METHOD OF FORM NG PHOTONI C CRYSTALS Field [001] The invention relates to a
nmet hod of form ng photonic crystals. Background [002] Photonic crystals are
peri odi cavbyosvmwssur ed materials that possess phot oni c Phasd2g@pso218 anges
of frequency in which |ight cannot propagate through the structure. As a
result, they provide e | i h as controlling
phot on | ocal i zati on Q’%ﬂsﬁh @Fﬁ%ﬁ&ﬁ%&§%ﬁ¥§m8&§?won Such properties
can be explegjted to create snall-size, high-performance photonic devices,
such as wavegui des, splitters, mcrocavity |aser, for optical

comuni cafli0dhs Thphoeomircrelattsagraanethod of forming photbropciystals. quant um conput er s.
[003] Optical properties of photonic crystals are determ ned by paraneters,
such as: refractive index, dinension, size and periodicity of lattice

st ructsir eBadiidrBuiidt he photonic crystals. In optical communication at near

| R and viSTblre ranges, the feature size of the photonic crystal is usually
of submi cl088] r Bgjenicecrystalp arp nedodieatly storcturedinsaerdals tent possess phpenisest f or
photonic gcrystal appli i ons. f.or .thej.r. | ar refractive index and easy

it eor a1 SRR AP cTalsaBact ralinEl B sanal SOl ek e RN O L i
bui It fr ok sek@gnRBEE povide 4 \#ogide ERBhBOIAdver Aight, dueh A8 conttoNiag Phstoar € easy
to fabricate, However, a 2D photonic crystal has |light confined by total

i nt er nal losdlization and inhubitign pgémq%ﬁlew gaissionuPush preperHes sambe exipeitad ni sses
t he t I ' d 00a]: A 3 hqt oni tal can
ave ool iel SsRrs Bayanfnael Bittonle Nobich, PRdEL Rutertildes, 7

i nhi bi t | $plierse MmisicavityMasdr, ifdr oicabtommanhicatons pabloaicnmtdgvated cirauitsent r at e
it into a desirable form However, research in 3D photonic crystals in

seni conduRdARICAlAUINHR PUBPYEISs eni conduct or processing being a 2D thin film

t echnol 09P003]mbb@%6 g)}oxf&’[iésicﬁiﬂht)totr& &&nbiéa) Laf% ]g@tstnt?ih@@ b?!ﬂ%ﬁt&@,@ucﬁ gitice in

subm cron scal e. 6]° There are a nu bl'i cations 1 n 3D photonic
crystal fmbmctoat imlex, idonensivmcsizvafand peowdicity efldibek structures within the

M cr o- El ect r o-.Mechani cal t VE t had, l.1.0] dal - spher |
et ot + BB SRR RSB HRCHGROR A PE Rk IRGIeRng el tFi ey or
struct ur egze 6f ¢he PNGONicNEYfANish@mally Df @4Bmiidroh traddedRS. below 300nm, for

semiconductors that are best for photonic crystal applications for their large refractive

index and easy integration with other optoelectronics devices.
[004] For photonic crystals built from sémiconductors, two-dimensional (2D)
20  photonic crystals are easy to fabricate. However, a 2D photonic crystal has light
confined By total internal reflection in a direction perpendicular to the slab, which
misses the most wanted complete photonic bandgap.
[005] A 3D photonic crystal can have a complete photonic bandgap, providing the
ability to completely inhibit light emission when it is not desired or alternatively
25  concentrate it into a desirable form. However, research in 3D photonic crystals in
semiconductors is hindered by semiconductor processing being a 2D thin film
technology, making it difficult to 6rganize a three-dimensional lattice in submicron
scale. _
[006] There are a number of publications in 3D photonic crystal fabrication,
30 including wafer bonding method, Micro-Electro-Mechanical Systems (MEMS)
method, colloidal and nano-sphere method, repeated etch-regrowth method, direct
- etching of 1D multi-layer structures, etc. Every method has its own limitations.
[007]‘ The wafer bonding and MEMS methods require a lot of micro-ménipulation

and have alignment problems. They also involve very tedious processes.



[007] The wafer bonding and MEMS net hods require a | ot of

m cr o- mani pul ati on and have alignnent problens. They al so involve very

t edi ous pwocersds$esp008] Col | oi dal and nano- sphere net ho@#sT®G010®D0238Ii t abl e
for conplete bandgap formation due to the low refractive index nmaterials
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The repeated etch-regrowth nmethod is a tedious pr ocess since it involves

pat t er ni nglicet Khip ralso Yimitedcle #1 anal praatyen Inverse apal ettructnse g}’(%?vx[el‘ieﬂtb’r every
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transferr to tﬁlgv\ﬁ Pml%oﬁlt%{-?‘aye@btfuct e§,byw§|9r%)%%r rsra estchi ng.
However, tastrapyd 30 gthotomsc ¢nystaht It gahotgpractzal fdr&mwdieeﬂﬂt‘h ,smglegcrystaSOnm it
Is extrenely difficult, if not inpossible to direct etch a feature in

di mensi on&%#-ar ound 200 nmto a dept h enough for 3D confinenent, e.g. 5um

The a%cpeCFomflt ARofher tkﬁ@wﬂ'ﬂ@th@@ddlf};‘éﬂ?set&iegreasoﬁéhim&{sﬁﬂidﬁ ém ) dpafigse and
finally close at a certain depth. Also the refractive index dlfference

bet ween t stouct@ni dhicimethod uses 2 Dainwlti- layer sxmctureawhxsthrcentbﬁcsmgls cgials . which

results in t f.inenen thevrt|ca 0 np, full
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t o producgeIhdRuRRigestifehit by dasét pashiaeriEfg H@weu@r; for appu@hahm Summary
of the Invention [012] According to an enbodi nent of the present | nvent I on,

a net hod epticabeimesg Riwvelensthee-gst Hi0sm, & ip extyergely difficultimabimpaseibledes
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i nclu es a rst par I"ayer "arrange and a second part ayer
arr angerrecﬁnﬁn‘ahxerxelerg tSuen. s §heradpgqeariticals foaytdgh and dolysnszes will ghadmszed over

compri sestntast and| Gy dhte & SEEoAl b AlarGFdeRoie dED trayE To
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weak light confinement in the vertical direction and no full photonic bandgap
20  formation. _
[011] There is thus a need to prov1de a method to produce 3D photomc crystals

easily from semiconductor crystals.

Summary of the Invention

25 [012] According to. an embodiment of the present invention, a method 'of forming
photonic crystals is provided. The method includes: forming a layer arrangement on

a support substrate. The layer arrahgement includes a first partial layer arrangement

and a second partial layer arrangement, wherein the second partial layer arrangement

is disposed over the first partial layer arrangement, wherein each partial layer

30  arrangement comprises a first layer and a second layer, wherein the second layer is
disposéd over the first layer, and wherein the material of the second layer has a

- different etching characteristic than the material of the first layer. The method further

includes removing at least one portion of the second layer and removiﬁg the first



different etching characteristic than the material of the first layer. The
nmet hod further includes renoving at | east one portion of the second | ayer

and renmowogotog4dser st | ayer, wherein formng the | ayer aCT&Gew®ni219ccurs

prior to renoving the at | east one portion of the second |ayer and the

first |aygr. 13 nar ated etch-regrom h.nmethod, .a f.ir | ayer of
sen condu g g famid BE SRl St en S pridih MGRp e Me et o
whi ch pr opéréies oftheltetddilgydd and aapfirktiagér on, subsequently fornmed in the
first layer. The lattice arrangenent may be formed by patterning the first

| ayer, et HBhgln feepepted etchagerovdl erstiindag first lakier patemaeandyeigr pwtarat ifi ng
f | zat | j : :
son conduBRUR of st wid § ESEMMATHE Witk SroaCEBRGtonRAThadle |

same nRNNRihcEén, tsubsdquemly if@ytrd, ini the. filsy ldyepeatienfuttidecartdngpmend magatteer ni ng,
etching and surface planarization. |In contrast, enbodjnents of the present

i nvent i onfosmed Py @atiernimgrthe Brst bryer stahingthe firsidayarascardinede tyerattemn adowt h
stage, wh {&ﬁ%@%ﬁffa@é hgaﬂgﬁ%aa@ {e? e TR P ¥erh QL8 ngAt&%oﬁcﬁé%fer of

arr angene 0 reffovi ng east one portion of ‘a secon ayer of the
| ayer ar r sengjesminttoandatedaiois supsaqientlgt groayeon athe tseeonday®yer anrthagament ) ; and
a lattice formation_st by renovi ng_ at Ieagtppone. portjon of the second

| ayer andMABHFORS e ﬁﬁ&ﬁ%?rp i€ Pajreryting e Sieps K& PRESTBINSFICARg SRR SRS
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| attice rangenment, which provides a photonic bandgap function, occurs in
a si ngl e stlagqueothat has tostegdsc aqgrywthastagd, wisre ndayeaariangement ipfoomesds. On

the other hand,.in. t ted etch- wt h net hod -nentioned abave,
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processi ngy&astthk a%RE ah?ﬁ’%é#éﬂﬂ ahd Yemavih@ @l @46 14%eP 6 £ e 1@‘&%&?&3&5 one
0

effect of enbodi nents ¢ e present invention is that a si e an
ef f ect i veandpplaticeHormationsiaga by rangvarg atdeast ogepprieneiitiee s@pyng layer and

sem cgnduct or . nat.er ial.s 14], ILn n t of th toi ntion, the
term f')Spho’iegﬂr%v%:n &liles tﬁgﬁtslaylﬁrg’ar‘lhlsheﬁe é%%]ggegréeﬁ%’%e&ﬁﬁg ése I@%%?%g arﬁ\gggﬁelrre nt

t hat provémesdimems Aifaht prdsamdm@pntion, €omationgs fOthei lattien ai@yigemeniviiichs pace
wher ei n propagati ng photon nodes do not exist._ The photonic crystals my

exhi bi t aPTE¥iEYAphatoBicPasdeap Flien, OGRS &t 2 singlfeiagfokie RRORRIC AYsict i ons.
[015] TheglQhR "f{aﬁrY&'ﬁf)?gﬁr@E&ﬁnephr tHIESMSr fﬁaxZ&,r CHY Fepdadd NGcH- Y &b thTOr €

| ayers having a speci spati a ayout, | el ng positionedrelative to

each ot hemethod t-meativexd dtmyey formebarh of theelattice pranfzement] inyolaks repeatedlyot
Him tzeod, érgwllonGgi Qr% f?rb]::el:sgllngpelaghn Fayg;in%ividually, a tedious process. Accordingly, one
effect of embodiments of the present invention is that a simple and effective approach
is provided to fabricate 3D photonic crystals in semiconductor materials.
[014] In the context of the present invention, the term “photonic crystals”‘ means a
structure having a lattice arrangement that provides a photonic-bandgap, i.e. a region
25 in energy-momentum space wherein b_ropagating photon modes do not exist. The
photonic crystals may exhibit a bandgap along some directions or a bandgap along all
directions. |
[015] The term “layer arrangement” means a structure having two or more layers
having a specific spatial layout, i.e. being positioned relative to each other or to other
30 layers. Each layer is preferably, although not limited, to being a flat plane of a
semiconductor material. Each layer may be composed of materials which exhibit
- spatial variation of physical properties, composition, or other tangible characteristics,

where that spatial variation produces useful bulk properties to the layer ai‘rangement

composition, and the spatial variation can be subdivided into a stack of structured



sem conductor material. Each | ayer may be conposed of materials which

exhi bit spatial variation of physical properties, conposition, or other

t angi bl e wbhansxct4ersesti cs, where that spatial variation pcodceew/ooea$ul bul k
properties to the |ayer arrangenent conposition, and the spatial variation
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| ocat ed f er away froma support substrate’surface is referred"to as the
"second parangainehtiyand arfseogeinpatial layer |agranpementher Tharlayeal artamgement

arrangenent .| qcat e earer_to . the s ort substrate surface i.s referred to
s ¢ he’ T Peratn inaufes Mg mittalty SBREH ol Tavet ATl T I T ayer
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Alternatively, the first partial |ayer arrangenent and the second parti al

| ayer ar reefegredetot asnty ‘fsavandopastialr layer arrgngement”, (vhjler thg ratheroearialt laydset ween

them i.e, the first rtial, | rarr d..t ard j.al | ayer
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| ayers, ein the layer |ocated further away from a support substrate
surface ieverether fiess pastigls layge aEwgRBentay epltergatiyelyy phe dirsle partial daverocat ed
nearef. t o poyit r . ' 0, | | ayer,
S0 that  t EEUEeRUARR 8 MBS R S ab B Bl A Bl R or Bre il |
second palayéerabrrarggmienar betwgenmieim, pr.eef the dinbsty pantial laies drmaogémenddargdt tley
adj acent layers within the |ayer arrangenent, erein the |layer further
away froni®] flilaysn gEap “éﬂﬁ’%ﬁ’é@“&@gﬁ%@%?&,gﬁmw) %BP#&rsecond | ayer
and the ofgher. A%&rpa&@aﬁw&qnﬁgﬁn& BRfErhBIStind18Y& twoSithrh ddtelly @ ae@f0Nd
| ayer is disposed over the first layer. A fernatively, each of the first
and seconldygar wheiein theelayer logatgd forther amgy drooup supposesubstratel shefgeer s havi ng
?Pr?regéoatrrgﬁre | ?tﬁé%n@%ts\ggoe L ggr{,nr%#ileemetor%ﬁert l\ggljersl%lcgt&ti %Cc-j:al'lc:{x?1 Y§tite ggp%oxq()t
substrate surface is referred to as the first layer, so that the second layer is disposed

over the first layer. Similarly, a second partial layer arrangement preferably includes

two immediately adjacent layers within the layer arrangement, wherein fhe layer

further away from a support substrate surface is referred to as the second layer and the
25  other layer referred to as the first layer, so that the second layer is disposéd over the

first layer. Alternatively, each of the ﬁfst and second partial layer arrangements may

group two selected layers having. .one or more layers between them, i.e. the two

selected layers ére not immediately adjacent to each other.

[018] The material of the second layer has a different etching characteristic than the
30 material of the first layer. In embodiments of the invention, their different etching

characteristics may be achieved by having the first layer and the second layer made of

- different materials.
[019]- The term “support substrate” is meant to be understood in the ‘context of

semiconductor technology, i.e. “substrate” refers to bulk semiconductor material



[018] The material of the second |ayer has a different etching
characteristic than the material of the first layer. In enbodi nents of the
i nvent i orwotzhe4advf f erent et ching characteristics my IpeTaGhIOWeR1DY
having the first layer and the second | ayer made of different materials.
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of sem con k~'sem conduct or

mat er i al f@efidgr for Qm&ngrair&rer dlyefsf stialvondwdtomngatetigichéreon.cs or
optoel ectronics thereon or therein or for growi ng further |ayers of
seni condul®28k Irganahqdiments of él&rnprefme}vepﬁ%ﬁﬁ@avmﬁb% atgleagt jpge yi’P@é%'rﬂ
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that withi'n an optica active- region o |"ayer angerent,

remai rs ngarmgemdntl theerentaiising apsondayérrigs gape/speitings- fresene m;ramaymal

I nt erval between Elefv) t WO ga s of the cond - I er to orm a (i}l odi c gap
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wi thin an op |caly active o region t he arrangerrent I's conpletely
r enoved, ﬁﬂsetagrbymaquhcagl that tifd pertioh ayfehe éirstdayarfwnlmal anl agtmallyfactlm ol ayer

arrangenent. ver ortion of t i rst er Stl |n as a
Spacer BT A BrirReEnH I SymplEtels o YRiebTataiie the B For m an
over hangi NghcAticRIRRENSEHe $yet airbii gnydnt NHOWEDE, h p¥RIonS A HETRRfer nrafhe
result of renoving'the first |ayer and renovi ng the at | east one portion of

t he secorsill wepwin as aaspaegrt hetween ﬂ@h@ﬁelﬁemonﬂﬂayerﬁxrmﬂ@taﬂimswhm oiyersbandgap

f I
e on 3k o o GERR PR st BRRL RGN B RS | 21

one porti¢hte@bvinfehSHBGONGet ﬁ)tﬁfenmﬁlgtthe af leﬁﬁtonb pykion oThhlésecBﬁk!l mysgist he
| ayer arrangenent is the first step in the photonic crystal fabrication

sequence. 2 jaftics grangamant Hhak prayides gphotppigpandgap f"f‘i‘étl‘b‘hotonl c crystal -
fabrigati econd
Iayerﬁas Itazelssecongal %%S étn kér%‘g‘\‘/ﬁt‘ﬂge'?’{r? ?’l rstgqﬁ agféf {Hen% %éstep. In
anot her é&sppelit mﬂmratefocbhne prioy mtemnng the qnltﬂasmnecpomnms bﬁthefsatnnddayeron
sequence has _repgovin first |ay as the second. step.and renoying the
ot T enct BHetschel brdor T, SoUmRG (heyarer A EERER isoher Gt e ten

enmbodi mrendiRdic fcﬂ%ta@rﬁﬁﬁé’&noh”é/éaﬂéﬁ&” IR JMRSEmbBNmBA eemhﬁeqn@e{eﬁlet he

| ayer arrangenent” formed on the support substrate. The mask may be di sposed

on the sepotuhi¢ sxpstal gibridation scqurice dis irethoviag dhe at icasigene portemdofathgat t er n
devel 2PE secondt ﬂlyer as the second step and removing the first layer as the third step. In
another embodiment of the invention, the photonic crystal fabrication sequence has
removing the first layer as the second step and removing the at least one portion of the
second layer as the third step. |
[022] In embodiments of the present invention, a mask may be deposited over the
25 layer arrangement formed on the support substrate. The mask may be disposed on the
second layer of the second partial layef arrangement and a pattern developed on the
mask. The patterned mask facilitatés removal of the at least one portion of the second
layer. In the centext of the present invention, the term “pattern” means to form a
desired structure on the mask, through the removal of undesired portions of the mask.
30 The patterned mask protects selected portions of the layer arrangement that are
aligned to the patterned mask. The patterned mask thereby acts as a mold through
- which the pattern on the mask is replicated in selected layers of the layer arrangement

through a controlled process that only removes undesired portions of the layer

arrangement.



mask. The patterned nask facilitates renoval of the at |east one portion of
the second layer. In the context of the present invention, the term

"patt er n"woeansl44@ef orm a desired structure on the maskpPCrisGaugloihe
removal of undesired portions of the mask. The patterned mask protects

pat  or nedl ki i defts sf X plkeR AERERY, e Meck S AisRRE Pt b cn e

pattern ofhetlagernasdngemeneplTheapattbred fRkIEGhHM bkaymioved aftehehd dh6tonic
arrangenent through a controlled process that only renoves undesired
portions @ystalsarg Fd-ar-rangerrent .[023] In enbodi nents of the present

I nventi on - S =i 3 : ] . The
pat t or ned AL R Ebodichen oP R R ilenliGh Bellvindng BRI EBATIY, [0,
| n entsodi thie ikecondf layéreoqeusssiseforei renr@ningothe firsayemgThine thé phetasic aypstalporti on
of the seéond | ayer occurs_befor enoving the first layer. Thus, the

phot oni ¢ @pyeation seqisnee s formungdhie Hysr HEaNSEBeRt ofythe RBPRAIL bstte ahdenent on

the suppogfy %e@%&at«ﬁg’%sh@as& ioﬁ%boﬁfoﬁlfbf tlé@@lﬂﬁ&]ﬂaﬁgpﬁ]@% fsls&ﬁatst NgdPor ti on

of the secon ayer a e second step and renovi Irst layer as the
t hi rd st eemovdi23he Grst ldyer ax thethilthstep. i n ot her enbodi nents of the present

i nvention enpVvi he fiyst layer .ogcurs before renoving the at. | east one
por t i on_ o025k eO8 SRS ABeT by in-pifiE EmPRATEIG: OF G WEYEE A1VPADR: 'EROVER

sequefice {asirbofafinScdifebdBdelenfivii 8RR NEas? bk HRrsPBP e Sdbad Nafe as the
first step, renmoving the first layer as the second step and renoving the at

| east oneThusy theqhotonic ¢rystebfabridaticaysequense hiae farhiingithetlayer aRangemeny onhe fi r st
| ayer may,include removing the first |laver.of.the fir arti.al | ayer

o ot S s SR 20 e B Ssb temo M R ek iydrids the S@bhd Hep ™Y |
a singl e &heRingthe aERYstphe Yorichdofithe sedraniyrgas e thRdRKpNR&RSind thei al

| ayers of the layer arrangenent in a single operation. A trench extending

through tfist lagemay indwdrermvingoths first yercolothefifst paspigdayersumsagenment may be-
ok, S OE DRSO RETRY kit 9S8l 8 BT
present ipreeidingothe aldhatage of teimosighsacrifiviahrbsyersasf thp dayen grangenmeht g at hr ough
Ubst 1 At S EPEIEHTH RLRBEhBREHA GroTgh (R SEb AT SIS ochpTaRG of WE 11 r ot
layer, Maynhie subleratt hay Bk Fbmilid! B fr&h MbiliERinpSeRbORE thd GirdtilAyek h@yer and
may be par g*)l el to a surface of the support substrate.” Form ng the trench
may occurdigctien pexpendinglat ke theagiesctian thegrenednis. forimgd., In the context of the
20  present inventién, the term “trench” may mean an opening extending through all
layers of fhe layer arrangement to expose a surface of the support substrate. The term
“perpendicular”, in the context of removing the first layer, may include a lateral
direction, which is along the first layer and may be parallel to a surface of thé support
substrate. Forming the trench may occur after forming the layer arrangement. Thus,
25  the trench may be formed before remolving the at least one portion of the second layer
and removing the first layer. |
[026] In embodiments of the preéent invention, the pattern on the mask may be
developed after .removing the first layer. On the other hand, in other embodiments of
the present invention, developing a pattern on the mask occurs before removing the at
30 least one portion of the second layer and removing the first layer.
[027] In embodiments of the present invention, removing of the at least one portion
- of the second layer and removing of the first layer is performed such that a gap exists

between adjacent remaining portions of the second layer. In the context of the present

invention, the term “gap” may mean a region of space that surrounds a remaining



the trench may be fornmed before renoving the at | east one portion of the
second | ayer and renoving the first layer. [026] In enbodi nents of the
present iwoento@mset he pattern on the nask may be devel epgsGaéto@®pomgnovi ng
the first layer. On the other hand, in other enbodinents of the present

I nventio | er ] g@ﬁlg | t he at

| east on 0£§¥§gg%$f%ﬁg%bn & lg)?%zgn re@r%@yigv?ﬁ%u%ﬁéig@%g?m [027]
| n enbodi signtliguid ot hsolidifisiHiguid.nvent i on, renoving of the at |east one
portion of the second |ayer_ and renoving of the first |layer s, perforned
such t hat [028hafs @rﬁbg‘ﬁgleaét el RIGFeRL RYEDHERRibF lﬁzfrp@ﬁqgs%@nfomc{ S decond

| ayer. | f SEiahedrhe Nl t " ’ nmean a
regi on o?pﬁs%g(t:}ge?#g%hgg ra%t%ﬁéis)}reg ren%% ni ng%%g%f)gfrrlagy (g;c Sg‘zdglgn %{yer. The
regi ors of laggaareangemehte Remavingnofthebw lkast lopd purtibn af the sedondUaykranda
solidified |iqui. 28] In enbodi ments of the prese i aventi.an, the | ayer
arrange np‘i‘?f“olvﬂta %&B& %5“ DRY5F 4TS We@fe ‘H‘eb‘ftf‘ g plﬂ}garlﬁ' QFh?ea@té? p%fbglgﬁﬁeéne nt and
a pluralityan@bmbieardano prirAfY of de $R¥RI pAtiAPRYE R ngefeAP VinMtHe éntbhte at

| east one portion of the second |ayer and rendving of the first layer are
reiterateof the prosdmt tilleenpibny thiej teymofreitérated’ meay peanithe remgesl iardamsgonent and
the plurali tt?’t' of. tt'{e fecond artial |ayer ari;%g enent . In, th cant ext of
the presefP® hvfe‘ﬂ?r? b, STHETEr m G EArErFa Y ’35 L ﬂwtnﬁgh? 8%\9%1I°n|es ‘done
in repetifdiién be el debeld BOSY ENERFed KPRnERMMEHREiBlyBe Ahbthér §eqiBiteng t he
at | east one portion of the second |ayer, followed by renoving the first

| ayer. Anmenbe fissaeraedag thefinselayern felloweddyi removing the pileast ope portios| dfowed by
renovi ng the_at | t qQn | t S e r ‘quence
ray be g eR 2% At shdtBpl e R CHirsy el dr 1 sRETENC0
the firstpdragldiyedarrahigensent andl thedfirst layerl fylee setbnd paeiabhilyer aramgsinegt ia st ep,
foll owed by renoving the at | east one portion of the secongtll ayer .of the

second pat tipgle stepy Efloxred ygemeonnedhe akiGes egaenttop Hethe 5989 1aver gt theeast one
porti an of. s epARTORYer AVngefbnt oA dubSciueBy tnfdvin AW at3EdsPOHE Boion [ 029]
or t t % r ?rmw yﬁt

I n enbodi ment s present 1 nvention, ng o he at |east one
porti on odf thérsecond baydr dfthe firdupdrtrablayen axgangémete first | ayer is perforned by

any one o fol.l owi n cedures: etching or. i i 1.I.ing. The_ etchi
may of ¢ nelo2B e Srpdbingits BF B Tgten inyEhiioR AdoPgE S e 16T PRa BB
portion off hBesd0ager Mieleni g6t ﬂllesf_ﬁstbﬁg&efsf P TREDbyadY teolfhet e
procedures of plasma etching, focused ion beametching, or ion mlling.

Rerovi ng ftlowing froessiurdsagtehingwy iorempling.ol he dtchinganayiigher betacdiy stgh or

20  a wet etch. Removing of the at least one portion of the second layer may be also be

performed by any one of the procedures of plasma etching, focused ion beam etching,
or ion milling. Removing of the first layer may be performed by chemical etching.
[030] In embodiments of the present invention, the thicknesses of the first 1ayer and
the second layer may be the same or different.
25 [031] In embodiments of the présent invention, within each paftial layer
arrangement, the first layer and the second layer may be in contact with each other.
The first layer of fhe first partial laYer arrangement may use the same material as the
first layer of the second partial layer arrangement. The second layer of the first partial
layer arrangement may use the same or different material as the second layer of the
30  second partial layer arrangement.
[032] | In embodiments of the present invention, the first layer may include InP, GaAs
.or Si. The second layer may include InGaAsP, InGaAlAs, AlGaAs, InGaAs,
InGaAsN, SiC or SiGe. In other embodiments of the present invention, the first layer



[030] In enbodi ments of the present invention, the thicknesses of the first
| ayer and the second | ayer nay be the sane or different. [031] In

enbodi merwe 20fo/tls6 pr esent i nvention, within each parti CTIS&pe0/000218
arrangenent, the fi rst | ayer and the second |ayer may be in contact with

Che'sa THaY dpiiute A pRE oF lpGpAbEy InoatAs PAIGAAS, 1nBHRS, FGAPEE K o™ Uoe
ar r angenegiGe. iR se&iNbydrayarinbludé bty bid St InPaGhAS orlSayer arrangement nay

use the sane or different material as the second | ayer of the second
partial |H33l Trenabasiments of tigapresany lmb@lm,rtbﬁpgttme hgepmay érpludednt i on,

the first la er C 0 nclude

| ncans, P APo o R EIRE of i a1 Sliekh nigh PRI RARE bl
errbodisrren[os4pf1nt GEbJHiRERS of it/ gresdn® Mavehtien, fremst/mgagfenérwlehsmne@ertMy one of
| nGaAsP, I nGAl As, Al GaAs, | nGAs, InGNAs, SiC or SiCGe, The second Iayer
may i ncl u‘(’{@h&ﬁ‘iﬁ%ﬁ days issyeh thagelonggn axjs pe[xngsijlcqlﬁ ta 3syHReRofk the sWPRoKe

pr esent o] €. pha ed, A | u

Phot or esi SPSEy R Ik Btk SSGAE Aner e fHioh 0F & Cof R s BembHEA e

mat eri al . al{gddd witha eerbmdm@pmreomfof taheadjrcestesecondlaynt. i Thys, raepmmong)fcaf t he at
| east one portlon of the second | I s such tg%ééloal ong. an. ax

per pendi clighi beam g%%@%ewﬁhmt'ili‘@%ﬁﬁpm@ggﬂﬁ%tt “&ta frediong Socat i on
where; i h e eTeT=YeN I ni ng
por 1 Sh RGN 30 £oSERANE HEEpridt HOHRKCRIN Pl Ik at“é’.e%‘ﬁ‘t“a‘é-‘é%%‘"

pr opagat i mgteriak (hienthe be:ohd;}:grer&raﬁmmgmmeaﬂeraﬁdoem@rﬁgt lzastione poitiom) thagis i s

per pendi cyl ar .t o of t rt substra onl.y. i nt er sect
second Ia"y%?g W&tpé‘% %#E’ ?gﬁt h&“c%%ﬁ?@?’&% &‘8%11 Pfg’egfl{‘é’#er?eé val of
at |east Qng u@i&bmiaykharhéré n#yOplaAe WRrB tef pdrfi6n lof @ty 1ige deam M@ | i ght
beam wi || be nodul ated when it intersects with the second Tayer. There may
be pl anespaﬁhéh@ughethpoﬁemodnddwrtlm dfi gat respeptivey serorshdayer I‘ﬁﬁ@ugwrftfﬁ’@ r enoved
ort|§n of the respect hve second | ayer and therefore experience no :
nmodul &t i oRP flﬁ%pbe] °1R° rlr% di ments of the present invention, the support
substr at e[o3BY Reerhbddients foflthe pregit dnveition e duppat @lﬁbsﬁgte(may" vatibeed] i ng to

renove the at |east one portion of the second |ayer. The angle of tilt may
be ar oundfopgxamplecdurimgidsy etsbuygqrjen mHILBE te Franqyel§ #ideast engsportion of the

dr aw ngsu% I‘:{"Jﬁgl (d/?j NG lecdﬁﬁ?xﬁﬁf_ ga%gﬂgzggd foyoeefer to the same parts

t hr ougho ff'erent views raw ngs are not necessarily to scale,
enphasi s

20  Brief Description of the Drawings

[036] In the drawings, like reference characters generally refer to the same parts
* throughout the different views. The drawings are not necessarily to scale, emphasis
instead generally being placed upon illustrating the principles of the inventidn. In the
following description, various embodiments of the invention are described with
25  reference to the following drawings, in which:
[037] Figure 1A is a schematic view of optical structures having 1D, 2D and 3D
configurations.
[038] Figure 1B shows a flow chart illustrating a method, according to one
embodiment of the present invention, of forming photonic crystals.
30 [039] Figures 2A to 2H illustrate manufacturing of photonic crystals in accordance
to one embodiment of the invention.
- [040] Figures 3A to 3C are SEM pictures of a multilayer structure after selective

lateral wet etching.



I nst ead general ly being placed upon illustrating the principles of the

i nvention. In the foll ow ng description, various enbodi nents of the

i nvent i orwanrelodasessi bed with reference to the foll ow ngPdT&GR20@HN021H Whi ch:
[037] Figure |Ais a schematic view of optical structures having ID, 2D and

wot hod,  AWAD: diGree dAHY kBRI RS DA D Rl SIS betRr i ng

phot oni c lﬁrag&;rg&ﬁ;e Wil3Shbddiaenits of e ihwendbhl I | ustrate manufacturing of
photonic crystals in accordance to one enbodi ment of the invention. [040]

Fi gures d842]o lﬁguxarfesl&w picrosusectiond] vdewndfta 3Rlaltice structungriads esing gel ect i ve
| at er al £ et chi ng 15’% é%‘fl gures 4A and 4B are SEM pictures of 3D photonic
crystal st Elléfrﬂ?gts? i n accordance with enbodi ments of the invention.

[ 042] sFi qoan @gﬁa@%s@w&s&@eﬁémwwmmgf livt@ik lcistdl Gemeddrbictiur e made
using a tilt plasma etchi 3& met hod. [043] Fi gure 6 shows cross-sectional

vi ews of a@gmleﬁm@ﬁb andq Iﬁlptmefr%ﬁalb@mpﬁd y Borgeal phasepichet ch and a 3D
Phot Ol € BRYS Abude QT Y if mggﬁfe maﬁlﬁﬁ%{%p?ph&%ﬂ erbiBN i F Sedfadide 7D
fl onic Crys (} gO one

illustrat'e ur| ng n accor dance

enbodi nmenb otﬁte eiﬂwdinwaniflthmmvax@ﬂ ﬁglﬁesa&dn& 9eguch showwi SEMBpicuire bflae of a
3D photonic crystal sanple after FIB etch. [045] Figures 10A to 10F
i |1 ust r at3D phetomigcrystal sgmple afisbtBhetehcrystal s in accordance to one

e”bodlggeghmf ﬁlgﬁeé PYLR ngglndsgéx@]mﬁi g%brhgm#lmsgmﬁu@c 1S5@Rn %@&&a%ee' view

of a ot'oni sta I n acc to one énbodi nent t he
I nventi orto ob@éﬂl})ocﬁngantefthalmbnnma t abl e summari sing | nGaAsP and | nP

t hi ckness i hot oni c cr Ial 8 e.fol I awi ng

ot ai 1 o R Higthech MR & s SHEoREL YAt A BPARRISTRLrBRIME by vy
of 111 ustyadRibe t5BRE bmb6difthfbf the ddngsROdI Ments in V\:hl ch the invention
may be practiced. These enbodi nents are described in sufficient detail to

enabl e t H043 §kg¢rceld showsiretablet sumgnastsing InéinAsReandnin®rthicknessey fogra 3D
enbodi manél ¢ %/ thI lized and structural, logical, and electrical changes
may bé R ff?'departing fromthe

Description
[048] The following detailed description refers to the accompanying drawings that

~ show, by way of illustration, specific details and embodiments in which the invention

20 may be practiced. These embodiments are described in sufficient detail to enable
those skilled in the art to practice the invention. Other embodiments may be utilized
and structural, logical, and electrical changes may be made without departing from the
scope of the invention. The various embodiments are not necessarily mutually
exclusive, as some embodiments can be combined with -one or more other

25  embodiments to form new embodiments.

[049] According to various embodiments of the invention, methods are provided to
easily, simply and effectively fabricate 3D photonic crystals in single crystal
semiconductor materials, including Si and III-V compound semiconductor based
materials.

30 [050] Firstly, a multi-layer material or layer arrangement is grown one layer at a
time to ensure good crystal quality. For example, they can be grown by epitaxy
“technologies, such as metal organic chemical vapor deposition (MOCVD) and
molecﬁlar beam epitaxy (MBE) for materials like GaAs/AlGaAs, GaAs/InGaAs,



scope of the invention. The various enbodi nrents are not necessarily
mutual | y excl usive, as sone enbodi nents can be conbined with one or nore
ot her enbwOi2nBEvit4g0560 f or m new enbodi ments. [ 049] Accor diPeE/SGRoNMANI208IS
enbodi nents of the invention, nethods are provided to easily, sinply and

ffecti br.i 30. ph i |S.. | i,ngl i cond
mat or 1 o st RERASE A8 STRIGESTPoth AL BeRol deEael bt s BT AR o s
[ 050] Fi rbd kagily qundtlahd pterisely doatrellédat absmicay el daring dgespitaky.i S grown one

| ayer at a tine to ensure good crystal quality. For exanple, they can be
grown by 5l aNgxt; sacmifisiabgpiaxy layem vathindhelayer gasngementbaeramoyed by,

depositio ) . cular | ( ) r erd:.al I ke
Gane) Al ookt o) pARAE AR o SR BB B oo Wi e e B Rt O
and t v ckwh&e it @wfifichbhypitagatayles ems rdnyovednfdmandethasging dhyers.onforol | ed at
atomc level during the epitaxy. [051] Next, sacrificial epitaxy |ayers

wi thin t hexampjerandnCansR euerhanging sEpriyie ey, be foymed vingoinklpysre

wet - et ch, . I ﬁmgpﬁg | c’ : e the
sacrifici£ﬁ93%??g¥gqﬂg§gfQQ%?%%%QLQ%Z%n?%%ﬁ?over éﬁﬁ?ﬁg ﬁ§§g%g. o@
exanpl e, pattetm feadafow bg smiggleep tehchestand datery sélectiver eteliingyyinraepardamg | NP
| ayers. The sacrificial I taxy .| ayers y, be renoved either before 3D
phot oni ¢ Wit b &mbpdiest Al e AREFHBR BsnLF Agneiele TPatR et ca ettty

sel ecly VeehCilinty rAddfETOIHIABEEp MMt Aifo q@ﬁgbllrrﬁﬂang&nehﬂqnlawﬁaaﬁ&n: or

can be done after exposure of each sacrificial layer during transfer of 2D
hol e pat t withsanothteo embwdingndr ofatheamyentiont using adayer-dyreyervetci approablsr

enbodi ment of .the inventio ing a er-by: | ayer ch approach.  Accordi ng
Lo var | ouAcRHBE: RerFousdmRde he B oy ffionr Y RN RPRERR

mat eri al fhiefkiN@fckness iA aPlamiPeth by BeYeduey bt ity 8hBNénel 1ay&dNinGRAsRE, ayer of
I nGaAsP, |eading to -a reduction of thickness from for exanple ~5000nmto

~200nm [legding Bya redpetionef thiskness diomt, ifen eampler-2YWageioor200ager , t he
Lo SRRy AR e ML Sl B SR SPRNOER POl [0
be bi g enguglerfiel diecdnuhehges g,y foliaRdgd inGhASE]3.2 andi3 @b Avair aidr ect i on,
he. per i oCRAGE PAY EPEA- 4 HBCTIILMON B ThEvsl L AEPTRAE BRI AR dBPcr oat od by
o Lo ) G ponehetoncs SRATL AL S IRVORAD SRS
to the . maybe used to deﬁné the peﬁod and lattice-size. 2D photonic crystal patterns may be
20  created by various techniques, such as e-beam lithography, nano-imprinting, laser
.holographic lithography, etc. The 2D photonic crystal pattern is replicated to the
overhanging layers below through, for example, anisotropic dry etching. ,
[054] The lattice structure of the photonic crystal may be varied by controlling the
plasma etching angle, e.g. tilted plasma etching together with the 2D photonic crystal
25  pattern. Defects can also be introduced into the photonic crystal structure by, for
example, changing the material composition and layer thickness in a 1D multi-layer
structure, as well as by changing the patterns in the 2D photonic crystal structure.
[055] In a vertical direction, materials, period and thickness are defined using, for
example, an epitaxy method. In a planar direction, the period and the lattice is defined
30 using, for example, a 2D planar lithography method. As a result, forming photonic
crystals in accordance with embodiments of the invention do not require laborious and
- time consuming arrangement of a 3 dimensional lattice. Hence, it is simple.

[056] Various embodiments of the invention has the advantage of producing uniform

patterns in all semiconductor layers in all depths, in contrast with existing methods,

10



over hangi ng | ayers bel ow t hrough, for exanple, anisotropic dry etching.
[054] The lattice structure of the photonic crystal may be varied by

cont rol | iwgQ 20tvet4pisasma et ching angle, e.g. tilted pl asneceschorngoenget her
with the 2D photonic crystal pattern. Defects can also be introduced into

t he photonic ¢ t sfructure for ex | e, .changi t he terial

conmpos t | ey Rary BhAPEieAERAY i o by Iisigero eR e e eaen il | as
by changi fehrtiheinpalit® Waselbfoth RhgeD photonic crystal structure. [055] In a
vertical direction, materials, geri od and thickness are defined using, for

exanpl e, H37¢pViadeys embbdithentsnokaths! iamentiodi preducen, photmniperystd stmctutehe
|attice is.defi.ned usj.ng., ,for exanple D.pl anar |jthaqaraph thod. As a
asul b iR ST estRl gt oS oty fls A AR A Bmnlels R RE Keile *C e

i nventy on[mF NYarib @ el dlnddHs | cTUthediflehiiole @RNSKHILEI3 BT prRAGEEEE stafl a 3

di nensional lattice. Hence, it is sinple. [056] Various enbodi mnents of the
i nvent i onplieasrtich dyainiraducine defectsr BuenshnyaryHigr o2 patterar yarying Hie layer

sem condugt or_ | ' | t |.n r Wi th existing

met hods, e%@ﬁeﬁ%ﬁ%ﬁgﬁpﬁhﬁﬂg}?’gr?irbzaséayest@gﬁé a@ﬁ%‘ch are to be invisible to

l'i ght havi039] f FRateDA)s aaRherhdtis viewr of dptidaM@rehasg50,r1820md [335Evingar i ous
enbodi nents of the |nvent|o§§5)roduce a photonic crystal structure with a

hi gh ref r et i (Pacidimensionshy r H(fre-dimensiopal)t candor APa (threstdamensionslloni ¢

bandggap. : i ments of the invention can change 3D photonic
crystgﬂ0 p%op {al\/%éégéﬁ?cﬁltr duci ng defects through varying a 2D pattern,

varyi ng t [060] aWith @ferangaoeptical soutthreolr5S0¢ iratheicogteat ¢ff the presadtdivemtioangl e.
[059] Figyre 1A js a schematic view of optical strugctures 150, .152 and 154
havi ng | otﬁ’éndilﬁ’erfg%ﬂéﬁa)‘,mzﬁi’t(‘ia%gﬂ?m%ng? r%P)’“%fﬁEi pgtemn, providing a
(three-di pRAishieBRhd ag%ﬁeﬁgwébé@fagiﬁ@ﬁ@&ﬁé&fbﬁ!y- [060] Wth reference to
optical structure ﬁ% , In the confext of the present invention, the term
"1 D" may [#6dh Withosfdrense tg bptical sirectwiet I2aingibe icontiest gfthe prasentpnentiding a

phot oni ¢ handgap..functi on, repeati in one.directipn. [061] W.t.h referencé
Dol ¢ hREa R Rh Shean’ P AR Sl fidh o BEf B net Ry aridifie X e s o
"2D" may i8 Bartiplap Giddctidh) répédding i diedtnk0di ¢ pattern, providing a

phot oni ¢ bandgap function, repeating in tw directions. [062] Wth
r ef er encel068] oﬁgﬂtr&fermcm@ pptieal swuctuie] Sthin the sppiekt ofithe presentarvantion,
I nventiong t t. " 3D! Y, |.C S - with | Qdi
pattern, n%IF Ot\gll iﬁgmamgfgf%ﬁiagngé%&gggg&#ﬁcﬁ%n% E)glg%g% .P%ﬁji R?otvﬁcﬁé%%

di r ect i onphoténit bmdgaptfinectiod repéaidg imalree directions. Further, the term "3D" may

20 include ai;y structural configuration which extends beyond a single, two-dimensional
layer. Accordingly, “3D” covers configurations which are unordered or randomly
ordered in three dimensions; that is, the configurations embraced by these terms do
not need to be regular or periodic in any way. However, “3D” also covers ordered
configurations, including conﬁgurations which exhibit either two-dimensional order

25  or three-dimensional order. A 3D pattern which exhibits two-dimensional order has
regularity or periodicity in two dimensions but not necessarily in the third dimension.
[063] Figure 1B shows a flow chart 100 illustrating a method, according to one
embodiment of the present invention, of forming 3D photonic crystals. The method
provides a technique to fabricate photonic crystals or photonic bandgap structures in

30  semiconductor materials, such as InGaAsP/InP, GaAs/AlGaAs, or SiGe/Si.

[064] At 102, a layer arrangement is formed on a support substrate. The layer
- arrangement includes a first partial layer arrangement and a second partial layer
arraﬁgement, wherein the second partial layer arrangement is disposed oVer the first

partial layer arrangement, wherein each partial layer arrangement comprises a first

11



I nclude any structural configuration which extends beyond a single,

t wo- di nensi onal |ayer. Accordingly, "3D' covers configurations which are
unor der edwonoroamidasii y ordered in three dinmensions; that PC3/SG26®/000218
configurations enbraced by these terns do not need to be regular or
periodic in any way. However, "3D' also covers ordered co fiqurations,

i ncl udi nglayreAnd guseaendolarerwihereinsthg seronddayes ds dispesed iOHérn'glP %ﬁ%}l aySE- e or

thr ee- di NERSEANAL nRRART of AelRefidl hFEhabl It RANGDIRS chitfeidhidRNLPAR!  OF der
has regularity or peri Ogl city int 3| mensi ons but - not necessarily in the
third di maatetialnof the Gisdt 1&yep.u The niktisdiofusther inkcndes teamdvirgek liehdt vae pattiong a

met hod, according to one enbodi nent of {he present i.nvention, of form ng 3D
phot oni ¢ ¥ (& éF%O.n_dTFﬂé’eﬁEaf“Hgﬂmb?"dW (}Bg é‘_sf elg}‘ﬁﬁ d{'}%"r?lﬂ %ﬁ‘?%éb% 1B¥St oni ¢
crystal s ornBBALRYER ggre?ﬁa 83 1da0t SRIDGADAYE I seBRdBh|@ ahd such as

| nGaAsP/ I nP, "GaAs/ Al Ga S Ge/Si. [064] At” 102, a layer arrangenent is
formed onthafisupper.t substrate. The |ayer arrangement includes a first

Phe. secontibah A LERRETER ot orfan SR it eBiHd sBee iy by &L HERRTHIRG bt o "
| ayer ar rﬁ@gfasvsms,remeé@: RefRAsHE RAI02, FormlinY e RVELASRFBMEenCATRIS iRy a

firstlayer and a second | ayer, wherein the second |ayer is disposed over

t he fir sttolrapeying shedatipast engpartien phitherseegnddayer it 14y ardiramoyeng the dirsg

di fferent etghti%rbg5 characteristic than the material of the first layer. The
met ho fu]PYPH P 21 udes renoving at |east one portion of the second | ayer
and renovjogq] tRe 108,15 masR)E dispokedr & thef Socthd Jayiehflthy eécond rpungid Meydr occurs
prior to renoving the at | east one portion of the second | ayer and_ the
first |ayarangemes] At hifqa patternasdevsiersdopn ithe measks hdhe gatieraed aask | s
rermVEd’ %@i’lita?esal’erﬂ&/gl otfr}ﬁef trlééstlo%ge%orﬁén ro?rﬁges%ml%ia%)’e NG, tl?l,lﬁ)x%’

form ng the Tayer ‘arrangenment occurs prior to renoving the at [€ast one
porti on opattetied aeskidrensyed aftat thd phjtomicdryseatowmierfgrmhd first | ayer (at 106).

[066] At 108, a mask .is. disposed.on the second. |ayer of the second partial
[ ayer ar rBAGBrANE Spbogimentolias BeRioN, BreOaN ber G e bhasRleneRied

patt er ned,yygkwd-aci litates renoval of the at |east one portion of the
second layer. At 112, the patterned nask is renoved after the photonic
cryst al s lagewiog areaultifla@T stricturer{er bybioatrangament) onlaseimemduitonsubstiatef | ow

chart 100 may be i enented .as follows: |. owing a nulti-lLayer structure
(or | ayerqra?"i/pz?ﬂ&eﬂirﬂ'%b teor?agh s@(ﬁrc‘gﬁ%‘ﬂ\gﬁ’gr ms%tg-ie{ylpét Sruré mdy uithide 3
~ different material and be of a certain thickness according to design, e.g. epitaxy

20  multiple InGaAsP/InP layers on InP. substrate using MOCVD;

II. forming a hard mask for deep trench etching; the hard mask may be made of
silicon dioxide (SiO;), SixNy or metal deposited by plasma enhanced chemical vapor
deposition (PECVD), physical vapor deposition (PVD) or electron beam evaporation
(e-beam evaporation); the trench pattern on the hard mask may be formed by
25  photolithography patterning and plasma etching, e.g. reactive ion etching (RIE),
inductively coupled plasrha (ICP) etching; the trench pattern may be aligned to certain
crystalline direction, i.e. along [0, 1, 0] or [0, 0, 1] direction if the support substrate is
in [1, 0, 0] direction; '
III. plasma etching the multi-layer structure to the semiconductor substrate to define
30 the trenches;
IV. depositing a polymethyl methacrylate (PMMA) layer on the multi-layer structure,
- forming the 2D photonic crystal nano-patterns in the PMMA layer using e-beam
lithography, followed by transferring the 2D photonic crystal nano-patterﬁs onto the
hard mask, e.g., silicon dioxide layer by dry etching, removing the PMMA layer;
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or support substrate; each layer within the nulti-layer structure may

i nclude a different material and be of a certain thickness according to
desi gn, ewQ.20mpidst@xy nulti ple InGaAsP/ I nP | ayers on | nPPslisskomtoeonsi ng
MOCVD; 1. forming a hard mask for deep trench etching; the hard nmask may

be made of, silicon dioxide | .O2). ' . or. netal depgsited.b | asma
enhanced &h xﬁ?‘%‘gf’ ‘Yfglﬁgérh’&élpétanpg 25’?1 1%;@%@05 HO < ?IBSY‘P%IF?BF“%%IO@V‘W’O n ( PVD)
or el ectrgp [eRAM BIERIEAHCPHPE; DOAHIRIGANDHAtdve e INGMASPNISREH pattern on
the hard mask may be formed by photolithography patterning and pl asna

et chi ng, ¥lplasmsaetching thoomGadsRi layers R Epnstemide D photpnicouwpsteldpatterstion (| CP)

etching; the trenc aktern be ali d.to certain crystalline

di rectiontfh_eir?sg?&ﬁ'legﬂﬁa‘%ﬁffafr@gﬁ{f%}n ,3 %Of?maﬁyggisf‘on i f the support
subst rat e[068] i Pighres 24 toQH Hivs@feia@impldnentfioassfaheietioddfIFigursuBy .| ayer
structure to the sem conductor substrate to define the trenches; [|V.

deposi t i ngarufpgpyngefhotonie paystals iatascqrpangg)to pag embedimant ofihe dpventigr
structure ol dW.. [ ystal ' | ayer
using e- b%eelacf}rﬁ <fﬁ1%gr§% ra}%m??Dzﬁt)g?l %)glgweb%ﬂﬁ% C? ésgnsggf}g({r}{rall Rg&x}[ ﬁ%&agﬂgﬁgﬁﬂﬂ(ﬂg& yst al
nano- pat t fabficationt Prdcess. haFek nies kpurposg. of sillusteaviongi caty drdeapartiabylagkry
etching, renoving the PMMA | ayer;V. selective wet chem cal etching in

| ateral cRIFAREETEHS 2621 o 780 taffe Shoywt ieash paitial layer atrangegient B 2 M1 usi ng
HCl i Hlopmotgléfeép' ution and | eave the InGAsP layers; VI. plasma etching the
| NnGaAsP | ayers to transfer the 2D photonic crystal pattern to the

respecti vi@69hGmAFRuta AL sa layef armamgdmeend 200hot foximedcory st B, SO, Ql0&&ipoFi gur es

2A to 2H i | | ust e an i | ement ati on. qof. t he net f Figure IB, .i.e.
s act DS RO% 5B PR L SO in i BUE LAn et L St Eale T BR e of t he
i nventi 0“@075{?%@1@5} S iRRmeAt DO AtIeRAVE ﬁmtﬂanm QhRS SarfBgéhmenalooyiaew and a

3D view o e fabrfication process. For the purpose of illustration, only
t hr ee parsecend partigl layerramaggerment2040md Dhird padidal dayer aengemedi @R6pdihei al

| ayer_ _arrangepent.. havi ng a pair of yers. [069] |n_Figure 2 | ayer

ar r angeneit d)aftéalf‘(fil?'ﬂg&” ER 2@? 0] &Sﬂ%ﬁgr{)v%ugéet &ﬁfte pﬁ'g%l alla}ﬁert he
enbodi ”Erﬁnﬁlga%nti 202 FiRath Partidl 1a9ét driRgetbal(2ed, 204P30d) éndledd a[f<dhyethe | ayer
arrangenent 200 includes a first ﬁartlal | ayer arrangenent 202, a second

partial |@getediPP2mgfiennd 206p fosdhe firstipagiabaser arranggmant 2P2.athgspeond 206.
The Secon&rgﬁﬁ&e@%ﬂ&@éﬂ{enﬁﬁéﬁm Qﬁir(?gﬁtibﬁagérsdpﬁﬁggn%966tr&?)eéti\feﬁl) partial

aver ~and a second layer (denoted 202b, 204b and 206b for the first partial layer

20  arrangement 202, the second partial layer arrangement 204 and the third partial layer

arrangement 206 respectively), wherein the second layer (202b, 204b and 206b) is

disposed over the first layer (202a, 204a and 206a). The material of the second layer

(202b, 204b and 206b) has a different etching characteristic than the mateﬁal of the

first layer (202a, 204a and 206a). In the embodiment shown in Figure 2A, InP may be

25 used for the first layer (202a, 204a and 206a), while InGaAsP may be ﬁsed for the

second layer (202b, 204b and 206b) so that the partial layer arrangements (202, 204

and 206) form InGaAsP/ InP-stack »l‘ayers. Forming the layer arrangement 100 occurs

prior to removihg at least one portion of the second layer (202b, 204b and 206b) and
removing the first layer. , _

30 [071] In Figure 2B, a mask 210 is disposed after forming the layer arrangement 200.

The mask 210 is deposited over the second layer 204b of the second partial layer

. arrangement 204. In the embodiment shown in Figure 2B, silicon dioxide may be

used for the mask 210.
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arrangenment 202. Each partial |ayer arrangenent (202, 204, 206) includes a
first layer (denoted 202a, 204a and 206a for the first partial |ayer

ar r angenew0 280214465he second partial |ayer arrangenent 20¢T&cdotoeotidi rd
partial |ayer arrangenent 206 respectively) and a second | ayer (denoted
202b, 20 2 ' | l. e second
parti al ﬁ@;gpdlélr E%ﬁe;?rgh%%%{?&%s?}% (?ﬁ{agﬂtoﬂ‘%nl) d?ﬁgﬁ%ﬁ%ﬂg%ﬁ&ﬁa@ r %ﬁ%gleztrrgnt 206
respect i vgttgmedwiiniige ianstardard phowotithogyaphy (p10883s. 24b paeferaBRR6to) aligh eHesposed
over the first |ayer (202a, 204 206a). The material of the second

4a and . :
| ayer (200RSningoXks asRardltsd gy P %é“bli"i{@eq’el tor é0.chiH gieeptagmen ghei[ds POk han t he
yer & . _ _ e nan
"o i gur e BRO B 208 Hhel gidahe ¥ AR BBy LOckORATRGLIEY SO
whi | e 5l nGegheR 2508)(sdxeFigased2Dpin thedaye aonadgdmsidr200262% endphirelande AaD6fte) so

that the partial. | ayer arrangepgents 2, 20 d 206) form. nGaAsP/
P st ao KRR AE 13t FicRipes Wee FiEpes 28F Aasisandricnnac ! dhe Tek piPGr theg
renovi ng Qfoled ko AWfind M b,g%pg 21 3€sS@eWdin Biafe (€02 SafIARMA06D) and

renmoving the tfirst layer. | In Figure 2B, a mask 2 10 i s disposed after
form ng tdilécdnagiexideris amerk farthe 2¢3k 20 theasikcnl Giaxsdedmpy dbetdsy-etohed byhe

second | ayer. 204b of . t he ond . al er. arrangengnt 204. .1n the
orbod: mer R teR: Freling, (OIES ibing RitTnand - BlaSivay 06 BRLereTsh i3 Mehrrmsk
210. [Q?Z]rehﬁvgdggﬁgA%QOn@.f&faﬁﬁb&\.Si st (not shown) is deposited and an
opening 212 is patterned using a standard photolithography process. It is

pr ef er abl[873bb dnikjgure RO, gpdryicteh 13 periggmehtoadéfule adegpdtench|280eateading, 0, 1]
or [0, 1,,0 I hect | t he 0 ] o) S 2 The ;openi ng
212 wil | ﬂs’ﬁ%’ eqt{ljlgniab'(grngrggne&e?’eeﬁ%]e? Ottoo gr se‘%f%ga‘gfi ?e%gﬁﬁég%(s%gaﬁagﬁarle 2D) in
t he | ayerarahgangend@lidcerOf thengpporos@istiatd 208.VEot exdnsle aimaudtiveafouprier al

etching (see Figure 2F) desired. Etching of the mask 210 - is then perforned
to defi nePlasma Ei6dN;sygtenm vsing BUNGlaAAT gasimgy, e weed topperfaranhicedryvitelh si | i con
di oxi de iy k| L OXJ: ched - by
react Pve B R R e e B G P

t hen r end20dd and i20Ga)Ao et direetibn perpradiphler td the djrettior-thgureacl? P50 & formedt ch i s
performed,.to define a deep_,trench 0.extending th h the_ | gyer.

DT angordincebEuiesR deis age e ZEcRinelpe Meprh 35 Arrs ane b aNgEent

adj acent ho1dyBearsatipeRicht Togpstrate 208. For exanple, inductive coupl ed

pl asma (1 CP) "system using BC 3/C 2/ Ar gas may be used to performthe dry
et ch. [074] After the ICP etch, a layer of polymethyl methacrylate (PMMA, not shown) is

20 coated on the mask 210. Electron-beam lithography is then used to create a 2D
photonic crystal pattern (a periodic hole-array arranged in a hexagonal pattern) on the
PMMA layer. The size and the spacing between each hole (or period) within the hole-
array may be designed to have a photonic bandgap for wavelength at about .1.55 um.
Other nanolithography method, such as laser-holographic method, may requally be

25 used to create the 2D nano patterns. Next, dry etching of the mask 210 may be
performed to transfer the 2D photonic crystal pattern on the mask 210, thereby
developing a pattern on the mask 210 and forming a patterned mask 210p, as shown
in Figure 2E, with the 2D photonic crystal pattern 260. Developing a pattern on the
mask 210 occurs before removing at least one portion of the second layer (202b, 204b

30 and 206b) and removing the first léyer (202a, 204a and 206a). The PMMA layer may
be remboved after the mask 210 2D hole-array etch.

-[075] In Figure 2F, the layer arrangement 200 on the support substrate 208 may be
dipped into a wet etchant to créate second layers (202b, 204b and 206b) that are
overhanging by removing the first layers (202a, 204a and 206a, see Figure 2E)
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Wth reference to Figure 2F, the trench 250 facilitates renmoving the first
| ayer (202a, 204a and 206a) in a direction perpendicular to the direction
t he trencwo280)/i4g0shor ned. Since Figure 2D occurs after PCH®GRODANIA®r M ng
the trench 250 occurs after formng the |ayer arrangenent 200. [074] After

the ICP etch, ,a |l ayer. of polynethyl . nethacrylate (PMVA t [
coat ed on&‘f%hnﬁss%yeﬁtﬂf "f:elg'(? Bh s LatsT \haHS 1°Aph Fsextampf’?dgégoﬁ@%:' Zate a
2D phot onhﬁixﬁfg/ﬁgma?am@r& (15edPRk itk EdediReaemiov AYoRIHPANIEE tayels @0DgXagonal

pattern) on the ayér. The size and the spacing between each hole (or
period) w2@4aiandi206a)wite an etohingmselastivile t InGad sP seennddayerp Ri2bn2@4boenddgap f or

wavel engt apout 1..55 um..Qther nanol.it hpgr.a Jrethod.. such

[ eer < nol CuPA ARG had oo TLarR AR R RRN, B B DR BRI me Ui e
patters. alxhg remyvAt 6hH figdt Talérs N@6%a, 2002an@id Qasa;esretaqrige@ B) i ansf er
the 2D photonic crystal pattern on the mask 210, thereby deve

o)
pattern odirectien pasprndiculan iitheslitertien thedeanel 2@ ds foamed 2 Ipghe %bgﬁ:@g% ?n
Fi 2E, Wi t:h & ' t gl ' tt
Ohe 2Euphl 38, BRI C A AR BP0 BRUBLABNS2RAL o

| ayer (20£Bt laz&di0dand tROSdebnd paktiaElmen dithngbfeiit 208tandake first 232020620sFa and
206a). The PMVA | ayer may be rempved after the mask 210 2D hol e-array etch.
[075] | n thedurdpatal layes aranggmert 296 gesremoved a#ingleste®upport substrate 208

may be, di | N t t b b and

205b) % a5 B 26 o SEAAMry RHBRELS, PRAETS, LGNS plighe mag MO G

S e
. =\ - . or. € S ctlve

Feroval | ofach 9Bt secend e 420 209 Sk 20 bishare G thesEin ARy e

sel ecti vi batrebfed! A& ST ReARg thaver ﬁh&tgﬁgtbr%lﬁg%t&m 208R) tRepdiRmdihan

1:100. The lateral directionetch is facilitated by the trench 250 allow ng
renoval omaskn2l Opifacititatesyemevglad atleast@na pariwn2desecadddayirgure 2E) in a

di rectjon ndi cul af. tq .the difection,th rench 045 f.ornmed. nthe‘
enbodfsrrenngLmaf’ A 5"&‘?‘3 9 I%,e‘ﬂ cuft; to Schy %58%’%?@? at}hoie fiamd erpofrt i al
layer arrggere0im 203, ddpfi of abdsidt seversl mrddix, efg. Bhs, 3€cohdl sgaicbh@lctdrayer
arrangenent 204 and the first |ayer 206a of the third partial |ayer

ar r angenengtedels wiile keeping dee prginalspraglecofsthe pattqro 2bng the picurath. 28 thg second
0Ly BERSERSc3: 9 Ly U PR LGS ER TR BB TS A
second | atheras leai0ste, pozidi (202, 204Hnd 26 lof alicesawond heyets (202b.t 204bumd t he
20  206b), the effecﬁve etch thickness may be reduced to that of one second layer, which
may be about 160nm thick. The etchant will encounter an air gap after penetration of
every 160nm second layer. As a result, the 2D photonic crystal pattern 260 on the
patterned mask 210p will be replicated into the second layer 204b below the pattemed
mask 210p and be replicated to all other second layers (202b and 206b), as shown in
25  Figure 2G.
[078] Through one ICP etch, a 3D photonic crystal 270, e.g. orthorhombic lattice
structure, may be finally formed, as Shown in Figure 2H.
[079] Figures 3A to 3C are SEM pictures of a multilayer structure after selective
lateral wet etching. Figure 3A shows a structure where the top layer 301 is a SiO,
30 mask with 2D photonic crystal hole patterns 302. Figures 3B and 3C both
respectively show overhanging structures 306 and 308 formed, where the nano-
- patterning step is skipped (i.e. without using a SiO; mask layer to form 2D photonic
crystai hole patterns). In Figure 3B, the duration: of the selective wet-etch is not long
enough to etch through InP layers 302. In Figure 3C, a selective wet-etch process has
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patterned mask 210p having the 2D photonic crystal pattern. Thus, the

patterned mask 21Qp facilitates renoval of at |east one portion of a second
| ayer. [ OW®2010r14iss been found to be difficult to etch &ChsiGeemmpeyswi th a
hol e di ameter of about 160nmto a depth of about several mcrons, e.g. 3um

o RN G TR e o ok o BART  FBlt PlraREC L o, e
first |aygesvihg02a, 204a and 206a) before renmoving the at |east one portion
(202p, 204p and 206p) of the second |ayers (202b, 204b _and 206b), the

ef f ect i velUSOL hFighresidieand 4R pres2EMepigises af 1) plantowir caystal stuetheesicagaéad  whi ch
may be abgqu | C t. W e AT r
penetrati g’nécgél%ggéegr If/’mjfé%ﬂj %Egg%ng%gpﬁ{%y%%&i & ;ﬁ (r)[}e&srﬁ]lijﬁgu ?%hng Zaﬂgg%d?%riec
crysta phitiofi2DGthotnid bigstatarevisible. mask 21Cp will be replicated into the
second | ayer 204b bel ow the patterned nask 210p .and be replicated to all
ot her secﬁml | By @gcordanco o gRe eobedyment of {he ppventiots; 3 methosido fﬂgvsiteﬁhr ough
one ICP e t QNI : 70 e ) Jlalagel LCE:
structur e%‘ﬁ{r%}éeﬁﬁéﬂ)}a?% ﬁiﬁc&éﬁ% ,oa’gdsea's h%ﬁo%ﬂse%%ﬂ&?g 2H. f%oj%?héﬁ)ghcr es 3A
to 3C ar ecrgkiM Fichaviesthefdifferent 3DI1atyiee stedature; niade afihga tdeplasha etchingt er al
wet et chi ng. F;inigu%e 3A shows_a structure where the top layer 301 is a SIQ2
mask wi t hMSHORHSSENYR L ABUEeD- hol e patterns 302. Figures 3B and 3C both

respegf i VRIgY] s@%ﬁﬁbm&aaﬁﬁmwlﬁfa%gaﬂaﬁ%80maoiﬁgq,plmﬁf}ﬁoft he
nanopatterning step is skipped (i.e. without using a SIi Q2 mask | ayer to
form 2D psesomhlayers(§682tal5S0flp hrd pOGH)cthedayer larrafgeyoent 586 forniad qtua swpport of t he

Froure et 08, ; Garinr el theont 0o B2be Snde bt R0shChes R Hay er ¢ o
a ridge E}adrusﬁ Ys62t, 508t AHd t3068Y Rimdved bfegiRtivelye W0 pat@nsd meask[ OBR isFi gur es

4A and 4B are SEM pictures of 3qu@hotoni c crystal structures created in
accor dancéispgsed akotedhe pasand layer $¢4b. i nvention. In both Figures 4A and 4B,

f our ye f ni_ ¢ CLys ar S I (oYof0) e to one
enbodissren{d%gf 9&% ‘?Jr%\gltgg ivga , t% é’rrgbﬁcc?d tl?eo\éfﬁabllrallugcgtt ‘Létggs%f’f ?%(?é%t{ attice
st r uct ur epérforiiinp/the €sbricAtion methodiebdribed lwith eferaiceao Bigupdsz A 2F aborat al 570

having the different 3D lattice structure, made using a,tiltzft;g%ls et chi ng

met hod, i AdsKdbgrefase polglirdesclaberaisfl. frpmpngrgeRit < “eih/ ey a | ayer
ar r angemefil Q904028 HdPSdEbR!otr¥sgdhd to second layers (202b, 204b and 206b)

- respectively; patterned mask 510p corresponds to patterned mask 210p; and substrate
20 508 corresponds to substrate 208. It will thus be appreciated that in Figure 5, the
second layer 502b belongs to a first partial layer arrangement 502, the second layer
504b belongs to a second partial layer arrangement 504 and the third layer 506b
belongs to a third partial layer arrangement 506. Within each paﬁial layer
arrangement (502, 504 and 506), a respective first layer (not shown) has already been

25 removed. _
[084] In Figure 5, instead of putting the support substrate 508 on a flat sample
holder, the support substrate 508 is-tilted before removing at least one portion (502,
504t and 506t) of the second layer (502b, 504b and 506b). The support substrate 508
is tilted to a desired angle, such as around 20° to 70°, using a piece of semiconductor
- 30 wafer bar 530 or any other suitable support member that is fixed to one side of the
support substrate 530, or by putting the support substrate 530 into a tilted mold (not
- shown). A plasma etch will transfer a 2D photonic crystal pattern 560 from the
pattefned mask 510p by removing, at an angle, the at least one portion (502t, 504t and
506t) of the second layers (502b, 504b and 506b), which are overhanging. The lattice
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second | ayers (502b, 504b and 506b), the | ayer arrangenent 500 forned on a
support substrate 508. Each of the second |ayers (502b, 504b and 506b) has
at | east woeopansisen (502t, 504t and 506t) renoved resp@CcTiSGRON/000218
patterned mask 51Cp is di sposed above the second | ayer 504b. [083] One

possible to roduce. t he. 3D | cture.500.i.s thro rformng
t he fabri ﬁ&%ﬁ PB%E’E’r a‘ﬁ"’h"f?"z?‘%ﬁgﬂ%@ tt’lg %’Ih Pbtf ?—E\q{](gg %5 above

and is thep h@foaldm{ystaltﬂmftgéelﬂ t&&{emm%hl\‘%ﬁldil ghe S5 with Figure 2F
second Iayers 502b; 504b and 506b) correspond to second |ayers (202b, 204b

and 206ij [Qsélts)p the @1Y photaniceryiwal we®ed throvgh sl pweid semevipgof éhmtd mask
21 trat |
Zporec, at S84 ARt forp 0P SUREARE 308 b0 S REALIG o030 dodddnd SUB8Fis7,

partia | ﬁh(:ﬁrtha'ﬂzﬂaﬁ\g@xﬁfﬁﬂh 55@§erpbﬁkﬁcﬂ9ﬂbmjsdr&)¢elbfﬂfb4@pﬁﬁk m&ateqsoa second
partial layer arrangerrent 504 and the third | ayer 506b belongs to a third

parti alj | kg rongr Jospahavhers g PW‘PHlG‘Tgeaé@f“ba)rftq éFandy]éVefaﬁ&né@%%ﬁ (502,
504 5
Ceroved. poiye i SRAEEER erhEhineefon (108 SURSDE alAmABLICRDEEE. oo

a flat sagy.e50) dﬂms, d puatisn ppa lighsbdast pmpegzﬁﬁhg Wﬁhlhlthé hgielbaa‘famlgemelarmw ng
at | east one portion (502t, 504t and ‘;OGt of t @gd | ayer (502b, 504b
and 506b)200rend alops 3rdirestion thatoe perpgndicular fq %6“% Bceao i SUBROTE SisHates ych as
ar oung, 20 r y ot her
Ui T 6 e o B e e ey O er P Bt rat e
530, or b§06rbﬂ1,tw1unu réthans aﬁWmosalhﬁtsethdﬁx’éﬁlomt[éozt 504ttand 5@61])1 alomgt

h Ap t f 2D to t al tt 60 f
he. pai ¢ StR@atnaRe bebpbasp. - TR TR Sm wif bemRuft et RS S RiBoor | on
(5021, 50 santhd3Gi) 508, (981 SHATL) TGS rhE0RDpISHL BN YBhlon cahi D are

overhangl ng. The latticestructure of the 3D photonic crystal 570 created
t hr ough t thetlight dteains willl frfass élm)ugh aemetrd Boytionst(682tc SOt 95089 0ol e Fi gure

2H) created throu rtical 085 th 3 on| st 570

creat Lsd t PRIy e tﬁ%ﬂm tlRpet (3 ng[‘)ofarl %h s el%?oer e|n§rr11é(3( g‘%Zt 504t
and 506t ) mefiulbtién.second | ayer (502b 504b and 506b) is such that, al ong an
axi s 580 {)e ]oendl cular to a surface of the support substrate 508, at |east

one | ocat 1086 whighee @ BRowsosrPssoectienal vievsoof; 3 3Bfphetonic siatal Q0% formed dy:  504)
| S removeg, aﬁ%lglpgﬁﬂﬁs%% Euliurg 3ﬁfﬂmt6‘ﬁ1@%r§%?£1t60%ofxﬁaﬁby oledl) 1££fmaaélcﬁ‘dl acent

second | ayer portion of a eam ropagatl ng
Wi thin t heightge6 and 688 geayeerperience a different lattice structure when propagating or

20 shiningi 1n the vertical direction.

[087] Figures 7A to 7D illustrate an implementation of the method of Flgure 1B, i.e.
manufacturing of photonic crystals, in accordance to one embodiment of the
invention. Each of Figures 7A to 7D shows a cross-sectional view of the fébrication
process. _

25 [088] Figure 7A shows a structure 701 with a layer arrangement 700 having a
plurality of second layers (702b, 704b and 706b), the layer arrangement 700 formed
on a support substrate 708. A mask -710 is disposed above the second layer 704b.
[089] One poésible way to produce the structure 701 is through performing the
fabrication method described with reference to Figures 2A to 2D above and is

30 therefore not further elaborated. Comparing Figure 7A with Figure 2D: second layers
(702b, 704b and 706b) correspond to second layers (202b, 204b and 206b)

- respectively; mask 510 corresponds to mask 210; and substrate 708 corresponds to
substrate 208. It will thus be appreciated that in Figure 7A, the second >1ayer 702b
belongs to a first partial layer arrangement 702, the second layer 704b belongs to a
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500 and along a direction that is perpendicular to a surface of the support
substrate 508 will only intersect second | ayer material (i.e. the second

| ayer [50&0,2080405and 506b], which remai ns after renovalPCPiSGelomoiasl
portions [502t, 504t and 506t]), along the path of the Iight beam The

i ght beam w ]| be podul ated wh It intersects w t he second | ayer
(502b, 50%8B° aa%'ebg%oy.ef PHapge r]7t‘;’é‘. ?}}dghl?sa\%ﬁefaée’t hQ‘prBF‘PP%% B {“Hé i ght
beam w !‘Ipagﬁnaqqﬁep%gglgébn{e@l{mg@d portions (502t, 504t and 506t) of the
respective second | ayer (502b, 504b and 506b) and therefore experience no

nmodul at i ol#90] OladjigEiediA, e frstlayers(not shovr of eadnpartial leyer asfangersent{62,oni ¢
crystal 6 fo by tilt I | as etch and a 3D-photopic_crystal 604
formed by o??fillr%g} é{rrrgng\feéiﬁggﬁgﬁpgég% 1%6_(5 %ﬁglgmnte;@gro!neﬁlges?péﬁf ferent
latti e sdubbiedie!r708 W6 WetCRaEat.i THe @mSval OF B firdt tdyersy girbighod seledtret | on.
[087] Figures 7Ato 7D illustrate an inplenentation of the nethod of Figure

B, i.e. Wetrti¢hin theilatgrabdiredtionoereates ppond layers (703e.clibhand/06b) tabare

enbodi nent _af the igvention. h Fi . 10,5y

Cross- sec?vie%’r?gfgm\gi e\?vo% X%rﬁ@ef Eﬁ”ﬁ i gféi’%r{gﬁl@ge@ﬁ? ?6)83]@2?%\%? %d ’;OA tshﬁoms a

st ruct ur esefRfivaVirtfovall &y &P dirstangerse(iot howARwity ad eiching! selectiofty second

| ayers (702b, 704b and 706%(5 the | ayer _arrangenent 700 fornmed on a support
subst r at eln@eésP sepenrsk layers (102 948 ctndaporh) batist dhatbddl0ay erTheolatsral] 0go)

One pgssi . : ' r I t he
fabri l?at i%#e%%é‘?ﬁgzgqagéégf?@%gdﬁ }{/]\ngtuﬁhéﬁje?gédrjéﬁ%‘g&%oﬂeéogerg;&ggﬂ g:)lfa %gné gve and
I s t her efdifeetiowpetpundibdar ©l thbdirattésh th€orepelt 75@ isHogued WAthei entbodimgente 2D:
second | ayers (702b, _704b and 706 correspond. to second | aye (202b, 204b
and 206b)ShPwagR Eigure i, T %qzlvsfwstg@%g '@ﬁ@gﬂtabi%lﬁgﬁfr%fnea}y?dsé%@grate 708
correspongﬁmg) Steethb R FinZ08n g1l ke |1 thus be appreciated that in Figure

on

7A, the sec l ayer. 702b belongs ' to a first partial |ayer arrangenent 702,
t he ‘secon@91ysfter/@aoving thedwst Ryersee daydr ph polyaiethydymethagrylateg@™MA, 704 and

the third | ayer 706b bel ongs to a ir artial l.ayer arr.angenent, .706.

050 1 n 1 en ¢ gt PR el 7o e Rlmy B i Bhen Bl iF R il o0

ar r angenegaté 402 phBtbn&ery$ab patkdim (& PerEdic ol apdy aﬁaﬁ%?e ihay Réxagbhangenent
e

700 on the support substrate 708 into a wet etchant. The renpval of the
first | ayrsitsm)onrtbe §VMAslayere The sizgand hecsparingtbiebyeent ek holei (Ppperiesh

creates S\%ﬁl%ﬂqhé ﬁ‘éﬁ%-ra%a%%ﬁ’be Z(Qsélléheﬁr{g th%SQ )ph&%ﬁfc @arnﬁgap for wavelength at
about 1.55 um. Other nanolithography method, such as laser-holographic method,

20 may equally be used to create the 2D nano patterns. Next, dry etching of the mask
710 may be performed to transfer the 2D photonic crystal pattern on the mask 710,
thereby forming a patterned mask 710p, as shown in Figure 7B, with the 2D photonic
crystal pattern 760. In contrast to Figure 2E (where developing a pattern on the mask
occurs before removing at least one portion of the second layer and removing the first

25  layer), Figure 7B has developing a pattern on the mask 710 occurring after removing
the first layers. The PMMA layer may be removed after the mask 710 2D hole-array
etch. ,

[092] In Figure 7C, a second dry etch process, using for example plasma, may be
performed to remove at least one portion (702p, 704p and 706p, see Figure 7D) of

30 each of the second layers (702b, 704b and 706b), which are overhanging, through the
patterned mask 710p having the 2D photonic crystal pattern 760. Thus, the patterned

- mask 710p facilitates removal of at least one portion of a second layer.
[093]- It has been found to be difficult to etch a hole-array with a hole diameter of

about 160nm to a depth of about several microns, e.g. 3um, in solid semiconductor
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over hangi ng. For exanmple, HCO: H3PO4 (mxing ratio=l:2) may be used for the
sel ective renoval of InP first [ayers (not shown) with an etching

sel ecti viwg 20/l4mBaAsP second | ayers (702b, 704b and 70@b)/Soeetompozihian
1:100. The lateral direction etch is facilitated by a trench 750 al | owi ng

renoval of the first | rs.ln . LIegtl endi c r,to e;direction
the t renclﬁ‘aéfggl’ iwgnltse(%ﬁ'eﬁéég tﬁenorg%ga@r{gﬁgel orrf&ﬁ? %g{t]‘?}%'???nrguﬁlb?ge ltjctrhep #12& Ir# sepect Ive
first | ayairfenpinvefomatyt fedhoviny te Bfst #IGRNEIdE ShéWAR beféirenislin® e &' €
renoved in a single steg. 091] After renoving the first layers, a |layer of
pol ynet hyleashong pertignd782y, ang JOOR)RAHY SP‘@ngdéXeéﬁ(mbt HRAtnansi 7060,

El ect ron- ' | r t.oni t al

pat ter n (AE oaey vy o AR Mctsndy BOralRAA it P Rh stbotlf 08 PREERBER Do
| ayer .s Theboat 260mn dhitkeTlspetchany wilteveaumtaaah ain@ap afier ppestiacdp ofievéiyn t he

hol e-array may be designed to have a photaonic bandgap_for wavel ength at
about 1. 5%60&%8.60@ Ryemahnt rftSHBgthaaR/ph%ct%ar,ysgaﬁeﬁ?% 764, ¢8 theRattsgrdphi ¢

met hod, t ry
ctching ooty SR i B sHARGcuAnk] B8 Sebiif1aSE) PORT OB, eI HRRE mask'
crystal patOpend bemeplivatadds lall dilier sedvmddiyers 6/02bragd §00bY, aeshvech melSguré1 Cp, as
shown in Figure 7B, with the 2D photonic crystal pattern 760. In contrast
to Figure’2E (where devel oping a pattern on the nmask occurs before renoving

at | epst 1994 PPlibhe) o IEPLGEGOSY grvdRlic @RM&tal GOV EBIofth6thbinbRe lattR¥er ) .
Figure 7B has developing a pattern on the rmask 710 occurring after renoving

t he fi r ststiuatpee,gnayttresf otmage s showibim Higunsv/iEY after the mask 710 2D

hol e-arr tch. .[ 09 In Figure 7C a second dry etch pracess, .using for
exanpt e H038haBesids) Heemnd b Mg op IuBHEE Heoftal o6 hs P30T T, vEShDn, ' T0ap
and 706p, (F$BE nkdylsctbe/bded @b fchtedD Eﬁlﬁoﬁi@@fﬁﬂalé.mr&n(bé%éd to/ @ifdetignd

706b), which are overhanging, throu the patterned nmask- 710p having the 2D

phot-oni ¢ fer)sthg| phetenie icaysta ostrurfie | atiep demayimg, thediirsh dayer1 wpthpulc ppna-at es

I . t . ' 3 . f ound
oMoy M B 20 R ROl Raflm. B8R hENSE, ] 8% daheclien found
a dept h ofectadioot the 8Dephmkonit crystabstnetge taobmin a3D olidwl Bigutes @nahidd eachat eri al

whi l e keeping the original profile of the pattern alQng the etch th. In
the curr WPV mS@Mipaﬁ}lreog}iL At Pheignicherystal §¥np15¢31% l%ﬁo?w%hfmw Petfor e

renovi ng J%@;%d&?ﬁ&é&ﬁ%’&%f 19 BhétbHZRrystA8 hay i s€8Pp) of the second
| ayers (702b, "704b and 706b), the effective etCh thickness nmay be reduced
to that d096ineFigercsndAl tayldF, illustraté amapplsgentation of the method of Figure 1B,

20 ie. manufacturing of photonic crystals in accordance to one embodiment of the

invention. Each of Figures 10A to 10F shows a cross-sectional view of the fabrication
process.
[097] In Figure 10A, a layer arrangement 1000, used to fabricate a 3D ‘photonic
crystal is formed on a support substrate 1008. In the embodiment shown in Figure
25  10A, an InP substrate may be used. | |
[098] The layer arrangement 1000 inciudes a plurality of partial layer arrangements
1002, 1004 and 1006. When considering partial layer arrangements 1002 and 1004,
the partial layér arrangement 1004 will be denoted as a second partial layer
arrangement of the plurality of partial layer arrangements, while partial layer
30 arrangement 1002 will be denoted as a first partial layer arrangement of the plurality
of partial layer arrangements. Similarly, when considering partial layer arrangements
1002 and 1006, the partial layer arrangement 1002 will be denoted as a second partial
layer érrangement of the plurality of partial layer arrangements, while pértial layer

arrangement 1006 will be denoted as a first partial layer arrangement of the plurality
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about 160nmthick. The etchant will encounter an air gap after penetration
of every 160nm second |layer. As a result, the 2D photonic crystal pattern
760 on t hwopatwwuised mask 71Cp will be replicated into Pha/ssecond2igayer
704b bel ow the patterned mask 710p and be replicated to all other second
llayers (7Qg o] n etch,
a 3D photonPc cryg%%)a?ggrﬁeﬁp m%rh?‘horlﬁ%ng%%glg{l?l? ge]gp %{?ruc rr%' ﬁ)n'L"Lm{/BPbe
finally fo0Hedll asfahmwvpartial Hagerr arrdigeniendS]008Be as dihs mcasdmpaduigl miyehi ng,

|1 t hod, h f b dt
tabr  cat é%@%mﬁbwdiéjaéwﬁ% ST OQ be it oo BT YTBFRFTne
phot oni ¢ t G\ cérhh%‘?% Yhe 183t Gfr g%HR:Yll 1800 H§s 5 &Tahiyadfeﬁrst géninﬁplé&er

nanopattern g 2D p nic cryst patterns. be use o cat
obtains a anrwwutm ti0206nd hepl@Bdlighof ecnoaldcpapsalalay&t axmangsrmntsol(lﬂét aiAn a 3D

view. Figures 8 and each ho a SE cture of a 3D phot on st al
e o o Hespesive OBE oh PR Secoat patial fayer Strpeacirialy s dithies 3
photoni ¢ gt RipecipY H%: SRS pldréiﬁ%f ) 'I;saﬁfal 1658r ArPanbehnehits 1092 &hén 60
i mpl enentation of the method of manuf act uri ng of photonic

crystal s the perebiydfmartial (bi}@nerrMU@nm(hOObfl Obﬁémﬂ h0eMtingndesRaiist yerri gur es
10Ato 1 se vi.ew.of the.fabrication pr [ 097]
I n Fi gur Sfdf&&‘ }9510@5 ﬁﬁﬁlar ie@gﬁtfoﬁgffoﬁrsﬁéj u}l(}a)f A TRETRe 'ﬁ @@ezp ton| c
crystad i Secofd %l&nlageﬁlaﬂﬁﬁgéméﬂﬂbﬁlmahﬂd 1t008partisl 1dier embagémiait 160sown i n
Figure 10A, an InP substrate may be used. [098] The | ayer arrangenent 1000

i ncl udes Eespectively) egd aseqead dayer (4%@9@#1 lé?p%rﬂgj)é and 19¢pfor thyplirshpartialooe.
Wh |
yor Car SHEL Aithd bt 3007 HE weaSORIDALS dhicRt g B pATA °

ar r angenehiyehrridpemehti1 006 tqspen‘nvplgzotwhd:reinamrseamchmyenenmab Wodbeardar t i al
| ayer arrangepent, 100 enoted as a fir rtial Iayer rrangerrent
of the pI Lp0gb Df%/dléﬁosﬁ‘iPY?réL Bﬂg"ryeéproé)ﬁ&elrp@ﬁ?éngépﬁ%)a %9 H’r?m dering

parti g E’%‘Sﬁd a/% Qg@?ﬁ“ﬁﬁmﬂgﬂg 18 I)JhQQQ dxff@:%npé}[:&hg ch!n%&%ﬁst?cr thah gfeent -

1002 WI |1 as a second partial layer arrangenment of the plurality
of parti atnatemytbpf &rerﬁmgmyen(ﬁ)ozmlowamdt]%a] aizretheacmbw@mmhom will be

denoted a rt| ay.e nment I ura tial
| ayer arr E‘r%‘é‘?r%‘gs Tﬁ’é"y?\b‘? %‘%@1 {?é%z-‘ég Y‘?roq%b% @8 &Oé%gdﬁﬂ 10A to
|10H Wil Rl 20sPt RaPdetisall HAURS sebhd GRFeNi02b0qd04s aﬁmqoaag%dﬂﬁamel al
ayer
Y partial layer arrangements (1002, 1004 and 1006) form InGaAsP/ InP-stack layers. A

20 | mask 1010, made from dielectric »material such as SiO, or SiN, is disposed after
forming the layer arrangement 1000. Forming the layer arrangement 1000 occurs
prior to removihg at least one portion of the second layer (1002b, 1004b and 1006b)
and removing the first layer (1002a, 1004a and 1006a). The mask 1010 is deposited
over the second layer 1004b of the second partial layer arrangement 1004 furthest

25  from the support substrate 1008. |
[0100] In Figure 10B, the mask 1010 is patterned with a 2D photonic crystal pattern
1060 and etched by RIE to form a patterned mask 1010p. Developing the pattern
1060 on the mask 1010 occurs before removing at least one portion of the second
layer (1002b, 1004b and 1006b) and removing the first layer (1002a, 1004a and

30 1006a). |
[0101]' In Figure 10C, a first plasma etch, like ICP, is used to transfer the 2D photonic

- crystal pattern 1060 from the patterned mask 1010p to the second layer 1004b,
thereby removing at least one portion 1004p of the second layer 1004b. The plasma
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arrangenment and partial |ayer arrangenent 1002 as the first partial |ayer

arrangenent. [099] Accordingly, the layer arrangenent 1000 has a plurality
of first wenviwl4sdsayer arrangenents 1002 and a plural it ycoiSGeemoneiparti al
| ayer arrangenents 1004. A respective one of the plurality of second

partial |ayer .arragngenents 1004 is di sposed, over. a respective ane of the
plurality® ]F"flﬁreé‘gh g’é?‘fgq’aﬁ‘els chnd %V raﬁg)éﬁe‘ﬁfosﬁ’fdﬁfr ‘E&@ﬁY#Y%é-epﬂtﬁ ality
of parti afjt pyef 1@shangement s (1002, 1004 and 1006) includes a first |ayer

(denoted 1002a, 1004a and 1006a for the first partial |ayer arrangenent
1002, t he[d82bnthekyer arrangement Hl0amgtbrsnpparOsubstiatg 1008 widlrhei pit imtayaer

arrangenent 1006 respegcti an . nd | ayer (degnoted 1002b, 1004b and
1006b forafeﬁgc? i5P ‘OBaﬁ%‘? E‘ﬁ%?e?fdﬁﬁ-ﬁg@ﬁgﬂt& 1y PSRRI Ve Al

| ayer arr pouaaerjus LRgbvaidof the a0 ddakt dhe per¥ibh 1804508 eEcodd Ber 1004b
respectively), wherein the second Iaxer (1002b, 1004b and 1006b) is

di sposed esrars heferefremovingdhe firgt 10e24 004 Olpathismanwocy firstHayerd 0843 8l of the
Second, | glod A o RN 1B g€ L 0 g,

characteristli of I TSt laye and
1006a) . | forhlallyeqditedsmeint fos iewn IR Nwhvdength,16¥ing | inPtheasanpe dfskehdral(s)t he
first layer (1002a, 1004a and 1006a), while U GaAsP may be used for the
second | aganemelqss2there] oBH ety B 10BEh CoResTR it efch oSty rat | gertaing gystalline
arrang)erre&}?%ﬁg&SQOZ, 1004 and 1006) form InGaAsP/ |InP-stack |ayers. A nmask
1010, made fromdielectric material such as SiQ2 or SiN, is disposed after
form ng tjea03jayBie samipde d 04 i riddedGind Fdvied) pat tidek ihteyar etaliing rhankertani000

occurs prior to renovin t least one partio f the second | ayer (;1002b,
1004b andPl#FoB 6 éﬁdiefcé%ﬁam&f GeRed 0P oh D 'ESBERIE R OX At %e%ea). The
mask 10 100de§>o%&9§d)dz§dofqy@§ecw&1 0db! &Y SHowHiR 40t 10Re PeRaANEcHR! ti al

| ayer arrangenent 1004 furthest fromthe support substrate 1008. [0100] In

Fi gure 10Bmovhetrteask ohe ®riien (HI06ps sesd Figurdr 18F P Of shibseqnént sercgmst Hyersat t er n

1060 and ed bv.R E fo a.patterne sk..1Q1 p. Devel opi.ng t he

oot 10RE8E el Kite b bt el et St fos B Mo PG SRS on
of the se ol RMRVe [FRAZPers 1512R aﬁﬂCl_Oﬁ)@%)re%fh@Ed fIaNé ABmbé&eofl paredl | ayer
(1002a, 1004a and 1006a). [0101] In Figure 10C, a first PI asma etch, like

| CP, is ulgker amangemenys yped: WhilpFigvsesoHllctac ks shaw pramavat at theablemstamet he
pet o e af 1AA0P g8 OGP hPHElud LR EUSIAITDED oo
t hrough timoveconthel fyetaydO0024,n1 0044 hed| 10P64), dif Wik bk yappriciaved thaethet he
20 removal may be reiterated on both the plurality of the first partial layer arrangements
and the bluralit_y’ of the second partial layer arrangements present in the layer
arrangement 1000.
[0104] In Figure 10F, a 3D photonic crystal structure 1070 will be formed.
[0105] A variation of the as method described with reference to Figures 10A to 10F
25  may be undertaken to form a different 3D lattice structure (not shown). From Figure
10A, instead of putting the support substrate 1008 on a flat sample holder, the support
substrate 1008 is tilted (not showri) before removing at least one portion (1002p,
1004p and 1006p) of the second layer (1002b, 1004b and 1006b). The support
substrate 1008 is tilted to a desired angle, such as around 20° to 70°. Removal of the
30 at least one portion (1002p, 1004p and 1006p) of the second layer (1002b, 1004b and
10065) and removal of the first layer (1002a, 1004a and 1006a) will follow as
- described with reference to Figures 10B to 10F above.
[0106] Comparing the fabrication method shown in Figures 10A to 10F to the

methods shown in Figures 2A to 2H and Figure 5, there is no formation of a trench in
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first layer 1004a. [0102] The | ayer arrangenent 1000 on the support
substrate 1008 will be put into a chem cal solution, |ike HCl: H20 or HCIrH
PO, to ewohlrosmaayosshe exposed first |ayer 1004a. Thus, PERSG201Y/000218 he at

| east one portion 1004p of the second |ayer 1004b occurs before renoving

the firstyl.g¥&ho in! Bghids $0ABPNOE to tdHiovd the salr¥ Gl 803 gert P1d00gPVEd as
. I NC (0] egbaﬁ

shown in Figure ol e size and space between e normal |y
qui t e snmal004aandriébéa)l kh Ripunedscligh to, 1 0Fea hayer-bydier ewhig méthodiisdrsedl( s)

nanonet er her e not be nuch concern of etch stop at certain

crystalli fiuog Fieges SOV s - TOHEORH e oL 64D P oD EEP ] 08 @i put

back i nt o ARcEldatiend onb eMBslintat oPih@StRnfbseh as described with reference to
I

Figure 10C I's repeated to renove at | east one portion 1002p of the second
| ayer 5000108h¥he powpertias dfi thar3d pdRtonie aystal ¢10¢h may berwily modifieddty one

ti 1004p,. Fi 10F : b t d.| 6D,
- qur o 10PROGRGnE AERTER mEeBs fg 4 I8 Re CONPBEG PR FDRLLitbel 18 Bidgur o
10D) to refgaver 4 inhiti-1Ay2Y @faek (1100 28maRddd QS5 samp16 dﬁxﬁﬂgaz?ﬁﬁlx)f owithepgrumber of
partial layer arrangerments used. Wiile Figures 10C to 10OF 'show renoval of

the at | eexampleydhperntiablayern bifPpn anGoial disectivnodihe 3P phitonseerystal 1142er

(1002b, 1Q04b and 1006b) .and,renpval the firs aye 1002 004a and
{0002y 1 TRiERE My TS AhARGAS SRSl el M barb R PR 2308 ot b
the plor adilel ¥n Qbrmidef fdvelenpah) inhile! Y thé@r IERgePe Mygrsa(d ouhandolluoyl i ty of

t he second partial |ayer arrangements present in the |ayer arrangenent
1000. [ 01apectivelyiahaye andpenegtinthe eraira dayer J1P8maay Baver phgtenicGandgap | be

f d. i i i i f e t

e gy oaTbu A Bl 18GaAD G RGIALP MR dd A deh BalPLLTARGS O

st lr3 uct ur ereﬁrgo%va Immm]Z zimdt:absnrft:igwﬂplgﬂbﬁﬁoitl nEbpaty (ftbrt milghtb ipfrg)atgktﬁ)lr% gp[a_ort
strate on . a S e (0] er, e _Su or sSupns e A |1 S

ts :Jlﬁt'ed ( BV ?Rﬁﬂh?fa bé?weaq?‘gp&awﬁg}ea&lam of th&rpil'gmq ?ré;ﬁal(@éz& 15?.??94;) and

1006p)5 of ?cfs%léﬁcrﬁ% Alﬁﬁﬁr1%§&9@%@4, 1QfAmaen®sy G8Rnt il RGm3 WHREknessbSt r at e

1008 i's tilted to a desired angle, such as around 20 to /0. Renoval of the
at | east omdgamrefractiveliod et 60 4Hpe gnaiwth) @didh of ant hdvastagered thapesser(t1002b,

100 anc, G000 A LSILS, Bt k. e (10028, A00ta g Losea
2D patterning.
[0109] In embodiments of the present invention, removing of the at least one portion

20 | (202p, 204p and 206p; 502t,.504t and 506t; 702p, 704p and 706p; 1002p, 1004p and
1006p) of the second layer (202b, 204b and 206b; 502b, 504b and 506b; 702b, 704b
and 706b; 1002b, 1004b and 1006b) and removing of the first layer (202a, 204a and
206a; 1002a, 1004a and 1006a) is performed such that a gap exists between adjacent
remaining portions of the second layer.

25  [0110] In embodiments of the present‘ invention, removing of the at least 6ne portion
(202p, 204p and 206p; 502t, 504t and 506t; 702p, 704p and 706p; 1002p, 1004p and
1006p) of the second layer (202b, .204b and 206b; 502b, 504b and 506b; 702b, 704b
and 706b; 1002b, 1004b and 1006b) and removing of the first layer (202a, 204a and
206a; 1002a, 1004a and 1006a) is performed by any one of the following procedures:

30 etching or ion milling. The etching may either be a dry etch or a wet etch.
[0111] In embodiments of the present invention, within each partial layer
. arrangement, the first layer (202a, 204a and 206a; 1002a, 1004a and 1006a) and the
second layer (202b, 204b and 206b; 502b, 504b and 506b; 702b, 704b and 706b;
1002b, 1004b and 1006b) may be in contact with each other.
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[0106] Conparing the fabrication nethod shown in Figures 10A to 10F to the
nmet hods shown in Figures 2A to 2H and Figure 5, there is no formation of a
trench i rwbeorstsisd shown in Figures 10A to 10F to renoPeTISIGRO®AKA1IEI Ci al
first layers (1002a, 1004a and 1006a) In Fi gures 1A to 10F, a

| ayer - by- refc S u 1 ure 11 shows

Cross- sect(ﬁ% No ngﬁpagfh% p‘ﬂ%tf’g F’c a({,r%tv& h ’2 f??Pﬁ%H’el r?ara?gbeé‘?rﬁance to
one enbodhBiptedOfthdsh@arl 0y Sabricite d QilREd Tdhgp pdr%@éﬁbﬁs uSihgt ARthdds piRot oni ¢
crystal 1102 may be easily nodified by introducing different naterials or

di f f er ent acchideiere tos embpdigments pﬁylm nwmmon 1a1 8@ ckadd chiip omrasgementubyijt- ingy er
stack 1100 s &L eon ctor pi t he
central |%1°§8 a&ieotgqﬁ%mé’el\l/tzor chcl eﬁ@ﬁ&%{%llﬁ@?%aﬁﬁﬁgsnaﬁg%g? %/8’{ al 1102

st ructsur efonawlﬂga,\ég,eaﬁvé tefg InGaAsP | ayer with a photom c bandgap of
1.55um (i.e. in terns o waveleg(? whi | e the other InGaAsPIayers( 1104
and 1108)[0d&3]oBke firstlayer(3972 anth §002a) ehiths ftfPFd’aé%ﬂtl?W araggemept (W2 have a

phot oni ¢ Rﬁﬁf%& &fe&l Yam¥ Thardf £G0E fgéta%gor 948z M@p&p%ﬂm Qbcoht06 Wi ll

t hen have a ractlve I ndex an i cation property
for Ii ghtp@ﬁﬂpamtantaﬂg@ﬁem (20 e NQMAN. d‘helse&ﬁidrinyac(tzom 782b andabezis) | ayer
for the photonic crystal 1102. It is also possihle to ke all the Iayers (

1704, 3168 R s ORI Wrr aFaement (Dm0 R I PRDBE ISR g B Hact | ve
i ndexy, dég_thle @e&iﬁg éi“’&bhb "9*0146 Qghsloﬁﬂb)a@fv&@ts@&ﬁxdoﬁarﬁﬁl%%re&% eth@yent i on.

The pseu oi nt ect” or 'line defect 'can also be introduced through top
2D patter(li()m,g704[dilﬂl(19])4) n enbodi nents of the present i nvent | on renovi ng of

06p" andt DOk RSB b eSO B et Bt R PS030 004 g

206b; 502{p0220rbp4aasd POEHA) mA gﬂalua@ﬂ@ &ads 69 8P; THOLEEBnd 029d2011906b) and
removi ng of the first layer (202a, 204a and 206a;: 1002a, . 1004a and 1006a)

is perf oranédloﬁbcﬁplbhé‘t)ﬁaarg’aiﬂﬁéxmlbs Toéb ﬁ)@bm@djlﬁﬁ%tloﬂw(}ﬂ%bbﬁwm ons of

of 1 ng arnpladd Froade® bhicsAsCARSRUTRGEAS InGHG a8, SEEG sl ki rplenie ™! "
702p, 704fpr ﬂMﬁrEQﬁEer @0@&@04aaﬁdaoedgd0w&6mb4@hnd meoawmybd agcﬁangeaozb
204b and 206b; 502b, 504b and 506b; 702b and © “1002b, 1004b and

1006b) anwith ditoytegabforthe seqond dayes (202b; 2@2‘& ané@@éb,awbzé%b and§9eb; 1004a
and 1006%258%@&{& @Moﬁﬁnoeﬁﬁlé&%&f L %&Veﬂ%ﬁﬂﬁ&ﬁ%oﬁ&gh' ng or

fon mlling e etc gmayelt ryetc or a wet etc
present invention, the first layer (202a, 204a and 206a; 1002a, 1004a and 1006a) may
20 | include InGaAsP, InAlGaAs, AlGaAs, InGaAs, InGaNAs, SiC or SiGe. The second
layer (202b, 204b and 206b; 502b, 504b and 506b; 702b, 704b and 706b; 1002b,
1004b and 1006b) may include InP, GaAs or Si. The substrate (208, 508, 708 and
1008) may be InP, GaAs or Si. |
[0115] Figure 12 shows a table summarising InGaAsP and InP thicknesses for a 3D
25  photonic crystal (such as 270, 570, 602, 604, 770, 1070 and 1102) fabriéated on an
InGaAsP/InP multi-layer structure grown by MOCVD. A 100nm InP buffer layer and
a 100 nm InGaAsP are grown sequéntially on top of a [1, 0, 0] InP substrate. After
that, 7 pairs of InGaAsP (160 nm)/InP (240 nm) stack layer are grown on the
substrate. It will be appreciate that more than 7 pairs of InGaAsP/InP layers may be
.30  used, depending on user and design requirements.
[0116] While Figure 12 shows that each layer in an InGaAsP/InP pair (i.e. the first

- layer and the second layer of a partial layer arrangement) has the same thickness, in

embodiments of the present invention, the thicknesses of the first layer (202a, 204a
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[0111] In enbodinents of the present invention, within each partial |ayer

arrangenent, the first |layer (202a, 204a and 206a; 1002a, 1004a and 1006a)
and the swoand/l4aoser (202b, 204b and 206b; 502b, 504b amdTSGAHL/06Q2%, 704b
and 706b; 1002b, 1004b and 1006b) may be in contact with each other.[0112]

pr esent ochieror PP e Jpadty 209 ik sscond e 2R 0ih e BB TORE: hocss 1
accor dancsy4ban@ 5068 7028t F04¥ and @6 ML Wb%nﬁtlﬁgbl?%éi}hi)@diﬂeféhﬂgeﬂem
built in accordance to the invention may be conposed of the foll ow ng

mat eri al s[04 Inaesbediments| ofotherpresant pavention, fer patternadsmaglo (A1, PAGp.f i r st

| ayer (20 an 2a) of the first partial. lLayer.arrangement, (202 and
1059) 1y (BeAAY 108 e it o chle R g Bt phBUEL SROARRNS (a0
second paditridel mefay of dieldcaitaairendl. (204 and 1004). The second | ayer (202b,

702b and 1002b) of the first partial |ayer arrangenment (202, 702 and 1002)
may use t[9218]akke shove embpdigenisof the present inyeation fsdlijatethe ollgwing obwe) of t he

second p i al . [y it (204, 704 and 1004). [0114] In enbodi ments
of the p(r’j\gfsdé%[elgir%ygeﬁ??%{h, Eﬁgg%}l rst layer (202a, 204a and 206a; 1002a,

1004a andi.bae6wp pimyhaietchinglen & 1D, maliMayarsemicondoetosecond | ayer (202b, 204b
and 206b; 502b, 504b_and 506b;. 702b, 704b and 706b; 1002b, 1004b and 1006b)
may i ncl uvlevaningsahe plasHA stehrg is gpeyand sSimBleaAs, nGaNAs, SiC or SiGe. The

mat er jal j_qépr%%glgy'é;;i,g,_lhgéf%qaasﬁagaﬁn}ig@gé 206a; 1002a, 1004a and 1006a)

may be exch wth't terial for the second | ayer (202b, 204b and
206b; 502Advantges:adcaligifient (002stal AGtntatiod, sitpler ah0 @Rire niddedteratie thb806D) .

Thus, in qgther odi ts of th resent invention, the first layer (202a,
204a and @?9333,’“%0( ya ?rrg : rﬁﬂ&“’%@@’&ﬁ)‘)%ﬁay i ncl ude 1 nGaAsP, |nAl GaAs,

Al GaAs, InGahge tﬂl@@%ﬁ"i&chﬁhé} He R sthlRurs oA cled¥e thdiddd2bs pR&dRicand
206b; 502b, 504b and 506b; 702b, 704b and 706b; 1002b, 1004b and 1006b) may

i ncl-ude |arpstalGtnstuess tsit maphee eredted r at e (208, 508, 708 and 1008) may be InP,
GaAs qr S 011 Fi.gure .12 shows .a t.abl e summari sing I nGaAsP and I nP .
oo e o A Prirgpdd ngigulih oteed f/’g%léFﬁb(eguch as 270, 570, 602, 604, 770,
1070 and «1J&Hi¢al fdkeciiciiedng® matdtial pesvidPby BRanging hmatedab compbditénrigydr own by
MOCVD. A | OOnm I nP buffer [ayer and a 100 nm | nGaAsP are grown sequentially
on top ofthigkpess, Pacipg | nP substrate. After that, 7 pairs of |nGaAsP (160

nm /1P (Z530.3) aflak duBng 2Dty on the

5. Defect layers may act as absorption material to propagating light of a selected
20  wavelength or géin material to ampl_ify propagating light of a selected wavelength.

6. Controi feature size and periodicity in the lateral and transverse directions by 2D

nano-patterning. A special point or line defect can be created by patterning or by

combining with the vertical growth. |

[0119] While the invention has been particularly shown and described with reference
25  to specific embodiments, it should be understood by those skilled in the art that

various changes in form and detail may be made therein without departing from the

spirit and scope of the invention as deﬁned by the appended claims. The scope of the

invention is thué indicated by the appended claims and all changes which come within

the meaning and range of equivalency of the claims are therefore intended to be

30 embraced.
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substrate. It will be appreciate that nore than 7 pairs of |InGAsP/InP

| ayers may be used, dependi ng on user and design requirenents. [0116] Wile
Fi gure l12wehowgl4tdsat each | ayer in an InGaAsP/ I nP pair @CTSG2010000218 st

| ayer and the second | ayer of a partial |ayer arrangenent) has the sane

t hi ckness ¢l g‘oodi ments of the present invention, the thicknesses of the
first layer ‘{98 a, 204aand 206a; 1002a, 1004a and 1006a) and the second

| ayer (202b, 2064hethnd of &Gmindplitonib@Aktaly)theafiéthod ¢0@brisii@4b and 706b;
1002b, 1004b and 1006b) maybe different. [0117] |n enbodi nents of the
present i nvent fEAUING Aelaped HeRbER 4 suRpRrt sybeisates theplayeryarfengemsnt nay

i ncl ude a : N i idd W I '&Qﬁ,nitride,
nmetal or g?&gﬁgkg?glég@ tgretfr%;i };%Pi 01%8 brbhaéﬁgbég\g(ge}me%gﬁilggeﬁta?a}% t é’ pr esent

i nvent$ on faci Whemirethehsecdral patialnlgyeradrmngemerithis tispbsedr esp dot fisse patialant ages:
1. one st@& | asma etching on a ID nulti-layer sem conductor Advantage: the
pl asma et F‘%’d’%e@ﬁ%ty and sinple 2. repeated |ayer-by-I|ayer

pl asma- chem calyhgleflbith RFMAaFECHTangemeht EMFNes laOfifst YaeRhn®@%l RBSAL | ON,

si npl er and nore maneuverabl e than like |ayer-by-layer étch and regrowth
met hods 3layer,one tilt etch to change the lattice structure and increase

choi ces of photonic erystal .structures,that e created 4. Proposed
i nt roduci ng de?vggrteglﬁ?‘#%(i?&ﬂ l@(eghseéllspvgﬁl f’Y%:H‘éTﬁYSF g‘_é’ﬂ’&ﬂgduri ng materi al
growt fy by changhe@inahatatialCsI RO Sédon@Nayer AYSh différekiN@SHing SRAGLIBAsticOT

| ateral direction during 2D patterning 5. Defect |ayers may act as
absor pti oﬂlanmeénatanalt@t& ﬁrﬁégjﬁé@r;ng i ght of a selected wavel ength or gain

material to ar‘rH: | ' N cted wavel ength. 6. Control
feature size an %’gnﬁo%g%?%é%I%gpfhg%crog’ldq r?g’ 2Enrec\lansver se directions by 2D

nano- pat t er ni n@moAirpehei fakst ager) twheteih iforeniflg fleclayenarrigetiefBb&tirDyrior
patterni ntg or by conbining with the vertical growh. [0119] Wile the

i nvent i on®HEROKBEhale3st aneperios Rbils sserpddaxct and &e (st RYsef er ence to
speci {4 ¢ enbodi ments, it should be understood by those skilled in the art
t hat various changes in formand detail may be made therein w thout
departi ng2.f r onThémmethod of clazmd , othee cofiptisieg i nvent i on as defined by the

appended cl ai ngi'spo-l;?neg SacorgaeskOfovEerhethe second layer of the second parﬁal layer

arrangement; and developing a pattern on the mask, the patterned mask facilitating
removal of the at least one portion of the second layer. '
3. The method of claim 2, wherein disposing the mask occurs after forming the

layer arrangement.

4. The method of any one of the preceding claims, wherein the patterned mask is

25  removed after the photonic crystals are formed.

5. The method of any one of the preceding claims, wherein removing of the at

least one portioh of the second layer occurs before removing the first layer.

30 6. The method of claims 1 to 4, wherein removing the first layer occurs before

removing the at least one portion of the second layer.
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invention is thus indicated by the appended clains and all changes which
cone within the neaning and range of equivalency of the clains are

t her ef or ewOnvevidewsét o be enbraced. CLAIMS 1. A net hod of PCoSG2oug/0péeas oni c
crystals, the nethod conprising: formng a | ayer arrangenent on a support

substratey; the r NS fdd riial I
arrangoroht andrS e SRAAETE AnGERRkl i B drcihyfRokisfises Rfing,
partial | theefirsalayengftiefirsi partlalslagaearangemehthand thesfirsphyér of tHeaseesnd
arrangenent ,. wherein each partial |ayer arrangenent conprises a first |ayer
and a sechiHallayesarrapgeoment it ¢ HESESHd | ayer is di sposed over the first
| ayer, and wherein the material of the second |layer has a different etching
characteristic than the material of the first |ayer; renoving at |east one
porti on 08. t heThemetiddlodigkims Grd 71 fanther cognpriséng i r st | ayer, wherein form ng
the | ayer arrapgenent oc ursgg{ior to.r ngving the at |east pne rtion of
?’ft 1

the second |ay a frgRe ng upugh thelgyer arrangemet 1 ayuriage o her

conpri si ngydbiPQbishste (B SenQY Ficilifding SRV R figh fahe HEOAdeR | al
| ayer arrangenent; and developing a pattern on the mask, the patterned mask

facilit atperpendesubardd thef ditdetiomthel tecmsh infoempdr ti on of the second | ayer. 3.
The nmethod of claim2, wherein disposing the mask occurs after formng the
| ayer arrangenent. 4. The nethod of any one of the preceding clains,

wher ejgn the parhehiefdd e SHails 8] RRBRAfoRmiMY thehferlBh Qs Gftef YsihdhS R €
formed. 5. The nethod of any one of the preceding clainms, wherein renoving

of the atlayerssrangemerforti on of the second | ayer occurs before renoving the
first layer. 6. The nmethod of clains 1 to 4, wherein renoving the first

| ayer occurs before renoving the at | east one portion of the second

|l ayer. 7. ihe nEhdmdEtholl of chims 6 to @heheieth dedelpinpta pdier b sie hagkesccasnpri ses
renmoving the first |ayer of the first partial |ayer arrangenent and the
first | aydter g¢meoving thedysidayelr tial | ayer arrangenent in a single step. 8.
The ngthod of clainms 6 or 7, further conprising

11. The method of claims 2 to 9, wherein developing a pattern on the mask occurs
before removing the at least one portion of the second layer and removing the first

layer..

20 12.  The method of any one of the preceding claims, wherein removing of the at
least one portion of the second layer and removing of the first layer is performed such

that a gap exists between adjacent remaining portions of the second layer.

13.  The method of any one of the preceding claims, wherein the layer arrangement
25  comprises a plurality of the first paftial layer arrangement and a plurélity of the
second partial layer arrangement, wherein removing of the at least one portion of the
second 'layer and removing of the first layer are reiterated on both the plurality of the
first partial layer arrangement and the plurality of the second partia1 layer
arrangement.
30
14.  The method of any one of the preceding claims, wherein removing of the at
. least one portion of the second layer is performed by any one of the procedures of

plasma etching, focused ion beam etching or ion milling,
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formng a trench extending through the | ayer arrangenent to a surface of
the support substrate, the trench facilitating renoving the first layer in
a directiwo?2psrpersdi cul ar to the direction the trench i #CrEsGre@/ 0018 The
met hod of claim 8, wherein formng the trench occurs after formng the

| ayer arrange . t ' . ing a
pattern oﬁgt h%&&%%dcgﬁ%%eg)%%ﬁrgg%(ﬁ%g?ﬁgm%’sylg “ agérg{llg%%?\ﬁ%]@&net hod"
of cl ai s IRt 13 prfonhed By chedgivalledghiimyy a pattern on the mask occurs before
removing the at | east one portion of the second | ayer and renoving the
first layer. 12. The nethod of any one of the preceding clains, wherein

r enovi ng th i . Sec : Fta i g of
the first q%’aye?h?gnépt)er %fraﬁlggmg 3’2 eﬁﬁg%fdg{%g%ﬁgsk %tgl? h%%m%lgﬁlgeasg‘]%?g\e‘%]

r emai ns ng fipidyeomsd thie sedonddayenarck dithgethe sdidie of dffar@ithod of any one of the
precedi ng clains, wherein the |ayer arrangenent conprises a plurality of
the first partial |layer arrangenent and a plurality of the second parti al
| ayer arr angengft mh&d 6f Bny SROYE i Rbcddiify Blhirh&aRlerQRSvilEh ch@D patkial he
second | ayer and renoving of the first layer are reiterated on Both t he

pl ural i tylayer arhangbmest, theairst layerlaagd ¢he secomhiggemsart imoahtadiavithl eaclabther, of t he
second partial |ayer arrangenent. 14. The nethod of any one of the

precedi ng cl ains, wherein renoving of the at | east one portion of the
secongo | aygr i $heddtiyd®CarlyorRvf tﬁélPge‘éédihg%ld%@,cﬁﬂéféﬁsth@fﬁrﬁ|1§>g,%'i%f ehechi ng,
focused i on beametching or ion mlling.15. The nmethod of any one of the
pr ecedi ngfitst piartal 1aee ragiangereens \compris¢s thigesafrier waterialy ay thesfixse 14yer né theby
chem cal eétcghﬁngﬁialllg. er‘l;k}re net Qxﬁd of any one of the preceding clains,
wher ei n t Re P hPERAeSLES BIEYRe™ i r st | ayer and the second | ayer are either
the sane or different. 17. The nethod of any one of the preceding clains,
wherein within each partial |ayer arrangenent, the first |layer and the
second | aj®r afbe methashebany one of g Precsimerclaims, wheeeinghensgonst layesofone of

the pge Ceﬁ{erﬂsﬁ%ﬂimaymaﬁgé}n&ﬁ%o ! fig(%s the¥% egéatérm a% itﬁeséec&?d %ahlgll of ayer

arrangement conprises’ the sé@ne nmate as the tirst Tayer o e second
parti al | thesecandrpanis dgyet arrditsembne nmet hod of any one of the preceding
cl aims, wherein the second | ayer of

20. . The method of any one of the preceding claims, wherein the second layer of

the first partial layer arrangement comprises a different material than the second layer

20  ofthe second partial layer arrangement.

21.  The method of any one of the preceding claims, wherein the first layer

comprises any one of InP, GaAs, or Si.

25 22 The method of any one of the preceding claims, wherein the sécond layer
comprises any one of InGaAsP, InGaAlAs, AlGaAs, InGaAs, InGaNAs, SiC or SiGe.

23.  The method of claims 1 to 20, wherein the second layer comprises any one of
InP, GaAs, or Si.
30
24.  The method of claims 1 to 20 and 23, wherein the first layer comprises any
. one of InGaAsP, InGaAlAs, AlGaAs, InGaAs, InGaNAs, SiC or SiGe.
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the first partial |layer arrangenent conprises the sane material as the
second | ayer of the second partial |ayer arrangenent. 20. The nethod of any
one of thwopnecadisng cl ai ns, wherein the second | ayer ofCrise26iorseziparti al

| ayer arrangenent conprises a different material than the second |ayer of

t he second par rra 21. The nethod of any. one of the
pr eced ngx| a.ﬁge i oFaime 25 oy whegsiny the dppiFmed magk FoRRESSY A 8e Gaas, -

or Si. 2% 8o ﬁgﬁ&eﬂesg{ sﬁ%n‘&ﬁﬁu@é sf1f6n Hftﬁ&@%éw | cBd188ric WhesRiLh t he
second | ayer conprises any one of I'nGAsP, In&A As, Al GaAs, |nGaAs,

InGaNAs, SiC or SiGe. 23. The nethod of clains 1 to 20, V\/nereln the second

| f Th t hod of cl ai 1t
20" and" 2325. wh el HBAR of R o8 o BF PRErEPE SBMSNPHHE of | nGaASP. | nCaAl As.
A GaAs;, Li GaA%m'oO@%'%&he §! feaftfonelpetictPef thB RedRdN¥LrQé sedhathh® afdng@n24,

wherein the patterned mask conprises any one or nore of photoresist,
silicon dixoxpetpendidularden suifaed efshe munpart substrite |abkaast anerlagationayherothe’ The

hod of d ] |
one por ¢ 115804 OF e SeahdalbrafotntEed i Pned 0T s vk H8rln BERnl"c.) 2

to a surf@?@eﬂfseEMQy@port substrate, at |east one |location where the
portion of second |layer is renoved is aligned with a remaining portion of
an adj acent second | ayer. 27. The met hod of any one of the preceding

20y 3 L R B3Rt o R, B s et 0 o
support substrate.

28.  The method of claim 27, wherein the angle of tilt is around 20° to 70°.
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