optical beam 127 is nodul ated. It is appreciated that integrated circuit
die 103, in effect, forns a multi- pass wave gui ded optical nodul ator. As
can be appr epéalefdhe lige it eacumi tottkeat drctheomediren Fhé free cliargehearners alsal

nodul at or form using charged region 115 is increased in 20 accordance with
t he teachi ngsadxb apscpsiv of thy epticabficld e optical becrgpistused ep, deddceleritothe  or
passes of optical beam 111 through charged region 115. As a result, the -12
In WO 01/ 313R8 JRGrbe \dR s} (3G Srallyaibdefraitive ifiduxi gertafbatibeiseidontpiéx modul at or

formw th charged region 115 is increased relative to an optical nodul ator

having a chapgad: GAa RErcal 52 h MbCHart wiieh eRiskC@k vDBEH aangesend teough only

twi ce. In one enbodl nment, optlca%wbeam 111 and/or defl ected optical beam

127 5 are dir ' cﬁgpg AP St ah&uifsr USi NQ

di ffract Pveqmggﬁggp%%%gﬁgawbﬁé?i@e | eéc?ﬂ%%%g? tcdt’:leam 111 and/ or

defl ected opt.i cal .Rﬁam. 12% may be directed into and out fromthe ,
diffractive ;@ﬁﬁﬂg FBYBRYical fiber techniques or the like. Figure 2 is

an illustration of a cross section of another enmbodi nent of_a .
¢=(2x/A)anL (Equation 3)

with the optical wavelength A and the interaction length L. In the case of the
plasma optical effect, the refractive index change An due to the electron (AN,) and

10  hole (AN,) concentration change is given by:

An= e212 [be(ANg)Los . bh(ANh)o.s

= — ] (Equation 4)
87°c gyn, m m,

e

where n,, is the nominal index of refraction for silicon, e is the electronic charge,
is the speed of light, &, is the permittivity of free space, m,” and m,” are the
electron and hole effective masses, respectively, b, and by, are fitting parameters.

15  As an end result of the modulation of free charge carrier distribution in charged
region 115, the intensity of deflected optical beam 127 is modulated.

It is appreciated that integrated circuit die 103, in effect, forms a multi-
pass wave guided optical modulator. As can be appreciated, the total interaction
length L of the optical modulator form using charged region 115 is increased in

20  accordance with the teachings of present invention due to the multiple deflections

or passes of optical beam 111 through charged region 115. Asa result, the

-12-
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10 flip chip packaged integrated circuit die 201 including an optical

nodul at or usi n a p-n junction charged region and reflective materials to
nodul at é”%ﬁl/:ﬂﬂgq cal beam 211 in accordance with the teachfHY80tf12¢ne
present invention. Simlar to the integrated circuit die 101 of Figure 1,
integrated circuit die 201 is illustrated in a flip chip configuration and
1s coupled to package substrate 209 through ball bonds 15 207 to provide
nore direct connections between the internal integrated circuit nodes of
integrated circuit die 201 and the pins 221 of package substrate 209. In
one enbodi neydulatipedenth ef Waloptierl expdatatat form sithtcharged seghdn L 18 isgr at ed circuit
die 201 are located towards the front side 204 of integrated circuit die
201. It is &pprasa miabisle tdat opticalohbdilatenbodigr® cliargédviegiohakedgle iwhivhi t di e 201
is not limted to 20 being nmounted in a flip chip packaged confi guration

i n accor dange optitdl belrd paiseqthouthsondy twib& present invention. Simlar to the
integrated circuit die 101, the optical nodulator in .integrated circuit

die 201 of Figur e dud ibodsinentoptidticain PN dndlsk QENELAGRRI beal?1 40 01/ 31388
PCT/ US00/ 41269 wi thin the sem conductor substrate 203 1 ncluding a charged

regi on 245. aleiRBRd ri]xﬁmae&bmefmm SsERRbERLITSEbRRte hghlif Jfgd using a p-n

. d
doped region 213 1 n semcon uctso strate 203. In

junction fornmed wt
nbodi : ' : j I d
Ous chan e S aRS) Ghe T gt ST RGN ARLERAAR Bl

swi tchable. Tn one eg’g

silicon regi | - L) em duct or .substrate . I'n anot her
enbodi nent , lg?)B*é‘ brgggf‘%tﬁtpgﬁihr}ds&g%ﬁ%{ %gﬁg@ﬁ%‘ﬁe PHCF BYRL °Pté°@%g‘ﬁeri n an n-type
silicon sub§et hg,te Zquh‘#én one enbodi nent, the free charge distribution in
char ged regqi 94 9 l6‘3L’1I ated in response to signal 229, which

Figure 2 is an illustration of a cross section of another embodiment of a
10 flip chip packaged integrated circuit die 201 including an optical modulator using
a p-n junction charged region and reflective materials to modulate an optical beam
211 in accordance with the teachings of the present invention. Similar to the
integrated circuit die 101 of Figure 1, integrated circuit die 201 is illustrated in a
flip chip configuration and is coupled to package substrate 209 through ball bonds
15 207 to provide more direct connections between the internal integrated circuit
nodes of integrated circuit die 201 and the pins 221 of package substrate 209. In
one embodiment, the internal integrated circuit nodes of integrated circuit die 201
are located towards the front side 204 of integrated circuit die 201. It is
appreciated that in other embodiment, integrated circuit die 201 is not limited to
20  being mounted in a flip chip packaged configuration in accordance with the
teachings of the present invention.
Similar to the integrated circuit die 101, the optical modulator in

integrated circuit die 201 of Figure 2 includes a modulation region disposed
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I's carried by conductor 219 in insulating |ayer 205'to-doped region 213. In
one 10 enbodi nent, signal 229 is a signal generated by an output node of an

i nt egr at %oﬁ,ﬁwi t included within integrated circuit di ep@friisoois12é9he
enbodi ment 1llustrated in Figure 2, an optical beam 211 is directed

t hrough back side 202 into sem conductor substrate 203. In one enbodi nent,
the process in which the doped region 213 is fornmed is such that there is
no reflective 15 material, such as for exanple silicide, fornmed at the
surface at the interface between doped region 213 and insul ator 205. As

shown, opti . ' ' r C y=Tol and .
I nsul at or Zéﬁkhéﬁg’ael@g &c}iéeofn P%cé?xgég Bgtfa?ggof ggﬁug&aoﬁg%ggg%gggpgoﬁﬁ g tor 219. In
one enbodi ment,, ,condugtor 219 i ornmed,.wth a refl ectjwe jal, such as
for exanpl e eﬁg’["&}m?ﬁ;’ ﬁ'ﬁ'@eii fe&on i&sf | ppgé{ﬁ‘?f[usgg at‘?fgjmfgaa\ef?rp{e%t%?lgﬂn, opti cal
beam 211 is jn gne e di mrent deflected b hr ough har ged r.egi on 215
until it is Q?BF‘i)%f‘ggﬁgf‘F sa_gcpgﬁ.\cmr S‘é@?‘%ﬁchn pae %T‘B‘ﬂfgglgﬂgﬁ osit'e
conductor 219 on _the back side 202 of sem conductor su s&rate 203, In one
enbodi ment , 88PN &% Erelestrically addresnablegnd swichabl. éeppeémg‘a igenty dopedch as for
-14 1111 WO 01/31388 PCT/ US00/ 41269 exanple netal or the like. As shown in
the enbo8i nergion 213 i andr-tyge daped siligoa region g ptyie HiSHmsOMICONdURt | ect ed :
through charged region 213 a plurality of times until it finally exits
t hr ough t he suhsttats2QR Ip@ActHEr embridiment.donsd regions2 Fuis @ pptype depeddiliqoact ed
optical beam 227. 5 In one enbodi ment, optical beam 211 includes infrared
or near i nfrregied in hn gitypeasiliconisistrate 203p dn phaerhhodimants therfeagtchargei nf r ar ed
light. In one enbodi nent,
distribution in charged region 215 is modulated in response to signal 229, which
is carried by conductor 219 in insulating layer 205 to doped region 213. In one
10 embodiment, signal 229 is a signal generated by an output node of an integrated
circuit included within integrated circuit die 201.
In the embodiment illustrated in Figure 2, an optical beam 211 is directed
through back side 202 into semiconductor substrate 203. In one embodiment, the
process in which the doped region 213 is formed is such that there is no reflective
15  material, such as for example silicide, formed at the surface at the interface
between doped region 213 and insulator 205. As shown, optical beam 211 is
directed through charged region 215 and insulator 205 and is deflected off a
deflector formed by conductor 219. In one embodiment, conductor 219 is formed
with a reflective material, such as for example metal or the like. As a result of the
20  deflection, optical beam 211 is in one embodiment deflected back through
charged region 215 until it is deflected off deflector 233, which is disposed
opposite conductor 219 on the back side 202 of semiconductor substrate 203. In

one embodiment, deflector 233 is formed with a reflective material, such as for

-14 -
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optical beam 211 enters through the back side 202 of sem conductor
substrate 5§§-Q§t | ocation 223 and defl ected optical beam 227 exits through
the back¥ 382 of seniconductor substrate at |ocati onTSBS0V26}
enbodi nent, the surfaces at 10 |ocations 223 and 225 as well as the surface
under deflector 233 include anti- reflective coatings to reduce attenuation
of optical beam 211 and refl ected optical beam 227 due to reflections. As
illustrated in the enbodi mrent shown in Figure 2, the surface of |ocation
223 is angled such that the incident angle O of optical beam 211 is
reduced. Siexpmplenyetaliarsheslifee. ahsshotvnl ip s ¢mippdientiiHustracedeniFiglire@nt is 15

angl ed such that the incident angle O of deflected optical beam 227 is
reduced. | optioaldeamild dliimdaflected through clinegadh regidn 243 apaurhijtyperipesandll ar
relative to |l ocation 223 and defl ected optical beam 227 is nearly

per pendi culiafindlly dxits dtrowgh the backl sideo2(2 efisbmibondidtor sapéttt@opaam 211 and/ or
defl ected optical beam 227 are directed into and out from seni conductor
substrate 2R8ectted ogticdl bdanpz27.ve 20 optics (not shown) or the like. Optical
beam 211 and/or deflected optical beam 227 may be directed into and out

from t hg diffraqhioh€emBbdifint opiichl 884rh 88| jrdchfRs i | the 1ike.
15 W0 01/ 31388 BT 00T rnk gbtical 8 en{agddia%ngehntﬁtafﬂm&s"?@ggkfin Figure 2,

total Nt enil af Shiddiok paafptandBlonOfoiliradl GHE hShELLB6GARA, VoCn doped

region 213 and i nsul at ause o relatively small’ angl e of

embodi nont T USEFaCad HEAThekEn ol e 302 8Pk Bonqu B RUEEARADY 5 bet ween
erbadi mont ST 2ARORE o0 Blar a3 SRR T Se 1ok oAb AR aphon

semiconductor substrate at location 225. In one embodiment, the surfaces at

10  locations 223 and 225 as well as the surface under deflector 233 include anti-
reflective coatings to reduce attenuation of optical beam 211 and reflected optical
beam 227 due to reflections. As illustrated in the embodiment shown in Figure 2,
the surface of location 223 is angled such that the incident angle 0 of optical beam
211 is reduced. Similarly, the surface of location_ 225 in one embodiment is

15  angled such that the incident angle 9 of deflected optical beamn 227 is reduced. In
one embodiment, optical beam 211 is nearly perpendicular relative to location 223
and deflected optical beam 227 is nearly perpendicular to location 225.

In one embodiment, optical beam 211 and/or deflected optical beam 227

are directed into and out from semiconductor substrate 203 using diffractive

20  optics (not shown) or the like. Optical beam 211 and/or deflected optical beam

227 may be directed into and out from the diffractive optics using optical fiber

techniques or the like.
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illustrated in Figure 2 is that there is no m nimum angl e of incidence O
for optical beam 211 integrated circuit die 201 can therefore be designed

with a SrWUo‘f 138hateral di mension allow ng the sane or gregtefusioaiBgy of
defl ecti ons of optical 10 beam 211 through charged region 215. In one

enbodi nent, sem conductor substrate 203 is thinned in the region proxinmate
to charged region 215 such that the anmount of sem conductor substrate 203
t hrough which optical beam 211 passes is reduced. Thus, the distance
bet ween the deflector fornmed with conductor 219 and deflector 233 is

reduced. 15 As a; B&L%rﬁbodm&ugﬁ&%dﬂh bR Y6thi BRerefl rRicliGRboddgRm 211

resulting fromoptica beam passi ng through sem conductor substrate

AERENGIL MR ST T e S e SR

g or ‘trenching techniques or the

like. Figure 3.is an jlluystratjon Cross s [ of. yet anot her

enbodi ment  delativgly gmall Fﬁbgtiﬁﬂ Bcﬂﬁﬁ%gdg%@pi"ﬁgl}ﬁ?%‘te}éé' g?hﬂ?&?‘% WE2301 i nel udi ng
an optical nodul ator using a netal-oxide-seni conductar (MXS) type
structure cﬁmatgé-’d1ﬁm@ie(ﬂmhwgunqr%ﬂh#ﬂfﬂieﬁﬂéfhgaﬁ % isfa direeted 3t the migEefcat e an
optical beam 311 in accordance with the -16 illi WO 01/31388 PCT/ US00/ 41269
t eachi ng§ ofbetweenplopedregionrdldnnd insulatar 208 abpgieensr anglel compared iocthgr esent
invention is not limted to the use of an actual netal for MOS type
structures. dnffodiéeiilihtraied in Righted . cAp advantage stithithe embodimepbl ysi | i con gate -
or the like may be used instead of a netal gate in accordance with the

t eachi ngs ofjh fiEudd 8 Feslire 2 WEBE there is ASmMitrundangle 6F incidamed, fot beticabt i cal
nodul ator in integrated circuit die 301 illustrated in Figure
beam 211 integrated circuit die 201 can therefore be designed with a smaller
lateral dimension allowing the same or greater number of deflections of optical
10 beam 211 through charged region 215.
In one embodiment, semiconductor substrate 203 is thinned in the region
proximate to charged region 215 such that the amount of semiconductor substrate
203 through which optical beam 211 passes is reduced. Thus, the distance
between the deflector formed with conductor 219 and deflector 233 is reduced.
16  As a result, the amount of attenuation of optical beam 211 resulting from optical
beam 211 passing through semiconductor substrate 203 is reduced. In one
embodiment, semiconductor substrate 203 is thinned from back side 202 using
known etching or trenching techniques or the like.
Figure 3 is an illustration of a cross section of yet another embodiment of
20  a flip chip packaged integrated circuit die 301 including an optical modulator

using a metal-oxide-semiconductor (MOS) type structure charged region and total

internal reflection to modulate an optical beam 311 in accordance with the
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3is simlar to the optical nodulator in integrated circuit die 101
illustrated in Figure 1 with the exception of charged region 315 in
jntegrapﬂQ“E?Pgﬁit die 301 being formed using a MOS strugFB4§mVﬂ§¢%ad of a
p-n junction structure. Simlar to the integrated circuit die 101,
integrated circuit die 301 of 10 Figure 3 is illustrated in a flip chip
configuration and is coupled to package substrate 309 through ball bonds
307 to provide nore direct connections between the internal integrated
circuit nodes of integrated circuit die 301 and the pins 321 of package
substrate 3€ighingnodihe pessbatdhvenkion. itheapprecdtadithat thepidsahtddvéitiondd t nodes of
integrated circuit die 301-are |located towards the front side 304 of 15

i nt egr at ed not lidkted tdihe udkdds anl detiab mBRIP FRNVIOBAPpd flcturdy. HobekarBpIEOdi Ment,
integrated circuit die 301 is not limted to being nounted in a flip chip

packaged Ca%ﬁs%f)é’éri]ﬂ'o? Btructird] 4 €61y§i9cc%:%é ﬂftggggﬁﬁ%}/ BE&Q&& ihsthdord 1, the

optical nodul ator i I ntegrated cir I gure I ncl udes

modul at i on rﬁéggl;%ee@i DO Wil e eadlinkd Gt .egéé?%ﬂ%%fgéxb Shbahipie 303

i ncluding a region one~ enbodr me regron 315 is

01081 M98 ol 59 Ui 0 RSS! 9, 25

netal oXi de sem c or tre gB%citors with
source and drain,regjons,.short t aget her, .For . - 17 01/ 31388

PCTI | 7S00/ 'éé@““"’r‘ﬁ‘gth&r?%?a ﬁ“ijﬁ‘?“é“égéWS%@fegcﬁth%‘éf‘Hr‘le‘fsé‘@f%d% 335 and 337
di sposed in..the.  sem conductor _substrate . Source/drain, regions 335 and
337 are shg;rlg‘é"a ltwgb?‘ﬁg?‘cetpﬂ%Bﬁﬁ‘aﬁﬁﬁqcfﬁ%‘?ﬂs?gﬁmtqgﬁtﬂ{@r‘éﬁ%ﬂ? nt, a
polysilicon gate 341 i;s disposed in insulator 305 between source/drain
regi ons 33eingformed using & strygture instead of a p-n junction structure.

Similar to the integrated circuit die 101, integrated circuit die 301 of
10 Figure 3 is illustrated in a flip chip configuration and is coupled to package
substrate 309 through ball bonds 307 to provide more direct connections between
the internal integrated circuit nodes of integrated circuit die 301 and the pins 321
of package substrate 309. In one embodiment, the internal integrated circuit
nodes of integrated circuit die 301 are located towards the front side 304 of
15  integrated circuit die 301. It is appreciated that in other embodiment, integrated
circuit die 301 is not limited to being mounted in a flip chip packaged
configuration.
Similar to the integrated circuit die 101, the optical modulator in
integrated circuit die 301 of Figure 3 includes modulation region disposed within
20  the semiconductor substrate 303 including a charged région 315. Inone
embodiment, charged region 315 is formed using integrated circuit devices such
as transistors coupled as metal oxide semiconductor field effect transistor

(MOSFET) capacitors with source and drain regions shorted together. For
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5 gate insulator 339 is disposed between sem conductor substrate 303 and
gate 341. In one enbodi nent, the source/drain regions 335 and 337 are

comonl y Geiiilsesks t hrough conductor 343 to a common pot ent iprsoodisgd as
for exanple ground for n ,,for p channel MOSFETs. |In another enbodi nent,

channel MOSFETs or V. potential Vis V' for n channel MOSFETs and ground
for p channel MOSFETs. 10 In still another enbodi nent, source and drain
are coupled to different potentials. 1In one enbodinent, gate 341 is
electrically addressable and switchable. In one enbodinent gate 341 is
coupled to receive_signal, 329 through cond or .. | n operation, wth the
commonl y cou‘ﬁF‘éﬁcesglﬁug“e?ﬂTQ&YerPffﬁfdﬁg “’3@52’% an%i%?éﬁa?ﬁeédn ths t he comon
potential V and gate 341 coupled to signal 329, a 15 highly charged

i nver si on | aSFEHCASuEtGF sHbgtrats 30Ra Sowas/dein saions 335 and 33/ ars Sé‘?@ﬂosed bet ween
the source/drain regions 335 and 337 in sen conductor substrate 303. The
free charge ‘©getherthraggh cendugtardA3i n eneampodimenyi apolgsificdnsgatll iat ed i n
response to signal 329. In one enbodi nent, signal 329 is a signal generated
by an out pudispusde iroinsulator 30 ebgtweerisouraeldnain régiensiddSdindidBRi Asishowemyraat ed
circuit die 301. In 20 one enbodi nent source/drain regions 335 and 337

i ncl ude 1§ dgpeihsulagir 388 is dispopedbetween semtedndpeosaibsrata 303 bnd gatelB4L.r at e 103.
I n anot her enbodi nent, source/drain regions 335 and 337 include P+ doped

regi ons di sppsé entbodiindit, th®Sourcedrainasgiogs 385 H1dI3S7 s cordManly lcbupled
enbodi ment, capacitor structures are utilized -18 WO 01/31388

PCTI USOQ' 412680ughtsh@itbra43 WP cbinaidhipdteatialof, subh Y o5 eRdmplb 8rona fo/api | e
i nversion layer i1n the MOSFET capacitor channel is used to nodul ate the
optical beamhdtel MOSFETs or V., for p channel MOSFETs. In another embodiment,
potential V is V. for n channel MOSFETs and ground for p channel MOSFETs.
10  In still another embodiment, source and drain are coupled to different potentials.
In one embodiment, gate 341 is electrically addressable and switchable. In one
embodiment gate 341 is coupled to receive signal 329 through conductor 319.
In operation, with the commonly coupled source/drain regions 335 and
337 coupled to the common potential V and gate 341 coupled to signz_tl 329,a
15  highly charged inversion layer is formed in charged region 315, which is disposed
between the source/drain regions 335 and 337 in semiconductor substrate 303.
The free charge carrier distribution in charged region 315 is modulated in
response to signél 329. In one embodiment, signal 329 is a signal generated by an
output node of an integrated circuit included within integrated circuit die 301. In
20  one embodiment source/drain regions 335 and 337 include N* doped regions
disposed in a P-type semiconductor substfate 103. In another embodiment,
source/drain regions 335 and 337 include P+ doped regions disposed in an N-type

semiconductor substrate 103. In one embodiment, capacitor structures are utilized
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As illustrated in Figure 3, optical beam 311 is directed through back side
302 into sem conduct or substrate 303. As shown, optical beam 311 is

direct eWO 8RPough charged regi on 315 and is defl ected FGTESWEIILct or
formed by the interface of sem conductor substrate :303 and gate insul ator
339. In one enbodinent, optical beam 311 has an angle of incidence O
relative to the interface between sem conductor substrate 303 and gate

i nsul ator 339 such that optical beam 311 is deflected off the interface
bet ween sem conductor substrate 303 and 10 gate insulator 339 because of
total inteimaad bEMQAS tramistorAruetutes 3s tie n-thokildal teiohilgrr ip@ei cal beam 311
is in one enbodi nent deflected back through charged region 315 until it is

def | ect ed M{GSEREcipatiesrichgtheRls ustd® fABEHaS REopHRAl hnSEIT cOnduct or
substrate 303 and air. At this interface, the 1ncident angle O of

def | ect ed ticals iihgadt i : i taql 15 sid
382 :'f_ '?heOPn!t g?fsz;ce bé’?ﬁglng%gez%‘i 8%4(]3’%%%?lga%gﬁécg@g@ggggéﬂpgﬁ( becZLsg of
total int espRing Shiebidubldr sdibudie’ B8 I snowh ol Rl A 1 i0fIEAL {he

i nterface between sem conductor sub air. efl ector is

oppositge t (S e interface betwe sem conduct or
substrate g.ﬁi%‘:{g\%%? ée%l{){g% a%’gﬁ : d%@e&e‘{:‘#‘g%flg@?ﬁ?f@é@%}é’rﬁgll is deflected
back through charged reqjon 315 a plyrality of tinmes until it finally
exits thr oTUHIRSY penicoaGlr Sygie Bt htsindisior LT pite 03 as

defl ected optical beam 327. -19 WO 01/31388 PCT/USOQ 41269 In one

embodi ment embpdiment. opticalberm 31 hhas apaanglefiingidence O rplative forthe intesfacei ght  as
silicon is partially transparent to infrared light. In one enbodi nent,
optical bebatvdtd senicendictonsehstrhtet303 abd ghte snamat@BE39ahicls that emivalict or

substrate 303
beam 311 is deflected off the interface between semiconductor substrate 303 and

10  gate insulator 339 because of total internal reflection.

As a result of the deflection, optical beam 311 is in one embodiment
deflected back through charged region 315 until it is deflected off the interface at
the back side 302 of semiconductor substrate 303 and air. At this interface, the
incident angle 8 of deflected optical beam 311 is such that it is deflected off back

15  side 302 at the interface between semiconductor substrate 303 and air because of
total internal reflection. Asa reSult, a deflector is formed at the interface between
semiconductor substrate 303 and air. This deflector is opposite the deflector
formed at the interface between semiconductor substrate 303 and gate insulator
339. Thus, optical beam 311 is deflected back through charged region 315 a

20  plurality of times until it finally exits through the back side 302 of semiconductor

substrate 303 as deflected optical beam 327.
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at location 323 and defl ected optical beam 327 exits through the back side
302 of 5 sem conductor substrate at |ocation 325. In one enbodi nent, the
surfaces WOMFIME ons 323 and 325 include anti-reflective RSAVTHNGI1269
reduce attenuation of optical beam 311 and refl ected optical beam 327 due
to reflections. As illustrated in the enbodi nent shown in Figure 3, the
surface of location 323 is angled such that the incident angle O of
optical beam 311 is reduced. Simlarly, the surface of 10 |ocation 325 in
one enbodi nent is angled such that the incident angle O of deflected

optical beam 327 jnsoneedibodiinent,optiofl beaQd il ifdNides iftdredbr AR | S nearly
perpendicul ar relative to | ocation 323 and defl ected optical beam 327 is

nearly per pefght@ykificon B paffafllyitfspadent td MFARA 1RAE ORI diR Rinbodmkeng onduct or
substrate 303 is thinned in the region 15 proximte to charged region 315

such that tng, AP 91 GHEdE &SEEQ{)%@&%H&WOQ%?sezﬂ%n&zﬂ:‘iﬁ‘éﬂ@st%§d3 opti cal

beam 311 passes 1s reduced. Thus, I stance between the Interface

bet ween sem A .

sem conduct O?ﬂé‘é‘}ggﬁ?g% %g%gear?g oglg‘r?aliﬁg&r‘ ggjﬁg"e‘%ﬂ ugg%ee%g?ts l,dg? ﬁzeogrmunt of

attenuation of .opt.i cal 3 [es [ fromoptical, be 11 passing

Chrough 30 semicOiuEer sPSEdhd bapisrss Mot Gk@imefnns BARR 4G han:

ot chi ng or ¢ PEHATPG EFFPeliRs Rty Rangss ropucs sz of """

PCT/ USOO 41269, Jn ong, emhodLnent, optical._heam 31] and/ or fl ected _

opti cal bean?@??‘%ﬁ@gﬁ%%@ﬂ@ﬁ‘%ﬁ@“&ﬁd’%@@ﬁp&ﬁf‘g ernngu s dbustiglsd; r at e 303

using diffractive optics (not shown) or the like. Optical beam 311 and/or

def | ect ed opin tbgpmb@ngment shown in Figure 3, the surface of location 323 is angled such :
that the incident angle 0 of optical beam 311 is reduced. Similarly, the surface of

10  location 325 in one embodiment is angled such that the incident angle 6 of
deflected optical beam 327 is reduced. In one embodiment, optical beam 311 is
nearly perpendicular relative to location 323 and deflected optical beam 327 is
nearly perpendicular to location 325.

In one embodiment, semiconductor substrate 303 is thinn;ed in the region

15  proximate to charged region 315 such that the amount of semiconductor substrate
303 through which optical beam 311 passes is reduced. Thus, the distance
between the interface between semiconductor substrate 303 and gate insulator 339
and semiconductor substrate 303 and air is reduced. As a result, the amount of
attenuation of optical beam 311 resulting from optical beam 311 passing through

20  semiconductor substrate 303 is reduced. In one embodiment, semiconductor
substrate 303 is thinned from back side 302 using known etching or trenching

techniques or the like.
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327 may be directed into and out fromthe diffractive optics using optical
fiber 5 techniques or the like. Figure 4 is an illustration of a cross
secti on WP 0A8I88er enbodiment of a flip chip packaged i ntP&JrUROYAIZPr cui t
die 401 including an optical nodulator using a MOS type structure charged
region and reflective materials to nodul ate an optical beam 401 in
accordance wth the teachings of the present invention. 10 Simlar to the
integrated circuit die 301, integrated circuit die 401 of Figure 4 is
illustrated in a flip chip configuration and is coupled to package
substrate 409 t fnx ongmbpalimensoopticaligan bl ipandidrdisflnsedopticabbancdihect i ons
between the internal integrated circuit nodes of integrated circuit die
401 and t he af@l disected intofang) aukingre semichaduchdiresuliifate 308 ez diffoandivaent , t he
internal integrated circuit nodes of 15 integrated circuit die 401 are

| ocat ed t oVapfiss (nBeshov@nbr the tike 40ptied] beath Y1 ahddr déflectedioptiildedfll. It is
appreci at ed that I n other enbodinent, integrated circuit die 401 is not
linited to Be7 pthyBaNeERd irflo and bitramiti AR AOE SR8 MEing ¥ ﬁ&dl%eﬂr n
accordance wth tyhe teachi ngs of the present invention. Simlar to the

I nt egrat ed [.: GiRe 8. the optical nodulator in 20 integrated circuit
die 401 gf ‘Iilégiglﬁrél S4 |n?: | udes nodul ation region di sposed V\Athl n the

T O o342l AP Pl U B erdls COAGASH S Mt 807

enbodi ment, charge Fovid usin

o A o bR, VSRS S A ASE B  osc
e o, S B R i S ST R RGBT "

optical beam 401 in accordance with the teachings of the present invention.

10  Similar to the integrated circuit die 301, integrated circuit die 401 of Figure 4 is
illustrated in a flip chip configuration and is coupled to package substrate 409
through ball bonds 407 to provide mote direct connections between the internal
integrated circuit nodes of integrated circuit die 401 and the pins 421 of package
substrate 409. In one embodiment, the internal integrateti circuit nodes of

15 integrated circuit die 401 are located towards the front side 404 of integrated
circuit die 401. It is appreciated that in other embodiment, integrated circuit die
401 is not limited to being mounted in a flip chip packaged configuration in
accordance with the teachings of the present invention.

Similar to the integrated circuit die 301, the optical modulator in

20 integrated circuit die 401 of Figure 4 includes modulation region disposed within
the semiconductor substrate 403 including a charged region 415. In one
embodiment, charged region 415 is provided using a MOSFET capacitor or

capacitor structure. Figure 4 shows a MOSFET capacitor including source/drain
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regions 435 and 437 are commonly coupl ed through conductor 343 to a conmon
potential V. In one enbodi nent, a polysilicon gate 441 is disposed in

I nsul at owdoKAset ween source/ drain regi ons 435 and 437. p&x/sswoMmesa gate
insulator 439 is disposed between senm conductor substrate 403 and gate
441. 1 n one enbodinent, gate 441 is electrically addressable and
switchable. I n one enbodi nent gate 441 1is coupled to receive signal 429

t hrough conductor 419. QOperation of the optical nmodulator in integrated
circuit die 401 is simlar 10 to the operation of the optical nodulator in

integrated abgieng 435tnd 430 Hispbsed jRaNd defiibaiducth Subsirhte 469 WMEH ¥recOUP! ed
source/drain regions 435 and 437 coupled to the common potential V and

gate 441 coupbReh fogethibrtRugh 8Shdudidri4gs! %ﬂimi@,\’tﬁé §A&&¢.«3§ﬁer I's formed

in charged region 415, which is di sposed between t source/drai n regions

435 and 437 | ' ﬁlda 4 e harge_carri er

di stributi on&gﬁﬁfﬁgﬁgg‘gﬁtgg{%n ?@S’?é&&%@ﬁ!foal&ggo{l%ucs%é}ggﬁ%gc?rgmogi. gnal 429.
I n one enbodq] Si I .1s .a si.gnal generated.b n out put node of
an integrat 3:‘(??%?%%\& Pgél;%cﬁné%%clﬁlgﬁtt %P?llgflﬁP éﬁ%‘g '5%?5!%?‘% IR As

il lustraged jna,.Figure 4 tical b 4 s, directed through back side
202"t 0BeeAR Brtken Soureein Bions 55 SC4Uh i shon £ gale MSIRFATE 5 s
directed 20.thr%uch charged reqi on, 415, through gate insul atgr 439,

t hrough pol yUiPOSEAFtYeansemcondyor subsieate 403 and satg 44]. daope embedimsplred by
conductor 419. |n.one enbodjnment, conductor 419 is forned wth a
reflective ridtectlds ?legﬂEﬁPYa%‘{df@Fabl%ngh?@?-alnQﬂeth@d!m%gam&b result of
t he defl ection, optical beam4ll is in one -22 .1 WO 01/31388

PCTI USOQ 41 asceupled to receive signal 429 through conductor 419.

Operation of the optical modulator in integrated circuit die 401 is similar
10  to the operation of the optical modulator in integrated circuit die 301. In
particular, with the commonly coupled source/drain regions 435 and 437 coupled
to the common potential V and gate 441 coupled to signal 429, a highly charged
inversion layer is formed in charged region 415, which is disposed between the
source/drain regions 435 and 437 in semiconductor substrate 403. The free
15 charge carrier distribution in charged region 415 is modulated in response to
signal 429. In one embodiment, signal 429 is a signal generated by an output
node of an integrated circuit included within integrated circuit die 401.
As illustrated in Figure 4, optical beam 411 is directed through back side
402 into semiconductor substrate 403. As shown, optical beam 411 is directed
20  through charged region 415, through gate insulator 439, through polysilicon gate
441 and is deflected off a deflector formed by conductor 419. In one
embodiment, conductor 419 is formed with a reflective material, such as for

example metal or the like. As a result of the deflection, optical beam 411 is in one
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enbodi nent defl ected back through charged region 415 until it is deflected
off deflector 433, which is disposed opposite of conductor 419 on the back
si de 40WQI/33$B conduct or substrate 403. In one enbodi nenkCT/HEA432600r 433
is formed with a reflective material, such as for exanple netal or the
like. As shown in the 5 enbodinment illustrated in Figure 4, optical beam
411 is deflected through charged region 413 a plurality of times until it
finally exits through the back side 402 of sem conductor substrate 403 as
defl ected optical beam 427. In one enbodi nent, optical beam 411 incl udes

i nfrared oembedimdnnfeftacted batk thndughchardet eeyion 41 Patil itk dgfléctainsipar ent to
infrared light. In one enbodi nent, 10. optical beam 411 enters through the

back side 48flectdr mmmndya"tswse@upﬁdsrtabec&ﬂactoam@@aieluaek éidesepnd deflected
optical beam 427 exits through the back side 402 of sem conductor

substrate af sérﬁi‘ééﬁd&fbr‘lé’&{raiemogn% BRdaHbIE fient, hmecwmfs@q&ﬁm&d wlu'ac ations

423 and 425 as well as the surface under defl éctor 433 i ncl ude anti -

[efl ective JGemdile nadial Q0UPR BE LEAA il Gf 1Rk Al RARMNIME and 1 ef fect ed

opti cal 15 eam 4 ue to retflections 2d i the embodi nent

h 3 h h

Cnot dent arseibeSistent ihi3facedtel S5t ohf &ff‘é&r‘f@a‘i‘@s& ﬁga”@Ia?I&j‘ fraedS | hce of

I 425 I h t le O of

ot Lec od 55%1I€afﬁ“ag§u”“§>z9f’f“’warﬁueta@rﬁlﬁﬁxﬁa&g g%ba%@rﬁé‘e% cal beam 411
I ul a 0 d defl ected tical

boam 427 i S p&g»c‘i aibaile A3 el S glicebeam®2”. | n one. arbodi ment |

sem conduct or bstrate 403 is thi nned in the re proxi mate to charged

|
regi on 415 such pRaE cnhedimepty APt beagyf Ehingludes %wégrrna%rénfrmzé WO 01/ 31388

PCT/ USQQ 41269 . . ) )
light as silicon is partially transparent to infrared light. In one embodiment,

10 . optical beam 411 enters through the back side 402 of semiconductor substrate 403
at location 423 and deflected optical beam 427 exits through the back side 402 of
semiconductor substrate at location 425. In one embodiment, the surfaces at
locations 423 and 425 as well as the surface under deflector 433 include anti-
reflective coatings to reduce attenuation of optical beam 411 and reflected optical

15. beam 427 due to reflections. As illustrated in the embodiment shown in Figure 4,
the surface of location 423 is angled such that the incident angle 0 of optical beam
411 is reduced. Similarly, the surface of location 425 in one embodiment is
angled such that the incident angle 6 of deflected optical beam 427 is reduced. In
one embodiment, optical beam 411 is nearly perpendicular relative to location 423

20  and deflected optical beam 427 is nearly perpendicular to location 425.

In one embodiment, semiconductor substrate 403 is thinned in the region

proximate to charged region 415 such that the amount of semiconductor substrate
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403 t hrough which optical beam 411 passes is reduced. Thus, the distance
between the deflector fornmed with conductor 419 and deflector 433 is
reduced. wée1s13sgsul t, the amount of attenuation of opticapchesensid
resulting fromoptical beam 411 passing through sem conductor substrate

403 is reduced. In one 5 enbodi nent, sem conductor substrate 403 is thinned
from back side 402 using known etching or trenching techniques or the _
like. In one enbodi ment, optical beam 411 and/or deflected optical beam 427
are directed into and out from sem conductor substrate 403 using

diffractive 409@“%6%\(3&91% opli@Bear 4] | Passéd i Peduehd. | Tills, B @AW4hd and/ or

defl ected opti cal am 10 427 may be directed into and out fromthe

diffractive b@méeﬁw&én@&opgﬁ&n@abﬂ{hi Bfliuct mb%ausﬁe&& {32‘?? tddli€ed, | N the

enbodi ment illustrated in Figure 4, total internal reflection does not

oceur at. theyd Jiey! LahRINERHARMEANUBALA beatBY L Rird FonfBflidansul at or

gate insulator ecause 0 ere Ively sma gPe nci dence 0 of

opti cal bea - he, f o] tailed. descripiion  the nethod and

appar at us o;ge?'%glﬂb%sesgiegﬁ |uﬁl\}3?o1+ﬁ%gﬁd'%g’§q§%sg#ed@éc'? Ferc?g iP¥0F ef er ence to

speci fi c_exenpl gr enbodi pents thereof. . lt. w]l, however e.evident that

vgri ous ﬁvdieﬂ%’eal@(%?mngﬁqﬁ%ﬁb?%@&o@ tlH’BB“éJ {"Pfﬁrbé‘f i {‘Q%E&m%laparti ng

fromthe broader spirit and scope 20 of the present invention. The present
i

speci fi cat i CROWRAGIGhIng Ardeenchipe techriavgsgithe ks. pe regarded as illustrative

rather than restrictive, -24 W 01/31388 PCT/ USOCQ 41269 CLAI M5
In one embodiment, optical beam 411 and/or deflected optical beam 427

are directed into and out from semiconductor substrate 403 using diffractive
optics (not shown) or the like. Optical beam 411 and/or deflected optical beam

10 427 may be directed into and out from the diffractive optics using optical fiber
techniques or the like.

In the embodiment illustrated in Figure 4, total internal reflection does not
occur at the interface between semiconductor substrate 403 and insulator gate
insulator 439 because of the relatively small angle of incidence 8 of optical beam

15  411.

In the foregoing detailed description, the method and apparatus of the
present invention has been described with reference to specific exemplary
embodiments thereof. It will, however, be evident that various modifications and
changes may be made thereto without departing from the broader spirit and scope

20  of the present invention. The present specification and figures are accordingly to

be regarded as illustrative rather than restrictive.
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What is claimed is: 1 1. An optical nodulator, conprising: 2 a charged

regi on di sposed in a sem conductor substrate of an integrated 3 circuit
die; 4 awbionsu3sdef| ector di sposed proximate to the char gedGT&E308141260he
first 5 deflector to deflect an optical beamdirected through the charged
regi on back 6 through the charged region; and 7 a second defl ector
di sposed opposite the first deflector, the second 8 deflector to defl ect
. the optical beam deflected away fromthe first deflector back 9 through

t he charged region to the first deflector, the optical beamto be directed
10 away fro ptical nodul ator after a plurality of deflections of the
optical 11 beamthrough the. charged regi on between the first and second
defl ectors. 1 2. Wiatisoyeimedfis:nodul at or of claim 1 wherein the sem conduct or
substrate 2 conprises a back side and a front side, the optical beamto be
directed into the 3 sem conductor substrate through the back side of the
sem conduct or substrate. 1 3. The optical nodul ator of claim2, wherein
the optigal beami ArishtiRel Modliliteg cedptifingugh the back side away fromthe
optical nodulator after the plurality 3 of deflections. 25 - 11111 T1I1I
LE T 211111113 Bhdekdd repion disposiOnQldemicd@uitor subds@ite 41 db thtegkatdd The
optical nodul ator of claim3 wherein the optical beamis to enter 2 the
sem condgct g{rcﬁymyate at a first location on the back side of the

4 a first deflector disposed proximate to the charged region, the first
5 deflector to deflect an optical beam directed through the charged region back
through the charged region; and

a second deflector disposed opposite the first deflector, the second

deflector to deflect the optical beam deflected away from the first deflector back

©w 0 ~N o

through the charged region to the first deflector, the optical beam to be directed
10  away from the optical modulator after a plurality of deflections of the optical

11 beam through the charged region between the first and second deflectors.

1 2. The optical modulator of claim 1 wherein the semiconductor substrate
2 comprises a back side and a front side, the optical beam to be directed into the

3  semiconductor substrate through the back side of the semiconductor substrate.

1 3. The optical modulator of claim 2, wherein the optical beam is to be
2  directed through the back side away from the optical modulator after the plurality

3 ofdeflections.

w



3 sem conductor substrate, the optical beamto exit the sem conductor
substrate at a 4 second |ocation on the back side of the sem conductor
substr at ayololpgidsg st 1 ocation 5 separate fromthe second pefpkédiizeel S-
The optical nodulator of claim4 wherein a surface of the back side o

sem conductor substrate at the first location is angled to reduce an

I ncident angle 3 of the optical beamat the first |ocation, wherein a
surface of the back side of 4 sem conductor substrate at the second

| ocation is angled to reduce an i nci dent 5 angle of the optical beam at

t he secod Iocatlzg 1 6, The cigtlc nodul at or of claim | wherein the
first def | ect or 2{)‘?9 Qpticabmodulator affclainy Lvheren the optical beam isdaGnier or
substrate with a material having an index of 3 refraction different than an
i ndex of % ef thagemisandyctar substrate & @ fstdecation g therheck sidewéthes optical beamto
be deflected fromthe first deflector as a result of total internal 5
reflectién. semicomfinetongubsicate, thedptical bramolo exitahersemiopnsiucion suistrateiat s t

defl ector conprises a 2 reflective nmaterial proximte to the sem conduct or
substrat & 1seBondllocatmntonctht bankdideatfohe sinicdnductod sublkieate,ithe firse izatiamd -
defl ector 2 conprises a second interface of the sem conductor substrate

W th a n@ ersephrate-fddm tie secdndllbedtion) 111111 iiijiiijii 111 S ;111 WO

01/ 31388 PCT/ USQQ 41269 3 having an index of refraction different than an
i ndex of refraction of the 4 sem conductor substrate, the optical beamto
be deflected fromthe second

1 5. The optical modulator of claim 4 wherein a surface of the back side of

2  semiconductor substrate at the first location is angled to reduce an incident angle

3  of'the optical beam at the first location, wherein a surface of the back side of

4  semiconductor substrate at the second location is angled to reduce an incident

5 angle of the optical beam at the second location,

1 6. The optical modulator of claim 1 wherein the first deflector comprises a
2 first interface of the semiconductor substrate with a material having an index of

3 refraction different than an index of refraction of the semiconductor substrate, the
4  optical beam to be deflected from the first deflector as a result of total internal

5 reflection.

1 7. The optical modulator of claim 1 wherein the first deflector comprises a -

2  reflective material proximate to the semiconductor substrate.

1 8. The optical modulator of claim 1 wherein the second deflector

2  comprises a second interface of the semiconductor substrate with a material

-26-
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5 deflector as a result of total internal reflection. 1 9. The optical

nmodul ator of claim | wherein the second deflector 2 conprises a reflective
mat eri aWQPHB#te to the semi conductor substrate. 1 10. POHUSHIHIZEa]

nodul ator of claim 1l wherein free charge carrier 2 distribution in the
charged region is to be nodulated in response to a signal in the 3
dintegrated circuit die. 1 11. The optical nodulator of claim1 wherein the -
charged region is 2 proxinate to a p-n junction in the sem conductor
substrate of the integrated circuit 3 die. 1 12. The optical nodul ator of

claim 13%@&6&@;‘1%&@'&%%@%&?}*a% R iR B EtrdRioft of the .

net al - oxi de- sem conductor (. Intertace 1 n the semcon 3 substrate

e S T B R, 17

wherei n the sem conductor Subs

d defl et t t t f the 3 optical b -27-
|S|e'(':|0|nc:| |e| |‘ﬁﬁF‘$ﬁr"isﬁﬁo“e%‘ﬁg‘%cﬁgﬁa?!‘iee‘%%%&q?%ggol41(2369 O\I?\oI gilslgg? 1 14. A

met hod of nodul ating an optical beam conprising: 2 directing the optical
beam t hrough a charged regi on disposed in a 3 sem conductor substrate of
an int eqrat ed circuit die; ac[1@a4 defl ecting the optical beam back through
the charged regi%on!§ qptiGalanequlates of claim; Iywhersindhe sesand deflectst i cal beam i s
passed nore than once through_ the charged

comprises a reflective material proximate to the semiconductor substrate.

1 10. The optical modulator of claim 1 wherein free charge carrier
2  distribution in the charged region is to be modulated in response to a signal in the

3  integrated circuit die.

1 11. The optical modulator of claim 1 wherein the charged region is

2  proximate to a p-n junction in the semiconductor substrate of the integrated circuit

3 die.

1 12. The optical modulator of claim 1 wherein the charged region is
2  proximate to a metal-oxide-semiconductor (MOS) interface in the semiconductor

3  substrate of the integrated circuit die.

1 13. The optical modulator of claim 1 wherein the semiconductor substrate
2  isthinned between the first and second deflectors to reduce attenuation of the

3  optical beam.

ST



6 region prior to exiting the sem conductor substrate. 1 15. The nethod of
nodul ating the optical beamof claim 14 further 2 conprising. nodul ating
free chargeoatssser distribution in the charged region in PETAUSIHHIEE to a -
signal in the integrated circuit die. 1 16. The nethod of nodul ating the
optical beam of claim 14 wherein 2 deflecting the optical beam back through
the charged region the plurality of tinmes 3 conprises: 4 deflecting the
optical beamdirected through the charged region with a first 5 deflector
proxi mate to the charged region; and 6 deflecting the optical beam

def | ect ed, f1.om t g, i bndebt A6aAkMAHOPI8MM, cdmbiinghar ged region with

a second defl ector disposed opposit cto 1 17. The met hod

of nodul ati ng the ,optic beam of chai [ . cting th

opti cal amgdi r eé{"g mﬁﬁb%ﬂéﬁﬁit?%%‘hﬁ‘*r“%hé%‘%%%%’?#ﬁ%&ﬁérst g3 dgf | ect or
conprises_deflecting the, optical .beam wi th reflective material disposed
4 gPoxi ned e ﬁﬁﬂFH{%d‘lg?é?ﬁSBBﬂ%{FI&ng‘%‘ﬁ%‘?ECWﬁré‘.‘ﬁfi‘e'zé“ I :YI RN : 11 : | I|O| 1]

| CL Ms Il W 01/31388 PCT/ USOO. 41269 8.. The, met hod.of ..modul at i ng
the optichl beam @efleqtiag theigptigpldieam pag: ag?‘llé‘c‘%‘_? FrpcesiregionaPIralyah di r ect ed

through the charged region with the first 3 deflector conprises deflecting
the optical imensueh thaythe epmcabbe%tsaaaSﬁeﬁWﬁQM&HF%W%%‘E‘ECW% n the
sem conduct or substrate. )

6 region prior to exiting the semiconductor substrate.

1 15. The method of modulating the optical beam of claim 14 further
2  comprising modulating free charge carrier distribution in the charged region in

3 response to a signal in the integrated circuit die.

1 16. The method of modulating the optical beam of claim 14 wherein
deflecting the optical beam back through the charged region the plurality of times
comprises: |

deflecting the optical beam directed through the charged region with a first
deflector proximate to the charged region; and

deflecting the optical beam deflected from the first deflector back through

N O O W N

the charged region with a second deflector disposed opposite the first deflector.

1 17. The method of modulating the optical beam of claim 16 wherein

2  deflecting the optical beam directed through the charged region with the first

3 deflector comprises deflecting the optical beam with a reflective material disposed
4  proximate to the semiconductor substrate.

ST
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1 19. The method of nodul ating the optical beam of claim 16 wherein 2

defl ecting the optlcal beam defl ected fromthe first deflector back through
t he Eﬂg % egi on with the second deflector conpri sesPEEUPM4129y t he
optical bean1 4 with a reflective material disposed proximate to the

sem conductor substrate. 1 20. The nmethod of nodul ating the optical beam of
claim 16 wherein 2 deflecting the optical beam deflected fromthe first
defl ector back through the 3 charged region with the second defl ector
conprises deflecting the optical beamas 4 a result of total interna
reflection within the sem conductor substrate. 1 21. The nethod of

nodul ating the optical beam of claim 14 wherein the 2 sem conductor
substratle incl udgs Thefniahdd of edidnihgahd apticabbéhen of ¢1ginP P Whaleibeam to 3 be
directed to the charged region through the back side of the senm conductor 4

substr ape, delﬂect th a#ﬁaem &r@t&dthﬁdﬁ%h$m}ﬁ£§%ﬂl#§§1@ﬁ witlipé figt € through the
back 5 side. LCTTTTETTrT 111122T112 i@ 141 L M'S WO 01/ 31388

PCT/ US0g@/ 4]&@lgcto;cc3@pns¥?€eﬂ9éhh Gl'leQ;ptl@QqJé!ra]xgtab D9%esuft®reRhl in@mdpeam of claim 19

further 2 conprising thinning he Sem conduct or substrate between the first

and secgnd ., ﬁe%h\ﬁgﬁgfﬁgsg 1Joﬁﬁﬁlﬁ§rﬁ%%?ﬂé‘at' on of the optical beam 1 23.
e

The net hod o atin tica eam of claim 21 wherein the 2
optical beamis to be d| rected through the back side of the sem conductor 3
substrate at a first |location, wherein the deflected optical beamis to

exit throough 4 bac of .t he conduct of .sub te at a second
| ocation, the fi l:d; hegng ktP?(!)?l m d"&}f“fr? ‘éﬂ?t“iaﬂg?f“"f ﬂécl gé] FofFsthat i on.
2  deflecting the optical beam deflected from the first deflector back through the

charged region with the second deflector comprises deflecting the optical beam

3
4  with a reflective material disposed proximate to the semiconductor substrate.

1 20. The method of modulating the optical beam of claim 16 wherein

2  deflecting the optical beam deflected from the first deflector back through the
3  charged region with the second deflector comprises deflecting the optical beam as
4  aresult of total internal reflection within the semiconductor substrate.

1 21. The method of modulating the optical beam of claim 14 wherein the
2  semiconductor substrate includes a front side and a back side, the optical beam to
3  bedirected to the charged region through the back side of the semiconductor

4  substrate, the optical beam to exit the semiconductor substrate through the back
5 side.

S S



1 24. The nmethod of nodul ating the optical beamof claim23 further 2
conprising: 3 angling the first |location of the back side of the

sem conduwoon/3gasstrate to 4 reduce an incident angle of woF/USO0HMI2E beam .
at the first location; and 5 angling the second |ocation of the back side

of the sem conductor substrate 6 to reduce an incident angle of the

defl ected optical beam at the second location. 1 25. An optical nodul ator,
conprising: 2 a charged region disposed in a senm conductor substrate of an
integrated 3 circuit die, the sem conductor substrate having a front side

and a back side; 212armdmathoaembuaamcybtheBﬁu&fnskalﬁbﬂ@xaﬁﬁ 16 @tRem conduct or
substrate through 5 which an optical beamis to be directed through the

sem conduct o ull Tlijl
CTT P Clonibiishie ik etk Mnichn il fBiauaBbeleen i hld deedid ¥ [

di sposed ﬁr Oé%dgg{ogs ‘thea&g aﬁagfagggoft‘ﬁg 8@09?? g{?f | ect the 8 optical beam back

t hrough t arged reg a secon or di sposed opposite the
first deflector to deflect the 10 optical beam defl ected through the
char ged region fromthe first deflector, the 11 second deflector to deflect

t he opt| beam h.t he char r.egion; second | ocation
on the. back si de 2? f%mg‘g‘ﬂg%ﬁ‘& ‘élf‘tb’?g EBB??"E%’?‘?H?@G%%T’% t he :
optical heamis (o exjt . Se onduct supstrate after being defl ected
14 throu}n twceh%ﬁagbat?éaﬁmt%‘%{ Fheto'aﬁ%fl deofiihe sERIABEYFthe first and
second

substrate at a first location, wherein the deflected optical beam is to exit through

4  the back side of the semiconductor substrate at a second location, the first location

5 different than the second location.

1 24, .The method of modulating the optical beam of claim 23 further |
comprising:

angling the first location of the back side of the semiconductor substrate to
reduce an incident angle of the optical beam at the first location; and

angling the second location of the back side of the semiconductor substrate

aAa o A WN

to reduce an incident angle of the deflected optical beam at the second location.

1 25. An optical modulator, comprising:

a charged region disposed in a semiconductor substrate of an integrated
circuit die, the semiconductor substrate having a front side and a back side;

a first location on the back side of the semiconductor substrate through

which an optical beam is to be directed through the semiconductor substrate to the.

A O AN

charged region;

o
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15 deflectors. 1 26. The optical nodulator of claim26 wherein the first
Iocatlon |s a ed 2 to reduce an incident angle of the optical beam
wher ei N é@ond | ocation is 3 angled to reduce an inci SOO/MI2e? of the
def |l ected optlcal beam 1 27. The optical nodul ator of claim 26 wherein the
first deflector 2 conprises an interface between the sem conductor
substrate and a material having 3 an index of refraction different than an
i ndex of refraction of the sem conductor 4 substrate. 1 28. The opti cal
nmodul ator of claim 26 wherein the first deflector 2 conprises a reflective
mat eri a¥ di sposeadimptdefleetat dispased proximaate to theohtuged segier toadeflect thd1 1111111
wulLEEErErrrrrrrrr S W 01/ 31388 PCT/ US00/ 41269 1 29. The opti cal

modul at 8r adpticdldeamDackhesughrth¢ tlearsedaegidngdef | ect or 2 conprises an interface
bet ween the sem conductor substrate and a material having 3 an index of

refractgon diff erseénd deflectendispsied opposite teafersi @ifleblor id\@efleeithgonduct or 4
substrate. 1 30. The optical nodulator of claim26 wherein the second

def | ectyqr %pﬁ@ﬂﬂfehﬁ%ﬂ@ct&&ﬁﬁ&@h'tH@cHEééﬁrrbéxlon‘ﬁ‘o%P@x%?ﬁstheﬁééthttﬁe to the

sem conductor substrate. "!“™iijpiii"tiriiiriririrrr  -32
11 second deflector to deflect the optical beamn back through the charged region; and

12 a second location on the back side of the semiconductor substrate through
13 which the optical beam is to exit the semiconductor substrate after being deflected
14 through the charged region a plurality of times between the first and second

15 deflectors.

1 26. The optic_:al modulator of claim 26 wherein the first location is angled
2  toreduce an incident angle of the optical beam, wherein the second location is

3  angled to reduce an incident angle of the deflected optical beam.

1 27. The optical modulator of claim 26 wherein the first deflector

2  comprises an interface between the semiconductor substrate and a material having
3  anindex of refraction different than an index of refraction of the semiconductor

4  substrate.

1 28. The optical modulator of claim 26 wherein the first deflector

2  comprises a reflective material disposed proximate to the semiconductor substrate.
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29. The optical modulator of claim 26 wherein the second deflector
comprises an interface between the semiconductor substrate and a material having
an index of refraction different than an index of refraction of the semiconductor

substrate.

30. The optical modulator of claim 26 wherein the second deflector

comprises a reflective material disposed proximate to the semiconductor substrate.
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