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Description ofd fan b2k PSS een integrated circuits on the same die, adjacent die, or

integrated circuits on a board. These interconnections can either be through air,
optical waveguides or optical fibers. Since many integrated circuits include
circuits formed from silicon based semiconductdrs, it would be desirable to use
detectors also formed from silicon, e.g., a silicon photodiode or a metal-
semiconductor-metal detector on silicon, etc. Such silicon based detectors have
can only detect short wavelengths in the ultraviolet where silicon is strongly
absorbing. Unfortunately, producing signals having such short wavelengths and
accomplishing signaling implementations through appropriate waveguides to the

detectors is more difficult to achieve.

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.



[0004] Figure A illustrates a cross sectional view of an enbodi nent

of a ZnOlight emtting diode (LED) for use in optical interconnects
with sem cHRPE 0P ntegrated circuits (1 Cs). [0005] Fi F&TEISpOOR002506
illustrates an enbodi nent of a ZnO diode with a conductive contact to
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openi ng. [OOOG%Fi gure 2 illustrates an enbodi nrent of a ZnO di ode
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i nterconnected through a waveguide to a silicon detector. o
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fi ber wavegui ] i.nner core and outer cladding according to an
enbodi nent of ﬁ![%ﬁ\gé%&e@%}ﬁsgﬁi sclosure. [0009]Figure 4B illustrates a

cross-secti onfli010] ew of BigumB illasikatds @ bss-sectional view of an optical fiber
waveguide with an inner core, an outer cladding, and an opening through the
center, according to an embodiment of the present disclosure.
[0011] Figure 6 illustrates the index of refraction across the cross
section of the optical fiber waveguide of the embodiment shown in Figure 4B.
[0012] Figure 7 illustrates the index of refraction across the cross
section of the optical fiber waveguide of the embodiment shown in Figure 5.
[0013] Figure 8 illustrates an optical system including an emitter that
sends a signal through a waveguide to a receiver according to embodiments of

the present disclosure.

Detailed Description

[0014) Embodiments of the present disclosure include systems,
methods, and devices for optical signaling. Embodiments include a Zinc Oxide
(Zn0O) emitter and a silicon detector in an optical interconnection. One method
embodiment for forming a signal interconnect includes forming a ZnO emitter in
an oxide layer on a semiconductor substrate. The method includes confining the
Zn0 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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detector. In some embodiments the optical waveguide is a hollow core photonic
bandgap waveguide.

[0018] In various embodiments the ZnO emitter emits wavelengths of
approximately 380 nm at a photon energy of approximately 3.3 eV. In these
embodiments, the detector can be a silicon photodiode detector capable of
receiving optical signals having a wavelength between 500 and 375 nanometers
{nm).

[0019] Figure 1A illustrates a cross sectional view of an embodiment
of a ZnO light emitting diode (LED) for use in optical interconnects according to
embodiments of the present disclosure. That is, the zinc oxide (ZnO) diode is
confined within an opening in an undoped silicon dioxide (SiO,) layer 102. The
opening within the SiO; layer 102 has a circular geometry and can have a depth
suited to a particular design scale for a particular integrated circuit, e.g. 50 nm.
Embodiments, however, are not limited to this example depth. Inthe
embodiment shown in Figure 1A, the ZnO diode consists of a buffer layer 104 of
Zn0, a p-type doped ZnO layer 108, and an n-type doped ZnQ 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 ;.rapor
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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the oxide layer on the silicon. An anorphous buffer layer of ZnOis
deposited next to the silicon. Single crystalline ZnOis then grown
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and 375 nanorre ers [0019] Figure |Aillustrates a cross
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[0024] The single crystalline 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 ZnQ
diode and allow emission of the optical signal from the diode.

[0025] In various embodiments, the ZnQ diode, e.g., emitter, is formed
on a semiconductor substrate 101, e.g., silicon. An oxide layer 102, e.g., Si05, 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
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films, doped 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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oxi dant are carrled into tEe chanber 1 n i ndivi streans o

inert carrier gg%(gh RESHISRY Sefstratedernpeyattiss rangingdpon 18970 CtoX 685Gt Tbccur S
bef ore cont act.ym;i,b ace
bet ween the po? nt1 o%ﬁg{kﬁo‘?tgg%%g? g%ﬁ{\%g?vgg thqu’“;]%ggh F%B %Fﬁr el?
surface. Reactviuing dguseddy thet nsirgiogariel |t‘ma(remmnpanm;iuzgmg Steps. dHMasr esults

in deconposit 0Zi ce. zi nc oxide,
which is depogﬁgg@aﬁphg%n;g tgé(gnu%’dts?lﬁ?%e ﬁ% ?Fpl%? ?ﬁ?s Srengle, co
and vol atile Hmndmlaoﬂndnsumramsmp&hmrdoymfeoﬁhumt? obfilhdie highaftha® that The
zinc oxide fi Ifg.lcont ai nﬁ%wc n and may contain a group Il el enent
where a vol at? gggr oup I1l element is also introduced

into the depo{ilOBl]on chanblﬁtrALBqnad)d%ss lf%ﬂfs%@@ﬁtrdd%mﬂ%%&s@%@ﬁr@&br&%s bhi s
ener gy at Iow te era% as well as a thin | ayer

whi ch” an anor #ifd étrat%l?qucia rf8d Bptyisem the pilses tharseetor is mirgash ned
by easing thewshbh ﬁfeﬁ@@@opéva&eartéd qf rﬂerﬁrawa?clnén Q@%Yl% ecatdor G0N and

zinc oxide. [0030]1n various enbodi nents, e can al so be
formed in thEtspyzheshsmisoghed af e salpstrate@mfecel, a;dedurmepimubmmm(mw)
ZnO fil s arepghn Ak HSbR (B4 8

react ant gases EIS%IIG;‘EB*? m t |rn rg\éévi\f/t %gﬂgﬁr?%%ét sugs? SHP nﬁg}eét ures
rangi ng from BIEBIQré ipgeduced Q‘hélessebdﬂﬁatq amdtﬂnerc@psgarcbﬁ\hrhgmmkaiesammchl eved
when the flow of abE4 0 were ri caused b

saturation of ‘%tp@a%ﬁe reac%‘]t tgﬁgegr!%{% tfflp mdu\clfa a{“?g% p“icflrs%?%?ﬁfﬁ%l t hat

t he ori ent at i pmgedait Somftbeeacror. pWhhmtjly pca‘cufsbﬁch‘etrils“@ ik favBiablN ¢ Yhe

dependent on thate e The nobi y filns is
hi gher than tHh (%%r‘r’%gg?s d?%ﬂ%% %dt@ylﬁgg’fe%‘?ﬂ ‘Pﬁé"ﬁ&@"ﬁ?‘c‘fﬁ’e‘%&s
begi ns by i ntpeddunédig lcg;aﬂaﬁldﬁe pEcRad! (1SBE Broperly adsighed FB® th 1 fefors.

he reactor is purged with

substrate sur and t he S

an inert gas @ﬁﬁivacuat a hel‘?in OHEH?WQL{L{StI?tE‘il&FIB‘Hegt%‘Epﬁwgteﬁ? 1501

i s saturativel gmidvadiaasheaceds e Gobsdifcak ﬁresawaﬁg&x% raRndyridg the
subsequent pc{g% gﬁt’he precursor_is renoved fromthe reactor. In the

second step, 04 o selaeentidie qrisitewlerdRenumini¢asios igghrough @ shertl t he
desired fil magam o6 ¢R65d: Mo BKERcBLACEntad é;&ﬂdés*&ﬂtﬁﬂew{% r;]&%%k{ "
byproducts and the precursor excess are pur fhe react or.
When the predbg dede eisapiiestleajrons syfficienthho sause optical lmissiosc lir sotouabsor b
and react w th g t \ n .be_perforned
in less than onealg%g%n%s{fﬁag% C%E?'%t gk %6wd§§gfi%Pa%y®o%ns$ A ?lgact ors.
[0032] I n t he ceerapdf ﬁ&mxmhﬂelysi 3 a’tfedd amaFelgmgtbomSOZnﬂmeﬁZhOﬂrﬁtt&OZ on

a sem conduc r CI cui. t
face the sil P@(ﬁ) nl%gg %g%?%%ére fﬂ'a hé%uggd}?a%'% he figna Va"éa?srt{?{ﬂ“gh
comuni cati o ralrlosertdmhonglli‘st@cs hettith minimpet Bif26on, thA sOREk abe&Br Q(h@

el ectri cal co t§$ ides an el ectrical current to the diode to
excite el ect in F%’h}fq ¥egigedause optical emission. In various

embodi ment s, [(mssyf fici erigufdty IRBkatbsSanintBOddRsht it H L 8ASHidahot ons
having an energ proximatel y 3.3 eV and a wavel ength of 380 nm

The ZnO enit ﬁ"@?’gg)'ﬁlf 3(9 Yherg the; emifier 34 is ahihE ssndingrend ghd thessilidon. The
detector 306 at the other receiving end. The ZnO optical waveguide 302 can
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wavegui de 302, where the ZnO emitter 304 is at the sending end and
the silico 306 at the other receiving end. The ZnO opti cal
wavegui de gvdg&hgﬁzwrecel ve a signal froman enitter 3G’ET&}$80°§P%% t
this signal through the waveguide 302 to a detector 306 that wll
receive the si'§fave 2 signabframmg %ﬁv&Oﬂ@u@trmmmsmlthtdnghmwel engt hs

of the i onal el 1204 dcblor s s Sy A, A BR1ISAR, af, 700 where

the ZnO material has a very 0SS CEES Bugh
that silicon d/@tlewstm@dmdrﬂts H'&mvstcnghgoﬂths@zgmueﬁﬂtteré 0B 1Mheesn O

emtter 304 coypl 302 enbedded i n silicon

oxi de 308 on a si ?%%n%g%pumWﬁaﬁﬁ%%ﬁquafeﬁ%}&s&ﬁéﬁ loprlpsgsihug can

si | icon di ode stitdehighrendith tharilieen daedodtill A8vOKoRE bbRfptidle Wwavegui de
302 to recei Vg%‘}é"pf opti 03% Zﬂ(gnal and convert it back I'nto an

el ectri cal to dri teutter 38 cowled toe Zniel mavenids 302ui t .

According to ¥mbedids i S i on.. of
the ZnO enitter 302 s | ess tha%gtoﬁg%gﬁﬁgg%ﬂg%mﬁ %‘hﬁ}ggmeg%fr% ¥ ger

than the band@aPlier diede regerves 330 candejusedutithe Mplstofﬂngwegmsmm by
the silicon delest e opilgﬁgﬁhhlrhn@%wggcﬁ b8 ﬁ@ler:gillc%l 51%1(%]% dzwgm tted

emtter with a bandgap energy of use
at 380 nm and2ksspaed gl Wllaeﬂﬁf@mmegu{@erdmgmsmﬂhumﬂmﬂimm she t he

ZnO can be do V. Thi.s . ZnMyO
wavegui de has&ggﬁlgﬂ%ﬂ;?ﬂ@an lgsglgﬁ %%E%"éfﬁ% %@%B@&PB‘S\% °§80
ri mmaking itthg Z@Mgﬁatbhbh%emm:ammh}iﬂdgaprof ﬂm:lvuoh,fboat %ilbEMohbS

the ZnO di odeﬂ gﬁg hesﬂijcndﬁgegx material it wll emt at 38% nh so
t he wavegui de’ s Y HiS 50 CEiegar bandgap and can be ZnMj0 whi ch

will not absoft033jt 380 rinmentbatiinicatsiarwHH H/ZR0 beRE bir@fer YANSS &HS%%&
such as 310 tun %\s@ g% g@ ments, the wavegui des can be a hollow
core photonic “5553(003&; vE LR Bhemitted ahIRPermandabserbed bpa ZaBd can
be made in siwheguidoximifch FAORELEEBAke EH@QQAH@ Sp%dt“hf’h Y361 Rt cal
fibers for Lf@y}aahano tical emtter are ill rate gures

4A-8. In Fig = Tdes %‘WB@&YEV‘PEID@Q@SzﬁO&rgEEba@HMhMﬂDe t he
Zn0 e t ter igaakillaBeaAn® £08b hlenild £0 RSk BA! Blyeh BBt ieunghher

end. Again the fiber nmust be ma mat er i I ch=doés
the ul travi ol4RO Piiet.. Ifﬁ?eznﬁbﬁled@annaﬁe iZn@loped Batdjal iand] ehi acbgoddi ng

adi at i on and eher gy ERIREALI88EL DRl SRR BRSR R Ak b ges
and fibers s m%not abspibo B8G n-18t mticr delyar sHoetdr whveldigisohlcRWE B
o 7 200 S o BRI o ST Sl e
Figure 4A, t lvendgpiveatgdidedeticlhas ] Raveelola88drpivéh dr@¥%8k bt BRle inSsilicon
oxide.
[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 optiéal 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 ZnMgQ 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. Inthe

embodiment shown in Figure 44, the optical fiber has a reflective layer thatis -
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formed on the inner surface of optical fiber 401. In one enbodi nent,
the reflecty . conprises a netallic mrror that is deposited
with a sel Mqllforq%/fllx% deposi tion process. This produces PATHUSE(0R/B42505
surface for optical fiber 401 that is substantially uniform [0038]In
anot her enbodifemd of the hmepruehentf aptisa Ifiver4®, ThiogeembsHBmhd thst r at es

an optical fi i 401. The, enhodi pent shown in Figure 4B
i ncl udes an OB{? f:l%c‘gl%fag gﬂe(%%léf&%stm?ml&?ﬁg@f tg%b‘? dapoat%fhmth@squgvtl%5
that separ at eslepomitimaneced3THis priatitdes a SETHcE RNAGEOTor WBAGI fibdriol s

structure, thel: S gticoaﬁfiuctéfor waf er acts as the outer sheath for
optical fiber AP VIWEM,t eri al s can be used to form core 403 and

cl addi ng | ayer[0083. Thelmﬂfoﬁleﬂ@xﬁbmﬁﬂ&%‘eﬁe&ﬁﬁﬁél@s&é{“ﬁ%g&é‘i gher

i ndex of refraction than the material of cladding I|ayer and t hus

provi des nor mét GBS EPPiELERer wavesgided | c Fae awbedimsnt shewn SpBiginfei 43
exanpl es of nMadcBkdeahs 01%:‘[9:%! & 2083t @d?lgisﬁlogggb??iﬁé?%exaﬁ(ﬁjbtg%t?sél%%?etgs

bel ow with respect to Figures 4B and 5. [ e e
i |lustrated i MerofRAD fom dsisemigondyciiarwater] I tipstiusese, shecdeadiabindgetbay er

505 that sepanat@dcd Beumel: fftdn/f PR ARt L Pl BBl el (b1 LN S

structure, the sem conductor wa S as t
optical fiber usdto foyarjopud03vatietadding loen4te TiRadrd 403f@hpriearL 503 and

cl addi ng | aye : e 503 conpr.i ses mat eri al. wi th a higher

i ndex of refrfa?ca ?lglnwgﬁglr}&%remr%‘t%&?%h%%F%ﬂ&‘qlﬁﬁd@%lﬁﬁh&%us

provi des nor maid thpg prosided ndimal oyai¢sigibiet @atddalRGhBLEETIRS: SPCHR I an
exanpl e,

openi ng 507 ryns thraugh 1 | en of the core 503. For )

when this ope%%rrlnd’t]%é’gn%m&’iagﬁ@i “é’ttg%& grdcdadding 403 gy RsQyided kalgw gvitho

ti mes the wavekgrglolFigired d®add ght transm tted over the optical fiber
501 the |ight (}Yi-@l still be guided b% core 503. [0040] Since . the
optical fiberl8%8% or mednitht abRgimasnt drusewed indrigure Sovptivak férer 401
absorption anebnipiesd dladtindlabdiS0s ek GQARUGY af fect the
operation of the optical fglulggr._ For exanpl e?er?o}é@%ﬁ{eﬂﬁrg\%ﬁ ength of the
|i ght transmi $R8PrAvetervalen| In thipatrucang, thesegrieaidectot Wafenlisoashé outeredge
of the seni comeag @ ophedl Hher 19 Vari ' Ole§kd Leon,  then

sem conduct or waf er 0vl\)/i |1 1nglzt absoag%u%ﬁe eﬁ%gﬁ%“%?%ﬁé#ﬁ]tof’g&bfen%gﬁf]ijcal
fiber 401. Hohdding layan80%.oThewers 503 g@nyhaerematerialnciexa Mizherdhdexcdfi on at

Some radi at i oo TaoE CRadbPRRLAR o Kb R TR e P SR EIE P cace | &

depi ct ed, - f oroptisal ipeewaveguille gharact&istics. Also, an opening 507 runs through the
length of the core 503. For example, when this opening has a diameter of less
than approximately 0.59 times the wavelength of the light transmiited 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.




WO 2008/ 112075PCT/ US2008/ 002506 [0041] Figure 6 is a graph that
|IIustrate§J ff mtude of the radiation for the enbodinent of

opti cal S “in Fi gure 4. The graph in Figure GPEE%%O“?/W&S%
magni tude of radiation in an optical fiber, such as optical fiber 401

as shown in Figaig 4, aFigag 61@@ g@dgﬁﬁﬁét@lﬂusﬁﬁte& e nephite offthdRRiatibp t he
regi on of core 403, |nd| c at tical waves are guided wth

no subst anti afortheembadiment [‘3% Qlel oBHeR rfbéﬁ‘ Shék}?ll% Kigurg ‘be'Fhe.amgph imFagree ent
fields are pregfiink Hla%ltﬁﬁldﬁ%gf Dutigh Pfér?(%lﬂfcﬁ@iﬂe?% &h £ tl‘: %pti(ﬁdasat

602. These evanescent Tields op 0 |nS|gﬁ| I can s as
i ndi cated at 6®6vi in Higiee dualerauihel diagictee nf the npiticad Gberwdi dre. reg@l@éﬂ(}dﬁ: gure

7 is a graph Y of., the r tion,.for, the
enbodi nent of ?‘ﬁgﬂdl Z{tl cal66% et%tel%ﬁs g\i\&’/ﬁf{}%ghj’gm ‘G”rﬂéng Subfﬁaéﬁgllg I‘?lcfr}g the
Figure 7 showhengﬂne)fnpgmlﬁbdeiom‘ BEvatbisednt Helds ﬁre@fbsantm thalredibief , such
as optical fiber 0 sh al on iiameter_ of the
optical fi berbl Fl"llger @ép{ﬂchc%?d %&@21 EBG%G’?&” dederptittield is
present as Inﬂisigaﬁﬁdntaéveﬁ)e& indifatéd @ 606 @i @B sﬁ{'()lﬁl@ sefondReiratdrgn in
t he opti cal f@ggﬁl guided along the |ength of the fiber wthdut
nin

si gni fi cant tFéﬁ‘é‘iet7yS agraphéhaé&{Uéfdafaﬂtthvmgnlema@ég@émlamqrel ds
are present 'fbr"tﬁb%nﬁlﬁﬁ[rﬁéht@fth@lo? toﬁgeﬂsﬁwﬁ iPRguRS, s &%%QF?%“JQZ

These evanescent fields, drop of insignificdnt Tevels as i cat ed
at 706 in t heshowsiteamagnityde efriadistienintagropied diber, szaspﬁnguﬁberasm

[ 1 [
i I1ustrates aghoﬁg.gﬂ@‘ig'é’ﬁfé;% glmngﬁﬁeoﬁg t%f'J‘J)f tﬁé( g{let?cgl ﬁt%k?t il {1‘18 FESoAN

emtter that se ( ver The
enbodi ment i nofERggrie7 Sanstvenscera fielglis ;iescmpas mdicatsgtatm 816) fhetrbgibn of

807 of 3D photbar B et an TR Sk AHE o feneh e BBY ¢ Tom
the radiati OmVEtth]tGlgnlf'ﬁaﬁtl’IaiS$ﬁﬁnltdn@fﬂy slointichtbe atvvaMe BuvhgkecenRadidakicon 821
el T i P IR
enbodi nent , r@@asaarbpaffs@ufscg@lf&eﬁt 16 448G REPATOIRNMLS s@fotddfeZnO

di ode descrl bed.in connection with Figures | A and 1B. In vari ous

enbodi nents, EACEENIRVHEh be a ZnO di ode according to the
enbodi ment s deg4z]i bed h“?élﬁéQilhfsg%éllrﬁé}ﬂb@fnh%o@gﬂ-of)&ap Ieh‘pt% 'n 3D

over the entire range of “possi bl e propagation angles due to
omi di r ect i ori@fludesian pxitesihas yends elsisoalthfosglea barelyids to ayedeier. sl]lnef ace

e.g., |ower céﬁ‘?d?)ﬁﬁ}leéﬂvgl if'lg@l.%% shgagnﬁb@%@cﬁé)ggtgggﬁ h 3of BEi2hgun) . and

an upper surface 84 ning wavegui cause wavegul I de 880
may cont ai n aghdihidon seurce 883 opéretivefasoupteddo an mpur@g@@y ofBDaphemaicum t he

wavegui de is ve m.SS] 0SS arabl.e to or
better than tﬁ%@g&ﬁ@?;;(}s tﬁ%s atf) @](eﬁ?@e‘id%’rﬁél?e rﬁihla'a‘??&oélf‘ie Wised for

| ong- di st anceranghitied dowonirawiveghidenRadMitsomn, 82D dadh ngvdlansiesithinar bends
shoul d be re abl.y | ow ared tq cqnventi onal vvav ui des
because the pELP{( 52808 gﬁyrﬁ?gfﬂn&fcr&% Fedens ggéﬁl&@% 1r‘P—Fc
crystals i s nedvesatssdo. Vg ah @xdrisle Gﬁ&Béd@q@ﬂd fadialibh Sowikd mnaaaes
wavegui de 880 to _have bends of up to 90 degrees, providing nore

desi gn | at | t GALORHPRIRS TR giodR desTPeinsaBreats mpEh Fimess 16 frekilh s
gﬁé' fﬁle IS?/i t @R arbdis RnASIERUR! Bk Sourde b4 Held Lqﬂfdloﬁggccgfrﬂr% {I4hd | pl exers,
‘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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[0045] I n the enbodi ment of Figure 8, a photodetector 836 is

operati vel to an out put end 838 of wavegui de 880 to receive
alrcl)d det ect%&%w{ll @n 821 havi ng travel ed ' down t he wavE§HU§& Wk o

generate an electrical signal (i.e., a photocurrent) 840 in response
t her et 0. Conne¥avegnideisghpacteddo bavear tB3MissHnasss ebapirala tcorhestefinB4 2

ble tor \Yi ectric 840. [0046] The ZnO
0 odo desor ety pRaaBbes ER B e kvt e e B dihge PR ehe
silicon oxi de comnpunivaiiate Aolpcb Ib@ﬁdlmgiDj’ﬂ§dsﬁﬁﬂ€3§nd§-9]€buﬂd”‘l§'dr@ﬁﬁﬂ(aﬁm wiaght
emtting effici de because of the differences’in the

f
i ndi ces of ref b@gf‘%‘éﬁ’ ‘ioﬁv‘frﬁ]ém%ﬁ’@"aglﬂ@@ bgse He refleotion msehanisa efnd
serves to pr ORBihplet HagH S p %M@h@' clrjrsfb@s anQY‘éeﬁsﬁf/e fohﬁc:@h@ahé]e tpgshol e.

Concl usi on 0047] thods devi ces, and st ens ZI nc- 6x1 d& di odes
for optical i[ﬁ VLR WRKsEIde BP0 tobasis bs upThéo zlegreesomddmglmote enits

a signal to baedigrgiiNedinlMbic ?ig%h&ﬁ%sugn‘%tb%g%‘}%te gaQe%zlﬁ%]cmts op\?\hcnl%lfrgtems

enbodi nents, the” zinc OXIde ayer
p-type ZnO AsS%ﬁédoul%%!érYmilwsnaddyrpepm:memW&Uthbayer on top. The

zi nc oxi de di s for ned n hol e.o

silicon oxi degg}g ]prormtlg%gel %dﬁ%glﬁs ¢ K180FS n% agolt}‘B&PF\teCt %‘88"‘3@“6 Ml

confi nenent, acmlqdrtc pre agtoutdnd SBR gﬁWaemJtdelasg t(efeFdl:10¢ aﬁbdétecclst rad:janon
0049] Al t hou nts have en illustrated an

([Jlescr% bed he?g?lﬁlpa% otrsage]g?g?)wﬂi a‘?’%}’eglﬂéﬁ‘? jan i?FP gheralergn ‘?i‘icl“l‘caé‘ﬁﬁ?aém at e

that an arrangenemphotoalremt)s40dn tedpathtiRYRo.t DENRAEER td SRHldeR cLRR3HR

substituted for tt?e speci fic_enbodi ments shown. This disclosure is

i ntended to cBVEFURRKSYSIEMAAL oBFrabls g eesiymandurocess Flaeiscal siznal §48nt s of
the present djo8e§Josur e.ThetZrCsdib&: RBcktdeh #0880y J?ﬁéodm&téﬁ’s%’ Fhre

cription has pbeen made in an illustrative tash
des P opening m the silicon oxide to provide optical conﬁnement and increase the light

emitting efficiency of the diode because of the differences in the indices of
refraction in the ZnO diode and the SiQ substrate and serves to promote single

crystalline growth of the ZnQ in the hole.

Conclusion
[0047] Methods, devices, and systems for zinc oxide diodes for optical
interconnects have been shown. The zinc oxide diode emits a signal to be
received by a silicon detector.
[0048)] In various embodiments, the zinc oxide diode has a ZnO buffer
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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and not a restrictive one. Conbination of the above enbodi nents, and
ot her enbogi ot specifically described herein w || appar ent
to those owdﬁﬁ’ﬁ.ﬂﬂﬁ the art upon review ng the above 85?2’%?08@?03??.6
The scope of the various enbodi nents of the present disclosure

i ncl udes ot herandppl 4 xestriciovesonien Goahibidatibh ef thb abereshibodinenes amhsthéret hods

are used. Ther f vari oys enbqdi nents of the present
di scl osure shoeﬁfbga%lgngfg}%(ta?p%gﬁ%%]?we(sﬁlqe%lfeérhE’gpgf"oaptpﬁrématﬁma&gSklﬁ

cl ai s, al ong indltetarttupen tavidwingthigabofe ®getiptiahe Thé sdope whihe Rasaigh cl ai ms
are entitled. e}lﬂgp .01|{1 g_te for elngi n% De,tai | ed Description, various
features are ¢ 8@‘ “6’3 PSRt liselaspregneludssiother Arnlications ir wichdhpose
of stream i ni ngoteheructufes k@S mERodTit Ssl oLl i &%beéfl{eﬁioh% not to

b

be interpretedmgs reflecting an intention that the disclose
enbodi nent s ofMPAEMSRIs oL e RigssrY discipsereshodd be deismninest with exferencsgot han

ar e expr ess! y b LRSI The BT o B LEnd Al L0l4 ARc! i e

reflect, inventive subject nmat les inTess’than a atures of a
si ngl e di scl o§B#neamerfitleEnt . Thus, the followi ng clains are hereby

i ncor porated i t he t.al L:ptidon, .with each.c|l aimstandin
on itg own as '[(gfsg]e ar atqgl tgén%g%oggﬁﬁtélpe&%swmon’ YATIORS Fﬁg{%?fc?rff or ?
}‘prﬂ‘i ng an opgfoehtd opgherlin hnmﬁbmmémix;st];lst}w])umﬁﬁf i;tgiliai_whinngHidﬁ ng a
ight emtting: ed oxi de er. on a silicgon,
sugst rate, V\hgll‘sglbﬁﬁl 'oilj;ngS ﬁ’gt*&%ﬁ8?§13§8%“f? }‘fd’loﬁg’yebaﬂ;*mfeﬁ’rfﬂ?iﬁs EHeding@nl ar
openi ng i n t hintentico fetthoXisdsddattadifenost the P@seaid dRABERORME Huld er
| ayer of Zinc C)(lfdet {ﬁ% 021 on the silicon substrate within the

ey ﬂ-éx

circul ar openfif: S gPEesyly gi%cﬂté‘? I §36h gl oRathereagtlie fadlowing er
Wi th p-type ddpinidgefeért ibRaivelsubyREnd@R1R8in @G han all features of a single

disclosed embodiment. Thus, the following claims are hereby incorporated into

the Detailed Description, with each claim standing on its own as a separate

embodiment.
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provi ding a conductive contact to the n-type dopi ng on the undoped
oxi de layer such that the conductive contact defines a circular *
openi ng. 2. The nethod of claim1, wherein the nethod includes
provi ding a netal conductive contact, wherein the circular opening to
t he conductive contact has a diameter which is |less than a di aneter
of the circular opening in the undoped oxide | ayer. 3. The net hod
of claim1, wherein the nethod includes formng a silicon detector on
a differ @AMBbstrate and facing the silicon detector opposite the
light emtting diode across an air gap 4. The method of claiml,

wherein the nethod, i ncl.udes cpupl.ing the.light ittin pde to an
i nput of an optiqcﬁ.m@\g\?gigfﬂldﬁ’.rﬁgpg ]eoﬁgfﬂoﬁgﬂgfn&tg{%%ﬂg&ﬁherei n the
net hod i ncl udeyStesiEIPAGSHEBe |ight enitting diode to an input of a
Zi nc Magnesi um @rimdmg Zhghimitting diodten anmadopedoxidg layereum put of the
ZnMy0 wavegui de t @ splisd swisirapd ovietentforaghe thodiode inbludeéhe met hod of

clai m4, wherein tfgﬁnimtélffiranﬁ}a%@.ﬁ § 9'lld g IRE dHligblayRpd tting

di ode to an input &L ahal [ ow cor gg)tL LG ?%rﬁé %ﬂ}é‘de f or med
'S 11 con oxi de. SboRflity uf HpftoRofiy Ttk ta ?gfaﬁmﬁﬁé thod

: zcisludleg?ncg)tj:ol i6ng {%’égsli%ttﬁ%rﬁl]tl?‘?lhjuhf'téﬂ@ il ?1&1|ﬁ ?I%W‘@%r eophot oni c

bandgap wavegui de hapemigiga ZnO core; and coupling an output of the
hol I ow core phot ogrewhansigal swyvedkneZnCoomtis: bufeniaget vithor . 8. An
optical signal inte?qg PG hﬁy§ﬁ&ﬂhﬂp@ﬂ?%g§bﬁﬁg;aﬁdoptiCa| wavegui de
formed 1n an oxidg; %(V; Bladt il B halFe dBpAldIoH fhetl vSt al L1 ne
ZnO enitter conffnNe Rono A, ClTeu fry gegnet g I n. t Xl de | ayer,
grown in the circUPIPPR: oS JANELiSNg 1athﬁ§/§}q §° %%%‘ﬁe%?fgf]ﬁ on (HBD)
process Wi th p-typgefigeps siculd apg8HIS- t ype dopi ng over an anor phous
buffer |ayer of 2ZA0c methoed af tclaiint A, twiereinl theometudsk inchedss and
coupl ed to anprapidingh el aRinduativeevasivt deheasid the circular
opening to the conductive contact has a diameter which is less
than a diameter of the circular opening in the undoped oxide
layer.

3. The method of claim 1, wherein the method includes
forming a silicon detector on a different substrate and facing
the silicon detector opposite the light emitting diode across an
air gap

4. The method of claim 1, wherein the method includes
coupling the light emitting diode to an input of an optical
waveguide.

5. The method of claim 4, whercin the method includes:

coupling the light emitting diode to an input of a Zinc

Magnesium Oxide (ZnMgO) waveguide; and

coupling an output of the ZnMgO waveguide to a silicon

photodiode detector.

6. The method of claim 4, wherein the method includes
coupling the light emitting diode to an mnput of a hollow core
photonic bandgap waveguide formed in silicon oxide.

7. The method of claim 6, wherein the method includes:

coupling the light emitting diode to a hollow core photonic

bandgap wavegnide having a ZnO core; and
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a detector coupled to an output of the optical waveguide. 9. The
I nt erconnect system of claim8, wherein: the optical waveguide is a
Zi nc Magnesi um Oxi de (ZnMy0) wavegui de; and the detector is a silicon

phot odi ode det ector. 10. The interconnect system of claim8,
wherein the optical waveguide is a hollow core photoni c bandgap
wavegui de. 11. The interconnect systemof claim@8, wherein a netal

conductive contact, with a circular opening that has a diameter
which is less tan a dianmeter ofthe circular geonetry in the oxide
| ayer, couples the,ZnO emtter to the input of the optical wavegui de.

12. The i nterconnec t | @l ' - opi ng
I ncl udes Arsenic Eﬁéﬁ%‘%ﬁ%ﬁh}%goi\ hlgé ﬁ_b {m{lr:&ﬁ"g |1}ﬁgsﬁlﬁc$%g:§sa%6al i um
(Ga) doping.  13. Ea',lﬁiF P@oﬁ]ﬂ%‘é’ﬂdﬁfﬁl mof claimg8, wherein the
ZnO enitter em tsSwanetiand signaf izipmaNerasWISMIGUMPHSHIZ: a phot on
energy of approxi aBlopkitaBwavedtiide fodded fihen oxiderlsparaca sgicohem of
claim8, wherein thgpigtgetor is a silicon photodi ode detector

capabl e of recei vi tLcaknsi ' [ ween 500
ang 375 nanonet er & @g}gag)cbgﬁﬁllﬁle%féigﬁg%k ?g%l .lég?%ﬁlg]ﬁ?gtr?? g?lg‘{gnnect
system conpri si ng: $8PWejryia the W&Il?yq{egrfﬁ?@ ’Qﬁ\\l FgFu@GﬁFPﬂEd within
a circul ar geomet r yelryusmgsdinduid bgam deposition|(HESP) possss w8, gown in
the circul ar geonet pstypsidoping aydr ihdnbeaype dpprig deer ahiBD)opr ocess
wi th p-type doping Em%st BeffeP 14y UZRON B¥StacANifITBIPsPenbUf f er
layer of ZnOin coniact W tBnliNBoghleiCod AYPRARLAISE the optical
waveguide; and

a detector coupled to an output of the optical waveguide.

9. The interconnect system of claim 8, wherein:

the optical waveguide is a Zinc Magnesium Oxide (Zn-

MgO) waveguide; and

the detector is a silicon photodiode detector.

10. The interconnect system of claim 8, wherein the optical
waveguide is a hollow core photonic bandgap waveguide.

11. The interconnect system of claim 8, wherein a metal
conductive contact, with a circular opening that has a diam-
eter which is less tan a diameter of the circular geometry in the
oxide layer, couples the ZnO emitter to the input of the optical
waveguide.

12. The interconnect system of claim 8, wherein the p-type
doping includes Arsenic (As) doping and the n-type doping
includes Gallium (Ga) doping.

13. The interconnect system of claim 8, wherein the ZnO
emitter emits wavclengths of approximately 380 nm at a
photon energy of approximately 3.3 eV.

14. The interconnect system of claim 8, wherein the detec-
tor is a silicon photodiode detector capable of receiving opti-
cal signals having a wavelength between 500 and 375 nanom-

eters (nm).
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an optical waveguide fornmed in the oxide |ayer and having an input
coupled to the ZnO emtter; , a detector coupled to an output of the
opti cal wavegui de; and wherein the ZnO emtter emts a wavel ength
havi ng a photon energy which is | ess than a bandgap energy of the
opti cal wavegui de but | arger than a bandgap energy of the detector.
16. The optical signal interconnect system of claim 15, wherein the
optical waveguide is a Magnesi um doped Zi nc Oxide (MyZnO wavegui de.
17. A method for operating an optical signal interconnect system
conprising: operating a single crystalline Z110 emtter confined

within a circular OﬁbgﬁcEPSJQHapm&&so G }%ﬁnﬁ & %faﬂosubs”ate

th t
CHBD) pr ocess i th HOREBECHOBILIGS 2y RiicREa Ght

anmor phous buf f er Iay&QOlmTrYﬁmﬁX@@dﬁE@tmmﬁ ICORSUEFIrateogTaWibst r at e
to enmit optical signalthecandlangeometrysisingohyphdtbedirodieposetei ver t o

recei ve optical SIQF(HBD Yodtds i @*ﬁ%ﬁinb%hmmlﬁﬁe p8ddp375
nanoneters (tun). twé e *Baﬁ élﬁb d% &'151}&7@1 ﬁ&’aoﬁf’ﬁt”ﬂ hod

i ncl udes operating traviolet optical

si gnal s. 19. The oS ]fcogl ?LT erei he ii:jethod

i ncl udes operat i ngal’fq’ié“ VL (AT Ofléle@ﬁi 1%@%136 Ay ediagd, élaé/l%w ng a
wavel engt h of appr oxdmiapsl gogged 1o the Znﬂ)aummon energy of
approximately 3.3 eV. 20. The net hod of fl aim 17, whereipn the

met hod of operati ngdeteateideaided i AP USR] BIeCRiGhWAYELRHS e t t er
to an input of a MyZm@ wavegui de. 21. The nethod of claim 17,

wherein the nethodypbtranefat 7RO entlvdemicouphivdesgibshiving bet ween
the ZnO emtter and 15]?5’[03' 1&%8&%59%8951‘?&11%3@%{) chBfRHILEN air
gap- optical waveguide but larger than a bandgap energy of
the detector.
16. The optical signal interconnect system ol claim 15,
wherein the optical waveguide is a Magnesium doped Zinc
Oxide (MgZnQ) waveguide.
17. A method for operating an optical signal interconnect
system, comprising;:
operating a single crystalline ZnO emitter confined within
a circular geometry in an oxide Jayer on a silicon sub-
strate grown in the circular geometry using a hybrid
beam deposition (HBD) process with p-type doping and
then n-type doping over an amorphous buffer layer of
7Zn0 in contact with the silicon substrate to emit optical
signals; and
using a silicon photodiode receiver to receive optical sig-
nals having a wavelength between 500 and 375 nanom-
eters (nm).
18. The method of claim 17, wherein the method includes
operating the ZnO emitter to emit ultraviolet optical signals.
19. The method of claim 17, 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.
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22. The nethod of claim 17, wherein the nethod of operating includes
coupling enmi ssions fromthe ZnO enitter to an input of a hollow core
phot oni ¢ bandgap wavegui de 23. The nethod of claim 17, wherein the
met hod i ncludes using the silicon photodi ode detector to detect
optical signals optical signals and convert the optical signals to

el ectrical signals.

20. The method of claim 17, wherein the method of oper-
ating includes coupling emissions from the ZnO emitter to an
input of a MgZnO waveguide.

21. The method of claim 17, wherein the method of oper-
ating includes coupling emissions between the ZnO emitter
and the silicon photodiode detector through an air gap.

22. The methed of claim 17, wherein the method of oper-
ating includes coupling emissions from the ZnO cmitter to an
input of a hollow core photonic bandgap waveguide,

23. The method of claim 17, wherein the method includes
using the silicon photodiode detector (o detect optical signals
optical signals and convert the optical signals to electrical
signals.
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