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| NVENTI ON Field of the Invention The present invention relates generally to
i nttegrated circuit clocking and, nore specifically, the present invention

relates t ' ck distribution networks in integrated ci |
Descri ~ot ﬂuﬂﬂmmmm@m& ated Art 1 An issue facing the integrat 4m‘mm‘mmmm"mm|
i ndustry to ayao&&*t e problem of distributi ng cl ock signals through%ylgﬁ*an
integrated circuit die with low clock skew. 'C ock skew is the difference in
arrival tinmes of clock edges to different parts of the chip. Synchronous
.digital logicr } Pra&&h S r i A d

synchr onous Iogﬁ@gp—e |[e)sAg\?1bc g(?k&s)ﬁéﬁr"{g\ii%glagiﬂ?rﬁf@née%-&g‘lqyt%Naﬁfdpr%ﬁL
circuits. Cock skew reduck®ielNrekNniNTESRATED CreQuUeTicy of the circuit
as the circuit has to be designed for worst case skew for it to operate
reliably. The principle cause of clock skew in the global clock

di stribution gh@GRMERDAOEM E IIGUENTIGNt he variation in the routing

i npedance of the clock distribution within the die. Hence clock skew ari ses
even w th an equal Hi frhe |l stribution network such as an H Tree. A

t
good rule of thunb- I SV .
approximately 10% ;ﬁt%%%gbgﬁgébflﬁg-réﬁgﬁg%eféo@ﬂ t?%%ﬁ%%rd@equency,
whi ch cor r espolagkingand.imese spetiticallynthe prasendlirvegition wlatek tokapticeb | ess
t han or equal nS.,. C ,es i ncrease beyond 1 GHz,
t he requi rerreﬁ{c’%(‘)(n]&gw@%?@if\/\!svgg@'hgﬁgﬁéégrgf%?e&%gﬁal | enging. In today's
priéor art gl obal clDescriglist of the ReiatereAvtor k cl ock skew is controlled by the
use of hierarchical Htrees. Figure 1 Ajs.a.diagramillustrating such a
hi er ar chi cal H—treé"%'ﬁﬁﬁ?%‘?'@gFﬁ%ﬁﬁ?gﬁt%PW'gmﬁg‘fﬁﬁ’ﬁﬁpaVés (e PEFRI®ed i n
hi gh speed inb?@fs@ﬁ&ﬂirgj él@)dkts%grfaq)s frREUGRo R are |rt8h e @ circu® O WaBPIHR
PCTI US98/ 07d-1 ~ ~ AUG 2002 -2 the clock skew effect. As shown in Figure 1
A, a clock drFlpek skew.i Glagkekepisdpe giffareneeén arivabiirneroal elock kdgeete er
node 105. It | I ; i : I I very | arge
driver in ordgﬁfgﬁ%ﬁ%@?ggﬁ%? ?’Fé%ﬁ%haﬁ%%e‘?‘gﬁgﬂopzcewn t‘%ré%fgsf whi ch
t ypi cal | y hasclckarfgethedpiatingdets. i ideabsitnchsonous lagic heligs epebutkisnt egr at ed
circuits. As : [ ' e t I the "H'
formed bet wee%ﬁnwc')# gﬂqggﬁ/{og&wﬁalggﬁdmic@sha@@cgc?gg 'I%Zotn%t%ﬁgk%et ween
center node l6@mximdneaparabhgtfregueecy phtreatirpol as shetirchie hasl'todte nodes 107,
109, 111 and 113. Therefore, assunin uni f or r.0 i on del of a
cl ock si gnal @?'gﬂﬁgﬁof é’ﬁésﬁrfa&e #ﬁg rﬁrt8e°%é?{€o%ya§%%%bﬁg@cﬁ%ul d be no
clock skew 7 pgtyeenciotr skeack wigisbal lguk diedidudionasies &Q%ﬁ;ral@@):irédit 1 and
113 fromclock driver 103. Figure 1 A féjrther illustrates Htree network
101 taken to Hndenanatiod iathRiTedling EvREdancenciine glpcle gigtiietion, wahim

respective pefgrlil alieRsltiRk JKad Aridel! eV Rith dn éqmca@hg{meﬂoxk every
peri pheral node 115 is an equal distance from node 107. Every peri pheral

node 117 is adistthigiondnetwanic sueh amanddd 189 A goed yulsedl thiverain hede 119 i s

an equal di st r: i Iy, : ihersl sl;l']%.;l.‘ is an
equal di stancwsg%'%?ﬁﬁgﬁé%%gpg%r%,a @'?ﬁag@ ﬁ;’?h@ tprgg:%%g Rodes
| abel ed 115, Hence Id0adnGHeXdosk trequersyuahich souaspondstn allonk cyclever 103

d therefore_shoul d i t lgck del
From ot ock cr 108 to s aklf Aok ey B TR EEBRE 088 e 17t e
network 101. Jladk frezpeinchediaciddse teldnd 111G Hndhd 28qeizembet earthe@idskd to act

as a receiving station for a clock signal and service the cl ocking

requi rements 'fe"&rp%"@%\e%f“qrﬁéhaﬁ?%@Pgt ed circuit near the node with

" negligible clock skewdytdpfisl 8k eIl ERck8sebbabn HefivbAl bibck UkklWaidr ed
nodes of the Htree netvvorﬁ 101. "As integrated circuits continue to becone
| arger, nore eomipeled anihe ure & hinrarsical ?‘bﬁﬁ@ﬁcifzé@,”ed%d%as%éw&mnti nues to

be a chal | e”9|n[}91(r5ﬁ§§%uc§‘éeﬂie\f\ér*cflicar'HhFréé BRREIUPLK ISR hetWdre 1bRnbt LT ee
network 101 cloc Ines da not always have uniform characteristic

i npedance. Asisamplemeni¢dGirebgh sBegontega®drayUISas/ @ruceldr elgninatail t

there may be a non-uniform propagation delay of a clock signal traveling

t hrough the paths Htree network 101 even though nodes 115, 117, 119 and
121 are in equal distance fromclock driver 103. Consequently, there is an

unpredi ctabl e cl ock skew at the end points of the Htree clock distribution
network 101. In addition to clock skew the clock distribution on the chip

consunes val uable routing resources in integrated circuits that could be

better used for signals and thereby inprove signal routability. An

additional concern integrated circuit designers nust consider is that prior

art gl obal clock distribution networks al so consunme an increasing anount of

e o o — e




Qther prior art techniques of distributing clock signals throughout_ a
- integrat ed¥& PR have been investigated. Sone of these priP&#léﬁi’?m“m AUG 207
techni ques include an optical clock distribution network 151 illustrated in
Figure 1 B. An off chip optical source 153 generates an optical clock

signal 155 which is split with hologram 157 into split beans 159 and 161. A
direct fine of sight is provided to the detectors 163 and 185 fromthe

front side surface 179 of integrated circyt die 171 to receive split beans

159 and 161 yespectiyvel ock signal 167 is,generated by detectqr 163 and
cl ock signaﬂﬁié@“ﬁgsﬁ%%éﬁsgtdﬁsf%8§WéEJﬁ9“%%35'%FEEECSHEfJPgd§U§F nal is
t hen | ocal | wodirbier Hatdeetefwatn tdieatdateeintssndds 185d 16 apasedigte@ntnehi p metal
i nterconnects clock signals 167 and 169 are available to clock their

respective deasdpyet Hes inbealyeyvenralag driyens) GPeHIG PIaiidey with the
prior art opdjabnChRvkidistel Hetverk 131 ,t\ﬁﬁicﬁ't{/ﬁit&lw bats bNalg! enenting it
for advance packaging technol ogi es such as Control "Col I apse” Chi p Connecti on
(C4) packagempeleitpace sotadaynesorpier high speessintedrptechtipuitsndACeAMDE (nul t i
chi p nodul es),.__Fi e LS an.k ! t ' o chip.251. 4
is the packa%qsﬁév%{ncﬁé%ééeslft\dph% Sio&?(ed%b%%?%ﬁgeq@ein%gvggﬁé(%gggg nlcfd%ﬁr ovi des
hi gh densi t yidwaomdudt amtd 13 zave egual ie0gth's kel TendeMIdd)FO8/0d4-11 1

-4connecti ons_ usi bal | ,bonds .153 tvyeen . chip kage, 261 by

ol o et 1 g S O R RN AneR M Bod G Tae! S0cBRa by 2H0: PTT 6l & 1o bond
packages. FiTHEreio?8 hSs@ird husilifoahiopafaore bRy @l@b@%@m?\é}s wre
bond packages. As shown in Figure 2A, wire bonds 203 are used for

connect i ons Wit iRBEH phtieadeirea 1ekyrikcidTp thers. shawld ba neaelkaliskeW the front

si de_of the KhlBehInBHSMGBhaRSESARDLNSHLL Y01 Mdd1S AT bad 135lrgRt] cal
routing, the routing would Heed to be integrated into the package itself.
Thi s pl aces abxthk driedry1@dnpl ex constraints on the design of the C4 substrate
whi ch now has to v t ' OpLJ ' A r

i mportant probl en%@nuﬁt?tRhfgnglrslﬁglpgggfelso%{?%ceaﬁém% r1pgg%|k§ﬁ19 fﬁﬁé \?/ork 151 is
t hat the rediemecting! evel otatami-itiev euedns B @sdedioe paripheral nndeof si ght
of split bea 159 and 161,.from the front side surface 9 of integrated

i roui t 171 Q3N TESIPYERg no PR RNat VA BP AP SIELRPEE dd S Arurdeon: ch
typi cal |y utdistaree ffiorne redenm0E Eeka) penplesrapnodet! 17ay errseqMiitdistahee st acki ng

of a large nunber of netal interconnect |ayers, creating a |line of sight
bet ween t he &N inCdse iR %5@%98”@%‘1’3 RAYREtIECE G seq s da%@nieér,om t hout

i ncurring roidangy £ORGLANI @YeREEEABSerdNn8dE ETBL arCadhd | &ikane iRpk - This is
because i ngggfe si ght i rr%/l [ egpfﬁat threrg shoul d bg ér%J met aIa r%uti ng at any

| evel of i ntnedeohhcilharrioee tthe gogk paihetiTan allerastesdrbeledehte e P- N
juncti on detaef o1 1B4GHER BULLNGORREARIRIG00 et 1T BHERE Rradet ect or s
increases this Teads to an increase I n the die size I ch generally reduces
manuf act ur i reipoyicchdse aodcipek SbewdretweeThngm sihee thescloskdieday fom cl ock

di stribution,network t,.QV e ' t. Such a
cl ock di stricl!)?ﬁ %ﬁv%re{%?pgv\gﬁ%ggra%{/@ ép%gmaﬁ%@ g%%%w%%é@i‘%ﬁ%gél gh speed,
hi gh power imtt@grated. dhus|ichshpacieaties] 117, d 164ar(d 1 2p cahitm camfibutdd MCM
packagi ng and be fully caonpatible with the, ba?k ai de _he%sipn . attachnment
for these pdeleghes.a %@MB ylatoeiof i ageRek P Ignal BOE iSER IR W FICKINGUI d r educe
the power dirggipaiepts BHEn RealPR itbgekedchbdit huhi @2 RyaeWim nating the
| arge capacitive | oad of the global network. In addition, such a clock

di stri buti ornagligiite Klagoiliay Nath Teferenterte the themsigirpy Sogiar ebut i ng and

2 7 AUG 2007, 5 Qs IHR3 mire el dtidp®8097~-11 -5 woul d be able to provide |ow
skew cl ock d~str~bution as integrated circuit chips increase in size,

conpl exity and opks itegrated soceirs cogtimlettk beeemadargessmOSUNRERIEOF THE

| NVENTI ON A et hod n tus .f j I | i grated
circuit in & e%”c%ﬁﬁ'%@&ﬁ’%?‘@%g@egr F'ngﬁ.&gw %%ng?%égfgrge%%h%geb@égr i's
confi gured tigsi@didvanagitii apuHsese attveork l10dksihce tueRiclyed Imeougtk t0back si de of
a sem conductor into.a P-N junction di Spos d ir} t.{r]e .seé)nérpconduc or. A
current to VRTQUETERVO ALVAKD 0BV R 4B (DR RETBHET verté a

phot ocurrent generated in the P-N junction into a clock signal, which is
configured to clock an area of the integrated circuit. Additional features
and benefits of the present invention will becone apparent fromthe

detail ed description, figures and clains set forth bel ow BRI EF DESCRI PTI ON
OF THE DRAW NGS The present invention is illustrated by way of exanple and
not limtation in the acconpanying figures. Figure 1A is an illustration of
a hierarchical Htree clock distribution network. Figure i B is a diagram
of a prior art optical clock distribution network utilizing photodetectors
di sposed on the surface of the front side of an integrated circuit die.

o "~ AN " o . T



27 aur, 2002 ii'O 99/535.18 PCT/US9S/ 07441 -6Figure 6 is a di agram of 7 AUG 2007
- anot her enbY® $#A48480f an optical clock distribution network if14¢P8PHdhce
of the teachings of the present invention. Figure 7 is a diagram of yet
anet her enbodi nent of an optical clock distribution network in accordance
with the teachings of the present invention. DETAILED DESCRI PTI ON A net hod
and an apparatus for optically clocking an integrated circuit in a

sem conductor is disclosed. In the follow ng description nunmerous specific
details are set forth in order toalfr'ﬁ)\{/i de a thoroggp trigderstandi ng of the
present i nvent&sef: areviPy bged AppaEior™ BioRaYRTON felayy sslackgiandi nary
Skill in the @ajelifpihrbiigh aREPh{HCHAREAhBIWRRA OR0EvLIHRIIRINOY&ELL 1Hr acti ce
the present invention. Inh other instances, well known nmaterials or nethods
have not been!testt9 bed 121 aret iai equal distaese fremaolery divecdPBng t he present

| nventf on. TheoREESEHy, MERE U BEOMRTIE JB0E 28 ADBRE HdiRS! 0"

cl ocking an integr circui ringing in optical gnal's through
t he back si dethefHtttee sleck cisidbotion netwdrkal hiode | ocked or nodul ated infrared
or visible laser and focusing,the light into P-N junctign receivers
enbedded in the inte q@ﬁ@at%ﬁl%kcﬁweﬁﬁerg)omﬂg& HYH0 1§ ng substr at e.

The present ideimed vahebldrsutimeresdvardsigeneigrated soung that té@t be
techni ques that can be, used without di st,urbia}r;gg he conventional CMOS

process and CFRAUGES 10 SITERH NGRS THE (N3 {9HgPdRY ABcusing
el enents utilidhtofy ddieehh FREDEatbAERbI AR siMe rdendARLhSRIR s iRt i cal

el ements separate fromthe silicon or optical wave guides may be deposited

or dm’ cr o- mac et dogk distritsdienbagiveriealspycanssioie ap iagreaging apauht | engt h
fromthe nastgr .1 he.nr i i t Lunect i phot o
receivers, t hcgtm{)e??{egg&ﬁ 't%‘g a??%cr% \g%\%vg oﬁ{éraﬁ%gﬁstgﬁc%h{&%ﬁlgggﬁ cl ock
di stri buti on cletkwdidtribatiorben noday’s 2egh wpeed irftegmted entuit char fypicadly cl ock

frequencies continue . to increase M ci.ng the gl obal clock

i Str§but | on HEEHDTR 4" PR B B Yo T B PhECE ecent 1y 2 7 AUG 2002
~' O 99/ 53e8 PCT/ USQ8Hd fsridrlart Yechitqesd bledispipltinglclsdkosigndissthiodyHouen
network, chip area and, chi p power dissipation can al sp be saved. In

addi ti on, by 37 ERPSGIRM Ctrfe! g‘??’?&ﬁ?”c'ﬂi’ stugaled.t Ome P INRSEPTY 3he pri or

art for gl obabckhigeksliatiiiB®in bptiedlraé@ddietribimioh bt@osk 163 iN@trdiedhigduced.
Since the clock distribution is decoupled fromthe silicon and package wth
the present iffigerg iiBn, Ar BE ipeRtigrkIdyreetPeroanecavsanserticpiack o t ake

advantage of devsl AR %%m&iifr?ﬁokg&f}g%%i}ﬁto %ﬁlit%@an@%ﬁ%@imﬁeﬂf the

present inventYon, an off chip infrare ser 1s confligur as an opti cal
cl ock to genék directime efisight isf provitied tstee qaiectess 463 andeis trarmctheck
frequency. Si Skli j t.] r - t.a Lpfrared. Li , the

| aser pul ses fﬂo&ﬁ s{n)déé é’gﬁ?lcgaZgggft'h@éé%tgprgggﬂﬁngﬂItgcrgﬁélggﬁﬂ'ﬁbé%&tsf ocused
into receivi ngSaatiit@isreshattivelgl WlecksignalimG iingsndiadpsd byddatettor n68he

silicon to create otocyrrents. 1t js .appreciat t hat avi,l y doped

si } icon is paﬂq[ %\'PBB SIS r'érﬂeqeéa{erqft?)gB%t&#Oa[dﬁg*i gﬁ“*‘&%& %%I engt h t hat
i's just aroungyidigsshém tsvalibaiistrigarsd frompaetdatetars 16Barkanes gangdbdn
intrinsic silicon at roomtenperature is 1.11 eV. Heavy doping causes the
band gap to SHR MEB|INdeEoRacEGCIREN sighals b/ &pd ﬁ%ﬁfeeaéa&{ﬂﬁ\éo £'95r ti on
of a receivi t.ak i on; L n i he teachings of the present
i nvention, V\E?%ﬁ r?%%?ﬂg%géfgb%-ﬁqﬁgﬁ@??qﬁegﬁggag?sPosed in _a sem conduct or
307. In one enbodiAemijootifti¢cidtypwabdhe priavantansigal eleak distdbietian is3be i s nade

f silicon. |fyi e _t hat i cand , - .
packaged 1 nt ifEPuBIRElRERIIS R pERE R hE g fegtoRtibe Blef S o
circuit is toetor@okagmes€tip Sonmectsnl(€4) packadedichigs| (sseretipiese 309 may

)
be focused thrpugh, the back side ' uctor 307 d.nto B<N junction
303. As a reéﬁf)etrpecﬂ ¥"t ﬂ@l?l%g?' appgﬁgﬁ'\gé'gf&%ﬁggg%%@%ﬁgsgg ﬁf'%%r&sg Yhto P-N
junction 303,arailpBebasHbf art4 ipackagddeaip 2hnat Cdas theldachegtigsoiustssick | S
converted into a voltage and ultimately a cl ock signal .in accaordance with
the teachi ngdobfuteiehigNeiseatency enpPs &S It PrY E'ﬁbo%‘?’??étbft oy inAHetagresent
invention, the laser pulse 309 is optically split and focused through the
back side 305 of 2 7 AUG 2002 ~O 99/535a8 PCT1U59Si0~aa 1 _g_
sem conductor 307 into to a nunber of simlarly configured P-N junctions
303. I n one enbodi nent of the present invention, a Neodym um Yttrium
Li thium Fluoride (Nd: YLF) laser is utilized, which generates photons wth a
wavel ength of 1.054 Vim and an energy of approximtely 1.178 eV.
Accordi ngly, the Nd: YLF photons fromthe infrared | aser can



be transnitted through the silicon fromthe back side directly into RdtAYG 2002
. recei ver diB@eY53H¥ P-N junctions, enbedded in the ci rcuitrypg?’U§9@‘“‘
packaged chip. The laser radiation will penetrate the silicon and generate
phetocurrents in P-N junctions. In one enbodi nent of the present invention,
the transm ssion of the photons of a | aser having a wavelength of 1.06 p.m
has been neasured to_be approximtely 1-2%through a substrate
approximately 720 umthick. Figure 4 is anjllustration of a receiving
station 401 in accqQrdance w.th .t he t ings of .t present inventi.on,

whi ch i ncl udesP GRS Ripe A8 ARs ﬁia“iggg&fni ?‘P'B%@nﬁ”&%ﬁéﬁ@%@ %\%ﬂttﬁ’ a

| aser pul se 4@aniregingedetiighhedphetce debealitss AD4rd hseughtdds dagk si de 405
of the sem conductor, As a result of the |aser gul se 403, a photocurrent |

409 is gener 2R RACERIPS EdTEr el abilastaiamgea ¢hip1 20 lsingtogayient to
vol t age convarvtr@rbolhﬂdlpiéfgéde@ewsﬁé@n'iﬁ %&gﬁ%@ewn@ybb@raé%ﬁsw

generate cl ock signal I'n one enbodi present 1 nvention,

phot o det ect dprmmn'estian?bm\@/mpia@fagﬂ 2pbead chip 202 feriCebpdakaging, A

plurality of A ' . distri ed, t hroughout the

i nt egrated citbgﬁfl?éntdﬁge?%%# g@?’dg%ﬂ lgﬁéeggﬁcﬁirﬁbﬁs%d‘”g t@@kp "fHEi ghat ed
area of the ioytagt abethgitheuotting wonid nead tolbaente gedteti Hetopthesgadkaigavent i on,
cl ock signal the integrated circuit near, receiving

417 clocks an area o
Ctation 201 il otRRitatls BEnely (i pERarORrESen bt Caognts thefch ut o
cl ock signal ssubkfraté Wehish eekv FagtdRatPbbaakleytrdashnd Rgtied tdutiagghout the
integrated circuit with mninmal clock skew. In _one enbodi nent of the

pr gsent i nvent i on, AReIherimerRagt PrahiemwWih hegerd aft ertictldistsibetaver t
hot ocur r ent t Ql \/ LQxa. ~~~
p u ﬂetfﬁfQJZlF 1{5/12%91}5?%@15 fefdite Al gglocav@igéﬁe}}% 1 0%’8@3%5%

AUG 2002 _g_ buf! . generate clock s . etect or 407,
current to vdhedge efosigbt olespld beamsd! Faneé 64 imnatke bpol aidzedirface

sensitivity ptt Lpce .t .53 aRpp. i t.th ctual chip, skewis
deter i ned i nt oapl MiEbERed Gkt 73 E R B G b E bR aBekt Bur RSy
across the dighculits waldidhttypioally uiilizeniiteedr toed nidiel iarmedinash 1dyasrsl VoA eri ng
enpl oyed in each receiving station 401 inpacts actu cl ock skew since each
aahi 01 onal |1 GBRIStBER PR Ao 2LeaHTBsF PLEIRIRN IR VIS 12yRER e 2208 & onal

cl ock skew. Hirgubksight betWeén tHissplateam i sDaadaBcsHdTeblectdrst 183 ane@sent |y
described optjcal clock distribution network 501 in accordance with the

t eachi ngs of v WHRREIDCHHGHGUYAY CRNGESY YT DPEIBRS BHRXIELTEBNT i gured to

em t master |@1?a¢lian§mgsﬁ‘a%k50ﬁwi§ﬁs Belaid Bk 61 Q6K T RYQRSYthef® sPBLISES
el enent 507 receiveés ‘master |aser pulses 505 and gener ates split |aser

pul ses 509A- Peasognatah rowting guaey Bvel af birrcennraliahene tbe R-hejupetiernt

col Himate and o eaprEs e BE AERRCtE gelh gt dEoHh iR hARbES L,

t hrough t he kmackasithe nbiribearfofaledestoroinductses thitdeads o &4 ipachsgadthe

B T e O e
Accor di ngldy, a Sﬁpamu]?é,e/vl@zttdeh%iggdai alrtaqcl:(lbéisgme'bfatr@d/vbnk ma::h P-N junction
515A-J and may therefore be use clock a cific area of. circuitry in
the integrat eé??’@&ﬁtt.r‘e%OEQH“So%ft@ﬁ&r@éiaé’teggéhal—eil%%'sglb”ﬁ'ﬂﬂ cl ock of the

integrated cidegiWotk Woukd®prE@HE YniAingalrdISek ekbw e alghasded, gk joverher eby
renoving the clock distribution network fromthe silicon and thus

elimnating thegries eifeyitsseadiageddnin ¢f (Biri drrlarnd S4ddMIiPaCckagingi on

t k net ks i ' |
addi t1 on, by S P A BB A e B e P o IR o1 e
511 of the squokagdactecdily, thhelqokotibkipsitiandetwonkl shauld esdesste ated with
the prior art_optical.cl.ock, distr| L,on twork 151 shown.in, Figure 1 B
abovg :atr e av&odg%rl. S'F’ﬁ'pﬁggpid&ﬁl @r?"og EL'C@FES%E%WUy“ e%%?ﬁ%‘é%aﬂgiﬁ ihce:'ilglrj%? ock
di stributi on caglzefiive b afare ghstalinetwesdkeria asdditloncBuph @i goek

distribution network should not interfere with on chip signal routing and



2 7 AUG 2002 ~1' O 991 535-i 8 PCT/US981074-11 i -10routing. Since accesé 7tAll6 2001
P-N juyncti o9 BFEXS) is not obstructed by metal interconnect£C8US38Bhdkage
substrate, in contrast with the prior art, providing line of sight to P-N
junactions 515A-J in the present invention do not result in the same conpl ex
routing requirenments and congestion of netal interconnects 173 of prior art
optical clock distribution network 151. In one enbodi nent of the present
invention, the path Ilengths of nmaster |aserg beam 505 through split |aser

beanms 509A-J into P-N junction 15A-J are all e equal length to

i se any Epuibe il Bopteate BIERk Risonee TR 80k Biegraten bl
embodi nent, cemps ohdredss ke WideS cBApIdNtyatt eyerhtdizt hdrBgsippagsat | nvention
by deliberately delaying the optical Signal by inplenmenting a | onger
optical path Ir@A¥eRCI&Ft hin optical el ement 507. In yet another enbodi nent
of the preseng mnNary oF TORINGEINTBDRM™ENt 507 is connected to | aser 503

with an optical Trber. Thn another enbodi mrent of the present invention,
optical element 504 methdidspuded dnpaneiea fohepkcdliycdeckihg subistegratecs13 and a

heat sink (nof. shown) . _ln t i Lcal el 507 is

sandw ched be%'\rﬁeugn'\%%3eé}’?9n@%tﬁﬁg%gﬁ%dat Rgﬁﬂé%t%qor%%ha %?S’MS

t echni ques suedhfidiatd heamii mseubliises emtal glodk sreigpahediHroogh taheadknsieigr at ed
circuit die. A?s di scussed above, I£pR,t.i cs,. el amant 307 splits, collimtes and
f ocuses | aserChR&ERE icior it Qa N IR BiFO5¢8 M0 HE SR ARAUC A ofn
techni ques. |g&,p8@ RRNGIGERBnveRBE E6SpIEH e5BmE wﬂgumrdnue'@r%@sfaber | optic

systemis enployed to split the | aser power and distribute and focus it
into P-N j uncRh@Rsugeshognerpfd ineisdd tiPAcnedR §lackdilgnaluniah i ol enses
at)the ends Oé?ﬁf bl tarpaﬁéaegﬁn_tesn@psﬂa:@eyc;fcgﬁ.uw ué%aﬁ@éﬁugeﬁf the
silicon/air refractive index to maxim ze the light coupling into the
silicon. In aaod benleéﬁb@dhmme?‘e@t ipveniivnewiligesnnrag edphtﬂrﬂg:ragm;hay be ]lcjseﬂ
to generate each. it | I er enbodi ment of the
present i nven??tgﬂggéﬁsfhéﬁcg{'e@e%ﬁ%g gg@%{ajlr&su etgsé{'%%?%ﬂase hol ogram gr ati ngs
directly on tBRIBFIDESORIRHRON OfeTHBDRMWINGSg and focusing the infrared

| aser light. This odi nent. has. t he .adyant age of 2 7 AUG 2002 w0

99! 535a8 PCTI US98i %Hgé’r?sﬁfgl'”v%lc’ln 'ﬁl”f”gf}{ﬁaﬁ%‘? gHé”?Yaﬂﬁ%’ﬁﬂme‘éﬁ% 8Pt t he
receivers to fARaBES i afe/a@éorhbgn)hh%tﬁggf@phi c registration of the

manuf acturi ng process used. In_another enbodi nent of the present invention,

optics el enent 507FigEe Jdeis amliustiatieel 2 Migraecier] H-t6& ¢Paks or a

pol ynmeric on 8igﬁibﬁjddn0@éhm;@_k side to split, bend, collimte and focus

| aser beanms 509A-J into P-Njunctions 515A-J. Figure 6 is an illustration
of another embodi nEigureflBise giegsantal @ Rieycat betcyModadistitudiondi st ri but i on
 cllock frequinuiph A ThcRoaRebRhe LRBBHe0TA R ateER omRE Bl 585, 5"
naster | aser bleamirB@grated cirspitidie.| aser beanms 609A-D and 609G J. Split |aser
B o Do RIS 2140 RbHIELAB0BGSAoR) B BLGbhE 20k ) o ©2
juncti ons 615@cﬂmblﬂgwgh back side 612 of another sem conductor 614. As can
'n the same ohi p. RIE EE5 47 TERGABTLSERETGRAPELP O CkPaPASTBut fon
network provigesndiddwock signal to all of the receiving stations with
extremely | ow clock Skew to nultiple chips in a conputer system In one
embodi ment of the pigseisindiaaiarn®! adarecemaacensemitteditodd-Nre the

the present 1 [BiPn dhfEtgR e Bal el 1 B e el el uded i n the
integrated circuit F‘chée 406 aabloghtdiagramoripan eptiegisieak retiiveriatiapin cal
ystem i th neaidrarner S ORARPENEY: SP M P e S0 o nerely
providing a clock signals isar dagsamglfani opteg atoed distribuiion dieeworkaioh
integrated circuit, die of the gr esenft i nventian includes P-N junctions 615
to generate adFERVERNEE QEINSIERRINISLPIIND PEESEHAAYEOR ea on the i ntegrat ed

circuit.




Figure 7 is an illustration of another embodi ment of an optical cl ock 27 AUG 1001
di stributi OYOA¥IRF k 701 i n accordance with the teachings of PER¥SH¥ESENt
invention. Master |aser 703 is configured to emt master |aser 2 7 AUG
2002 ~1' O 991535a8 i ' CT/L1S98/07Ja 1 -12pul ses 705 at a desired clock
frequency into optics element 707, which splits master |aser beam 705 into
split laser beans 709A-J. To conpensate for attenuation that occurs in
split |aser beams 709A-J after penetratinggdhe back side 711 of the

sem conduct or 713, _recesses 717AJ have been added to semi conductor 713 on
the back side 711 FigureEas pydiaiam oh@nstharesnaedimant of anmnsises e@cket ween
P-N junct i On%:ﬁﬁéﬁ*ﬂén ?ﬂ'éﬂ/vgﬁ(sﬁ%cc'o?éﬁcﬁ@?’lheﬁ%a@hfn%%‘ﬂftthe?péééntbeam; 709A-J
do not travel rough as nmuch sem conduct or naterial arison with
optical cl ocknderstian. but| on netvvork 501 shown in Figure 5. Thus t he anmount

of > attenuation - re.rea i uncti ons
715A-J is reduced aﬁg 1"? gre ﬁaﬁgﬂgggﬁgﬁeg qrgep 138&5’“%{0 each P-N
junction 71 Sfeck. dnlsmmmenmfmmrkmnhc@:irdhhee pwesemtteabmgtsimnherpe@@ﬁes
717A-J may be mcro machined or mlled using well known techni ques such as
for exanmple &N eA'que{btropl c wet etch or any other techniques used to form
trenches, vias or the like in today's integrated circuits. Another

t echni que us@ET@ll_'mm@Rtmmo}{]fi Ci ency of split |aser beans 709A-J
reaching P-N junctions 715A-J is to mnimze the amunt of |aser power

reflected off the Haathed @8dran apgpacaiis doneriadly crackingae '@W@é@i‘ieﬁ’ent of the
present | nverio b BeddiiRdnAleRAd uiidseel | KaneaBlONmo/deboBliEh [ S di sposed
on_the back side 711 of sem conductor ant |- ective coating 719
on’t he back guaeemyﬁ speciienielaiteiace 6¢t fm@ Intcw@leautmpmvndﬁ aéherqgag*v ef l ected
fromthe back 0 Uk 3.l.s,rned d resul i n an

i nproved | i ght cou ﬁ 8& tﬁg%rg%grgtolﬁggét O7nl 91 i b% él&sallrﬁﬂtet%ec i g té’s such as
t he appl i cat iooe hﬁvxagltowdmaw skitl urvehe:eatthagth‘élﬁ:mfmb térilmddd mgt o

sem conduct or_ 7 (gg %rg g @J UI’lCttI on t715A t he Sgrmunt ofl | aser
energy appl i &R 8y% % PrACIEEEE RIERETGAVERIGT o L BYEY 1PIantes M n hi gher

ef ficiency ofknepti elterfd|® &k ndétsols aveaivtnrismdkscfbbd ihniaapiherdegndodi nent
of the present jnvention, referring back to Figure 3, |aser pulse 309 is

not |imted @YOKLPRICUING Hie Bresent é{"s‘@rm'of‘n that 2 7 AUG 2002 WD 99/ 535a8

PCT/ US98/ 07. 1. 11 143 greedt RRhtiod protigkant idhha@ahbAppafduefioseni conduct or
307 is mlled away to forma trench or recess such that |aser pulse 309 is

not required claskisehen rlme@raﬁ@ﬂemtqwnbsabpmuagmamtyabclgc& Sionsts dirough

sem conduct o i gRe ?‘%h bef ore
reaching P Nlij%rg’% f(c?n eség %@PC%}?%{ ﬁ[ag%é I on %B?%ﬁ%@% rom
sem conduct oninfeded e wsn@léalase(a@ddobuﬁnytm lxght meaP-Nnjinatied réceivets7. 0 f 1 n)

light | I v f t he..back side 305 of
sen conduct o PRI B B aelele o s B s e e e PR RS T
accor dance Y\mhb %ﬁéeehembhggtar:néfudbeﬂm eﬂe?mtalg@v?rémp:mylr?/ohﬁ@all ng tth_e _
appr oxi mat e 0 e s n or..materia e nction is
kgpt in tactYeC q'ﬁ%ﬁ' %é‘éesd””ﬁlq‘ﬁéf%{uwggBh%CBF‘V?fété?”allﬁﬂ\d{; d source
i's in inprovegdd sad dwp@é@guﬁ tRhroPEYE Themerinh ispii®iRgYarididciging

receivers. This is because the %oton energy for visible and near |nfrar ed
parts of thee@@eﬂﬁwli@drﬁ}tweww@m tWERtPR Mae DepPaFtgd (WeveRtiaaith > 1.1

pm part of %@néﬂ%céwh@gﬁﬁmfénﬁ%n 8Paeﬁ§$uvg%0ét Buidee rﬁé\gﬁgs s mch

nore efficient (-, ere ~, ISt ton energy in pmand E is
the photon edepggitéd oe‘of)lcro‘Fmas:ha'b@bomfaen§llmhatb30é(§@eopi8v ealsupog@n i s

ired h i sj bl 2-1.0 of I
e i ng. endopatPaindeRateH R e Bslb sk b PRI Sng Rne
optical attenupinic@itn tpivotd gdrditerss eat ponthre bbtheneibek sRéw tlE@trares@yTpltae

optical beans wth oton_energi es higher th t.he
P global c!c?cr}( dlsmbutlongnetwork %an be m?rgllmlzed with the present

invention as clock frequencies continue to increase. By replacing the

global clock distribution network in the silicon chip with the presently



silicon band gap will be attenuated exponentially through the silicond 7 #6200
. char ac;teri‘é'f)i9g’°§’ﬁ§enuati on becomes |arger as the wavel engt hPFEUSERIEE.
However, when the thickness of the silicon is as small as 0.21.0 Vim the
attenuation is negligible. For near infrared operation, the remaining

silicon thickness can be up to 1.0 ~mw thout significant attenuation. For

vi si bl e operation, the remaining silicon thickness should be in the 0.2 pm
region. In one enbodinent, the trench or _recess is back filled with

material that is.transparent tp visible or near. infrare adi ation in order
to protect tfﬁFeSCéBPSSS%@%FEE‘&Cb&?%”Wﬂ?P pﬁf)vgor ri?‘aﬁg%’ﬁérﬁ”. CF‘W@‘@F‘SSSB

PCT/ US981 07dibsipAlin 28A2Isd Be Faved. Whaddhas, beeredies abithedkilicracipt hod and
apparatus for optically clocking an integrated circuit in a sem conductor.

Wth the pre¥@aAtiPYNEEKLERELT pPTieatr érgiRbal doek Futtingn inteorier, many
i denti cal cl gk dibtdizd<Sinal ibeelatuRed S IaNES Bk BBcHigRlifib el to a high

frequency integrated circuit. Furthernore, the present Invention provides
optical clocldosypied fropothel gidorns RegvpRekage Mith-tbRi preasatuneention.tthe chi ps of

an entire cg ' , r I tical
clock distr |‘g§#{ g%t'}T\’%@\FﬁoFtlzeérégnrr%%géélkgir}'geettog?ggaﬁ%%gﬁggngze gfla\g/\é‘%’ggg'ﬁgﬁf he

gl obal cl ockari sptichtedhmwldgyom t he silicon chip, which results in a savings
in chip power dissipation, provi additional chip ar avail abl e for
signal routing, df ¥i§ 8W§°fjﬁﬁer?te<ﬁﬁﬁ?ip6%s%?t RSN %aiOéF&%nhﬁr% will in
turn | ead tQaddGRedontBOrSRES dhi didicki 8bER taRenbiabend srRAURREMPREEAL | ON
resulting fromshorter interconnect lengths. In the foregﬁl ng detail ed

descri pti on_,pucl#és ﬁb@rﬁ?@"&ﬁd:l%‘pfé?%%yofs'ﬂ% Sﬂ}céé‘éﬁti?ai”rﬁf\‘/' RBFPAES been
dedcri bed wig IR R Ak OaSieUILLS n SR LBkt RaBAdidERRt ud et eof - 1!

wll, however, be evident at various ‘nodi fications and changes may be
made t her et gillgonhand Mgpae fequgerini feseivit® addions phat incluse Bdbpe of the

ne! ! _ S f At i dingly t
e S R, RS IR L HeR. B SEE 0

7 AUG 2002 \Adhpreciated tnatbeaviy dépedisiliophiis abrtdilgakardiperentia infrarextt wor k,
conprising: a first P-Njunctjon disposed in fi.rst sem condyctor

i ncl udi ng at@fig4ep & afwah?leaﬂtf W&gf? JéJPﬁar,ougdnlEgtsélrthna d 88Rf iliaur ed to enmit
mast er | asepapidiags thé bantegHpes! idtriveke Siliesrianedorh hewpghatube idaak side of

the first sem conductor . into the first P-N junction; and a first current to
vol t age con®rt BEayyGoPEg t3rsesdheibasd QiiFfoi HELK By areund PPdpe¥dPrent to

vol t age convegii @iy generating a first clock signal configured to clock a
first area of an integrated circuit disposed in the first sem conductor. 2.
The optical cl ocKigua3ishawschragionciia tresiingstption 39 himatcerganper

Comer o R 5 B, AN DUARGI G4 Sl 8T Rk 200

303 disposed in a semiconductor 307. In one embodiment of the present
) invention, semiconductor 307 is made of silicon. It is appreciated that

semiconductor 307 is part of a C4 packaged integrated circuit such that
the back side 305 of the integrated circuit is therefore exposed. As a
result, an infrared laser pulse 309 may be focused through the back side
305 of semiconductor 307 into P-N junction 303. As a result of the
energy from laser pulse 309 being focused into P-N junction 303, a
photocurrent is produced that, as will be discussed, is converted into a
voltage and ultimately a clock signal in accordance with the teachings of
the present invention. in one embodiment of the present invention, the

laser pulse 309 is optically split and focused through the back side 305 of



circuit. 3. The optical clock distribution network described in clainfJ AUG 2002
further corpPP¥PI*d® a second P-N junction in the first sem cE&AdMSPHP?Hian
optics el enent coupl ed between the master |aser and the first and second
P-N junctions, the optics element configured to split the master | aser

pul ses into first and second split |aser pulses focused through the back
side of the first sem conductor into the first and second P-N junctions
respectively; and a second current to voltagge converter coupled to the
second P-N junct.i on t he second current to voltage converter generating a
second cl ock S§MyRaANJERS iBGdr Bt 13 &) raOfs%%'ﬁa ggéfeq ReNivRaignat ed
circuit in thgasfirst sem conductor, the first and second clock signals
having the master clock frequency. 4. The optical clock distribution

net wor k descri bed lnrors ampotirmant dlethecpigsensinvgntiansad@mudlymidm:unction in a

SR T SN XL inBih BRIJER RIETERY 1ARURL Bl D APREn ARCIRBL " | aser

and the first ‘and 'sécon 1'0ns, ptics gured to
split the rrasplmuorhsawh @Wes/emngmn of f1i.0%54 uemdarsiee()Mesgp; bt appaimaptelyses, the

first split I es f t.hr i de ,of the first

sem conduct or'- fﬁé &'t éc?? rdgngbetﬂl %@%hélpﬂﬁ %0&213% @Eﬂrfe?r??sa%éﬁa”pul ses
focused throwhr@ni}aﬂt@csird@u@rﬁ tﬁ&emsemﬁmh $teérb@@n@£t£é giredtiitintd pRoeecond P-N
junction; and -15 ~~~r ~raacE~~1- irr~ 2 7 AUG 200z a second current to

vol t age convé?‘%%\’%@l?&eédofg NHE”%‘%@”&@@CI%&?“@@”QUH@ gkadfd current to
voltage converkRaoganeMa! Mg Bsecrpnic akpehanale RNifcaH aflyt 0 cl ock a

second area an“integrated circuit 1 n the secong sem conductor, the first
and second clg@olera;tegvmtgchaemgnﬂrél jmastiens cllrm©k\ef€rrétqg@mgntcf5thél'he opti cal

cl ock distri BYLLaN RELARLK AESErinadibn Ghab BbaerPLidhedidot

seni conduct of T hel Udes portions t recess
master | aser vsaméléd@hfofr‘st)erN hasrtm&eromeatslmeeai em:essapmommeiygn -2%
transm ssi on,of t hthe back side of the first

seni conduct of "PHE Eﬁ ﬁ@g%ﬁer%?tgéperrﬂx t%fy %‘%1 ﬁlé optical clock

di stribution netwii§udesas bheiduszraminamm 3ewtﬁexrngl Stafitve 40Ptih G cotRmeBt | s
configured to split the first and second split | aser pulses with

subst anti al | W'%‘@k’@\ﬁcﬁﬁgﬁe‘éfrﬁhﬁk@eﬁ?'ﬁ%'fwﬁﬂ RetBicl 'QBIPPFS l2aRROpul ses. 7.
The optical gkRchodhdlrdi Méémnn@rsw&oméa kad d mset %umém@%&@@at he

optics el ement conprises a first mcro lens configured to focus the first
split |aser poltbephaia deteelopd87 thaugh bgsback side 405 of the

semiconductor. As a result of the laser pulse 403, a photocurrent | 409 is
generated which is converted to a voltage V 413 with a current to voltage
converter 411. Voltage V 413 is buffered with buffer 415 to generate
clock signal 417. In one embodiment of the present invention, photo

) detector 407 is a P-N junction disposed in the semiconductor. A plurality
of receiving stations 401 may be distributed throughout the integrated
circuit die to provide clock signal 417 to clock a designated area of the
integrated circuit. In one embodiment of the present invention, clock
signal 417 clocks an area of the integrated circuit near receiving station
401. By having a plurality of receiver stations 401 to generate clock
signals 417, the clock can be optically distributed throughout the
integrated circuit with minimal clock skew.

In one embodiment of the present invention, well known circuit

techniques are used to convert photocurrent | 409 to voltage V 413 and to



configured to focus the second split |aser pulses. 8. The optical clogk AUG 2007
. di stributi oMOR&HIFk described in claim3 wherein the opticsPel/Er++
conprises a first wavegui de configured to focus the first split |aser

pultses and a second wavegui de configured to focus the second split |aser

pul ses. 9. The optical clock distribution network described in claim3
wherein the optics el enment conprises a hologramconfigured to generate the
first and second split |aser pulses. 10. Thg.optical clock distribution

k d [ bed | | ai m 8 ' i hed, i back
e of the 1o LB iR ol B3P ERR B GBI ot wer
.descri bed i n wdiige donveatezi4q 1t Bed masited 1baseropmiptred & sinsaivigeadengt h

approximately _equal to 1.054 .nu.m 1&}.‘? The optical clock distribution
net wor k descritBEFNeR HiisPRPIEGRECLNA! FReAGHat ehipIssewris Ssteratined it part

wavel engt h apwm@aag@eyoﬁ%uedhiﬁggi@g{tﬁivgﬂgs{ano-n%@xm ﬁﬁegéﬁa'{/gie@éfnnSWE'“ 2

7 AUG 2002 13.” The optical clock I on network descr In claimb

wher ei n t he necdiden lilasaotepépalttbe amountehletainyifteragprorioyad é gaelqual to
0.4to 0.7 .my, 14 k I L SLi =i, byt k... cribed in
claim5 \/\/r\enn%icnrer‘\/tujﬁ%s}r%@? eL(rP@]t é@g%m%péeb?g?lgésigé s'é“vvaﬁ'f&%%%%%@ﬁ&ﬁ%i mat el y
equal to 0.7 IboallbGffenng stagebcofaspaptinglslinttbdede dadditiomhaltdlock siedwwor k

described in claiml4 erein. the recess is hack fill W th visible
ooht ranspar ont et aF EubSGaiSE AT Sat priiSineh of remetefiher wor &
described i n ¢dsiribel shtesaticlodkhdismibsition ed®erk 561 & BB dhpeK QMihl thger . 17.
The optical clock, distrjbution network _(il_’gscri bed in_claim1 wherein the

mast er | aser t_F’§Cai“_t9§chlt ?@de%{é‘ép\’?rﬂ@.ﬂ- é"_‘%‘i}?f E’éle_r épgd%CGP%q’?QG@i on
netmor k descrérﬁﬁ%é&e?'lﬁéﬁ}pblé’&%% Bt h%_sfrba%qo@%&%ﬁgctm gBfKE! | 5o

silicon. 19. The optical clock distribution networ scribed in claim4
wher ei n t he felesterdid7seseiesserbEsnRATtRIISeRPBS conpgarsedtesrspdit fasleri - chi p

modul e. pulses 509A-J as shown in Figure 5. In one embodiment of the present
invention, optical element 507 uses well known techniques to split,
collimate and focus split laser beams 509A-J into P-N junctions 515A-J
through the back side 511 of a semiconductor 513 of a C4 packaged
integrated circuit. Each P-N junction 515A-J is separately included in a
receiving station similar to that described in Figures 3 and 4 above.
Accordingly, a separate clock signal may be generated by each P-N
junction 515A-J and may therefore be used to clock a specific area of
circuitry in the integrated circuit.

) As can be appreciated in Figure 5, the clock of the integrated
circuit is optically distributed throughout the chip thereby removing the
clock distribution network from the silicon and thus eliminating the
problems associated with prior art clock distribution networks such as the
H-tree network 101 discussed in Figure 1 above.

In addition, by optically distributing the clock signal through the
back side 511 of the semiconductor 513, the problems and complexities
associated with the prior art optical clock distribution network 151 shown
in Figure 1B above are avoided. In particular, the presently described
optical clock distribution network 501 does not interfere with chip signal



20. The optigal ¢l ock distribution network described in clai r el ) AURE002
ert ertiEsi 'y

first .and sé& 33thi conductors are conprised in a conputer

nmet hod for optically clocking an integrated circuit in a sem conductor
including at | east a front and back side, the method conprising the steps
of : operating a master |aser configured to emt naster |aser pulses at a
mast er cl ock frequency; focusing the master |aser pulses through the back
side of the sem conductor into a first P N {goction disposed in the

sem conductor; converting a curr ener at wn, the first P-N junction in
response to t K8UHREt &i"g ag%?e?utpgﬁ;'iw ﬁ’r#go'és gﬁlgékj ?i%aqt);S?%‘r?ﬂe% dI'e¥hg a
first area of ifteecdnieeys at apavkageisubdirarosedontradtvatsee saodaat or . - 17
~~"ii s~~~ ~ ~~ ~~r%' ~~ ~ 2 2002 22. qu net hod described in claim

, ~f.~ . ; 7_A :
21 including tReVidtg hHAGFIOEE &y ot IBRFIRS HPAHAN L2 PkeSFYrAYeRQrerOt he
step of converdgh sl e 50k FPARERLEGiArdfifrebidnis aﬁﬁN:d iofnpfi N the

dl
clock signal. 23. The nmethod described in“claim21 including the additional
step of: spliteetayinteeoraseisr 1Thobpripups @pticat gotk distrikbitibrs setyerksiditi t
| aser pul ses; wher g} h j e t I n~ough
t he back side of tﬁ’é%thmgggégﬁg%rgfﬁﬁgﬁﬂg%ﬁ?Iﬁveer@t%ép%o% B?ﬁtﬁ?&g}%ﬁ?he first
and second splmasteateserpekseS0bnhmughesdlit iaster BelmsubedA-adninamd@®-B second P-N
junction respectively ﬁ The I|met od deigri t?e(il in claim?23 IWhErﬁi n the
first and secoMFHONN 3 Inftti Vh!LNdg; KPEL K9 10 FUNL¥AF EONGEIOFE S ehe
second split IR$weeRWazshP-hejurgtibadused)t ivi anather enbedikn vt deomtrolidie
sem conductor. 25. The nethod described in claim?23 wherein the second P-N

junction is diSkBYsERISHY AchERMAIWER R BreRRA drventive Redsheaielyt | aser
pul’'ses being f I } ] RARR e . 26.
The net hod deg%%&ﬁ@% “ﬁ% O@Fg?'m%@g’fﬁ%?ﬁg?ﬁg nt“‘ir?g%addi_t img)rggllgg]s? ggg%%
converting a outhireptigersearced 507. tinyes apetier rmMpgdiment ehtheprasgsdnse to

the second sphi e iRsehpRbhiSaSment 807NE cBhREked 8N er ¥ with an optical
fiber. In another embodiment of the present invention, optical element
507 is disposed between the silicon of substrate 513 and a heat sink (not
shown). In that embodiment, optical element 507 is sandwiched between
the silicon and the heat sink using well known techniques such that heat
is sufficiently dissipated from the integrated circuit die.

As discussed above, optics element 507 splits, collimates and
focuses laser beams 509A-J into P-N junctions 515A-J using well known
techniques. In one embodiment, optics element 507 includes a fiber

) optic system is employed to split the laser power and distribute and focus
it into P-N junctions 515A-J. This embodiment includes individual micro-
lenses at the ends of the fiber optic elements and any required matching
of the silicon/air refractive index to maximize the light coupling into the
silicon.

In another embodiment, a computer generated hologram may be
used to generate each split laser beam 509A-J. In yet another
embodiment of the present invention, optics element 507 includes etch
phase hologram gratings directly on the silicon back side for splitting and

focusing the infrared faser light. This embodiment has the advantage of



clocking a second area of an integrated circuit disposed in the second?7 AUG 200
semi conduct 8fC 99%%2548The net hod described in clai m21 includi ng<TASPEY! of
thinning a portion of sem conductor di sposed between the first P-N junction
and the master | aser so as to increase a transm ssion of the master |aser

pul ses through the back side of the sem conductor into the first PN
junction. 28. An optical clock distribution network, conprising: first

phot odet ecti on nmeans di sposed in a first sqniconductor including at |east a

front and back side for, detecti hot,opns; master | aser generafi on nmeans
for generating®meStoet"g e ”p?H@%@RP?aQ/ﬁHS 'ﬁﬂ%ﬁ’%??stoa‘?'eaﬁctﬂ o P{@@uency, t he
first phot odeu.ﬁfd%rgahmgss_t@%acdfltﬁ@ﬁdﬂ@fmﬁﬁi@g precERis MEBem hRbplegh the
back side of the Tirst sem conductor; and -18 R~PLAC-MENT SHEET 2 7 AUG

20D2 first cl GEROedigfat ofdir Persesh inveaHan cerlisiseelenent B 7fincludes wave
phot odet ect i Ogu@@gﬂ. Fabfrﬁ'élte%eﬁ&ﬁw ngsgoaafdownv%eﬁé epﬁhé'sqg%h dabK 85898°¢ to the
i gnal to C

master | aser pulses, the first ock s configure ock a first
area of an i ntspby, dteed, collindte adiddpose@senbehmsf50A-Jsett Baddurttions 29. The
optical clock gi g_ri bution network described in claim28 wherein the first
cl ock si gnal & é ﬁti on nmeans conprises: first conversion neans coupled to
the first photodet éigurens ieandlivstaticont endtiheg eantsadiment o itgnplesgemgr at ed by
the first photodetection nmeagns to the clock si | ; and fjrst buffering
means coupl ed dﬁéf’Wé%_ OPHEaLf‘?}?%‘f d@Hm@PQiﬁwﬂé‘agaﬂaWB'cﬂ“h@c desta HI34°hf the
integrated cingdsirtogh enRERE Iaderipilsesi 60H atse BideRTbicHcyfiflo BNlhaEsng the
clock signal. 30. The optical clock distribution network described in claim
28yfurther coRRMeNhed7.s&¥dia geBedidel/ctrlite marsanesar §585005 intorapliti r st
sem conduct or | [l el 5hBE- D AGEIG 0PI 1UA MR Mo BBBRM L YEENLd1e
master | aser generation neans and the first and second photodeéet 8¢tion means
for splittinginthdPMhpnetiohnaddbAgultreggh the batk sideadit! ofcendcepdudtot aser

pul ses, the optic f,ocusi h i Qnd split lLaser pul ses
t hrough a bacEt‘éi g%pqgﬁg%{ebeﬁqﬁésgggérr‘{a%{)en@éé%%?ﬂ?@f%?\{]wgcgwgt61§§5d“]second
phot odet ect i othroeghbacksgide 61 2elf yanotired sestondiucitocki 4.0 gisadargeaer at i on nmeans

coupled to the second phot qdet ecfi on .neans for ner.at j a second, c| ock
signal in r esABRERF 1§ M g?r@ré'l %?é’é'f:o'bq}f‘gg?,G?ﬁénggét‘ﬂg_recp%wc& |
configured tojfieckames®nNAcabriingy, thberésdéragmicatcleck distribdiisposed in the
first sem conductor. 31, The optical clock distribution network described
in claim28 fOPWeK RIgMsiess Rigck signal to all of the receiving stations with

extremely low clock skew to multiple chips in a computer system.

in one embodiment of the present invention, semiconductors 613
and 614 are the integrated circuit dies of a multi-chip module. In another
embodiment of the present invention, semiconductors 613 and 614 are

) included in the integrated circuit dies of an entire computer system. That

is, optical clock distribution network 601 provides the clock for an entire
computer system with minimal clock skew and is therefore not limited to
merely providing a clock signal for a single integrated circuit die. Each
integrated circuit die of the present invention includes P-N junctions 615
to generate a local clock signal to clock a nearby area on the integrated
circuit.

Figure 7 is an illustration of another embodiment of an optical
clock distribution network 701 in accordance with the teachings of the

present invention. Master laser 703 is configured to emit master laser
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beams 709A-J reaching P-N junctions 715A-J is to minimize the amount
of laser power reflected off the back side 711 of semiconductor 713. One
embodiment of the present invention includes an anti-reflective coating
719 which is disposed on the back side 711 of semiconductor 713. With

) anti-reflective coating 719 on the back side 711 of semiconductor 713,

the amount of energy reflected from the back side 711 of semiconductor
713 is reduced resulting in an improved light coupling into semiconductor
713. By using techniques such as the application of anti-reflective
coating 719 and the milling of semiconductor 713 above each P-N
junction 715A-J, the amount of laser energy applied to each receiver
station is increased resulting in higher efficiency of optical clock
distribution network 701.

in another embodiment of the present invention, referring back to

Figure 3, laser pulse 309 is not limited to being an infrared laser. In that
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to penetrate more than approximately 0.2-1.0 um of semiconductor
material (depending on the precise wavelength used) before reaching P-
N junction 303. With most of the portion 308 removed from
semiconductor 307, a visible (~0.4-0.7 um) or near infrared (~0.7-1.0 um)
light laser pulse 309 may be directly focused from the back side 305 of
semiconductor 307 into P-N junction 303 and generate photocurrents in
accordance with the teachings of the present invention. By keeping the
approximately 0.2-1.0 um of the semiconductor material, the P-N junction
is kept in tact.

The main advantage to using a visible or near infrared source is in
improved optical to electrical conversion efficiency in the receivers. This
is because the photon energy for visible and near infrared parns of the
spectrum is much higher than in the infrared (wavelength > 1.1 um) part

of the spectrum and the light absorption in the diodes is much more
efficient (A x E = 1.24, where A is the photon energy in um and E is the

photon energy in eV). This also means that less optical power is required
with a visible source. The 0.2-1.0 um of semiconductor material
remaining ensures that a P-N junction is present while minimizing the
optical attenuation through the semiconductor material.

For example, optical beams with photon energies higher than the
silicon band gap will be attenuated exponentially through the silicon.
The characteristic attenuation becomes larger as the wavelength is
reduced. However, when the thickness of the silicon is as small as 0.2-
1.0 um, the attenuation is negligible. For near infrared operation, the
remaining silicon thickness can be up to 1.0 pm without significant
attenuation. For visible operation, the remaining silicon thickness should
be in the 0.2 um region. In one embodiment, the trench or recess is back
filed with material that is transparent to visible or near infrared radiation

in order to protect the exposed receivers with this arrangement.
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presently descrlbed opfical clock distri utlon network, many identica

clocks with relatively no skew can be distributed to a high frequency
integrated circuit. Furthermore, the present invention provides optical
clocking with no clock skew for multi-chip modules or the chips of an
entire computer system. In addition, the presently described optical clock
distribution network removes large global clock drivers and the global
clock distribution from the silicon chip, which results in a savings in chip
power dissipation, provides additional chip area available for signal
routing, or allows the reduction of overall die size which will in turn lead
to higher manufacturing yields and higher frequency operation resulting
from shorter interconnect lengths.

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 of the present invention. The present
specification and figures are accordingly to be regarded as illustrative

rather than restrictive.
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side;
a master laser configured to emit master laser pulses at a master clock frequency through
the back side of the first semiconductor into the first P-N junction; and
a first current to voltage converter coupled to the first P-N junction, the first current to

voltage converter generating a first clock signal configured to clock a first area of an integrated

circuit disposed in the first semiconductor.

2. The optical clock distribution network described in claim 1 further comprising a first
buffer coupled between the first current to voltage converter and the first area of the integrated

circuit.

3. The optical clock distribution network described in claim 1 further comprising:

a second P-N junction in the first semiconductor;

an optics element coupled between the master laser and the first and second P-N
junctions, the optics element configured to split the master laser pulses into first and second split
laser pulses focused through the back side of the first semiconductor into the first and second P-N
junctions respectively; and

a second current to voltage converter coupled to the second P-N junction, the second
current to voltage converter generating a second clock signal configured to clock a second area of
the integrated circuit in the first semiconductor, the first and second clock signals having the

master clock frequency.

4. The optical clock distribution network described in claim 1 further comprising:

a second P-N junction in a second semiconductor;

an optics element coupled between the master laser and the first and second P-N
junctions, the optics element configured to split the master laser pulses into first and second split
laser pulses, the first split laser pulses focused through the back side of the first semiconductor

into the first P-N junction, the second split laser pulses focused through a back side of the second

semiconductor into the second P-N junction; and
-15-
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5. The optical clock distribution network described in claim 1 wherein the first
semiconductor includes portions that define a recess disposed between the master laser and the
first P-N junction, the recess increasing a transmission of the master laser pulses through the back

side of the first semiconductor into the first P-N junction.

6. The optical clock distribution network described in claim 3 wherein the optics element is
configured to split the first and second split laser pulses with substantially no skew between the

first and second split laser pulses.

7. The optical clock distribution network described in claim 3 wherein the optics element
comprises a first micro lens configured to focus the first split laser pulses and a second micro lens

configured to focus the second split laser pulses.

8. The optical clock distribution network described in claim 3 wherein the optics element
comprises a first waveguide configured to focus the first split laser pulses and a second

waveguide configured to focus the second split laser pulses.

9. The optical clock distribution network described in claim 3 wherein the optics element

comprises a hologram configured to generate the first and second split laser pulses.

10. The optical clock distribution network described in claim 8 wherein the hologram is

etched into the back side of the first semiconductor.

11. The optical clock distribution network described in claim 1 wherein the master laser

operates at a wavelength approximately equal to 1.054 .mu.m.

12. The optical clock distribution network described in claim 1 wherein the master laser
operates at a wavelength approximately equal to 1.06 .mu.m.
-16-
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operates at a wavelength approximately equal to 0.7 to 1.0 .mu.m.

15. The optical clock distribution network described in claim 14 wherein the recess is back

filled with a visible light transparent material.

16. The optical clock distribution network described in claim 1 wherein the master laser is a

mode locked laser.

17. The optical clock distribution network described in claim 1 wherein the master laser is a

modulated laser.

18. The optical clock distribution network described in claim 1 wherein the first

semiconductor comprises silicon.

19. The optical clock distribution network described in claim 4 wherein the first and second

semiconductors are comprised in a multi-chip module.

20. The optical clock distribution network described in claim 4 wherein the first and second

semiconductors are comprised in a computer system.

21. A method for optically clocking an integrated circuit in a semiconductor including at
least a front and back side, the method comprising the steps of:

operating a master laser configured to emit master laser pulses at a master clock
frequency;

focusing the master laser pulses through the back side of the semiconductor into a first P-
N junction disposed in the semiconductor;

converting a current generated in the first P-N junction in response to the master laser

pulses into a clock signal; and

clocking a first area of the integrated circuit disposed in the semiconductor.
-17-
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signal after the step of converting the current generated in the first P-N junction in the clock

signal.

23. The method described in claim 21 including the additional step of:

splitting the master laser pulses into first and second split laser pulses;

wherein the step of focusing the master laser pulses through the back side of the
semiconductor includes the step of focusing the first and second split laser pulses into the first P-

N junction and a second P-N junction respectively.

24, The method described in claim 23 wherein the first and second P-N junctions are
disposed in the semiconductor, the second split laser pulses being focused through the back side

of the semiconductor.

25. The method described in claim 23 wherein the second P-N junction is disposed in a
second semiconductor, the second split laser pulses being focused through a back side of the

second semiconductor.

26. The method described in claim 25 including the additional steps of:
converting a current generated in the second P-N junction in response to the second split
laser pulses into the clock signal; and

clocking a second area of an integrated circuit disposed in the second semiconductor.

27. The method described in claim 21 including the step of thinning a portion of
semiconductor disposed between the first P-N junction and the master laser so as to increase a
transmission of the master laser pulses through the back side of the semiconductor into the first P-

N junction.

28. An optical clock distribution network, comprising:
first photodetection means disposed in a first semiconductor including at least a front and
back side for detecting photons;
master laser generation means for generating master laser pulses having photons at a
clock frequency, the first photodetection means detecting the master laser pulses through the back
side of the first semiconductor; and
-18-
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29. The optical clock distribution network described in claim 28 wherein the first clock
signal generation means comprises:

first conversion means coupled to the first photodetection means for converting a current
signal generated by the first photodetection means to the clock signal; and

first buffering means coupled between the first conversion means and the first area of the

integrated circuit disposed in the first semiconductor for buffering the clock signal.

30. The optical clock distribution network described in claim 28 further comprising:

second photodetection means disposed in the first semiconductor for detecting photons;

optics means disposed between the master laser generation means and the first and
second photodetection means for splitting the master laser pulses into first and second split laser
pulses, the optics means focusing the first and second split laser pulses through a back side of the
first semiconductor into the first and second photodetection means respectively; and

second clock signal generation means coupled to the second photodetection means for
generating a second clock signal in response to the master laser pulses, the second clock signal

configured to clock a second area of the integrated circuit disposed in the first semiconductor.

3L The optical clock distribution network described in claim 28 further comprising:

second photodetection means disposed in a second semiconductor for detecting photons;

optics means disposed between the master laser generation means and the first and
second photodetection means for splitting the master laser pulses into first and second split laser
pulses, the optics means focusing the first split laser pulses through the back side of the first
semiconductor into the first photodetection means and focusing the second split laser pulses
through a back side of the second semiconductor into the second photodetection means; and

second clock signal generation means coupled to the second photodetection means for
generating a second clock signal in response to the master laser pulses, the second clock signal

configured to clock a second area of an integrated circuit disposed in the second semiconductor.
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