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MODULAT O o1 GROUND THE | NVENTION Field of the Invention The gre ent

i nvention relfates generally to integrated circuits and, rm?‘éTm§B‘3 1 cal | Y,
the present invention relates to the nodul ation of light 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 increasipg circuit speeds and device densities is the increasingly
significant p AP 48P ARATAS EORCAUPTICAPLYSMODULBA TING WD due to the

capaci tive | oANTHGARBEPV AVEH Wi MBLAT{PASS W AVESGIIDEDOPMICALs. At sl ower
cl ock speeds, the capacitive | oadODJIOATOR egrated circuit lines is
generally not a significant factor. However, as newer integrated circuit

desi gn 5c| GACISOROUNICORTHIANYENEIGD towards the gi gahertz range and
beyond, it is evident that one o e maj or bottl enecks for future

integrated circpaifyraiHialefianf OF 20 exanple but not limted to

m croprocessors%hes, controllers, etc., wll be the

I nput/ out put barggdw dt h and/ or round tri.p delay between and w thin chips.
Prior art att ‘engﬁ SPEFILIFYFHIOR TEiRles 53}?&?:1& 5%8“%@%4 HEFME PeM™ s soci at ed
with incr easeq. [ Qt egﬁt ated circuit speeds and device densities have resulted
in the usdPSIREYyJRsPreseat mysniiopsalaes in themmedationpidight usingi nput / out put

drivers on.the chip.
integrated circuits.

10 ckeround 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;i gners face with increasing circuit speeds and device
densities is the increasingly sigxﬁﬁcant. propagation delays of circuit inputs and
13 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 integratcd circuits, such as for
20  example but not limited to microprocessors, off chip caches, controllers, etc., will
be the inpﬁtfoutput bandwidth and/or round trip delay between and within chips.
.Pn'or art attempts to address the capacitive loading problems associated
with increased intcgrated 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 2
include the facts - 1 APR 2004 WO 01/ 31388 PCT/ US00/ 41269 that the |al§BF 100

i nput/output drivers generally consune nore power, create | j /.dt
noi se, Q:'ﬁ“?séqui res | ow i nductance packagi ng and | arge Jrﬁjfﬂfmgﬂagn-di e

decoupl i ng capacitance to provide a neans of noi se suppression, dissipate
nore heat and occupy nore of valuable area on the integrated circuit die
than smaller 5 integrated circuit input/output drivers. Qher prior art
attenpts to overcone traditional integrated circuit interconnection
limtations have included the use of optical interconnections. The prior

art attenphas thatla@ptingdlout i @ficen RRAéNNSomRinYEMdrd Fd\0&r, afeatk latgecui ts have
generally invol ved or have been based on two typical approaches. 10 One

approach hag RE&RN WRARR SEhuRRs Rivt uc&ﬁhéggagggbig%ha}&ggi%mn(@P&%hie | aser

di odes and nodul ating of swtching t el ec y or by using GaAs

bui | t d .St hat. itud dul at | be i h th
nt egr at ede gy Pl FRRRER I bR Reanrr s Bios REGPeRERN ST Sk absor pt i on
t hrough strained nulti-I|ayer grown nol l«icul ar beam epi tax éI\/BE% films in
GaAs 15 iﬁFé‘dﬂnﬁPé‘aJp&iwaPilgaﬂ“%e 8 opdhe pFesae CUgUE 14 HBRSTEH | ed i n ¢ he

art, it is difficult and therefore inpractical to integrate or conbine
I11-V BasdMegaisdsarubinpuiipntaw drivigss. udes GaAs, with standard silicon based
conpl ementary netal oxide sem conductor (CM3S) technol ogy. The second
typi cal prior d&hthergmior sna@tiemptshaowercome trednipng] integnatedaewit 20 opti cal
wavegui des. These wavegui des are generally built using Silicon-on-
| nsul at or if8Cbhndraise Hmbtaticesiniva gndledddrthe usesof ditical insartorfB@ttidras dde nodul at or s
utilize silicon waveguide structures to switch Iight passing through the
opti cal prior art attempts at optical interconnections between integrated circuits have
generally involved or have been based on two typical approaches.
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 complementary metal oxide
sermconductor (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
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wavegui de. The sw tchi ng mechani sm however utilizes injection of carrigrs
into -2 - 1 APR 2004 WO 01/31388 PCT/ US00/ 41269 t he wavegui de rat her- | Akie2006

in a bi pebaiafgsed transistor. One consequence of this ismgéjrﬁj\%aﬂgg\gd, for

exanple up to several hundred negahertz, and very high po consinpti on,
for exanple 10 mMNVNor nore for a single switch. In order to increase the
nodul ati on depth, one often tries to obtain a large interaction volune 5
bet ween 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 of mcrons, thereby increasing the interaction |length through
whi ch the ptwaveguidsarather likw & 8 bipohs besid th@sRRP! SHealoaskduendd®aRissKi | 1 ed in
the art, actual incorporati.on of SO waveguides into existing nulti-I|ayer

standar d CABS spesiefdr BLORBRIIPNG sBOUBMRdled ANk d. Hence,
utilization ofpthesé mavggufdesstructuresrﬁ%%@ﬁ%%%kgﬁkgaﬁﬁﬁgﬁggficaI when

used for higRuspesd in_ | e transistor count
nicroprocesso?s? @9?¥Q%%E@%%62Hb%fbfygﬁg§§Sﬁgﬁﬁgﬁﬁﬁh1§%§g§UﬁNARY CF THE
| NVENTI ON d_and. an rat us. of .an opti.cal nodul atqor are discl osed.
In one enbodi ngtﬁf ',“°§H'388P %E&I‘a‘ PR tEFs toRbtain adarge dntsraglan ¥eyMsn di sposed
in a %$ni$onduc or ,substrate of an integrated circuit die. A first
def | ect'or ?Wa?'béjsg’é@tsd phasss st e pptieah bewnad Jisds gerprally acrempfishedt
deflector js to deflect an optical beam

by making very long waveguides, for example on order of thousands of microns,

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.



directed through the charged region back through the charged region.

second deflector is disposed opposite the first deflector. The secoh&l APR 2004
defl ect gy E g | ect the optical beam defl ected away fro f(fll;‘ﬁ% ifé?

def | ect or ~bac hrough the charged region to the first deflector he
optical beamis to be directed away fromthe 10 optical nodulator after a
plurality of deflections of the optical beamthrough the charged region

between the first and second defl ectors. Additional features and benefits
of the present invention will becone apparent fromthe detailed

descripti onE fi ~lgjures and clains set forth below 4 -1 APR 2004 WD 01/ 31388
PCTI | JSOO THE DRAW NGS The present invention is
illustrated by way of exanple and not limtation in the acconpanying
figures. Figure Amethodnnd lahapparaus ofarDdptikalChodHatee atd disclofedoria orebodi ment
of a flip 5 chip packaged integrated circuit die including an optical

nodul at or  usibagirden?-#h o;snuﬂqhbdanatsmﬁmae's 4 &Rk BERn dRked H £1 nal
reflection to nodul ate an optical beam in accor ance w th the teachi ngs of

the presentsesnwaﬁeta&mﬁy@ga?m?wt%rpac SiEHSHE ARG Rlnetiof OSpRe! | on Of

anot her enbodi nent of Ip C aged I'ntegra ed Circurt di e

i ncl udi 9 3p a dul at or 10 n ju ion d reglon and
refl ect |Bve )ﬁFehHegt §h?n'§1 gJF%P & Zﬁggﬁfﬁ cmﬁé%’r?\ ‘?Eﬁlteﬁlcfb?‘g Eg With the

t eachi ngs of. ree nventi on ure 3 is an illustration of a cross
section of §P L h‘g'f’ ﬁhﬂ@Fﬁﬁﬂ“&aCi g“'?'l'ﬂ Eﬁh‘ﬁgﬁémd‘“lsﬁ"@ﬂr at ed
circuit die including an optical nodul ator using

met al - oxi dele8estPrissinpeses opprEt) the firss dsflectert Tihe seqmrigi@ﬂem@gmﬂfﬂ&ﬁﬁ t ot al

i nt ernal
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 (')f the present invention will become apparent from the detatled

description, figures and claims set forth below.



" 15 reflection to nodul ate an optical beamin accordance with the tea_c?i E'fﬂ?[m
of the present invention. Figure 4 is an illustration of a cross sec iﬁ

of anot 0 ?Tbodi ment of a flip chip packaged integrated circuit die

i ncl udi % 368 i cal nodul ator using a MOS type struct ur ePERAISEY #2624 on
and reflective materials to nodul ate an optical 20 beamin accordance with
the teachings of the present invention. 5 - 1 APR 2004 WO 01/31388

PCT/ USOQ' 41269 DETAI LED DESCRI PTI ON A net hod and an apparatus provi di ng an
optical nodulator is disclosed. 1In the follow ng description numerous
specific details are set forth in order to provide a thorough

under st andi ng ofgihe [pggs]@m]@ﬂvgpwggletwmbg be apparent, 5 however, to
one havi ng ordi nary SKi N e peci fic detail need not be
enpl oyed to practice-the present .invention..ln other instances, .well.-known
materials or nmethods Tlr‘?ﬁ éé%ﬁ'g‘tmbeélgﬂn bse'@b‘?‘f%%‘hw H’aﬁé’? ﬁf?mptf et Lgtanes; o
obscuring the present invention. The present invention provides an optical
nodul at or that EhHSIAESORPRTYHIZSEE S Sed circuit signals to be extracted from
integrated circuit output circuit nodes through the back side of the

senm conduct or subst r dtguref 1gan Wusiptened across seationdif @ne lemimdementiiddi flipnt , an
optical nodulator is disposed within a flip chip packaged integrated
circuit die. 9l n chipepaekigediimegraied aivcdptiedadiudiag an ioptictl neaddstot bsingglp-n he
back side of a 15 sem conductor substrate of an integrated circuit die.
The optical beanuicioflicheged®tbgidnung t@hl inteehd FERRi6R ¢ @BALTA Aeosedal Bamguct or

substrate. The charge distribution of free charge carriers in charged
region i s nodul ah gébordance SRR MECeb iR oFiRGirkdeninvention.
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 tgﬁR
integrated circuit die. In one enbodinent, circuitry of the int egrat 2004

circuit ocated 20 towards the front side of the i rcuit
di e. Thé?GI §1¢‘§§4 beamis deflected off a first deflector rﬁ‘:@'fz' {“ﬁ‘?‘oﬁdgh t he
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 - 1

APR 2004 WD 01/31388 PCTNSOQO 41269 beam t hrough the charged regi on between
the first and second deflectors, the optical beamis deflected out through

the back sigdeTRiiEd8E gmlpﬁmctor substrate of the integrated circuit
die. To |Ilmfe_F%UTT1_5h ows one enbodi nent of an integrated circuit
die 5 101 inclu n tical nodula in Qrd t eachi ngs
of the present E g‘ﬁ?%ﬁg" PRPAIAAS F’r%vd%'f'ﬁﬁﬁt(’p ' tr@%@ggtéﬂvgélgcéé%% die 101 is
a controll e@ E l_ﬂapse chi p, connecti on (gd) or. fl |§ %hl aka ed

i ntegrated &'Pe “Pwﬂ‘lgéjeé‘iﬂm‘loéd‘“ﬂ?"%cﬁ?&& clgpls amg 36t e bal | bonds
107. As can be appreciated by those skilled in the art, baII bonds 107
provi de nor&ovide & thorenghnimderisanding sxfileepresens inventipnt Krwidl be anpetaAt ed ci rcui t
nodes of integrated circuit die 101 and the pins 121 of package substrate
109, thdr ebyoweyertd org Hamihgairdinary siilb i themriahsiabe speeifioddthil negdonatdie wire

bond integrated circuit packagi ng technol ogies. In one enbodi nent, the

i nternal inémpibgddad pacti€dibe ppe@MSinOéntiont dflottie? tnstdnices)iwelllasovi®1 are | ocat ed
towards the front side 104 of integrated circuit die 101. Another

charact eri Sirateriglh of ReftobPhHfti ot Bé&m&bﬁsed % debal inforddr 18 Go6RObsouride back
side 102 of integrated circuit die 101 is provided. It is appreciated that

in other enpadilBRt.hfibgorated circuit 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 disj:oscd 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 output node of a circuit in the integrated
~ circuit die. In one embodiment, circuitry 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

-6-



101 is not limted to being nounted in a flip chip packaged configura iE@
I n one enbodi nent, the optical nodulator of the present invention in ﬁ 2@4
nmodul at i &@ orepsdn di sposed within the senm conductor substr g¢g 41264

i ncluding a charged region 115. In one enbodi ment, charged region 115 is
provi ded using a p-n junction formed with doped region 113 in sem conduct or
substrate 103. I n one enbodi nent, doped region 113 is electrically
addressable and switchable. 7 - 1 APR 2004 WO 01/31388 PCTI USOO 41269 In
one enbodi ment, doped region 113 is an n-type doped silicon region in a
p-type silicon sem conductor substrate 103. In another enbodi nent, doped
regi on 113 beamdhuuglythe cliorged regibi bewere giedfirsi ahdasecBnd HERecibrsi BON Substrat e
103. It is appreciated that the present invention covers the types of

devi cesdespriciiddahas iffecledfu MRbhginthe b8 88 of el il UARAARGL OpPOsi te
polarities. For instance, the present invention covers bot n-channel and

p- channel aficCintegtaidiCdittufitiie. Mor eover, for purposes of this disclosure, it
is appreciated that the term "substrate" covers |ayers of the

sem conduct or sql?)sip[lg;aqe,g;q%_l_lr%q}s%gw%%e g)ﬁs%lﬂ%ngg !%,‘b{ﬁ‘? girgtggici{ge’lgihé.axy | ayers,

or the like. Therefore, unction 'Fon may

exi st, #or I In the sem conductor substrate, an n well in ap
substrate, g>f %%\j\‘é 'he py optical magwlaiqr i accoxdange withithe jeachipgs of theprespatt axy

| ayer, etc.., in accordance with, the teachings of the present invention In

one enbodi HEPUOR-H qesmbadimens, Hitearated cureustdie A OF e gentralisgicolapse 5 i s
nodul ated i p. response to signal 129, which is carried by conductor 119 in
15 i nsul at icﬁtrf Jonpestiond€4) er gwp@w Paiaged integratddnciomit dieboupiednt , si gnal 129
is a signal generated by an output node of an integrated circuit included
Wi thin 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,



integrated circuit die 101. Thus, when a voltage V of signal 129 is v riﬁo&
on conductor 119, the free charge carrier distribution in charged r"egiﬁc? 004
115 is nodulated. It is noted that for purposes of this disclosure,

"char ged¥O023138% may 20 be interpreted as a hi ghly char gedPGRYGSWH126Si ng
free charge carriers. In one enbodinent, an optical beam 111 is directed

t hrough back side 102 into sem conductor substrate 103. As shown in the
enbodi ment depicted in Figure 1, optical beam 111 is directed through
charged region 115 and is deflected -8 - 1 APR 204 WO 01/ 31388

PCTI US00141269 off a deflector forrred by the interface of doped region 113
and i nsul at or opt.ical beam 111 has an angl e of

i nci dence 0 reI PlOUECIPBO H’§m=|dﬁP "'3!%‘ Yétihara-tiemeepcd sHicon ragran shq

i nsul at or 105. For pur poses of this disclosure, an incident angle O is the
angl e t hat &RrB§sIlican sepisandutersubstrate 308 Sinj amglcnambOdlmet,}depgbndl cular to

a surface at the point of incidence. In the enbodinent depicted in Figure
1, optical mwgamlllis i gtypefdoped siticod fegidnaniantrerybasidicobatbsaer 103pdrisr egi on

113 and insul ator 105 because of total internal reflection. In one

enbodi ment , appheiddtfIfe presdfiiigientibe chepethe tHeHs QN ddvidesi deséried®@redi® such

that there is no silicide forned at the reflecting surface at the I nterface

bet weenS 10asdaiIeg c{e‘?&leé)i'ﬁcﬂﬂ%gaﬁﬂ:ah@?f'bgé&hﬁi’gﬁﬂ’l‘g apcg%ﬁas an |ndex of

i nsulator 1 05 includes silicon oxi
11 con and” ht BEHIAROHE sk el B cRRE e P =1 5751 or e
of QStViecéft'?‘gf%Béf%rf%%'fﬁ%%?ftb‘e‘?s&?c%ﬂ%"ﬁ'rﬁc S sarh el oo Cont gl €
and insul at A bstra e” cso%rls ?el;ylfz(l?ssofI tﬂg erx?ilcrln?aM ctrtlag sﬁl?sltx-aAEeI 1833&55 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, an n well in a p
substrate, a p well in an n substrate, an n epitaxy layer, a p epitaxy layer, etc., in
accordance with the teachings 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 conduct.or 119in
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 camrier distribution in charged region 115 is
modulated. It is noted that for purposes of this disclosure, 2 “charged” region may
20  be interpreted as a highly charged region having free charge camiers.
In one embodiment, an optical beam 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-



sing > n Jns; (Equation 1) As a result of the deflection, optical beﬁﬁP§?@&
is in one enbodi nent deflected back through charged region 115 unti’l f

defl ecte f e interface at 20 the back side 102 of sem
_substratg(ﬁ}?lg&r%d air. At this interface, the incident a%%@%ﬁr@

defl ected optical beam 111 relative to the interface between sem conductor
substrate 103 and air satisfies the following relationship: 9 1 APR 2004 WO
01/ 31388 PCTI USOQ 41269 sing > n.j/ins, (Equation 2) where the index of

refraction of air n,,r is approximately equal to 1. As a result, a
deflector is forned at the interface between sem conductor substrate 103

20,01 o SR AT B 2

bet ween doped 5 region 113 and i nsu or e énbodi nent

illustrated in Figure 1, .optical am 111 is_defl ected, through charged
ribSHiieye. Bpcfheg™ b

region 113 &"p an #3 an angjq ofdnfidencei§ el 4 H t he back

side 102 of semi conductor substrate 103 as deflected optical beam 127. In
one enbodi niHerfacgberveeen dopediregion lilcind dresslatorf 1041 For purposesrofithisr ared 10
light as silicon is partially transparent to infrared light. In one

embodi ment , disojpsurepdn incidentlahbieMisehSaridl Buch dfiRabpGn Mmak&s IR anf

sem conduct or substrate 103 at |ocation 123 and defl ected optical beam 127

exi ts € 15 OUGadihe A befifict 1o surAEFLADHME OF 1SRRI hmyat |ocation

125. In one enbodi nen e surfaces a | ONS 5 i ncl ude

0] oo A EGONE BB Tk RO el bFRR |11
SR I TEPNC L TE SR TSRO T =R )
surface 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 insulator 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 ng = 3.5. In order
to have total internal reflection of optical beam 111, the incident angle 6 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 6 of deflected optical beam 111 relative to the interface between

semiconductor substrate 103 and air satisfies the following relationship:



“location 125 in one enbodi nent is angled such that the incident angl ehg ﬁf
defl ected optical beam 127 is reduced. In one enbodi nent, optical bea it 1%!'

is 20 r erpendi cul ar relative to | ocation 123 and tical
beam 12$$$Q£/¥98%rl y perpendicular to | ocation 125. Wth o%&gg&og@%ér}ﬁol 11
and deflected optical beam 127 having reduced incident angles relative to
| ocations 123 and 125, 1 -10 - 1 APR 2004 WO 01/31388 PCT/ USOQ 41269
respectively, refraction at these interfaces is correspondingly reduced. As

aresult, a larger incident angle O on the primary reflector (e.g. the
deflector fornmed at the interface between doped region 113 and i nsul ator

105 in Figure 1) can be attained. L;ﬂe@ﬁﬁ%ﬁFbOdi ment, sem CQRAWRIOAR)
substrate 103 is thinned in the region proxi mate to charged region 115 .

such that the anpunt, of . sem conductor.substrate. 103.throygh whi,ch opti cal
boam 111 padDet P RHERRLERBRAY S0 e s ARBTSHD L ERNBLIS + A A AT face

bet ween doped_region 113 and.insul ator 105 and sem conductqr substrate 103 ,
and air is refertrds fommediatthe interfacebetwaen sememdugtor ahsiatedD3#d3Ht i cal beam
111 resulting fromoptical beam 111 passing through 10 sem conduct or

subst rat e 133isdeflectonis epposita thends flentoo formedtat theontertacelbesveen dopisst rat e 103

I's thinned from back side 102 using known etching or trenching techniques

or the |Pkeregdion byfcandiinuititorelts, Agdhoeal inhkaembddimest ilinstrdted édFignre esponse

to signal 129 due to the nodulation of free carrier distribution in

charged r egilo8ptichPbealr 1146 dpRéctddthitaiizh chiel héiSon 013 9phiraltly dfciares 111
passi ng through charged region 115 is nodul ated due to the plasma optical

ef fect. The .plifs FRalAPixi€ MrobdH fielbadk 38308 ¥Esentiofductor sbsiatd PUB et ween the
optical electric fi€eld vector and free charge carriers
deflected optical beam 127.
In one embodiment, optical beam 111 includes infrared or near infrared
10 light as silicon is partially transparent to infrared light. 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 ;iuc 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 6 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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that may be present along the propagati on path of the optical bean11%1 PT@m
electric field of the optical beam 11 | polarizes the free charge cérr%é‘
and this_ 20 effectively perturbs the local dielectric constant of the

~medi um WHI8 urn leads to a perturbation of the propaBGT/USPOM4AEYC ty
of the optical wave and hence the refractive index for the light, since
the refractive index is sinply the ratio of the -11 - 1 APR 2004 WO

01/ 31388 PCT[ USOQO 41269 speed of the light in vacuumto that in the nmedium
The free charge carriers also lead to absorption of the optical field as
optical energy is used up, to accelerate the free charge carriers.

General Iy t F@pécﬁfvél?crteifﬁé&idn\?ﬁ?ﬁ%s@ﬁﬁérﬂcpsafsicgﬂ'eg%gglir@yngéndﬁécd.n rglg(?‘%sf_lllg th the

real part being that part which causes the v ange a 5

| magi nary pak eing related to the free charge carrjer absorption. The
arount of Bt Saeifer Sndt B og Geirmgveeior (r R NAreciog AATRIA S wi th t he
optical wavel ength X and the interaction length L. In the case of the

pl asma opt | HRErfaEE peween dppedrregiondi 3 end insddetor d HSiyEighre Hleart e 4ttained) ect r on
(AN.) and 10 hole (ANJ concentration change is given by: An ez"e

be(ANe) 1. 05 +_ bln ¢naNh@odirhém etiiamdddtor Kibsiraidd 03 s thinfdNh'thevegion n. i s the
nom nal index of refraction for silicon, c is the electronic charge, ¢ is

the speell oprdximite to éHargedirsgibh @1 PQUcKithdiithd dnfodtft oF 5&RicORAEA0r Sbstr@ed m ,
are the electron and hole effective masses, respectively, b, and b. are

fitting paraokilessh vllﬁc%%t?d%l Bédeh | AiStiksles ¢ @Gﬁdﬁ%s?ﬂe%stﬁce‘c ree charge

carrier distribution in charged regdion 11 e Intensity of deflected
optical beagrthédn i ifRAY Al BTeen doped region 113 and insulator 105 and

semiconductor substrate 103 and air is reduced. As a resuit, 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 duc to the plasma optical effect. The plasma optical effect arises due
to an intct"gction 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 beamn 111 polarizes the free charge carriers and this
20 effectively perturbs the local dielectric constant of the medium. This in urn 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

-11-



It is appreciated that integrated circuit die 103, in effect, forms_a.‘ m
mul ti- pass wave gui ded optical nodul ator. As can be appreciated, the tb‘BR ;q
i nteracty gth L of the optical nodul ator form using e ion
115 is i‘r}gbelgggg in 20 accordance with the teachings of prie;ggnt ilg{/%gti on
due to the multiple deflections or passes of optical beam! | | through
charged region 115. As a result, the 0 9 -12 - 1 APR 2004 WO 01/31388 PCT/
JS00/ 41269 nodul ati on depth of the optical nodulator formw th charged
region 115 is increased relative to an optical nodul ator having a charged
region through which the optical beam passes through only twice. In one
enbodi ment ,SPE§st ¢fdbg Lghe ihyacuemda dhasiin dhef medivey  ber fresshasgsearmorns alsy ar e
directed into and out from.sem conductor substrate 103 using diffractive
optics (notlezhiowhjorptiontdfehd optecal pkdi asaiptibalsamedgyl is seaiul, 0o achefdratetterd opt i cal
beam 127 may be directed into and out fromthe diffractive optics using
optical fi bfege chiugeRivriaite Gedleralifehd rdfractived BideR pértirbaidn Isld doshiplek i on of a
cross section of another enbodinment of a 10 FI ip chip packaged integrated

circuit di enuvdtblr Wik itieNthapibedR thaPbarRHithahtes Rl Mocify Rrallgé HAE HHeON _
charged region and reflective rmaterials to nodul ate an optical beam 211 in

i oor atod HeERabRmEREYEREE @i REe RREPnePUREA, TR Tndinnbf | 0°

illustrated.,in a..flip chijp configuration and is coupled to package
substrate ﬁ@sﬁﬁ?%ﬁléﬁgﬁﬁi’ybonds 15 207 to provide nore direct connections
between the internal integrated circuit nodes of integrated circuit die
201 and the pins 221 of package s@bs2atipa09. |n (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:

2.2
87°c g,n, m, m,

z 12 1.05 0.8
An = el [b'(ANj) + b"(M{*} ) (Equation 4)

where n, is the nominal index of refraction for silicon, ¢ 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 b, are fitting parameters.

15 Asan 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. As a result, the
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one enbodi ment, the internal integrated circuit nodes of integrated pirﬁgbmh
die 201 are located towards the front side 204 of integrated circuit &

201. It is appreciated that in other enbodinent, integrated circuit die 201
is not IWHA¥%% o 20 being nounted in a flip chip package®CEHRM4YEt%at i on

I n accordance with the teachings of the present invention. Simlar to the
integrated circuit die 101, the optical nodulator in integrated circuit

die 201 of Figure 2 includes a nodul ation region disposed - 13 -- 1 APR
2001, WD 01/31388 PCT/ USOQO 41269 within the sem conductor substrate 203

i ncluding a charged region 215. In one enbodinment, charged region 215 is

provi ded usimegulatipn depithioCihe @it middhi bt formdoie ehdreed RRicdlBi I B
sem conduct or substrate 203. |In one enbodi nent, doped Tregion 213 is

el ectrical | yncaddéd@eRnabt & AhitW moAa@kioe ha*«lliﬂsfgi?:;?/)g%’m? o %"“ﬂf%‘i}]&s region

213 is an n-type doped silicon region in a si [T con sem conduct or

substrate 2%.%[1@31%@%:}%%56?{mgggrjl]rr%ﬁ%,twdoped region 213 is a p-type doped
- |

silicon reglion In an ype EWfbstrate 203. 1n one enmbodi nent, the
free charge distribution.in charged regjon 215 is mpdulated in response to
signal 229, whi ch‘m?esf fP%‘&W“%ﬁh‘?ﬁﬂ&?b’raﬂ@ qeflected opEERIRF2MAEr 205 to

doped region 213. In one 10 enbodi nent, signal 229 is a signal generated by
an out pu? n8Elisrted intp apd grifrer semicopdpgtor subsRle d 0dusine diffiecvyg at ed circuit
die 201. In the enbodinment illustrated in Figure 2, an optical beam 211 is
directed t BPaRsdRotshownkonibe Bbe. Optical beainddi dodion deBediet optical P& |1 n one
enbodi nent, the process in which the doped region 213 is formed is such
that there 187 mayefdirectd ireo addouefrem itted diffsactilve aptiésausirxopripakbfisér i ci de,
formed at the surface at the interface
techniques or the like.
Figure 2 is an illustration of a cross section of another embodiment of 2
10 flip chip packaged integrated circuit die 201 including an optical modulator using
a p-n junction charged region and reflective matenals 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. Itis
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 inciudes a modulation region disposed

«13.



bet ween doped region 213 and insul ator 205. As shown, optical beam 21
directed through charged region 215 and insulator 205 and is defl ecte AE?#%S
a defl or. formed by conductor 219. In one enbodinment, conductor 219 is

f or med 131388¢ | ective material, such as for exanpl e met BETGSOVAR6P | ke

As a result of the 20 deflection, optical beam 211 is in one enbodi nent
defl ected back through charged region 215 until it is deflected off

defl ector 233, which is disposed opposite conductor 219 on the back side
202 of sem conductor substrate 203. In one enbodi nent, deflector 233 is
formed wwth a reflective material, such as for 14. -- 1 APR 2004 WO

01/ 31388 PCTIthia@h¥ %hnbéhdaxsmrBlisstaRt 23 iﬁélpﬁi‘ﬂ? al dhéRred AS2iSAQM. Iohene
enbodi ment illustrated in Figure 2, optical beam 211 is defl ected through

char ged I egbRBodichéntcibibdPlestoh 25 if ¥Rl a g-h jilcfiBhiimt L L hrough the

back side 202 of sem conducfor substrate ected optical beam
227. 51n o | ) | cal. be 211 incl udes J nf.rar Qr., near
infrared | ?@?tﬂ %g%?ﬁ]@osﬁgﬁé&%g’?‘tof %ﬁ%‘*ﬁﬁ?’ns@h?‘é%?m‘?%é‘f“r‘?f‘ﬁgf’gﬁd light. In
one enbodi ngnt ptical. hea 11 enters through the back side 202 of

sem conductr%e 'dgu?dgt’? ﬁ?gnﬁgg’ gﬁ&%e SHie angfvischeblen 4n gag F’@gf’@‘ﬂ’%tdi"? beam 227
exits ttyoul%h. t he _back side 202 of sem conductor substrate at |ocation
225. | n“one’EiBadibar n-tynfedapsd sHices regiomin a pybypeistieen 3oBicORAUTIOn as wel | as
the surface under deflector 233 include anti- reflective coatings to reduce
at t enuat i onSUpsrep202.aln anwalkar 2zmbodimeent.afoped tegibnoliiis alp-type dopebsilichne t o
reflections. As illustrated in the enbodi nent shown in Figure 2, the

surface of rfegmtin@n n2@Be silicamgitatiate 208, {hate dolidimeitptetfrearnhhrze0 of opti cal
beam 211 is reduced. Simlarly, the surface of |ocation 225 in one

enbodi ment distribGitien {1 ethrgedagioh 215 if@odlsed BivespHigt & dgadl 2def Whikhed opti cal
beam 227 | S educed. In
1s 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 refiective

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-



one enbodi nent, optical beam 211 is nearly perpendicular relative to 200
| ocation 223 and defl ected optical beam 227 is nearly perpendicul ar 1 5‘PR

| ocat i orwg%ﬁsmgg one enbodi nent, optical beam 211 and/or Eﬁg@?‘ga tical

beam 227 are directed into and out from sem conductor su usi ng
diffractive 20 optics (not shown) or the |ike. Optical beam 211 and/or

defl ected optical beam 227 nmay be directed into and out fromthe
diffractive optics using optical fiber techniques or the like. 15 - 1 APR
2004 WO 01/31388 PCT/ USOO 41269 In the enbodinent illustrated in Figure 2,
total internal reflection does not occur at the interface between doped
regi on 213 SA#@PlerBgtlarshe s sedwusdn die ertmdimentatiisisiigt #nBiguredgl e of

i ncidence 0 of optical beam 211. Therefore, -optical beam 211 in the

embodi ment dphitaldeamt2dd is deffdcgdnisrodgh chadeediregieh @13 atplirkRty stehéaeril5 bet ween
doped region 213 and insulator 205 at a steeper angle conpared to the

embodi ment it fiballytaxat Gilgigh e BuEiCside 200b A ABhAER0M b S0g I O et
e o

illustrated in Figure 2 1s that there is no mninum ang i nci dence 0O

for opticaldeﬂba@drbﬁ;lcg] '&?g:gﬁ-gt ed circuit die 201 can therefore be designed
with a smaller latera | mensi on all owi ng the sane or greater nunber of

def | ect gons of ' 10 beam 211 t hr h arged region 215. | n one
enbodi rrgnt, semﬁgtghgg%{)g&%e ESP&%#Be%ngJE’C@HFﬁﬂ‘E@r%&tWéI F&@’?fl] proxi mat e
to charged ]{gﬁgi on,.215 such ]t hat the am)ént of sem conductor substrate 203
t hrough whi GAY SHv1eL s Batiiafly fransparcatio nizared lighte dn o gmbodimenti st ance

bet ween the deflectaor forned wth conductor 219 and deflector 233 is
reduced. 1XPREAIDeAm}|l enters hrough the bagk side 26 ohsamysonductasisnbsirate,3@im 211

resulting fromoptical i
at location 223 and deflected optical beamn 227 exits through the back side 202 of

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 cpatin'gs 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 O of optical beam
211 is reduced. Similarly, the surface of location 225 in one embodiment is

15 angled such that the incident angle 8 of deflected optical beam 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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beam 211 passing through sem conductor substrate 203 is reduced. In one
enmbodi nent, sem conductor substrate 203 is thinned from back side 202! 4&R Hg
known etching or trenching techniques or the like. Figure 3 is an ’
il lustr WOOW3BRE a cross section of yet another enbodi nent BETUSM/426% i p

chi p packaged integrated circuit die 301 including an optical nodul ator

usi ng a netal - oxi de-sem conductor (MOS) type structure charged region and
total internal reflection to nodulate an optical beam 311 in accordance
with the - 16 -1APR2004 WO 01/31388 PCT/ US00/ 41269 teachi ngs of the present
invention. It is appreciated that the present inventionis not limted to

the use of an apfmakmBBaitlent Musthhied iy PRusE b Ustdli@emalRNe&ic@e8not N a MXS
capacitor structure, a polysilicon gate or the I1ke nay be used instead of

a metal o3k hfinBGRae Rt th Wold R el GPETY ﬂ?jsing{dg%)?g?ggg&%@é of heention. As

wi |l be 5 discusse optica ator 1tnin circurt die 301
il lustrated ,in Figure Is simlagr to the optical _nodul ator. i.n i ntegrated
circuit di éeli'é)“fﬁi g!‘%%"!”rgfﬁ%é"?‘ﬂe“ iSRhrepural eam #He @&f@%‘f?’é’ﬁt’ﬁ?l char ged
region 315 in integrated circuit die 301 being formed using a MOS structure
i nst ead of bgap2hl jnuthe embodigtentidlusirated iisFigurea? 13 adirénted attthgraeréateci rcuit die
101, integrated circuit die 301 of 10 Figure 3 is illustrated in a flip
chip codfi detveten dopedndgips 2tDapd mdulamr 206 laa g eteepermigieatompand tohthough bal |
bonds 307 to provide nore direct connections between the internal

i nt egr at ed egibofiticnt NRI@KePin FiphRA!, 3AR ddedntade Withl iR edtbbd@néentt he pins 321  of
package substrate 309. In one enbodinent, the internal integrated circuit

d foi ' [t i : i de 304
of 15 1 nt cor SRaqua AL gnd e ¥ Rl A bEHRIdRed Hor Gt =1

embodi ment ’bclarrrlltﬁgrh%ggergted 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 mc amount of semiconductor substrate
203 through which optical beam 211 passes is reduced. Thus, the distance
between the deflector formed with conductor 219 and defiector 253 is reduced.
15 As aresult, 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 inciuding 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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‘circuit die 301 is not limted to being nounted in a flip chip paqugFﬂPRZ%£
configuration. Simlar to the integrated circuit die 101, the optical
nmodul at onye) giaphgit egrated circuit die 301 of Figure 3 inclu ,F§@ i on
_region disposedﬂtdthin 20 the sem conductor substrate 3034?§é u %ﬁ%ﬁa
charged region 315. In one enbodi nent, charged region 315 is formed using
Integrated circuit devices such as transistors coupled as netal oxide

sem conductor field effect transistor (MOSFET) capacitors with source and
drain regions shorted together. For -17 - 1 APR 2004 WD 01/ 31388

PCT/ USO0/ 41269 i nstance, Figure 3 shows source/drain regions 335 and 337

di sposed i ntaabiengsHnhemasine invendomshigimprédded BavMegrevent hveagbwirs 335 and
337 are shorted together through conductor 343. In one enbodi nent, a

pol ysi | i conngaimietd thSusedfaRAeRE] mlral RTWBE pSQrIRRLVVEES SQRpRELHT ai n
regions 335 and 337. As shown, a 5 gate insulator 339 I's di sposed between

Sour col dr ai & 28T BrEyurittind MboW ok e on e ARERRLRR LT Bt 88 R cuc o
VOSFETs or U0CF SRE Ritanare WRlkie @eninbs fiRnBesaRiminien: A palBai al v i s
AN S TR e R
In one enbodi.ment, gate 341 is electrically addressable and switchable. In
one enmbodi Aehimyat © theeptical medplatar v integraied gucuit digdi01 3bosteapgdidigh conduct or
319. In operation, with the comonly coupl ed source/drain regions 335 and
337 coupl edFigyre hwitbshaenseprinneofi dhatzed regidn Jhi in idtegratoliprart die 391 gnal 329, a
being formed using a MOS structure instead of a p-n junctibn 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. Itis 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 region 315. In one
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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15 highly charged inversion layer is formed in charged region 315, mh ?qumL
di sposed between the source/drain regions 335 and 337 in sem conducto
substrate 303. The free charge carrier distribution in charged reglon 315
i s nodulV8P 831388 response to signal 329. In one enmbodi mentPCEHU§MALZE9 s a
signal generated by an output node of an integrated circuit included
within integrated circuit die 301. In 20 one enbodi nent source/drain
regions 335 and 337 include N doped regions disposed in a P-type
sem conductor substrate 103. In another enbodi nent, source/drain regions
335 and 337 include P+ doped regions disposed in an N-type sem conductor

substrate . e i pagi t str a ilized - 18 -
1 APR 2004%%%&%9'%38! %@% lﬁggl%}: ’Ei"’é@é“’%‘%%st g’édmg k/[djg’pf)?eaq{f |I§% structures
as the non- rmbil I nversi on r in the MOSEET c itor ch nnel s used
to nodul at s5THEN lb‘i‘?’c?él' StBaé%lﬁbg gt’“’ﬁ%/df"ﬁ"l‘ [reiat3dd af’aeyéﬁr%’%egopt i cal beam
311 is direct ed t hrough back side 302 into sem conductor substrate 303. As
shown, opt i'@sft %é‘aﬁvm@ﬂdecwﬁéétkdonesembﬂdwgn 2 helygibigon BYF A1 H15 and is
deflect ed off a deflector formed by the interface of sem conductor
substrate momngmtomﬂ bteeerB@DrceldrainregiopsbifdandedR7, Apshowal abeam 311
has an angle of incidence O relative to the interface between

seni confluctgate insthabr 33 LisPposedb@wben iensitdriublor 33Rurawd03tddigar@dical beam
311 is deflected off the interface between sem conductor substrate 303 and

10 gate inguloat %bé&%&@qwﬁr@/dﬁm@glohmﬁmi33r7e:IrJ: 86inhidRly dspledr esul t  of
the deflection, optical beam 311 is in one enbodi nent defl’ect ed back

t hrough Ch%ﬁﬂﬁg? E&Qiu@.{br%é§té'9tcblln wo%enﬁsgge&tcﬁgs ] exLxﬁ?légﬁB@ﬂéﬁFﬁ at the

back side 302 sem conduct or su strate 3 an I's Interface,

the | nci denby anglGs el ol 65 BknRBMUERFERS AR S oGRS

def | ect ed
potential V is V__ for n channel MOSFETs and ground for p channel MOSFETs.

10 Instill another embodiment, source and drain are coupled to different potentials.
In one embodiment, gate 341 is electricaily 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 signel 329, 2

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 signzﬂ 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 substrate 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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15 side 302 at the interface between sem conductor substrate 303 and ai
because of total internal reflection. As a result, a deflector is for 2004
at the '\?6%&/&@ bet ween sem conductor substrate 303 and air. This

defl ectof i ggosite the deflector formed at the interf&&dUSPAESS

sem conductor substrate 303 and gate insulator 339. Thus, optical beam 311
is deflected back through charged region 315 a 20 plurality of tinmes until
it finally exits through the back side 302 of sem conductor substrate 303
as deflected optical beam 327. -19 - 1 APR 2004 WO 01131388 PCTI US00141269

I n one enbodi ment, optical beam 311 includes infrared or near infrared

i ght as_siihde@bivtoRaahiibl #rid@BORARE Abn bbb B IALSSh L8NGl 1 one

enbodi ment, optical beam 311 enters throug of

sem conduct 03 .at |l acatian, 323 and fle d optical beam 327
exits thr our\gf?s? Ez%%éac&grs&c? ngjdﬁu%c?%?ogglﬁ‘ec‘gﬁﬁﬁ‘d‘fagge%gifr atg at location
325. I n one enbolgi.gent, h}.surfaces at locations 323 and 325 i ncl ude
anti-reflective ‘¢ P?‘WQ’%“I‘P B deepticel kel § 1o disected hrouelt baskside311 and

refl ected q@hi,cal beam 327 due to reflections. As illustrated in the
enbodi ment “ShAHA SPRicApguAter sgbstigie3 By rAnthewet optiahbsapn3 BRB dircwdgl ed such

t hat thg i ncident angle O of optical beam 311 is reduced. Simlarly, the
sur f ace of thipuglehargesiregips 3il fh andés defibaed nftdefisctanfpheedd byde t hat t he
incident angle 0 of deflected optical beam 327 is reduced. In one

enbodi ment ,intspfa¢eaflseineanmi@cldr substrade303 shdaskibslaerb30. memat i ve to location
323 and defl ected optical beam-327 is nearly perpendicular to |ocation

T o LR s O RS
sem conductfty, sRehi3h&uctor substrate 303 and gate insulator 339 such that optical
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 € 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 rcsﬁlt, 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 bearmn 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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303 through which optical beam 311 passes is reduced. Thus, the distanger 7
between the interface between sem conductor substrate 303 and gate

i nsul at 339 _and sem conductor substrate 303 and air is a
result,q&ﬂé’lg}?ﬁﬁnt of attenuation of optical beam 311 res{ﬁ’ﬂﬁgﬁ*l?@fﬂ
optical beam 311 passing through 20 sem conductor substrate 303 is reduced.
I n one enbodi nent, sem conductor substrate 303 is thinned from back side
302 using known etching or trenching techniques or the like. -20 - 1 APR
2006 WO 01/31388 PCTI USOQ 41269 I n one enbodi ment, optical beam 311 and/or
defl ected optical beam 327 are directed into and out from sem conduct or

substrate 303 ughbge enbbdimeht, YRicaPBéane S11 RRludeh onfdre@br héwt infriced Opt i cal
beam 311 and/or deflected optical beam 327 may be directed into and out

from the difdhy actiideh iQQL&iﬁlﬁyH?Asgsreﬁﬂfoiiﬁﬁlareﬁh . %xﬁoﬁe%'%ﬂc%&% or the Iike.
I tionm o 0

Figure 4 is™an illustr Cross section anot her enbodi ment of a

110, ShLP DRk IS A A S b b PSR Ss,
T R B RSBl DB 19Tk BSSBRnES M et sachi nas

integra;lsed circuit die 401 of Figure 4 is illustrated in_a flip chip
conf i guPat i §MiGRduGter wbsiptedt lpeptign dRagin epmembedimenpahe susfaseid bal | bonds
407 to provide nore direct connections between the internal integrated

ci rcui t nodeeatiohs B2 ayt 35duclude oui-tefldctives®atingsitot iedugsi attsnuatipnef package
substrate 409. In one enbodinent, the internal integrated circuit nodes of
15 i nt egr atwdicali teami 31 1cing reflitied optital et d20 duanol sefldodords: ohd illwsui@ed 04 of
integrated circuit die 401. It is appreciated that in other enbodinent,

i ntegrat ed igitheethbodiinent shown in Figure 3, the surface of location 323 is angled such

that the incident angle 6 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 1s
nearly perpendicular relative to location 323 and deflected optical beam 327 is
nearly perpendicular to location 325.

In one embodiment, semiconductor substrate 303 is thinned 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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401 is not limted to being nounted in a flip chip packaged confi gur_ati&q o
in accordance with the teachings of the present invention. Simlar t A éﬂ

i nt egrat‘gﬁn&kﬁgyi t die 301, the optical nodulator in 20 i %ﬁﬁgg&‘?ﬂé@ rcuit

die 401 o gure 4 includes nodul ati on regi on di sposed w

sem conduct or substrate 403 including a charged region 415. In one

enbodi nent, charged region 415 is provided using a MOSFET capacitor or
capacitor structure. Figure 4 shows a MOSFET capacitor i ncluding
source/drain -21 - 1 APR 2004 WO 01/ 31388 PCTI USOO 41269 regi ons 435 and
437 disposed in the sem conductor substrate 403, which are shorted

t oget her t hr oughHn@snembedimenydptical boara 3dhsodiordnflectedheptical beasn d23i n

regi ons 435 and 437 are conmonly coupl ed through conductor 343 to a conmon
potential Varedimeaelkinendmiciurtiom seanipaidpsior iseissirage3 @8 vidg ddfrddibeosed i n
insul ator 5 405 between source/drain regions 435 and 437. As shown, a gate

i nsul at or 4&ick fnot Showaf) o8 thelBle/eRRicEEPA6PR LA D6 SefReleddplicdbzamnd gat e

441. 1 n one enbodi nent, gate 441 is electrically addressable and

i t chabl e. i ' LM&Esk gnal 429
Sw tchabl e BiﬂnQyﬂﬁeﬁg@% i ind Bt ﬁ-?r’hftﬁe dl&&%;ﬁ%ﬁ&ﬁg??‘?ﬁb%%&%gna

t hrough conduct or eration o e optica I'n 1 ntegrated
circuit gdie i.S.spihm,har 10 to the operation of the optical nodulator in
i nt egr atsejd %’?}8%%4'3? °a§h§1‘%‘61. In particular, with the commonly coupl ed
source/drain r egf'_..ons 44.35 aﬁd 437 coupled to 't Ee common potential V and
gate 441 coupl ed BWed§aaplusgatonol g grpssechian ghapothere BRef8r is forned
i n charged ﬁegion 415, which is disposed between the source/drain regions
435 and 437MPFhyepackeged dpiesrrted sirsuit dtectUoncluding anopicalomeditlatgeusibg 1 j er
distribution in charged r ecgi on 415 is nodul ated in response to signal 429.
| n one enbodiMhiype sirggiane chaged regionsingrrafleqjvieanaienals tymadulgietasut
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 more 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 integrateﬂ 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 inctudes 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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node of an integrated circuit included within integrated circuit die #8dr 200
As illustrated in Figure 4, optical beam 411 is directed through back side
402 int ' duct or substrate 403. As shown, optical b '

di rect eé‘i@@ggl? rough charged regi on 415, through gate insm@%%@?

t hrough pol ysilicon gate 441 and is deflected off a deflector fornmed by
conductor 419. In one enbodiment, conductor 419 is formed with a
reflective material, such as for exanple netal or the |like. As a result of
t he deflection, optical beam 411 is in one 22 - 1 APR 2004 WO 01/31388
PCT/ U500/ 41269 enbodi nent defl ected back through charged region 415 until
it is defl g68eas 635 andiei depased #8die swmicohdigotsubsusted0dpplish ke of conduct or
419 on the back side 402 of sem conductor substrate 403. In one

enbodi ment , shdetd exkber ¢3dughscondndred449.tia one ehloldRféritViBe B&Ure¢/tAln  such as
for exanple netal or the like. As shown in the 5 enbodinent illustrated in

Figure 4, Qﬁgi&@h?ﬂﬂf@ﬁﬂ&eicfﬁmﬂ'?c{n:lﬁ%@p@ecflm&léﬁtloﬁﬁ'@{tm E%&b%ofhl?: a

3t
plurality of times until it finally exits thfough the back side 402 of

sem conductiesstiap 9t rlgtoﬂe %ﬁ%ﬁ@iﬁwgﬁfﬁg%ﬁﬁﬁoﬁ’l A€M Q?ﬁs?oé‘ 71];1 indhiR8te

enbodi nment, optical beam I'n ed or ‘near infrare | i ght as
opt i cal Sboar AT emesh AR ERbe BARAAT e aop seruMT RO
e
enbodi nent, t h& Sur E %ces | at q I o%%'{ i ons 423 ag‘d 425 as well as the surface
under def | A1l Elechqally @ddrsssable and sugichable.c bnenermbodiment @ated™at t enuat i on
of optical beam 411 and reflected optical 15 beam 427 due to refl ections.
As il ustr af&6uplpd towsceirp S@haked30 thivygh condugiogdl 8. 4,
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 commion 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/dramn 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 imegra;ed 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 defiected off a deflector formed by conductor 419. In one

embodiment, conductor 419 is formed with a reflective matenial, such as for

example metal or the like. As a result of the deflection, optical beam 411 is in one
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the surface of location 423 is angled such that the incident angle O ?fP |
optical beam 411 is reduced. Simlarly, the surface of |ocation 425 |r€‘§>r@

enbodi ' ngl ed such that the incident angle 0 of deflecte tical
beam 4g$obs'}|”§é3§gced. In one enbodi ment, optical beam 411 F&IH¥ ﬁlgﬂ%

perpendi cular relative to | ocation 423 20 and defl ected optical beam 427 is
nearly perpendicular to |ocation 425. In one enbodi nent, sem conductor
substrate 403 is thinned in the region proximte to charged region 415
such that the anpunt of sem conductor substrate -23 - 1 APR 2004 WO

01/ 31388 PCTI USOQO 41269 403 t hrough which optical beam 411 passes is

reduced. Thembodilentdicsieaed Backarion@RsBhirged feidrestDintdl arigaenatkddofEonduct or
419 and deflector 433 is reduced. As a result, the ambunt of attenuation

of optical &ameiotdls ranel Isidighobéd p%g%é s%ondpaaghgglﬁogg%%wgdz hppugh

sem conduct or substrate 403 i's reduc I n one ment, sem conduct or
substrate 4 hScdnii C | de 4 usin n .et ching.aor
trenching tec eﬁ%uggagfﬂ}b%téﬂﬂzlgg h}%ﬁeoer{%bogzﬁ%%% H%}]etckorg‘é? ca %@g’r'r[]ﬂ411
and/ or defl aGFetﬂ%g .opt i call be%m %27 are dir iect Ed | ntg nd out , from
semi conduct dF° S PaFaalaeh 8 iofFxample mete] ord "’6‘}5?' § SHOYHR NhBwn) or the
like. tical bcﬁam 411 and/or_defl ected optical beam 10 427 may be directed
into an® oufMPIUMmERBusired- igdigure 4opnticakbeam Al ispleflected trongh chargefini ques or
the like. In the enbodinment illustrated in Figure 4, total internal
refl ecti on §8ES Hta plurbityrofgimeshmtii iifmallgenithibrovebnhskatksidedi@2todr substrate
403 and insulator gate insulator 439 because of the relatively small angle
of i nci denceendcerfdugior sehmirateetihas d6flettdd ogticak teanf 487egoi ng det ai | ed
description, the nethod and apparatus of the
In one embodiment, optical beam 411 includes infrared or near infrared
light as silicon is partially transparent to infrared light. In one embodiment,
10 optical bearn 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 8 of optical beam
411 is reduced. Similarly, the surface of location 425 in one embodiment ts
angled such that the incident angle @ 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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present invention has been described with reference to specific exerrpf /Y 150
enbodi nents thereof. It wll, however, be evident that various ' '

nmodi fi caw(%ﬁ%ﬁggj changes may be made thereto without depg{‘?gg%}";‘ﬁ%p t he

broader spirii~and scope 20 of the present invention. The

specification and figures are accordingly to be regarded as illustrative
rather than restrictive. -24 - 1 APR 2004 Wat is clained is: | . An
optical nodul ator, conprising: a charged regi on disposed in a sem conductor
substrate of an integrated circuit die; a first deflector disposed
proximate to the charged region, the first deflector to deflect an opti cal
beam di r ect 83 thipughgkhitinepticabbegads Ilepassrs ibacducttr Thgh thewdismhes ged r egi on;
and a second defl ector disposed opposite the first deflector, the second

defl ector t bethekh deidetibaor fophédalth bemductafd10cnddieMenyr A3 D redeeelii r st
defl ector back through the charged region to the first deflector, the

opti cal beamstzoremz,d{era@;f&uﬁﬂomeuuaﬁabarafbpﬁca%hﬁ%1rFe tiﬁée Prg piRéal 2

plurality of deflections of the optical beamthroug arged region

bet ween. i he v 3t ) 30iceefNgh <HRLLREERE Subdhrard s RREGRh. fipghd ator of claim

| wherein the s ctor rate conprises a bac side and a front
side, the optical beamto be directed {.ntao .the, senm.conduct substrate
Chrough T he erisafimedf demicPndltssr bl dpnatiy EEPHER S B 808 o
nmodul ator of claimg2, wherein the optical beamis to. . be directed through
the back si38%R ‘%%W?ﬁ@%ﬁ?ﬂ%“ﬁﬁ% Wir after the plurality of
deflections. 4. The optical nodulator of claim3 wherein the optical beam
is to enter the JBRPeeRMAment opfighkheam 41 handfordeflected opticaldsamf2he back
side of the seniconductor substrate, the optical beamto exit the
sem conduct &¥e ditstrdriatognd pubfrem semitonducier subsinate A% using Kiffiadéveof t he
sem conductor substrate, the first |location separate fromthe second
| ocati on. 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 0 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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5. The optical nodul ator of claim4 wherein a surface of the back si eAPRTZﬂBI-

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

i ncident angle of the optical beamat the first |ocation, wherein a

surface of the back side of semiconductor substrate at the second | ocation

is angled to reduce an incident angle of the optical beamat the second

| ocation. 6. The optical nodulator of claim1l wherein the first deflector

conpri ses“;hﬁtfl r!%l interface of the sem conductor substrate with a nateri al
d&x"*ot

havi ng an edrSefractl on different than an index of refraction of the

sem conduct or substrate the optical beamto be deflected fromthe first
defl ector_as a resulii 1t otal internal reflection. 25 - 1 APR 2004 7. The
optical mbdul af*8PPBfR H’Pglf 0% COREPEEN the first deflector conprises a

reflective mahekdrgdd rpfioxdispbe it @setnlneorﬂmmbmmetoﬁan mtsgstedatreyit &e; The
optical nodul ator of clajm1 wher second . d cto ri
second i mfEst fefleatopfisrased RIGHMAG MY EF gu‘i%‘f“r g‘?@ ﬁnd?‘ff‘:tgr E?a‘fg%a G 1ac{"/ll ng an

i ndex of &l Afekie@hrélighfiey @Rlped fefidn bauk throsi@hodharged fegivnj ma of t he
sem conductor substrate, the optical ?mto be flect d from ?Pqtsecond

defl ector as a?pesut @ef@?t"'ﬂi%l’&?e‘ilc’ﬁ?@ftﬁ st feflsctor. 4 seepnd ﬁ%ecf%fci ¢

modul at or ,QfcaCdedi e Aeciathal Boflik: SeCRNEGDRECEIAEL GO awgeaeegm wefdfeat i ve
material proximte to the sem conductor substrate. E? opti cal

modul at or deffector, shenpticalfeaneiorbediraded gy femdhs prtiss! %ﬁ@lﬁﬂf B raly phe
char ged g&ﬂéc%hs loPink %ptl?ﬁl PRAURL AN Fhaf 28 RRNPDetiRemthE g ahd defbridhe

integrated circuit die. IL The optical nodul ator of claim1l wherein the
char ged ré¢flestersi s pr oxi mate to a p-n junction in the sem conduct or
substrate of the integrated circuit die. 12. The optical nodulator of claim

| wherein the charged region is proximate to a netal - oxide-senmc &tcjctor
(MOS) i nt &r f ac@h¢ pptichlemeduites @helaizt bvheseip diesamisorucORMbIIACPMRIIET 2 ui t

die. B. The, Qrﬁ]d &k s Hg%la' V@‘ﬁ@zﬁ p&fn GlHR T ded BB R RmiddEdR T SRR GFEh the

substrate IS I nne the first and second deflectors to reduce
at t enuat i backofdetofithe spnicoraluctbesyhstrate.

3. The optical modulator of claim 2, wherein the optical beam is to be directed through the

back side away from the optical modulator after the plurality of deflections.

4. The optical modulator of claim 3 wherein the optical beam is to enter the semiconductor
substrate at a first location on the back side of the semiconductor substrate, the optical beam to
exit the semiconductor substrate at a second location on the back side of the semiconductor

substrate, the first Jocation separate from the second location.

5. The optical modulator of claim 4 wherein a surface of the back side of semiconductor
substrate at the first location is angled to reduce an incident angle of the optical beam at the first
location, wherein a surface of the back side of semiconductor substrate at the second location is

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

6. The optical modulator of claim 1 wherein the first deflector comprises a first interface of
the semiconductor substrate with a material having an index of refraction different than an index
of refraction of the semiconductor substrate, the optical beam to be deflected from the first
deflector as a result of total internal reflection.
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14. A method of nodul ating an optical beam conprising: directing the
optical beamthrough a charged region disposed in a sem conductor sdb%ﬁfgg@‘
of an integrated circuit die; and deflecting the optical beam back through
the charged region a plurality of times such that the optical beamis
passed nore than once through the charged region prior to exiting the

sem conduct or substrate. 26 - 1 APR 20 4 15. The nethod of nodul ating the
optical beam of claim 14 further conprising nodulating free charge carrier
distribution in the charged region in response to a signal in the

integrated circuit die. 16. The nethod of nodul ating the optical beam of

clalmi4 FeJ[ 3 Qﬁ ci%?f llﬁo&iiﬂ@%‘sgp c?angqt\lrh%?elm thP ﬁ?sp@!é?l@&gr éo%ﬁk@l rI:fliE%n@ar ged

region th nprises: ectin e optical beam
directed ﬁlhtemgfbxiﬂﬁ}&e mhmgyanbonmgtoosuhmath a first def | ector proximate to
the charged region; and deflecting the optical beam deflected fromthe
first deflector back through the charged region wth a second deflector
di sposed DpposiThe opthal hodutdtordétlbiect whereid the sdtved detchodcasiprisesadeeanidng t he

optical beam of claim 16, wher el defl ect h § ted
t hr ough tﬁ?q%ﬁﬁﬂﬁgﬁewgﬂpﬁﬁuﬂf ﬁ“?ﬁgn??ggengééw ?o%h%%#fﬁgggg?%g%.ecting
the opti c@hn arblﬂaéﬂ dﬂr&ﬁ’acﬁorrcffft}{eaerhicvmumt sibstedte, the opisbkaprtokf deflested fomhe
sem conduct or E%Brate d of nodul ati ng the optical beam of

claim 16 Wﬁ@FQWh ?W%@Fﬁﬁﬁth@mbﬁf ®Hi%m di rect ed t hrough t he char ged
region with the first deflector conprlses defl ecting the opti cal bean1as a

result of total |nternal fI ti n W th n t he m.co Sfate.
The method of HRRAtSH |’?ij °1§‘§ a"l’hef)eélé 8ol %?lﬁ?tirgg\%ﬁgéegl na?jgaﬁ ecti ng
the opti cabterifl@aiidt texhé ashifonomdr kebsfrite.st  def | ect or back through the
charged region with the second deflector conprises deflecting the optical

beamwith a reflective material disposed proxinate to the
10. The optical modulator of claim 1 wherein free charge carrier distribution in the charged

region is to be modulated in response to a signal in the integrated circuit die.

11. The optical modulator of claim 1 wherein the charged region is proximate to a p-n

junction in the semiconductor substrate of the integrated circuit die.

12. The optical modulator of claim 1 wherein the charged region is proximate to a metal-

oxide-semiconductor (MOS) interface in the semiconductor substrate of the integrated circuit die.

13. The optical modulator of claim 1 wherein the semiconductor substrate is thinned between

the first and second deflectors to reduce attenuation of the optical beam.

14. A method of modulating an optical beam, comprising:

directing the optical beam through a charged region disposed in a semiconductor substrate of an
integrated circuit die; and

deflecting the optical beam back through the charged region a plurality of imes such that the
optical beam is passed more than once through the charged region prior to exiting the

semiconductor substrate.

26



sem conductor substrate. 20_ The nethod of nodul ating the optical beam %
claim 16 wherein deflecting the optical beamdeflected fromthe fi rst A 100k
defl ector back through the charged region with the second defl ector
conprises deflecting the optical beamas a result of total internal
reflection within the sem conductor substrate. 21. The net hod of

nodul ating the optical beam of claim 14 wherein the sem conduct or

substrate includes a front side and a back side, the optical beamto be
directed to the charged 27 -- 1 APR 2044 region through the back side of

t he sem cofiducThe msihbs b imddn]atingthe optidaLlbmiad alaint b4 faxthdr comprisimgamddatidgict or
substrate_t hrough the. b .si.de. 22. ‘The nmethod of nodul.at.in opti cal
beam of cfT&y FHa% C?Wf‘?ig?aﬁgl(ﬁ’ﬁﬂﬁigfwﬂf'ﬁ? Wi AGPHES tosaésfﬁng]dﬂd’l%&gér rz;&gclijbst rate
bet ween t kecufitidiesst and second defl ectors to reduce attenuation of the
-optical beam 23. The nethod of nodul ating the optical beam of claim 21
wherein the optical beamis to be directed through the back side of the

sem condugg or FHOMEhaE 6f médutbtihg 1S bplicaCiainQf claith & @heteih deflectsd thegjted opt i cal
beamis to exit throuqh t he back side of the sem conductor substrate at a

second | beagt bask threygh the charged y5gigp #ﬁrﬁ’?"&‘?'ﬁ e tPRS CPRBISY he second | ocati on.

24. The n@éﬁb@ﬁlngl()tfle SRR Rhrh AFedidien@PH wathahRareghin vilhal fifs2RfEdidrtph@imate to
conprising: angling the first location of the back side of the

sem condubeshargeyeeipat®8dt o reduce an incident angle of the optical beam at

the firstglneatd f0optRMben AR HIM BERRNENLAGIatIORrRE thehdgsdkegorde of the
sem conduct or substrate to reduce an incident angle of the deflected

optical beithagecophdefleaiondisposescapppsip thedist dpfiectoht i cal nodul at or, conpri si ng:
a charged region disposed in a sem conductor substrate of an integrated

circuit die, the sem conductor substrate havi n(I:J a front_side and_a\ back
si de; 17. The method of modulating the optical beam of claim 6 wherein deflecting the optica

beam directed through the charged region with the first deflector comprises deflecting the optical

beam with a reflective material disposed proximate to the semiconductor substrate.

18. The method of modulating the optical beam of claim 16 wherein deflecting the optical
beam directed through the charged region with the first deflector comprises deflecting the optical

beam as a result of total internal reflection within the semiconductor substrate.

19. The method of modulating the optical beam of claim 16 wherein deflecting the optical
beam deflected from the first deflector back through the charged region with the second deflector
comprises deflecting the optical beamn with a reflective material disposed proximate to the

semiconductor substrate.

20. The method of modulating the optical beam of claim 16 wherein deflecting the optical
beam deflected from the first deflector back through the charged region with the second deflector
comprises deflecting the optical beam as a result of total internal reflection within the

semiconductor substrate.

21 The method of modulating the optical beam of ¢laim 14 wherein the semiconductor

substrate includes a front side and a back side, the optical beam to be directed to the charged
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a first location on the back side of the sem conductor substrate through
which an optical beamis to be directed through the semi conductor -1 APR 2004
substrate to the charged region; a first deflector disposed proximte to
the charged region to deflect the optical beam back through the charged
region; a second deflector disposed opposite the first deflector to defl ect
the optical beam deflected through the charged region fromthe first

defl ector, the second deflector to deflect the optical beam back through

t he charged region; and 28 - 1 APR 2004 a second | ocation on the back side
of the sem conductor substrate through whi ch the optical beam is to exit

the sem conduct or substrate ter defl ec harged
regi on a "pHOR Brquel %eg‘Pé‘tsi“{?ég a’ﬁéf%@?ﬁ“gﬁ’é trra%t {hggﬁﬁcg ié%gﬁg %{]ﬁj{gct ors.
The Opt'%%hmﬁﬁﬂﬂkﬁhﬁﬁuﬂﬁﬂﬁi@hﬁk%&*whﬁreln the first location is angled to

reduce an incident angle of the optical beam wherein the second | ocation
is angled to reduce an incident angle of the deflected optical beam 27.

The optical noehsladidd o@hoﬁﬁlat&dﬁltﬁfﬁopﬂﬁﬂlb&inmﬂdl@nfmIfm‘thedefm;mismmhimmm ses an

interface between the sem condugctor subs t Ler] ing an

i ndex of SERfCPBRUCIOH FUbEIHE RETRERD ”Eﬂn’gfﬁ‘ a“ﬁﬁ“f"?f{:‘@ s °rF$%’8t"“‘| %‘H"‘%’f“ °? fg' "

sem condygh:el pspstrate. 28. The optical nodul ator of claim26 wherein the
first deflector conprises a reflective material disposed proxinate to the
sem conductor substrate. 29. The optical nmodul ator of claim26 wherein the
second def ect Py £ARFH drsRBulding thé 6pticaGeam bRilumen viherimbepmualdeat drto be

substrate and a material having an,index o fraction diff than an
i ndex of diepiedtrough terbaglyadeod tiessmisgrdugtor g“&[‘f??eraétai’m auofhwg&gp E'hceal

modul at or ge@bcred &itidh2Ranthas emﬂth;dnﬁh mebandidd ef ﬂhecetnmcommmrmmteat zeonact i ve
e

mat eri al di sposed_ proximate to senlc nduct or substrate. 29
location, the first location d:ffcrent an the second ocation.

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 to reduce an incident

angle of the deflected optical beam at the second location.

25. An optical modulator, comprising:

a ¢harged 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 charged region;

a first deflector disposed proximate to the charged region to deflect the optical beam back through
the charged region,

a second deflector disposed opposite the first deflector to deflect the optical beam deflected
through the charged region from the first deflector, the second deflector to deflect the optical

beam back through the charged region; and
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a second location on the back side of the semiconductor substrate through which the optical beam
is to exit the semiconductor substrate after being deflected through the charged region a plurahty

of times between the first and second deflectors.

26. The optical modulator of claim 25 wherein the first location is angled to reduce an
incident angle of the optical beam, wherein the second location is angled to reduce an incident

angle of the deflected optical beam.

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

28. The optical modulator of claim 26 wherein the first deflector comprises a reflective

material disposed proximate to the semiconductor substrate.

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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