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Brief Description of the Drawings

[0004] Figure 1A illustrates a cross sectional view of an embodiment
of'a ZnO light emitting diode (LED) for use in optical interconnects with
semiconductor integrated circuits (ICs).

[0005] Figure 1B illustrates an embodiment of a ZnO diode with a
conductive contact to the ZnO diode such that the conductive contact defines a
circular opening. _

[0006] Figure 2 illustrates an embodiment of a ZnO diode optically
interconnected through an airgap to a silicon detector.

[0007] Figure 3 illustrates an embodiment of a ZnO diode optically

interconnected through a waveguide to a silicon detector.
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an oxide layer on a semiconductor substrate. The method includes confining the
ZnO emitter to a circular geometry in the oxide layer. The oxide layer can be an
undoped oxide layer on a silicon substrate.
[0015] Forming the ZnO emitter includes defining a circular opening in
‘the oxide layer on the silicon. An amorphous buffer layer of ZnO is deposited
next to the silicon. Single crystalline ZnO is then grown on the buffer layer with
p-type doping and then n-type doping. According to various embodiments,
growing single crystalline ZnO on the buffer layer includes growing single
crystalline ZnO using a hybrid beam deposition (HBD) process. Another
embodiment can include growing the single crystalline ZnO on the buffer layer
using a Metalorganic Chemical Vapor Deposition (MO-CVD) process. Another
embodiment can include growing single crystalline ZnO using an atomic layer

deposition (ALD) process.
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[ I(%H%t rates a cross sectional view of an embodi nent of

a ZnOlight emtting diode (LED) for use in optical
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suited to a particular design scale for a particular integrated circuit, e.g. 50 nm.
Embodiments, however, are not limited to this example depth. In the
embodiment shown in Figure 1A, the ZnO diode consists of a buffer layer 104 of
ZnO, a p-type doped ZnO layer 108, and an n-type doped ZnO layer 110.
[0020] In various embodiments, the buffer layer 104 is an amorphous
layer of ZnO. In various embodiments, the buffer layer 104 can have a thickness
of 10 nm. Again, embodiments, however, are not limited to this example
thickness. The buffer layer 104 can be deposited using chemical Qapor
deposition (CVD) or other techniques. The buffer layer 104 is deposited in the
opening in the silicon dioxide. Next, single crystalline ZnO 106 is grown using

a number of different techniques. The single crystalline ZnO 106 can be doped
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| ool W th Whiieh §8C Brystalline ZnO can be planarized, e.g., using
chemical mechanical polishing (CMP) or other techniques. The diode is then
capped with a conductor that defines a circular opening for the emission 114 of a
signal from the ZnO diode. Figure 1B shows the cap 112 formed of conductive
material that defines a circular opening to generate the signal from the ZnO
diode and allow emission of the optical signal from the diode.
[0025] In various embodiments, the ZnO diode, e.g., emitter, is formed
on a semiconductor substrate 101, e.g., silicon. An oxide layer 102, e.g., Si0;,, is
formed on the substrate 101 and an opening is formed in the oxide layer, e.g.,
using photolithographic techniques. The oxide layer can be formed to a suitable

thickness according to the design rules of the device. According to various

4



doping material in driven into the ZnO colum. The top
portion of the single crystalline ZnOis then

wo 2opd/anRéed With an n-type dopant, e.g. galliumctdd2bos@o2sos
sufficiently high energy level. [0024] The single

crystalline ZnO can be planarized, e.g., using

c Tt RIS 205 SR HGUOUP) St odi e cicular opring

t Wi t n r
| R G0 KBBacthE hodetud U0 ARBRIA A et HE A
Ofdl(ﬁle&jag ibalfofnicithtdughdireulandeac okidggffnd tﬁaﬁﬁ@\t@nﬁdaﬁhrough
cap 112 forned of conductive material that defines a

c |ﬂpf'cmsawgr%ﬁéﬁmﬁ5a g o dnt-eitvetal-peal dy gingloxideoiin flnyphtpined
digQdle  fidredl clgg'}’é! fcmlra%ﬁhﬁ’ir{cafm qre £ g#rl')r(f@t)eﬁﬁ ?E[chsgl °MBD)

t he di ode. n vari ous enbo

d ipochess @ng:e usedritd fogm, the ¥nfodivée 1 @hinaths kD LaibetiQt Q02. This
subst r at

101, .e. Q. I An, oxi de | a 102
o Pepes S ffers 2 viatis gl fo iR eBIOPr & lonsH enghilms,
ORABYNEAnd eviOsTEIGhel FIBDNR0 Q%S i dnh ?a[ble fo rlﬂolec{fﬁ} BQar% gpxtaxy

photol i t hographi c techni ques. The oxi d ayer can b
f GMID; howeves Ut vsgslaczinhoxke pksmaccorcdi \Mkylch @s prioduckelsiygn

B in g AR g g s AP el e Sﬁﬂﬁé’ﬁ%gF & Sectron
CibEiHlafd a AREHRGsurE 0% in Prist Jr@at@d(9§9§ @aala Freb grn@{gfgen

e.g., silicon |ayer, underneath. The ZnO dio
f@?m@iofhrough |rregul ar 2| nc oxi de grains that are

thro .h lin o - :
? irys{ alu%zqugplefly ik nc '%&ﬁlﬁﬁﬁfs’t&ﬁ‘ﬁ s Hugue
f mmbmaﬁmh bﬁp@lded:latsdfmiépssmi@ﬁ: I ek ighd AuipiRédtdhat

beam, deposi tion g) process can be used to formthe
ZROVi S deadigel CPXngF’h -Hpepa sliesan foxaftectiyoly impreaseghofuxss

ofst @o@aval | Er RN oh 9t ga@wfﬁgng@ asﬂat@ﬁﬂ tﬂygﬁ&%e

ZnO il s,  oys, an evi ces rocess
c eyrphesambfemttal oxitle thih fitmbelhm Ié]BDtsaxtyn( ﬂ\iBiE):r mt@wwr

i S. produced
LT AT Ry 0P ApUpaE N 2Bk dapgERIoR(EN D)
etdchfiqués 14 eﬁ%%ﬂiéﬁ% cOhbRABLHE %BrtHJ‘PEBaJ@u i 2P 9h

pressure oxygen plasma cr eat ed a radi o-frequency
ojegheique élﬂféfMtr@dlcal[mgﬁ} rifplhgriva stnhﬂre‘amrdeﬂe&ldm&mal source

| BB 16 Pblper by R e Whcise AR Beia R e pIdES o

PiveHiad €pntBedi A6 @RlopOX ¥AEBr ddpeRllRiAbaatd 8270 floy thin films.
effectively increase the flux density of available

r 27] ve oxygehybiid heate gepdsiticaarsystighstor ayrthészing meetal oxide
eﬁnqg,tdo}ﬁgd metal oxide films, metal-based oxide alloy films, and doped metal-

based oxide alloy films under predetermined synthesis conditions, consists of a
deposition chamber used as a containment chamber for synthesis of the metal
oxide films, doped metal oxide films, metal-based oxide alloy films, and doped
metal-based oxide alloy films under the predetermined synthesis conditions. A
target assembly is used to mount a metal oxide target material within the
deposition chamber and an rf reactive gas source introduces an rf oxygen plasma
stream into the deposition chamber within a predetermined dynamical pressure
range. A metal oxide plasma generating subsystem then interacts with the metal
oxide target material to generate a high-energy directional metal oxide plasma

plume within the deposition chamber. A source material subsystem generates,
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and the heated substrate surface. Reaction between the organozinc compound
and oxidant results in decomposition of the organozinc compound to produce
zinc oxide, which is deposited upon the substrate as a thin film, with CO,, CO
and volatile hydrocarbons as possible byproducts of the reaction. The zinc oxide
film contains hydrogen and may contain a group III element where a volatile
compound of a group III element is also introduced into the deposition chamber.
Again, hydrogen is dissociated by this energy at low temperature as well as a

thin film buffer layer, in which an amorphous material and fine crystals are
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d PECHISPEL Absert DEZispctamith el cdkeragatessifiely gers 46D cycle can be
t
g!elifoxjrﬁew ih '1&9 il%réloge@e c@v&l%&%h%% ?)QH? ?Eﬁlénedtf?or'&/)?r rae or\l,’léch%ors

ngi ng from mti

i 003250 achi dueltk shbadiinat fluswatedieBigafe @E’Z@ @rﬁdteﬂ;?@)Z on
were varied cagéed by the saturation of all the
r BAEPICORAUGHRS g ALA St gic onqircyi g1 Fianged kutace fee silicon

g?!;tgﬁgﬁgiﬂrbn%dacﬁweﬁ?&g o%{rmp&ﬁgyon%%uhl'a&éd 1sMBrough a short

air path 206. In operation the electrical contact provides an electrical current to
the diode to excite electrons sufficiently to cause optical emission. In various
embodiments, a sufficient current is provided to release photons having an
energy of approximately 3.3 eV and a wavelength of 380 nm The ZnO emitter
202 emits a signal directionally through the air. The signal travels through the
air over a short distance, which minimizes diffusion, to a silicon detector 204
where the signal can be received.

[0033] Figure 3 illustrates an embodiment that uses an optical
waveguide 302, where the ZnO emitter 304 is at the sending end and the silicon

detector 306 at the other receiving end. The ZnO optical waveguide 302 can
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dependent on the substrate tenperature. The nmobility
of films is higher than that of filns grown by MO CVD.

wol B69iibo7Ehe ALD process begins by introduci ng pgga&aus/002506
precursors on at a tine to the substrate surface and

bet ween t.he pul ses the r%? ris ur w%% nert
o ASCOFe R ArasRan PR UG OFand trapa i Lhis s esg
PRESMESIAE 303 toS@aete&bf Y64 dhaf WaM0fReRE ﬁ&nélh%c%&k?ﬂgt%t e
surface, and during the subsequent purging t

prveugus@nbcvdamteetmthe avaivelengthhef tleasmgmaﬂ emitrers &@4 st batkss
on the substrate

t d
P e PRl A RN VG S 7 Dl ARey sl b s
AlfstiBbethiet edodgh FIRREHICOR dB¥BoRONAL BavanRtoh ﬁbﬁf .sor
excess are purged out fromthe reactor.

prl@&Msor ch eﬁﬁl%ZnQ ey tteradrenpked th agnMgle vmvegmds 392
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p msxebd)rydﬂes r@eezér BO®vart bepeset @ tHeudput 0@ G2l adapuides02 to
enbodi nent il I ustrated in Figure 2, ZnO emtters 202
oReceTedhf eBfich) Signpl andorakat Hbagk fnte an elgrwical signal dgfrive

araﬁotﬁ&r }%{}ggldthE Shtk @dtcﬂ@uﬁ" !Acg&Jalr%et I18ﬁ§erg9?cﬁ%ﬂfg§2th§

adj acent die or circuit and commurication is
s ivarvtleagth qfdhder2B6ion lofi tlepién@emittert 302 ielessthanakd bandgap of

cont act vides el ectrical .current to th dlodeto

X 2o byt lgrier Hhan he e of hecsiiion. tt el pe strongly

eré'b§o$b&j‘lb 1He sURbhAeRcpbodi nents, a sufficient current
wfrow ed to rel ease photons haV| ng an energy of

ki mat el yinzndodiments irawhivhel £y bhsedfen8ser with Atbandgap

I I e i

shertgist Bntieh eiBoitndiitd) ke 26O cah bé UepNwith ®1@to form a
S|I|con det ect or_204 where the signal can be received.

Y50 prayeguade Thuﬁ daMesd wavesvidmbnrsdi lntger baidgap thansZ =)
ggﬁa GA nUPAROH 80 nARBES: 4 DSnERBIEDLLLEEaSRT LS o

e sending en icon _

oZhEremiteri I\flﬂli‘ngIG(D diodtte mad®imphdopell nwasteg il Wil 012 at 380

canrec ive a signal c{{;@/ n emtter 304 and transm t
%rhjﬂ?l

t RSSO amilwegtﬂ% @ega Pafdlesp and gamy by dndMaQywhich
30811 hbadbs¥id At 3REGH ¥ ratﬂerﬁﬁ ?Lh 99\%91'p E.Ostu%ﬂg%és 9HS

enbodi ments, the wavel engt e Si
30mh. wilh kome eh@sétrmdnm thdt‘efamudigapambe Zlhﬁllmhebe: Ib}h)eorﬂmo

B B b R sty Bicon
abg@@ept i on.
[0036] Other embodiments that use optical fibers for use with an optical
emitter are illustrated in Figures 4A-8. In Figure 4A the use of optieal fibers 401
is shown, where the ZnO emitter is at one end and the silicon detector is at the
other end. Again the fiber must be made of material which does not absorb the
ultraviolet light. The core can be ZnO or ZnMgO and the cladding silicon oxide,
which when used together do not absorb the light radiation and energy.
[0037] Several examples of optical waveguides and fibers shown in
Figures 4-8 and described in the following paragraphs can be used to transmit
the signal from the ZnO diode, e.g., the ZnO diode shown in Figure 1A. In the

embodiment shown in Figure 4A, the optical fiber has a reflective layer that is -

8



[0034] The ZnO emtter 304 coupled to a ZnMgO
wavegui de 302 enbedded in silicon oxide 308 on a

woSbg/aesyssubstrate 310 with integrated circui per/ 182008002506
silicon diode receiver 306 can be used at the output

of t he wavegui de 302 to receive the optical signal and

pRyRg< on) the prnar spifecs afpperddiber 481 b eprgmbasiivpenty ghe
' ar}Qﬂé’};‘ﬁR,e et 8&%%}1%%% a'rﬁ%tgﬁ’f'c%ﬁ%e a{tﬁsuél%potsﬁég \Qf[tglaréglftlﬂn ing

various e € wave emssion o

t hlepditdrepiotésar T:Bi@;ZprbéudeeaSeﬂd‘tallveEhﬁadb&bd opticabfiben401 that
anaﬁ but | arger than the bandgap of the silicon, so

i 5 fHosfanpallsyRiidgy absorbed by the silicon det ect or .

[ &= | n eqﬁ%ﬁb{iﬁ@f‘&rﬁbbd’lm‘é’m &ﬂ}hé Zéngtgﬂs%? Ft, &L 4B

with a bandgap energy of 3eV | use n be
enilystratesan Osamlﬁmeamvmdﬁﬁﬁd Dy ean?zcnﬁhmtvﬂ@mﬁeflgure 4B

2 ST Rt s R e S0 gt s Mg L7 ef st

bamdgae 405 %mzﬁh@ s@ﬂﬁﬂ:o‘ﬁfdhétoﬁﬁﬁfe@ bEOHhEs AfucBBE, (REdRIEbAdctor
it a conpatible waveguide for use with a ZnO enm tter.

| twafereacisfo the oeer sheathelde opticall iepdd . rM@reCruSanatﬁltlalﬂvlCM be

e t veaqul a lar
o hay SR GRS TR IR e B P50
n mdfnéﬁal fdthhehighed idéd ofSlefraét®im thay eHeangehsl, ofeleddimslagdii05
I n some enbodi nents, the mavegéldes can be a

hand s Pe9 idesraual eptisahfibarpvavegidgicharagisristicsni Snecifigy
ngﬁé}ﬁﬁl% efglq&ra&dfof:g&t ¢ 283 TRE B1ah; '495%9@ A8 beio(wgﬁ%z

er enbodi nents t use optica for use wt
amesppttitc Higuees 4B end are i | | ust rated in Figures 4A-8. In
use of .opti. 401 is

Fi 4A
T e ke betRy i eied Bt eRuc ies S
debps o e‘ladﬂm% h§e0d(3ethatRParafd M dB8 0k I elkeﬁf {Haust be

made of nmateri whi ch does not absorb th travi ol et
| sgmcondiwéoromfer clarthisetrEaOre rtheangcmdmdtdr wefad aachotisrtge outer

f"rs]}llé ?IPP 10 J“%ag, btef éﬁp ?h?gwgrﬁ%g 1t1([3g @8&5 core sro@ and

e&l&ﬁ@ﬂn@ﬂa}@fr 509t Thakorwes0s @uh@e@esamlafdrﬁeﬁ&h%hﬁmrhﬁdex of
Fl ures 4-8 and described in the follow ng paragraphs

rasHon deg thomateaiabpd ¢laddieg Hygnalds erdihus n@Vzciﬁ@ ngimale,
e ng%cc?.l FRE: %Qﬁg&?@m&%%a {g%\lfj\fg,téézﬁ 1I ?,h%l (ngpincga#b7 ruBs thr?]%%h tge
r efnlgthcdfi the co@ysen. Ebatxam;fle,rm this d;ﬁﬁlﬂgl’lfaera dathétacef 1efs
Hqtah%%{)rokarggtrely 0. g’ 9 tlmler; tl%nv%a\%@l()g?ﬂ gF trfllte ’ligﬁlp g’ansmitted over the
optical fiber 501 the light will still be guided by core 503.
[0040] Since the optical fiber is formed in a wafer of semiconductor
material, absorption and radiation in the semiconductor wafer can affect the
operation of the optical fiber. For example, if the wavelength of the light
transmitted in optical fiber 401 is greater the absorption edge of the
semiconductor wafer, e.g., 1.1 microns for silicon, then semiconductor wafer
will not absorb the light transmitted in optical fiber 401. However, due to the
large change in index of refraction at the interface between cladding layer 405

and the semiconductor wafer, some radiation loss occurs into the semiconductor

wafer. This case is depicted, for example, in Figure 6.



reflective |layer conprises a netallic mrror that is
deposited with a self-limting deposition process.

wollds1psduces a reflective surface for opti calerhidedsno2sos
401 that is substantially uniform [0038] In another

enbodi ment of the present disclosure, Figure 4B
i 008 r at es Kiguregtis eairaphi thet ilwstvasepthd enagitudeTbiléthe radiation

f:}%et?llege t()ii%get%vmgg Iofltlgéﬁot?beé e u]%glsqea %%@p{l i, Figure 6

S%p@m}@snagaﬁtua@ bﬁra@%ohrlg%bbﬁcas EBLL @a&y&t PricWPABr-401 as
In this structure, the sem conductor wafer acts as the
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b 403 | addi I 405
AL BAis ot Bat e et s o o Ay BB 10t R o he
ofiergeif bBGHticanfibdratn 1t Byvan@certl f&ildsoafre teagitiinghd RYRIN A05
and thus provides normal optical er wavegui de

c lskeddingdryss 408 andigped pf 6Q2. elhgapt we%ﬁenhﬁ@léi% wipsoff by
I
?glgsg%ngﬁg’%ng 'P%ef\suar%ggél@%eé Q56(? % tﬁ%%ﬁ}t qx?xgu%hge% rP\(I)MdEi‘Ftr% nwtafer

i [00#2qr at ed H1g1urE|7gs| a@ré'ph thptillasttatés the ma@ﬁﬁu@dmﬁl?é s&Batéon
cl addi ng | ayer hat s parates the core 503 rom

t hr %W@B&‘@Eﬁ@ﬁ e? thgzgpiieal et shgven it igeteuy eThe grgph in Figure 7
s eat

oo eSS PRGBS T CPEP IS BHFRIbilel ey s01

f showx ar BigbfE3S, ahehgcthe ddinmeger] cftley o331 fiflidre In dleeregﬁﬁh of

conpr.i s a materi al h a hi her j ndex acti.on
¢ RERMIPR S0 T pRescEt (8 libsonrﬁsgm aafict {59 sa0e 1 FLGE Tegi or
PLeN HBSrAapd {BRlin %té;ﬁféhl fibdet guravegshsene length of the fiber |
characteristics. Also, an opeRing 507 runs through

| emjlpht ggnitihentdossen g8nsifyars iediaatpd et 704h diwanhscsnb@@ds aug

net er of s than pr o
¢ REes BRI Bordir R AT AR LB These Sohescent
offieids@rorf bfes ibQhifitat ldveRtasWditatéd atl 10608 tRIGERMANBg
core 503. [0040] Since the optical fiber is formed in

asﬁ‘m}‘cé}’l dygtorse#febonduct or material, absor ption and
ion i r
! o0 | e AR o L AN AL S
vvawhh@e gh Rnmftertthet sehdfhd sipnalnkiok 1g1ﬁ edvalvegu‘nﬁé tcateckiver The
401 | . greater the absorption edge of the .
s EMPEBHR trblﬁlgmr Srhoves yavegylde Al SHECRGHO Ishet igghides a
t Pfcf‘atﬁﬁlrgoﬁ (era\f\@gﬁlrc ieh t(g% xﬁ% £ OAPs6 e ﬁ)?)l%togic
transmtte tical flb wever, due t he
waveguide 880 SO that radiation 821 emltted from the radiation source is
transmitted down the waveguide. Radiation 821 has a wavelength within the
photonic bandgap of 3D photonic crystal regions 830 and 840 that define
waveguide 880. In an example embodiment, radiation source 803 includes
embodiments of the ZnO diode described in connection with Figures 1A and 1B.
In various embodiments, the source can be a ZnO diode according to the
embodiments described herein. |
[0044] Radiation 821 is confined in 3D over the entire range of possible
propagation angles due to the omnidirectional reflection by each complete
bandgap crystal surface e.g., lower channel wall 832, the channel sidewalls (not

shown), and an upper surface 842 defining waveguide 880. Because waveguide

880 may contain either air, another gas (e.g., nitrogen) or a vacuum, the
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| arge change in index of refraction at the interface

bet ween cl addi ng | ayer 405 and the sem conduct or
woRberiosome radiation | oss occurs into the poT/US2008/002506

sem conductor wafer. This case is depicted, for

exanple,, in Figure 6.[0041] Figure 6 is a glraph t hat
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graph in Figure the magnitu ation In
arcoopiungedtiohi [ddsq, bsndihg dsssexpfiroraddends dtenl Uikl reasmrisdbbytow as
i n_Fiqur

4, alang .the dianmeter of the optical fiber.
| ROmREredy F%VC&PO&JW@V&@%@@? ﬁ%ﬁae%ﬁ 15 1echion MeheniEIof
WRBBD1AE Barlighsl BHot0hiclbr{als WOt aBLdiRe Q88 dal ARGl s
| ength of optical fiber 401. Evanescent fields are
pradgwa for wavegride 8§10 6m have odndd df np td &Y degrddSpravitliog trede

t, 602, .Th vanescent fi.el ds dr.op off, to . .

" HefgRiaUESE FERaREE B et BRudl i BReRl diffuithgpical systems
S WueloalbupRrs AN umenohl; had-dve ultipld@Ahndigune. 7 is a
graph that illustrates the magni tude of the radiation

f 60043he enbdaihrsbesfimeneoidpgiied, aphpedetspions3 6 is operatively
Fi The,.gr i ¢Fi : itude of
B B AN ARl SRR UE R b
5821 dhang trianelbd dowe the walapuidd, hed o goneiags arnéletthieal signal

optical, fiber. regi on of opening 507

In the an )
oV e BRI BN A4 B peBi thgeetq. ricprngeied taphotodetestar 836 is
L BR e[cRFbRR sPdte@ W40 opliibld t%q(%?élileﬁ%hdf I?}BEJ}E efé?ﬁ%c‘é?gigﬁél%b.

is guided along the'l engt er w
sil@H6] i cant ThesmQ diodetestsibey iratheiabdveahbaliatenEQkes the
resent in th i on of

Evanescent fi el ds e re .
CPRILTA e ghEoB §siisdo PRt o pRFak g mar Auncrease the light
e¥mEa g efficidrcdlodtsheddioBe BEfaubof the ORIrEARRH tHe8NELS &S
indicated at 706 in the surroundi ng sem conduct or

wagfeaction gothgZnE) dinde amd the| it substease and sarbesdi peethosfsingie
oplJ S 59{? el ud an emtter that sends a
s?é}rﬁ%mqef#gug ftatﬁag\?te)gﬁit@%ﬁ‘?%' a receiver. The

enbodi ment in Figure 8 shows wavegui de optical system
801 that includes a radiation source 803 operatively
coupl ed to an input end 86924ESI@D phot oni ¢ wavegui de

8 t hat i atj 2 ] .adi at ion.
SRRD | 0o M, A B AT S50 g
8fiterharmeatsimve besngthowni. tiervindiexiph diodsiemitdantigaptdbe 3D
phot.onig crést al re%)i ons 830 and 840 that define

fl g¥ 2ggson dgtegipr

wWEVEYG on, exanpl e enbodi ment, radiation
S@eusp 803 kmcéritﬂﬁ%nﬁimgﬁwﬁ,%é 2R okl AR ﬂs %dz%o buffer

described in connection with Figures I'A an
layer with a p-type ZnO As doped layer and a n-type ZnO Ga doped layer on

top. The zinc oxide diode is formed while confined in the circular hole of silicon
oxide to promote single crystalline growth, provide optical confinement, and
increase the light emitting efficiency.

[0049] Although specific embodiments have been illustrated and
described herein, those of ordinary skill in the art will appreciate that an
arrangement calculated to achieve the same results can be substituted for the
specific embodiments shown. This disclosure is intended to cover adaptations or
variations of various embodiments of the present disclosure. It is to be

understood that the above description has been made in an illustrative fashion,
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I n various enbodi ments, the source can be a ZnO di ode
according to the enbodi nents described herein. [0044]

woRaeh/abe7dan 821 is confined in 3D over the entipcg/uUQNBRH02506
of possi bl e propagation angles due to the

omi di recti gnal reflectlon by each conpl et e bandgap
crapdmal a Esspricdive oae.g Combingsion o dhmatovagmbodients, jsad other

CRATHRE m & RYBIpESifik w&% rhAGS

842 degpnﬁng vedu@gédégg %?gﬁgéqﬂégﬁg §&)§§&(f8kﬂl

contlz art eparhrevieaiimg tfmmbbhede@apn@e ‘Ohe sdopt bbgenjariots a

vac e egui de i.s .expect to _have a
Eﬂ)&ﬁ%l&?}q%ﬁ%@g@% SHISHI %“’Fg‘dﬁﬁ ofhst prlIcEHER aYigh the
I QBovOsFuchirbeaR &@th%d@'%eﬁﬁéd kirh QERNE"t) gb%%é of Q%rlous
| ong-di stance optical conmunicati on. ﬁ&
I lrﬂ¢rt§$wﬁfé1n @Sessmtdhisqilodwe sherald kabd:tyrrhmwi mthcrefepeme(ﬂo

t Q. conventj gna u cause .the refl ection

e SR E i s, ARHE SRR S35 FaE B RG Ry FE ey
SQHﬁm@bMﬁxﬁ@bdnCldent angle. This allows for wavegui de
880 to have bends of up to 90 degrees, providing nore

dd¥9 | at i tlndlee foregoans Petiled Hesenisipni w;qmﬁeedures are

h
' @&%a&%%ﬂ%r gsféx leoe%lg Ccfmeﬁ gt;c'(()é rcraspuzﬁcgc:fe oﬁs r{a:a?rﬂ énmg %he
[ @lﬁb@ﬁjsuien THiemethod &if mtosﬁfe iFn@tiobeSntetprpte@ta detcR6hPbn
836 i S oper led to an out put end 838 of

tively

nalieyifrgiaa @9 10%’2%@ edigratspdithe presen idisclashregmve to use
1 \ n
an A S S 2?899%?@59@“%“%%%&? Crifty BaltRr A5 4 Al Bwing
r ekypom w‘let:h ementve Sdnhee otz tios mheﬁsdﬂﬁ’( 8¢ feakur836f 4 single
elec{ |c S stem,gHﬁ érﬁble recei ve and process
eABE OPF awat 316 BUBYINE M Arhesgly Hsemoraedinto
| hd Ib@taﬁ&p]@@sc?ﬂtim@g' WERE&AHhUS & &t %?ﬂ i{R9wnhst Eparate
silicon oxide to provide optica I nement an
i ambediseent.he | i ght emitting eff|C|ency of the diode
because of the differences in the indices of
refraction in the ZnO di ode and the Si O substrate and
serves to pronmote single crystalline gromh of the ZnO
in the hole. Conclusion [0047] Methods, devices, and
systens for zinc oxide diodes for optical '
i nterconnects have been shown. The zi nc oxi de di ode
emts a signal to be received by a silicon detector.
[0048] In various enbodi nents, the zinc oxide diode
has a ZnO buffer
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| ayer with a p-type ZnO As doped | ayer and a n-type
ZnO Ga doped layer on top. The zinc oxide diode is

wol06g/agywhi | e confined in the circular hole ofpcsry[}gzmmOZS%
oxide to pronote single crystalline growth, provid

cal caonfinenent, and increase the |ight en1tt|ng
eB&h@ﬂéﬁi¥¥@§@B49] Although speci fic enbodi nents have
been illustrated and descri bed herein, those of
ordinary skill in the art will appreciate that an
arlr angeferthaibfoc tidratiegla signalcihieestmnt e caapmsingsul t s can
be sub |tute r the.specific enbodi nents shown
This d| dze"‘(?gmﬂ?ﬂré’ﬁ a%amsﬁm ep aaSGH‘b‘foé‘fiPBtHE sigstrate;
vghaatlons of various enbodi nents of the present
di sclosure. It is to be understood that the above
descr i ponbningdke Br@remmtietoiarcimnlar lgeorstirpin the oxide layer.
fashi on,and not a restrictive one. Conbination of the
above enbodi nents, and ot her enbodi ments not
speci f iRlthathe® §f361hili>&:‘qi WRERInthWi dth dEindRBas ﬁﬁﬁuﬂgnthe Zn0
those of skill in the art upon revi ewi ng the above
d&guttergniapmndaped axidpleyorfon haligen substratenbodi ment s of
t he present disclosure includes other applications in
whi ch the above structures and net hods are used.
TBer ef dihe, méthed sCelpien Df whi@eindfdsmBiglihel Zrondrsittef incheles:

present. di scl osure shoul d be determned with reference
to t he SSPp@sdcarcafasorgnng fbihg owideraygionsthe pilicamge of

equi Vald@}%ﬁnﬁ%) ry\é}gelﬁl)g?\lj'sggufge %g@ oPZROAN 1d d sﬂ[c%gszgv]d

I'n the foregoin tion, variou

f eat ur gsowing sgrgimmstaﬂmgéhﬁ?eon the lmfﬁ:lr ﬂ‘@ee%llhitmdilpﬂelﬁbmg
f or hﬁe pungse of strean1|n|ng the disclosure. This
ngFtyg

i 8P'J&ure is not to be interpreted as
reflecting an intention that the di scl osed enbodi nents
of the present disclosure have to use nore features

t Han arl&e él?@}ﬁh@t@ﬂ glairmed; whetcinrgrenuig sthglé nrysRiliteeZnOas the

t clainms reflect pve t ve. su ct,.matter
| Bt P 0% A0 e Toalf Shoet BZQiRipa T e
eﬂ&ﬂ@hmwﬂHBﬁﬁmﬁcaﬁhe follow ng clains are hereby
incorporated into the Detail ed Description, with each
claimstanding on its own as a separate

eﬁf"."di g?@hem of c?lalﬂ A \{)i?e(?eﬂn ml?Ing’% Qﬁgta 1T n%loé oh %k

a sign i nterconne Conpr i Ng:
ehufif¢rdnyérnndndesxdrowin g@@le OfysadISr&nZI@ Iilﬁmgta(}{'/{etalorgamc

supstra
&gemgca %’aporngeposmon (MO-CVD) process.

6. The method of claim 3, wherein growing single crystalline Zn0O on the
buffer layer includes growing single crystalline ZnO using an atomic layer

deposition (ALD) process.

7. A method for forming an optical signal interconnect system, comprising:
forming a light emitting diode in an undoped oxide layer on a silicon
substrate, wherein forming the diode includes;
forming an circular opening in the undoped oxide layer;
depositing an amorphous buffer layer of Zinc Oxide (ZnO) on the

silicon substrate within the circular opening;
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confining the ZnO emtter to a circular geonetry in
the oxide layer. 2. The nethod of claim1, wherein the

wombdpdoisncl udes form ng the ZnO emtter in apcdneapR®02506
oxi de layer on a silicon substrate. 3. The nethod of

claim2, wherein formng the ZnO emtter includes:
defining a cArewingsinglpenisidlinenZn@endle befférdgyar voith pHaepe

ﬁ@gbﬁ‘%{)&?qﬁ&oﬁ'wﬂég@?ﬂ%agw phous buffer layer of ZnO

he si [ grow ng single crystalline
ZnO on provedingfaf @ndheirercontdchtoptht wepelaphing oamist dhRped
n-t dopi ng. 4. The nethod of claim3, wherein
g Péﬁgﬁ@yﬁgiSH&r tatthsconflugtiyg coplerigiefingea slicylar opeajng:
i ncludes growi ng single crystalline ZnO using a hybrid

beam deposition (HBD) process. 5. The nethod of claim
3 8. wherlgiermethodwhejaisn Aghereimythe aldthadeinZin@eoprot/hiing a metal

i S PR ol e AL S
( Mian$ed) wRICR GLI1RSs thén a HEndtBl S1QHe Bfrciihdithihe iﬁ?lgéy gxi;d'bped

grow ng single crystalline ZnO on the buffér

i eEidgdeeergr owi ng single crystalline ZnO using an

atom c | ayer deposition (ALD) process. 7. A method for
form ng an optical signal interconnect system

copr i dihegueth®@t 8 ¢16ind 7] Whdtkinahe hickHid iHi10des fobm@y a silicon
undoped oxide |ayer on a silicon substrate, wherein
f GFF19E on Belildereptesubpieate aad facing the figican defeptonppposite the light

opeRi-Ng 4t 1.t oxi de layer; depositing an
aﬁgl?%lﬁgl(}ﬁs eua:afoes'?gﬁggggpbf Zinc xide (ZnO on the
silicon substrate within the circular openi ng; grow ng
single. crystalli ZnO on the buffer |ayer with p-type
d 6@1 ng T%FI ﬂn‘itﬁ‘gjno&ﬁ?l?bg ‘M]gﬁi?‘ﬁéf‘e asthodripdidespualing the light
C@ﬁ%ﬁ%ﬁYcﬁieQ@ﬁﬁﬁ?ﬁutBPaﬁ B&i&l%ﬁ%ﬁ@&' ng on the undoped

oxi de Tayer such that the co Ive contact defines a
circular opening. 8. The nethod of claim?7, wherein

t method i.nc S vi,di ng a nmetal .cqonductive
CEET ac :I?le \%eéllloe‘# %dc?ﬂgp I:(? r"?f}if!r?iﬁ ﬂbeplé‘ﬁé‘ﬁg l?“g‘l“?eﬁ'e
conducthwingané Aght st HbdTRE AN inhtd 11 Zisic MSHetillRNORide
di aneter of the circular opening in the undoped
(ZnMgQ) waveguide; and :
coupling an output of the ZnMgO waveguide to a silicon photodiode

detector.

12. The method of claim 10, wherein the method includes coupling the light

emitting diode to an input of a hollow core photonic bandgap waveguide formed

in silicon oxide.

13. The method of claim 12, wherein the method includes:

coupling the light emitting diode to a hollow core photonic bandgap

waveguide having a ZnO core; and

coupling an output of the hollow core photonic bandgap waveguide to a

silicon detector.

14.  Anoptical signal interconnect system, comprising:

14



oxi de layer. 9. The nethod of claim7, wherein the
nmet hod i ncludes formng a silicon detector on a

wodobd/enent substrate and facing the silicon delcani®nos/002506
opposite the light emtting diode across an air gap.
10. The nmethod of claim 7, wherein the nethod includes
coupl i AZRPEMttegHn fameadiingg cxidsdayaronanfitshgamicendustpr

0 erein
e A R itk AR RSO g SR Pb Pyl Wil e

to an iaglitonafetetati onca Mﬁgﬂ@%rﬂﬁb@ﬁlcﬂﬁ sﬁ&if@@bosition to face

wavegui de; and coup]ing an_output of the ZnMO

méb%gti?%dqtsctar APOsEO e et 8cigst @eisaP-12. The

nmet hod of claim 10, wherein the nethod includes

coupling the light emtting diode to an input of a

halsl owAs;mo]aiqahsigoaiiintenmmdgrapyyt/amegmhpllésiﬁ@r med in

silicon oxi.d & e od of .claim 12, erein the
met hod ai“r?&“ﬁ%e‘%ave&ts‘lﬁlﬁl ?ﬁ’i@e Rén) qng%tlaé%%% HYc Bstrats:

a hol | quymo E:ﬁutl%?%ﬁﬁhéa Qﬁﬂ&%&réﬁ%%%ﬂn@ﬁy RNk i KD and

core; and coup gaan out put of the hollow core

ph@ﬂﬁﬂd@)@hﬁmgHW’ veledl deveguide;saindi con det ector. 14,
opti_c nt er conn |S|ng a

ono otsetr il 16 8 BOONPE mE UB T waSGiRGe £ | 1Y,

sem conduct or substrate and confined within a circul ar

geonetry in the oxide layer; and a silicon detector on
a 18ec orfdedpigiconneri sy semsifisktimakSe whersinii on to face t he

S' i Cthéj%ﬁ:% %we (P :stan Bpg’f %lng ngnq'dxﬁe gf;‘ncl\é%@? éVﬁ]VegUIde;

i gh erconne
can@r|5|ng an opt|cal wavegui de fornmed in an oxide
| ayer on silicon substrate; a ZnO emtter confined
Wi t hi n B¢ @‘?t?“é‘&‘l is 2 sjondheipdiodedetectii de | ayer and
coupled to an input of the optical wavegui de; and a
detector coupled to an output of the optica
\NdVeQU|Tdhe Int¢8oniidve sysi¢reof oharacdlts, systeermhefopdtaiwavkguide is a

thxoflow core photonic bandgap waveguide.

18. The interconnect system of claim 15, wherein the ZnO emitter includes a
single crystalline ZnO emitter grown in the circular geometry with p-type doping
and then n-type doping over an amorphous buffer layer of ZnO in contact with

the silicon substrate.

19. The interconnect system of claim 18, wherein the p-type doping includes

Arsenic (As) doping and the n-type doping includes Gallium (Ga) doping.

20.  The interconnect system of claim 15, wherein the ZnO emitter emits

wavelengths of approximately 380 nm at a photon energy of approximately 3.3
eV.

21. The interconnect system of claim 15, wherein the detector is a silicon
photodiode detector capable of receiving optical signals having a wavelength

between 500 and 375 nanometers (nm).

15



the optical waveguide is a Zinc Magnesi um Oxi de

(ZnMgO) wavegui de; and the detector is a silicon
wohed/ndyede detector. 17. The interconnect sy$canydos002s06

clai m 15, wherein the optical waveguide is a holl ow

core photoni c bandgap wavegui de. 18. The interconnect

system of claim15, wherein the ZnO emtter includes a

singl e gk ¥stah Libha L bt r éhe circul ar

geonetry vvlﬁtl1 lgtyﬁgagog%%sgﬁgg‘tg png}{l pe dopi ng

ov er ark Zmeplitarsobfifiddewithmyetiralarrbhietty G0k agide MyleRon a

. Si | |§on substrate. 19. The interconnect system of

c:IS 150N PBOSURffer ei n the p-type dopi ng includes Arsenic

(AS) dopigpgcANGavel§id

(&) dopldril)gC 20. ghe |%%{Ige§clggﬁ% égh teggn&g]?%%é#mfgt

mauelcdthﬁleZZlﬁI}mMetter enmts wavel engt hs of

appr oxi 380 nmat a ol on energy o

appr oxﬁ‘ﬂ%& (2//' cgupled {p ar??"‘tpgh%étgﬁpép%mégu@?ﬁném of

claim bﬁqer&iﬁ@lﬁ@lﬁb%ﬁﬁﬁ&%ﬁ%@&abée@gﬁ mlﬁ rap%%%ﬁgf;ﬁ

det ector capabl e of receiving optical sighal's havi
wanhagteisdess thast aeand gap encaay 088 aptingmesegside by lapger tham a

o%%(?%%e% %fﬂ(‘l]encﬁe‘??‘i gnnect system conprising: a ZnO

Th a circul ar geonetry in an
oxi de layer on a silicon substrate; an optica
wayeguide formed in the oxide |layer and having an
i rput J@Gﬂlpéaalt%n@h@tezﬁ@r@ﬁﬁ Pystem ofclaim %%,t%beremam eptical

t%va%%hﬁaé Q%M%rtlishgn agééff e ﬁg@wggno?w% rein the

ZnO emtter e engt o?%n ener gy
V\,hl ch is less than a bandgap energy of the opti cal
gui de g@t | arger . than a bandgap energy of the
ect gy me %‘épeé‘iﬁqgcaél opticghuengl prtercoBntré EYsigPst em
ogo,gbﬁgIngZ wherein the optical waveguide is a
Magnesi um doped Zi nc Oxi de (MyZnO wavegui de. 24. A
met hod openating e Zat) engitan cagtriedaditlin gralculanpesmenniacin oxide

ISl Ng; . . .
S asi/tef:“ Oh a $EBA Savstidte to emit optical signals; and
using a silicon photodiode receiver to receive optical signals having a

wavelength between 500 and 375 nanometers (nm).

25. The method of claim 24, wherein the method includes operating the ZnO

emitter to emit ultraviolet optical signals.

26. The method of claim 24, wherein the method includes operating the ZnO
emitter to emit optical signals having a wavelength of approximately 380 nm and

a photon energy of approximately 3.3 eV.

27.  The method of claim 24, wherein the method of operating includes

coupling emissions from the ZnO emitter to an input of a MgZﬁO waveguide.

28. The method of claim 24, wherein the method of operating includes
coupling emissions between the ZnO emitter and the silicon photodiode detector

through an air gap.

16



operating a ZnO emtter confined within a circul ar

geonetry in an oxide layer on a silicon substrate to
woetisi11epsi cal signals; and using a silicon phet®gises/002506

receiver to receive optical signals having a

wavel engt h between 500 and 375 nanoneters (nm. 25.

The nethod of claim 24, wherein the nethod includes

0 ati ither,to emt ult i ol et aopt.ica
oPRral T EEodBRORIL o Snd rit o B fing BEER
meohpling ¢raissidas fropethaZinOgerhiter &¥a @put é&f hdlRvesdre photonic
og%j&g% si gnal s having a wavel ength of approximately
3SGNGEAPANRAV G Kot on energy of approxi mately 3.3 eV.

27. The nmethod of claim 24, wherein the nmethod of
operating includes coupling em ssions fromthe ZnO
eﬁﬂmtefﬂknn?hodnﬁuahﬁﬁ4awh@ihﬁhMﬁﬁﬂ%M%ﬂé%@éﬁumH@&wsﬂmon
net hod. o ai m 24, erein.t nmet hod of operatin

i rPilPWg&ﬁe&f‘}EFﬁfqrﬁ@é It QntisAlsS g yertical ﬁémﬁﬁ@%?ﬁft"tegghe
a%ti&é’l%ig?als‘@‘é[écﬁrb‘at gghade detector through an air

~gap. 29. The nethod of "claim24, wherein the nethod of
operating includes coupling em ssions fromthe ZnO
emtter to an input of a hollow core photonic bandgap
wavegui de. 30. The nmethod of claim 24, wherein the

nmet hod i ncl udes using the silicon photodi ode detector
to detect optical signals optical signals and convert
the optical signals to electrical signals.
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