METHOD OF FORM NG PHOTONI C CRYSTALS Field [1] The invention rel ates
to a net hwd 2aft/il40sen1 ng photonic crystals. 5 Background PCPRGERI0V@RIR
crystals are periodically structured materials that possess photonic

band gaps: ranges of ' ' ' pagat e

t hrough t he structurgéﬂaﬁﬁégwﬁ%ﬁéfabgéw&&gﬁge of control
over |ighfjelguch as controlling photon |ocalization and inhibition of
spont aneous emn ssion. Such properties can be exploited 10 to create
snal | - si zZi@91hi The ipaeitionmelates tp Ametindofferningphotomiheraistalsay egui des,
splitters, mcrocavity |aser, for optical comunications, photonic
integrated circuits and optical quantum conputers. [3] Optical
properst i egaerpi@d ONi C crystals are determ ned by paraneters, such
as: refractive rndex, dinmension, size and periodicity of lattice

st ruct ur 902} t Phatoniperystalp e periedieallysstaictired materials Hhat pepsessh phetenign

Crystal (i et SRRy b Mg O o oenls e BIR A Ucrure.

sem condugs grresillf) akeyapRvidesd dégee phebmidlCover Yight | sualppb icortrolting photon
their large refractive_index and easy integration wth other .

opt oel ectlpepiizationjand ibibition of spogtangeis espissoR Jucharepesties ¢anchegrploited
sem condygt di L! Lt Doe 2 ORLG & Y I SY. L O
fabr?@at Lej[8 %\?\Evtg}r‘\@ll%%%n%hg%g#?c crfls?%cﬁgﬁgsaﬁﬁg f S(?:lt({);l’rillf ?Sn:‘)((’j&gge’tﬁg’al
i nternal sphftéscimiaocavityalastry fertopticalpesnmanmicatids) phatohicantigedted winduiti

m sses the nost wanted conplete photonic bandgap. [5] A 3D photonic
crystal 2 oRHGY IMARYRLPURRB B0t oni ¢ bandgap, providing the ability

{0 conpl v ki ) oL ar, Bb s ; :
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r esear ch refrag@ivepindennidonension #ize and peripdionty uaft tattéce strirdtunge rwsithipythe

' duct or . i ' 2D t.hin fil mtech ' it
di 111 Bul P GaFBe 1 PHrGSA RS A rariR B8 TS bk ke
[6] Ther i@y 6f theptiti6iic Wrysealbisi (GakY B sibmbRm haige) e, Gelow 300nm, for
fabrication, 30 including wafer bondi ng nethaod,

M cr o- El eemieonisetesthatare Bys ferghotonin/systsbeprlisations fop thein lagegefractive
T S Al SRR L RO, O [t = 0 ol
[7] The vjeb4) HFuenghotgniendrybialdS it hibele segiconductorsottwoddimensional (2D)
T CT ORI B 31100, 800 MBS &1 LARIEN" R Rle T o HE o2 A L e
’ confined by total internal reflection in a direction perpendicular to the slab, which
misses the most wanted complete photonic bandgap. _
[005] A 3D photonic cry_stal can have a complete photonic bandgap, providing the
ability to completely inhibit light erqission when it is not desired or alternatively
25  concentrate it info 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 (;rganize 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)
methoﬁ, 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-manipulation

and have alignment problems. They also involve very tedious processes.
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[ 008] Col | oi dal and nano-sphere nmethods are not suitable for conplete
bandgap fvwonrewilgs5due to the | ow refractive i ndex materP@r/8GeHeM)0218

| i ke polystyrene (PS) or silica. It is alsolimted to an opal
structure % p | e Y, r

ot i 11 v ac 10081 GhRSAREAKL Bhid Gl s S ok S RRUIB 18E Bl Cendeen
[009] Thefor@peat dde eb che [egrefidivethdudmiaterialst exdidp like pobyeagenes (RR)eori t
I nvol ves patterning, etching, surface planarization, and selective
growt h f ol di ys jalspelimited tp an,gpal siruchise. Jwerse ropy |SITEEHIS) et geently
(Si02) an bl - S SR . 3L oni €
crystal. %ﬁﬁgﬁﬁ%ﬁlbg?ﬁ# @%’x’]}l loS}rlgs | %trf ot r#@?b\%ﬁ{}f’@déi?%%‘ﬁ%égr s?%il
growt 5. 1@0PP1Dhe Acpehtedr etkinospowti hethodi iseattbdiont phecess since it involves
one-di mensional (ID) nmultjlayer structure. This method uses. a ID_ .
mul ti-| ayzaﬂegr%%&t@a%g; PesPlangra3ton;; s, selechiye ssﬂvggégr By ddxeri dis A

2D phot onin6LhHSH Hsed @ (BiddnOBokile (SAB2)S Uhd oy Wichn sh&ERE ot ©

the whole nmulti-layer structure by (§| rect plasna etcﬁ%ggzbwever,

for appl i casirerisa 30 pbptonicadryssal. e arndt Rraviiesll fon§i by othey III-A5S5i0gle crystali s
extrenmely difficult, if not inpossible is to direct etch a feature in
di mensi on&%8t-ar ound 200 nmto a depth enough for 3D confinement,

e.g. RUM[oTbF AARREL khdh nétfiod MrebilPiRichRd ahohSSinindRRalV(IDD) SHuldludrl v
decrease and finally close at a certain depth. Also the refractive

i ndex di ftexctwe e Thistmetbad uegs & &R nwitidarergtrughawe rwhick cambe single ¢rystals

direction is small, | ch.results in i fi nt i '
verti cal o PeRRPsh AR Ao Tl eliE .t sSERE AR harsRrichGe
There is thBuhoke Mekdlaber spfueireiBy airétt pheshatetchin dNewevdk) foh applfvations in
crystals easily from sem conductor_crystals. Sum‘rart%ﬁof t he I nvention

25 [012] ombicah&ninegr o warclengibor- kS Opm, ithe exready diffigyls it pefimpgssible
met hog of . f ariy aen R R ‘ﬁ% A& dfsarpmf%é’@ﬂm m?@m@%y%s:
su | aye

form ng a layer arrangenent on a suppor strate.
ar r angeneginfinaibntde. dufi r The psprect adtiol ayteo highr amdyboles tsizandvil gadumiig

partial |ayer arr eent, wherein th econd partjal. | ayer .
arrange qase &F@Bﬁ’é@g cg‘?/sé’r at "hé“”ftﬁufls‘fepahrfgﬁﬁltg? ASAEachyp r‘é&‘a‘e Hiffprence
wher ei N eaglediPfd fimibéhiREtod thadral HEPéHicA AREASER stndll, Which R¥Afs iAnd

a second | ayer, wherein the second |ayer is di s(gosed over the first
| ayer, armeakhdight confirenmnt dni the wérticdlediseationdandayer fllaphatonic bandgap

20 formation.

[011] There is thus a need to provide a method to produce 3D photonic 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 meﬁlod includes: forming a layer arrangement on

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

and a second pértial 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

| ayer. TIVeOAeHS6 urt her includes renoving at | east onBCH8G2G16#00318
the second | ayer and renoving the first |ayer, wherein form ng the
| ayer arr e . O ' ' . - '

of " the sdabe s Rl G 1r bpargB Al ifcRio LRV BE gP Rl
et ch- r egrpmitn ofthBeecond 14yer and thefarst lafersem conductor material is
grown on a _substrate and a. lattice arrangenent, which provides a .
phot oni ¢ 933dgBr rspesed pishregopgisthed; ¢ tirglavey of semgrondugiar material is
The latti r gﬁ;g&g : 51{%% . ' | ,
et chi ng t%gwﬁi({rn?t51 aye{re @%Pﬁﬁ“%’g to F‘E‘é“%ﬁ%@ﬁ@%&%@lﬁé’% r%&yg%
surf ase pluaction, zabsequeritly fammed anuthe ifivgt Ryen c fThe dattibe semagenéntymay bt

sem condugt or terial is subsequentl roqwn_on the second | ayer i
The. sane lERHEPY BaterRpe the ST asita ponynzatle B 1e a6t0HTnE Fesaigngpnd
patterni fﬁ?ﬁ{ﬁngﬁf&%dgﬁﬂﬁﬁﬁ%nlﬁ BleARAGIFR! bbb YONEERRL layer of -

enbodi nmer soo e present iInvention provide a fabrication technique
t hat has semicesilactes materpl oist $ubsequgetly virews en |the eecandr bayge e rthe isame

formed (by form he | ayer ,arrangenent prior _to r.enovi,ng at,| east

one. por § FHIT 5 DR Ea Y rug B SYoReDF A1 SEPS T RAIEHER e FEh OIS
firstyol ayfinapizaddie MnabRiradd] SrABERNBAS b tiRHesent Rivehtich providell Rbrictiene
(by renoving at | east one portion of the second |ayer and 15 renoving

t he fi rstte¢hayaue)thatdasrtavor Hegasay erovathr dagse whete ¢ daysr uangament Thipsmied

enbodi ment s of . ent, i tion, f ' I ' -
arrange rrmﬂ( ,fgmg ﬁ"eg{agig/ﬁ %’éaélggﬁgﬁcﬁrgogit% r%é%ég%{] *e‘é%tccir{% rﬂr&l%é: éﬁ? gccloﬁd a
singl e stlage offthé e ARhEtnent biyd tahoihg ddfirst Ryémdf the dayed Arman@anas);
On the other hand, i.n the repeated _etch-regr ow h et hod - nent.i oned
above, f A lpdice drrmatian sige (Wereatov it Aeast onqRastior of theseernddeyer apd
gr owi;ng CRSS %h e ro P
Accor1 ing%?p%%eﬁ%f ectﬁg%ﬂehﬁgﬁir Frﬂeenn?d %)f t éG’Sfrngts{esn? h{egiseeﬁ't [ gﬁﬁfs‘}n
that a siemiodimernts ef ftiee presentapperdmoh formagipo wifdbel latticéd abangeateat, 3ghich
photonic crystals in sem conductor materials. .[14] In, the cantext  of
Phe. pr s dbviifive ARotBHE SIS DAt S SRR t & Fpgteatas qids BhuSSR Fostal, o
havi ng a gatfuts FatcaBOH0 Prbdks.t hoh e WthéeRarl, ARCHE Nepedted Cehregiowdh 2
regi on 25 in energy-nonentum space wherein propagating photon nodes
do not exneghod Preniynsd above,doymatiansohtiy lattier wrmangernent daeqives wneptetire
direcgtions or a ha I . . di o) . e "

ar 1 aena Vg EAa8s B PSRRI B i ipec iy Abfiingly4e
specific hesféa% d())faellmﬁ(ﬁﬁ‘xﬁaﬁts of gﬁi prb@hﬂﬁvmﬁiﬁ[f ik mgld sirﬁbliétaiﬁﬂ effﬁaimpbmblﬂer
or to other 30 |layers., Each |ayer is preferably, although not

i i ted, ¢ Broyededdo febricate 35 phtorie cafs?iw&smﬁa?tOWM+ . Each

| aver muopf) A8TROSEHeR o b PrésBhOintbHifdh, HeHehh pROBhIALry HAL fldafil, Of
physi cal "properties, conmposition, or other tangible c arrgcterlstlcs,
wher e t hatruepad haling adatticé amanpengncihat poyides atphokonic bareigap.dse. aaegibe

| ayer _arr.angenent conposition,, and the sgati | vari ti&n cgh be
subdiXi ddB TFIES-ROTFAUP Frace (FhEenRIgPagaLyE photameries,de ngk S8t dbe
at op one RinCEry¥alsinAPHIIRE b BhEdAD alHFRRnBEBERS 6rhi9béiﬁgé_qpkl§ng all
structured layerS. An i'ndividual structured |ayer can exhibi't one-,
two-, or ditectensdi nensi onal variation of physical properties, so |ong

1 Rl e B 00

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
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5 as a "first layer” and a "second |l ayer"”, wherein a group having a
first | aweoemed44#056econd | ayer may forma partial | ayerPGFEGHI&NHALS
[16] The partial |ayer arrangenents are arbitrarily termed a "first

partial | . . . rt : r
The. | ayer i JALR ARCER 1R AEp b A FAEE WA b S Blen LR NOTER e
partial |wyiens africtingdrieydrs., Ashardévidud seudibirqualayentan esldbit ane-amgeyont
| ocated further away_ from a suppaqrt substrate surfgce is referred to
as the " %WW?Q%VW%%“&W%F%@W@& sihlong af fie rfess 9 &ng kayers
| ayer arrgogaienti I : Qtan r; ; jS
referred 2?% as t 131'1)?? % ?acggjr%tt%ﬂa& g?/lgrﬁwggfegngenéﬁ?@? 1%?%%{&%8&
Isecond paasta &first :aqyer';\’l and an‘?@mdtlay?’;;m?gemem guute)_rhalmiuilg iliﬁrslfL Igpar andah
ayer arrangenent . ernatiyv , e firsf -partial |ayer
ar r angemefit By‘irﬁ’éays}QUBﬁcP h%’ﬁ AFERLEMCAEr angenent may have one or

mor e par t[pgh) |'PCharfibl QL RARSGHVVARD afUiRARly! tefined B fidst PhrtiaRNAyef!.
| ayer arrangenent and the second partial |ayef arrangement are not

i medi at eimangetherd® randt @ “segomd opdnal. laygr Ajrapgement’t. pEhet layer lanpngement
ar r angenent ferahly,includ WO,.I di at £ adj acent | avers

wher ot terelnlit e e il iRty SHiadPhT PRl e b REe R Vitdin e
sur f age ipartid) 1aRk Sirfa@dehontaRcitb® M8 NEvdyafioin a Wappat shisstatd Qirfdcaier

| ocated nearer to the support substrate surface is referred to as the

first | ayeferreddotasahe t“second paxfinl|layesrarfangemenos whileiee othee partial dayer

| ayer. Sim L 1 A r et
el udes TiBEFmif AR S8R e flopbftbecic ARARBRE orB R &/ AR “firs
ar r angenghaitial Wayes @imangdigentdysyr thhtithehetormizpartibl biyenasanpenreht sudisposad e
surface is referred.to _as, the second | ayer and,trvg ﬁgy%t-her I_a;s/ r
ref erred QST dbe t¥ist fRaptial Jaygle arrangements - (EEIRAING Fsti gargj E"ﬁ@éd
over fhe fi . g,rah' e fi ;
partiltesll Iag{f{égéné%@éﬁgethnﬁh%@m y gr%ﬁrmﬁ%’ﬁ%&’ llidgsteorng%ﬁﬁﬁ , })a#le
or nore |layeersrdngemess beheegn them, itehdhe Wostspdrtiah kget ayrengenwent andtthe
I mredi at el dj acent to each ofher.. .[18]. The terjal of_.the second
| ayer hasseé"@ié""%éaﬁ T ARy ?‘fgflgt:’f%?f‘i‘?ﬁe@ ’f‘ﬁa n{gﬁeeagtbowﬁlf‘eri al of
the firstioiBYyes firdtPaftiid peiBiinpepbnt peferdblg Mdeies thb Sinfmediatdlp b@atent

et ching characteristics nmay be achi eved by having the first |ayer and
t he secodayarayeherpiadibedayari lorated Aurthegtasrayafrem a[supporyisebstiatensuriagp o r t

" eonrd: ogsterd J5 Wik Seha RS, BhA2 L Byl T bl RS BRABEL"

t echnol ogy, 1. e sem conduc

form ng aubsrte smfReiiakefbred foky thedirstlgyal e thavnhe second layer is disposed
opt oel ectroni cs_ thereon or, therein or for growing furthefp |ayers of
seni condvebthedirstdeyen Similadgp che‘zfgpaqnﬁl @gf%%}w%ﬁ%moﬁmf#ﬁ%%@@ﬁf

i nventi ony..f \; I P RfanbBfertC Satkik aNE TaviRY
mean tha{}wvc\}/i Wﬁdlgﬁl%gﬁfl%tll a&tctwlqg]gl3 R?éegdi‘ﬁ ofatheel ayer é ayer
ar r angendftthertawayrfeom a siipgpreabetnate sarnfane 15 seferyedty/ asphasargad myesant the

Lo f dom Bt pea reerad 163 B SRy of Hak S seCahe 1er tseBoReere vy B
gaps may et 1ah&. StFhativRBTRYEHSK thb Firdti and isebtidSFartid ayee Afrah femtentRay

portion of the first. layer withi:n an optically active o region of
t he | ayergroup &wigesieatedi loyers rhavingeose pemaeredayerh diebpgenntigimag.-c e twe st

| ayer 10 a,sacrificial Jayer..of,t | ay.er ngenment. However, a
portion Osple{:% lﬁers?rePgbé%nﬁg%tegtq%ﬂearceatetﬁaeﬁﬁ{é@ﬁg spacer between

adj acent [Be8]0rThd Mitefisl ofthe bétdhd I4iRr BeCH differéra\etshing eHarachétistic than the
over hangi ng or suspended structure within the |ayer arrangenent. -The

resul ofmptengafile diret layerst In empbodiments of fhe imntine thelr diberentoiehing
portion O%g}ag% §§§sﬁﬁ%{ #}%%&ﬁe\}eﬁ 13 HaBlnlg'thE it 1ARPHERE sEF 1P RAEDF2

phot oni c n ggp
- 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
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15 [ 0211 In enbodi nents of the present invention, formng the |ayer
ar r angenemo 2019/144086 " support substrate occurs prior to reagBeGAYIe2ist
| east one portion of the second |ayer and the first |ayer. Thus,
formng t yen LARSSTER: fabri f en. i L OfLe
crystal f%ﬁ?ilnga%bggé sﬂzéc}uenceTr qaﬁngﬁhﬁgeﬁgg&d?%n?r gptoie!%u?ﬁ@ent%oﬂ? 0trhe
phot oni c thergsiarlfof glomingafuriher hgeps @fisenivasductorarnatadal tthereat. | east one

portion of the 20 second | agyer as the second step and renoving the
first |ayl@#Vladnembodipenys of é‘&.PfPSr?%HB’FWé?“, SSARYint g at Jpast qRe portion of

| nvent i 0npe PG ANRYEN nfayCinkgh Fhatl 'rﬁaﬁ!cﬁﬁcélﬁgﬂ%ﬂi‘&& Ifl%t’foﬂ SFTHE NeyerNe
first layer as the“second step and renovirng thHe at | east one portlon
of theé searmngerhentetheaemaiming ké¢oodd 44w haf @agd/opaningsipreient nilherf mayan

present invention, a mask may be deposj,ted ov th | ayer . ..

b r angemdiRpal BrerEd] BROVERL A8Y, fHGr €408 e feayesond ayerrda o, Beieflic gRed
on the segQRberh@XSr tAE iltBSaRaeARtnRaf thd! gab@)iﬁﬁz 1Rt h& BGEITE Rlen@shgdthe
pattern developed on the mask. The patterned mask facilitates renoval

of the atfitsiclager may mpeant thahthef partien o€ ¢lom first dgeer  within aneoptisally activsf o

the present. i nyention, the term "pattern” nmeans,to. forma desired
Strubt or doEnn P HaSR areEeH T RSP SR irsey MR P TS e
the n@sk.a erifitiel Iagér e thysPadfaripeieat t Howelv@Cd poktivfof e Srsolayehfay

| ayer arrangenent that are aligned to the patterned mask. The

pat t er nedtiffersiaimay appaces thetwernadiggent senoad dayernhiserthahtepgeend nlayers
th k 4 i i f .
through. d0Eb AR Belfidifife oF sRpURRlNLRI PN RN nk Myel BtElechicnERIRTRA

t he | ayerofashevige thenfirst 1a3€231 remoeingabié arleist oné pbritien f ésesetond layer is
i nvention, the mask .is -disposed after formng.the |ayer- arrangenent.
The "pat t évlatige AEangemept that ProvisiFe a PAPIoBIC RaREEYREI: crystals are

formgg. Ib%@ Ih@m%ﬁ@ﬁ%ﬁ?é&itﬁe 9ifes&m%wn%ﬁ,%nm§% igggp a&ﬁg@eﬁbﬁwﬁs

at least o portion o e second layer occurs béfore renoving the
first | asepporisubstratelvecyph prioniccremoyingathe fableastcaeiporticecflibaseconddayer .

formng th ayer. arrangenent. on t upport substr.at the first
Step. ot e AYEr | I GhiBtnh e oD PrenEctag: e dyet Sn Bt
second stRptoRRd cFyefP fhkiicatibh delqiidice! a¥eond Senittithéit’ 6 Heevehtidl, 6B
t he ot her hand, i'n other enbodinents of the present invention,

r enovi ng phetonivecystak fatiripptien seauenee bas spmoviegdthe algleasteons: perignofdhe
portign C I 0 | f i i

equelice Sretrdriapi s the @XGHa kB L JhBBICE I BUSREINd By 68 1
as the fiansthes empodifrowf g invention, she phytenicagydtilefabicatiod setyagcards

renoving the at |east one portion_ of the secaqnd | ayer as the.th‘ia{’g

step. RefeRPYigethratinst Jayer asthe secong sten and a%me‘@%theﬁé Teagcone Rogtion of ta¢
of the fisgagndqg)};griag{hétﬁ%ggteg_rrangenent 15 and the first layer of the
second partial 1ayer arrangenment in a single step, thereby providing

t he advar{022je Infembedonents) of dur priesant ahvdniyrr & nekk miny bageposded averehent

in a _single operation, A trench extendi t ugh .t he | ayer

't arPgenater ABRBAATART Heliodon G P EH b o TR EskgY BE URBPIRden B
trench fagidddt1aldreF the RBAGnA Dattikd 1hyer Strah@etfiént iafd @ phitteRC84RIbped on the
perpendi cular to the direction the trench is forned. In the context
of the 20ngskeJdbapatierned magh facilifates rampeval pEihelat leastyongwartiamoidpe siaend

Cur face APnatop aapexEHpuR: desct SR, e BPR SRE) By 7R

cont ext ofesit@M@iciie bh¢hd mask, threMgh thefBiovildfumdesirel Pottichls offitheembikon,
which is along the first layer and may be parallel to a surface of

t he s¥ipporhe Baftssredamask mupiertsgselested: pertions fytheclayer arangenyest thaiare he
| . T '
ot 1 SEER tne phdihed Hadc CThd GG IENaBE HEETRLDES 8ol SHRNLRO

layer. [wlgth the patteedimbeisaskiis tépticted fiestlecteMendrs ofithetlbyer patahgeniendn

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

arrangement.



30 | east one portion of the second |ayer and renoving the first

| ayer. [VeGRoton445600di ments of the present invention, rRGBSGRI0OE021He
at Ieast one portion of the second | ayer and renoving of the first

| ayer .S g
por 1 ons 188 o BBt $Eininea: BeBlon 1% BRSREUREEN o Bl

i nvent i onthe tilgert @faigegent. Mhy pat@med magk dinyobe Ipmoeed hfitr sher phatosie a
remeining . portion of each second layer. The region of space may be a
vacuum orcrlr}?éalﬁ'ﬂqf@HnWth air, aliquid or a solidified liquid. [28]
In errbodl r :

1 00! {385 Sy B e MR B B AU AN Bheton of
pl ur alsi tythe)fsedohd lsmmmdunsdjsfmralreﬁoimgethe airstalagﬁne'nhus Renphitogc atystdie
at Ieasteto ortion of the secgﬁld Iyer and reno of tpe firs

| ayer ar dfabEsAfign sequgnemhasdprming dholayeramangement 7 RPTiSRpsale ay
arrangengg fgtﬁ{ﬁj 1ﬂ§v19 ‘t!’i@ét'l&éé Qﬁe %&ﬁoﬁ%@ﬁ@se@@ﬂ&l ?Er Asal}iégecond step and -
arrangenent . 'l nt ext o present 1 nvent term” .
"reiter atredbvimgyh&rﬁahlayheasrthqﬂual stéggs done in repetiti ve | dent | caI

sequence e.s ue ce be . firs the at | east one

ot on dPAThOR ke Y in pier SRLBTBA LA e dte b IR G Regating
Anot hgr Stﬁéllﬁ%ﬂqs éf%cﬁﬁ Eéféx%trefr@mgl fhe d heast iohé& tpoktdrehs m‘eosiel:@mm By
renovi ng the at ¥east one portion of the second |ayer. A further
sequence Thay, the phetepig wgstalh%bmat@n seqyesce bis fomming thetlayen arrapgemeny en

arrange t and t [ St er .of the se a

Bt angena sipon UBREHts 58 etk o v B P oR Aty Pt ster ad
portion Gemblig IR A 1dast aye Foﬂi‘ontdfehelﬁeos@@ tiyer pathieithird by e Removing the
ar r angenent ang subsequently renpving the at | east one portlon of the
second | dirstlaggr mae inglyde regiovingathe |fisstdayerrofthe dwgmartial [laygr arrgngement

enbo e e t

por ¢ 13ty S tEisPETERt sOME ol 1ab e B iinhe 1F sfllc 685, w6y
per f or negrovidmg)the advanftagehs! femloling sragnﬁmabhgfanseﬁ' thefayler aramgemenhin-a .
mlling. The etching i ther.be_a dry ch or 20 a wet etch.
Renovi ng S g?ff pReTaf{on: e&?%nﬁh@ﬂﬁ&nas @ﬁmtﬁrh @ﬁ%ysbmem%tp wﬁgﬁ%ogllgo
be per f orgipsbrPYulRdtedRSy BE f&rﬂf‘cd?ﬂﬁ%ﬁ%ﬁmﬁfaﬁﬂ%%&ﬁ&vﬁé% Bt Mﬁﬂﬁssd

i on beam etching, or ion mlling. Renovin

first |ayer
per f or rredhmh@hgmpe@dlc@atm thy. dlre[cag:} thlmtrembom fmncd; dn thmeorptws@)r/the

|nve i on th| kness sof th ,,flrst Ia el an n er
Voo {huebhi Ve 8 HBmd o’ b el 88, itk "o SRR b @b pn

l nvent | OMNayent 64he 1@5@ Brrdggcirient td aypse agﬁmmﬁ& supbbﬂ stibstite. | Eheaermand

t he secondyl ayer be in contact with each other. The first |ayer

of the fl‘pgmep@fsvlﬁa{ in 4he coptexh A appayingehe Jist layer, ame ingleds adﬁt%
the fTirstyle ,L@erﬁ whic ﬁﬂ%ﬁgﬁﬂp%&%ﬁ%a Yo AHIRIEETEHace DRSS! ps&@

| ayer of t rst parti ayer -arrangefent’ may use the sanme o
di f f er entsubsttate.| Bérmang 1ﬂhsetramhcmstt,r oaye nfterf forlmglbe $ae0 an‘mmmtenal Thasyer
B ek ahy Ao TeE g {L% S0 I;J;tvl&me sedand hger !

and removing the first layer.

[026] In embodiments of the preéent invention, the patten on the mask may be

developed aftcr-removing the first layer. On the other hand, in other émbodiments 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



or Si. The second | ayer may include I nGaAsP, |InGaAl As, Al (aAs,
| NnGaAs, IWGAMINA40SHC or Si Ge. In other enbodi ments of tRET/SG2046/000218
I nvention, the-first |ayer may include any one of |InGAsP, |n&Al As,

Al GaAs, | ' ' |

any one JUaEof RN I, Thethaith o YRcERRA/NE 2 DRl B BELHfn

i nvent i ongir, aligujzhdrt aesohidifieddigeid. may i ncl ude any one or nore of
photoresiﬁ]g (3)[1 l'icon. dioxide, silicon nitride, ,metal or dielectric
mat er i al . (088} 0f84§mbpoflimRRS bR rEessRt yention S layes AR BeRent, BAude
of the at ' aw@i ka3 d

an axis ppéklggﬁ{j?ggﬁa?ﬁg Ehlgﬁ!s‘gir}}eggg of the aﬁﬁﬁ%ﬂaﬁgﬁ%ﬁﬁ%& “:Telﬂ{onat‘:‘iJ ali;}(am;st
one | dcatlayer anaegemette Bombving off tha at deashoné ppuion of thenseeend layer and

i d with - | Qi ti | acent I "
por {1 on JFmAviREGdt Bisk sBE g R RIS A h e e Rl 45
along a Q!airfaag&ﬁlem anBdhe pRuralidy BETHROREMfpMialtiayet attahf@fntOfn thiEcontext
support subs Il only 1Tntersect second layer material (i.e.. the

rate w
second | afethetpvesent énnentien,athe derm cingitematedt may mears the remisl tis slone tihat

is along the. path of the |ight bheam The |ight-beamw.l| .be | at ed
when 1 b BB alationt Hpstl . OB ABruchis mayt 5 R ling i TRl o >
the portiguricH of the sb&cﬁﬂtla?@gmlweu hyaemol/iigote Hirkthaydre rvherpeiignes

of the respective second |ayer and therefore 15 experience no |

nodul at i gRaY bg 85} ramoving deifirsitaxerofolloped by semaving ﬁﬁ@@hlpeﬁ ong gertion of

support ?tHQ%%Jo%elﬁg Bﬁfg}&étkﬁ F@é‘% & mbd %%pﬂeﬁmvﬂg 3%t Yag@xt g?‘tﬁlagﬁ&'i

fon mlling to re one” portion the second | ayer.
The angl eagtial laylet anaypgelrenasmithd {26 layer 6 the2éectind pdrtihldayeri aptangemett ih he

Drawi ngs .[36]. In_the awi ngs, |jke reference characters. generall
et er o IS kB, FUPBET DR ATGHBRS HAeaH PREPORIOn T SiscomL PVt e
are ngt NeCeHISHHidal@ éﬁﬁé&n?xﬁ %ﬁ?ﬁ?sﬁgﬁé}ﬁiy%ﬁl_ogﬁ{gem@alt Yea?ﬁbxlﬂfp&iiéﬁ ed

upon il lustrating the principles o I nvention.” I'n the follow ng
descri pt iaofithe sesondlayercofiibelfirst partiablayertaerangereenti on are descri bed with.

25 ref to the fol | owing draw in_which: .[37]  Fi W
2 scheratp Dol B gpdspmC it B8 PR PaRinn, e ob R st porton *
conf i gur ajfithe Seconll A8yer An8 UeMotRgSITONE fitstl lagey igRfforhéd U§tahgtdnedfahe

met hod, accordi ng o oneenbodi ment of _the_rgéese,nt i nvention, of
form ng phBewmgdregedures efching or tpponilling yTlke etohing anay-either be A day etch or

manufact uyj ( ' ' ' f
the. i Buert Bt oRGAbRRE LAY 308t opf BRI GERE Seccha 1er BEAPHN AESTe ©
nul ti| aygrerfoimet by aey afd ef the ptaedureeof plasmakbtching, ficokddrign 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 iaycr and
the second layer may be the same or different.
25 [031} In embodiments of the présent invention, within each paﬁial layer
arrangement, the first layer and the second layer may be in contact with each other.
The first layer of 'the 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



[41] Figures 4A and 4B are SEM pictures of 3D photonic crystal
struct ur 880ev18a8EE6 I n accordance w th enbodi nents of thBCTRG2010/0e0218
[42] Figure 5 shows a cross-sectional view of a 3D lattice structure

made usin t 5 ki

e S D, EORP L A0HAR TS, A RERks ThOHSE HBROLE 56 o
pl asma etSiGeafIﬂeae&ﬁdWﬁmydnaﬁ&§ﬁr@}mfeCUﬂIﬂﬂ, GyA9)ee8hl pl asma etch
[044] Fi g‘léres 7Ato 7Dillustrate manufacturin ofqd‘photonl c.crystals

i n accor d83¥e Incmhodieenis of Hhepressnt w{énmcmxéhﬁ p lgyeranaginghideqny
h sh i
cech Shotl PRREPhsGsRl, SRR RRIA oG HAAR, PRI AR mflell

crystals [DM]aCIﬁ(I!hdﬂﬁﬁﬁeﬂtQ obile ma&mdmvemmmfremhﬁng oy et atdeast ohe‘lﬁi)rtion
Figure 11 shows a_cross-secti ong@gw ew, of a 3D ﬂagoton

formed | PrARHCEahIRICR 1 SBHLEHBIRE R RS HeRIRGIauIR; &hf FEace of the puppprt
Figure 12,5008 4 | 1627 | e ST Shad &Fg@%@@g 4eBbnd MHyek R 2eifisvclacsh 2

3D 15photoni ¢ érys scription | om ng det ai l
descri pt i abignedefithsa tamdihmggociop afiyn ndjaderdvicogsl et FThaya Ihynwapf of

illustratjon ecific detaijl. nd enbod t h t.h t
20y be'eH RERRIIPAEAHEE SR OBF TR STAPERHER ARLUENE 4 UEHPR, BRis
det ai :T%izoﬁjbﬁﬁicﬁla} hosesitdck | dFthe Rupdift 8itistch@ @ﬂpsﬁlngzgtér&%t tsébbﬁatlwu@

Q her nts nmay be utilized and structural i cal
el ectri cahatemar(gesthmqpobélmdélawmaﬂtepamvaﬂmgf fitrleast pn@p@m@p)smeﬁs

excl us! vaiongdng B ok G e Cil et pBEE o e IEGRTSRL Wb bR,
25 efTbOdixﬁiﬁ{]ﬂﬁa deBoddOtayer ePhepEhRg i b¥eslirfes where the portion of the light beam will

pass through the removed portion of the respective second layer and therefore

15  experience no modulation.
[035] In embodiments of the present invention, the support substrate may be tilted,
for example, during dry etching or ion milling to remove the at least one portion of the

second layer. The angle of tilt may be around 20° to 70°.

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 inventio-n. 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 vjew 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. -



[ 49] According to various enbodi nents of the invention, nethods are
provi ded WO 2838814086 si nply and effectively fabricate 3DPEHEGEN/E00218
crystals in single crystal sem conductor materials, including Si and

[11-V co nd,.sem condyct.or d. materjials 0f 050 i,rstly, a
mul 11 - ot @P PR G e SERF RicHERE M 3 BngiPise Fotel S pigea
time to efacHotlHedditliodlmeniads thy inveifiogxanpl e, 'they can be grown
by epltaﬁﬁtechnol ogi es, such as netal organic chem cal vapor

deposi t i 4042 MBixmE Sashewsol eress-sectionsd mepof &3P (alBes stiugfurpamagei uging a

li ke Ga As l.nGaAs, | nP/InGaAsP and SYSi Ge etc. Both the
conposi m@l%\%ﬁﬁa?ﬁlﬁﬁéﬁg socagf' each [ ayer can be easily tuned and

preci sel Jo43)ntRiQlre &Cshdivs areu¥isecticRiBlietdrdfrg3 D idorpiid apyytal fddmbd biekt

sacrificial epitaxy layers within the |ayer arrangenent are renoved

by, for @nslﬁwﬁ)@m@&w a/2D phetogicorystal Joinpesk by reymshplagina eicB. | ayer
arrangensg agy: t i fJ C Lt

Temved TOHI S@RE0IAE ) WiShEe ninIRkiag Of Mot Gl Al BBt

st ruct ur ¢o oRY emboditnene df khe iheemionnBighrds 8 anyd 9 each kleove acSENlipictate of a

epi t axy ers may be_remved either before 3D photonic crystal

| a
pattern Pl mﬁat%ﬁcwahmea ¥ BrdHthes and lateral selective _
SLCNIRY. [bdb|2SEALERTSR WA SR iRSATRORL AN of ptoNRVENAIR T aRbrdadfl, D
done after éexposure of each sacriticral 10"l ayer durihg transfer of
2D hol e pabheembodiment dfithe Invrgrtionar r angenent, in accordance with

anot her dinent .qof .the inventian ysi.n | gyer- hy-.l ayer .etch ..’
bt onch 1054 c crg Tt oy Bos e luTRuRt st 3EnRctie i ot in
ef f ecti vgcaRpiinee 0slbsd Ghbémineht iFlthd fivekdw@ss in a plasma etch may be
equi valent to only one | ayer of InGaAsP, |eading to a reduction of

t hi cknes4$047 oigure d 2 shawp ladabls Gommerising-1nGeAsT and InPtharkmysasdapeidhy

t he criﬁgpi%h%?%%iconductor | ayer, the refractive index contrast in
a vertic AMeZ¥Son changes from e.g. for MP and InGaAsP:. 3.2 and
3.45, to air and InGAsP of |and 3.45, which nay be big enough for a.
conpl ete_photoni c bandgap. [53] In a planar direction, a

nano-1it L net hod and ani sotropic dry-etching may be used to
define t ey i lifel- b Gfpti O HeCacehmphiind Bldvih &S thIRY
be 20 cr ,a‘%dengqsggﬁqg&?%%%ﬁn%@s{&?ﬁc as ee-c%ean?%%gr apﬁ%9

nano- i npishew, bygway af dlustraticng spepificddtaiishangramdindiments in Fhich2be piventioen ¢
crystal pattern is repljcated tp the overhanging | ayer .

ChY odbin, s Se peashetd” IS mraments b detieinge 18 e il ensble
struct ur ey Rf skited B @Ot fo Fradifdedhe TR%NHEH. v Bl EnibbdRaetd Alad beGtilined

pl asma etching angle, e.g. tilted {)I asma etching together with the 2D

e
phot oni c and qunrag fogieal; andreledigad ehangesimay be anagle wighoubdenaeing frerm thae

photonic _crystal, struct.ure f e ' (1
conposi t is%?’f%’aﬂg ﬂfeayl/%‘}rénkl 'ig'c kﬁ%% g éﬁ%usaé%gmrirﬁfe{' ?sh?{a{p;ie@g g %&g%a?@ gl,%tgié“y
vel | as kyclafiaegas Osdnie dagiddinets i cant be 2émpined owith -ony Séralmore other

structure. ) )
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 muiti-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
molec;ular beam epitaxy (MBE) for materials like GaAs/AlGaAs, GaAs/InGaAs,



[55] In a vertical direction, materials, period and thickness are
defi ned o¥0nlO/IHMS6exanpl e, an epitaxy nethod. |In a pl aR@r/SGRrie00020%,
the period and the lattice is defined 30 using, for exanple, a 2D

pl anar |i I .M | s.Ln
accor danc%p@mgpﬁﬂgwnﬁg%) Eggﬁ?% é%‘f ﬁ?ﬁgﬁg r?érélﬁ’ E’géﬁ}l glgd %?ﬁr?egéq ﬁlf §£ec¥,151g 5 rclaiaus
and time weodasiyrhingd and proRelstone@bllal a1 atinienaicd dading thctepitaxy. Hence, it
Is sinple.. 56] Various_ enbodi nents of the invention has the

advant ageloéﬂ[ et sacrigcigh epibaxy lavars vithin the layer arrangemsal e sempygihis

inall d ' : i &.h et a&';%ﬁ LAl f D
phot oni cei@% ;Q/g?g#lg gﬁ?%glﬁgﬁeé}%%’ %‘gﬁ}a?\%%@%ﬁr? @gqﬁeé ht §‘§’E‘ﬁlgt ag‘c%tetﬁcy
near tshe whdre athe esdenificial epigixy layageare] fmblvel¥aformusvehipiigréaytess. ofFarhe
i nvention produce a_phat oni 1c1 crystal structure with a high refractive

i ndex corf®rERie, ARG shagyghinging stichire may o rpd thyrfemogingdgs dayess.
[ 058] Vard i i i - RO

crystal prl;l(;&l;garct?ﬁg%gbegﬁ?inf }?gﬁipﬁa %%?%%?i&t kﬂgelljg va‘r33yll§gpg a Z%Qb%_tal
pattern, paftesn fogmetien byysing akeeprgeches and) lamtahsalectbieatgiing ia aptadanme

ST S5 bbb LT i o B
(two-ghi nqgfé;q{iﬁi[ng t]?diﬁfeg [3r(Arh heR- pHtIERRSInAN He) laFSCARI8MEeAL i BEcordance

respecti vel 0] Wth reference to optical "structure 150, in the
cont ext ofith heother sabodiment rafi i, invendionensing BDlayeerpydexen eieh epprioach.

structure, with a . periodic_ patter rovi.di ng. a phot gni.¢c bandga

Funct i on, AFREAE; fovaridus catthditcals of 'yl bt eftgstivee fetieitituctor
optical shitdfiluhRkA&E in bhlisher @eHinRY tbeiquivaienp (e s@Ftonke NN lolf MiGaAsP,
the term"2D" nmay mean an optical structure with a periodic pattern,

provi di ndeadipgio rstuctiparidhisknass fomp for exampla 390pm towd08Pect i ons.

[62] Wt f . td : ; '

breseltt 105t breiivife B hbiolHt ddfbalidieie favek ok A R0L itex Ronklf
peri odi c ipatveetica] dipectivh ¢hagges fphnteqn for ThAadd &pG4ASR: Bimd 3.4fhaakirngdi n
three directions, Fu r,.the term."3D" 20 ingl ude an

struct ur alp_E?eéﬁ? P e b WS m@%%agn%%aaaowﬁm ﬂ}ommf¥ bandgap.
two-di me g[éssan% d AlRAr difGEBH.C H&Wl_itﬁb%%hf e SRDhhiSMF i ARSetWiihgh
are unordered or randomy ordered in Thiee di nensions; that iI's, the
conf i gur anaybsusedite defnt thy pehedand lettivs-sizs. 25 phateuic crystad patésyos may be

periodi c in.any. way. ver, "30' alsp co s ordered . . .

Cont ur TAL by Rbop TRy b o) SRR TR bito dmpriging, leser

t wo- di nenslépraphi® Nidiedgrdfhy9letd. TR0 HiRIIGHIO baystall pitfern As Béplivatel abNthe
whi ch exhi bits two-dinensional order has regularity or periodicity in
two di nerfyedwagigtayest balew dareugh, | fyr example apisptrepigidpepishive. [ 63]
Figure 1 _ ' ' , 'ﬁlgm o]
one errboiD§ nrﬁbe?iap“r?gvggﬁi g@g%?é&%ﬁyﬁtﬁ%E%wggﬁrﬁ% b|3hot g‘%ﬁic E
cryst al s.plddnea eretihgdngiepe g diitedopl bsmehetching togetielwitlc thieIphldtomic erystal

crystals or photoni ¢ bandgap structures in 3Q sem condyct or
mat erdal PatteiichDg oA Ipgpntr APieaiRe phofonig nystyl 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 produci;lg uniform

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

10



1064] At 102, a layer arrangenent is formed on a support substrate.
The | ayerwazpwig#é¥ent includes a first partial |ayer arP@igereEnnIEm
a second partial |ayer arrangenent, wherein the second partial |ayer

arrangenent i.s. di.s over_t rtial. ran nt

Aher o1 n cBeRRLY faFogD AN spisie hishiarE B Ruists & iR Fhbeny
second | ay&k theWifthebdwhb@eShl edigel ayer is di sposed over the first

| ayer, and wherein the material of the second |ayer has a different

et chi ng cWéflthemnyt tmbedimentshef thgtiaventiongprodece amm;tomtaye&tal Fhacture

met hod furt e ortian, of ond
ey o and B R SR hSEP Kriathy F Bk o R RF OB Proldhfc SEREH
arrange rremsspcvuﬁ@sp ein®bdintents rmvmegma&uﬁi chﬁaeian esquﬁdtaﬁc Qdrydtite
second layer and the first layer. [65] At 104, at Ieast one Portlon

of the se@reaertlpwéfrmtrgd%%@e ctsyfhroughayarying, a 2Re patters; varapgr theglayer

renoved rangement occurs prior
to renovi‘ér?gafn?m at Peas(?zc eﬁhgr?’?dg geftéh?%égns%%ond | ayer (at 104). and
renovi ng (0B8] f Figaie 1Ayen s(:l@émalﬁﬁ)lew c{f&@}xcﬁtstﬂﬁﬁnesalsﬂ;lsmzlaﬁddsspﬁsﬁ@
on the second | ayer of the second parti al Iayer arrangement.. At 11

a patternl®s @BVQFB?J@H’UGH t RO née‘f@ dimeasigagl) erandd s k(ﬂﬁraeﬂm%r&eteel)
removgl o portion of the second |ayer. At 112, the
pattef?jned&)rrﬂ%i gra‘lﬁgnéregg&t@a fter the photonic crystals are formed. 15
[067] |n [668] eWhthdiefeeaice dd opfival stowedwrei 160, intthe cohtent aflthe preddd mmyltldm:

I mpl ene dasf ows oW n mul ti ructure .l ayer
¥ angeneh feah “DS R i PorPreab sEveie Wit 2 BiRdic PALSEy uiding b
layer wi thoRodi®Bariishp Fudcﬁbfﬁrre?éahﬁgﬁr%ﬁ‘e &BttibAc! ude a different
material ‘and be of "a certain ness according to design, e.g

epl t axy 2A06kh| Withi referenca tw ppticabstrenpered Sannlthpcetuwtqfahepms&nﬁgwmm
h . k f d h et d k
e 7 e B o TR meah o5 itical, RO it M herledfc PRI BRiIRY 2>

enhanced phoedti€ Bandgap Ginclepaspdatiag i mc,tmﬁﬁlySI cal .vapor deposition
(PVD) or electron beam evaporatlon (e beam evaporatlon) the_trench

pattern df %hewht&rflfeﬁed@ﬁ “hﬁlgltl 56’)/1“2]33 prEex afithi Bicsgmt javention,
patterni pkas |
i nductive yq%plbgd asnma %&?Icgltc I ng; ‘Mﬁ% tﬁgﬁiﬁégatteﬂﬁammﬁ)a

al i gned tphotmnit hmrdgap Ywictibhj sepeatingan three directins.a Farther] the téxm 03Dbmajy 0,

0, 11 direction-if the rt substrate is jn , Q, 0] dirtecti.on

i1 501 adEEE any NgPotal T P iich tiend beopd bl pectisarion

substrat ga é} dekbidgnedl) 4319 CoHRRS f&eﬁﬁ%mh%nsdeﬁ&ﬁl arkNehoRddRed Y BEEmly

met hacryl a éPNNA) ayer on the mul | ayer structure, formng the
ere

2D phot orfird ymﬂmee dimenspanst thehds, ithe cordigoaiiens @;réxra@dlhygthesaa*@am do

| it hograph transferrl t he hot aphG st al

nano- pat v0Y eedie Bt S RT b By WAg, FSuBIE, PI0f s ahR axgerst,
et chi ng, doafigwiatignd, hﬂclﬁ’diNE\ doﬁﬁgjratlons\/whﬁzﬁ I eﬁﬁibwatmttw@hﬂﬂb@s%naetoed& ng
in lateral direction to renove the 'sacrificial |ayers, . _renove

| nP @i ngPrHeraagiimgnsional oxdert A&Daw&eme‘ab@ht%@hlﬁ@meagﬂem ;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
arranéement, wherein the second partial layer arrangement is disposed owlfer the first

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

11



VI. plasma etching the InGaAsP | ayers to transfer the 2D photonic
crystal puORern44656t he respective I nGaAsP | ayers to forRCT/RE628D000218
photonic crystals. 5[068] Figures 2A to 2H illustrate an '

i mpl ement ati on_of the nethod of Figure 1B, {.e. mapufaciuring of
phot oni ¢ 12y§j#pd psesanddayey whorewn the Siegd ot ﬁ&ﬁsefgp‘fﬁfﬁ_ﬁe sy GateT and
Each of Fwﬂégiﬁ%h@ﬁa{eﬁa%ré@%&naq@ger fafh ﬁﬁ?éréxﬁcété}ﬂl?@%ﬂllal\‘é&yﬁsﬁE%@i &P

view of the tabrication process. r the purpose o ustration,
onl y t hr eratpaaltdfahe fiesy dayenr ThegetodtfortRB@Anciddes ref®sing & ledsbomg paéion

Do o) B BB n0d TP B 0 o in gt e
subst r;at g 28emédt ochifs PRBPEH FRTYving YAt lestun@optici of B stedRdI44Rs ahdt €

may be used “[ /0] The layer arrandgenent 200-includes a first partial
| ayer ar rtheifjestribayer.202, asecond partial |ayer arrangenent 204 and a

third pal 206, Th d tial I

ar'r angondb o af L BoRE Tbkod Phiperrae lgifon armp agie /e L {6 o
202. Eaclfimeayérdk rémyedd. aRER Nto2( ERming ik, 1av&ranpeh et @ cdrs fiprios t
| ayer (denoted 202a, 204a and 206a for the first partial |ayer

ar r angengntremavng theat deasoene noatien ef the sgeend aven (ajd Ashandxemoxing the, frst
thir 0parlti al atll%fr arrangenent 206 respectively) and a second | ayer
(denot'ed %6 4b and 206b for the first partial |ayer 20

arr angengo66)2% 108)a fasiond dizpodeidaln thaysetomt tayeg efithd se0dd padial Meyer
third partial |ayer arrangenent 206 respectively), wherein the second

| ayer ((21(?26{18320%- afbi ligﬁﬁ)qut@ﬂdi% pecleped vt the,giask, sthe pgitgmed prask
204a an ngtgﬁ%ﬁsf EAROVIR L the at %aﬁ{ e ﬁa%ft?d}fj .ok'at}{ﬁ;sﬁ&tgﬁgﬁxggoﬂ F‘fﬂj the

206b) ha erent etching characteristic t terral of the
first | aymetten2ddmsk témoned a2€rGhg phdtonit heystabbard iforeretd. shown in Figure

i 1 &1 n QST e Ehen o T Euionn % e 00 ot i)
so that tfResmard:i al |ayer arrangenents (202, 204 and 206) form - .

I nGaAsP/ | nP-stack |layers. Form ng the |ayer arrangenent 100 occurs
prior to Ir gropingymadtilaves stremierefor layerrarangenent} ee g samicapducterxupgfrate

204b and 206hb nd..rermvi f i . .0 B, a
mask 210 q_rssué%’ 8%0%“&8“%% eeg&f g&%r n‘gﬁlﬁﬁe&?aﬁé}n gaS'F %(r%éé%re@ne{] “gé{oﬁ‘rcﬁ'ﬁ% a
mask 210 differdgpafitdratl st e bha cetiinchitlawsy a2éibingf tot 8ige oy depitaxy
partial l|ayer arrangenent 204. In the enbodi nent shown in Figure 2B,

si i ¢8n dn@kpledniadshiink layersogInk sebstrateusegMOCYBo ) | .Figure 2C, a
A ( : . oy . ; o
phot or esiy .;%)grg% §rh9¥éi"ha's§ f3£88 {r%gcha&ghlﬁ% E@Hérﬁ%gsérzg{g? Héaﬁlta&f 3

using a s phot ol'i t hogr aphly process. 1t 1s pre e to align
t he openisiliroRidioxse (RiCa),|SNas metakddpositedobyaplabma @nhdriced chérBicall yapot
di rection, on.the S ort ,substr 08. .The ening 21

W subdisapution sy Braivalal Vaper AgaTion & Vit sloden Heem. dpafien
2D) in the-teANCEVAOIABARNBR! rdltl hARSn P hakd f'i‘ﬁdsléemh? B EordEAUBY
of lateral etching (see Figure 2F) desired. Etching of the mask 210

is thsn phofdithemaphy paffarmiagtand plaemp riicling, e.gs reasvn ipn qi¢hyug dRIK),
For exanpl when sili.con dioxide .i.s used for th 210 .
i1 i con GRGiGHVET Hedbish BRPoR e fen B B Spbelfh ARTp e Efetpin g
CHF3 and oNstillins BRectibhSi.@ Rt [051,50] drSEO,tO}EIFl] dir@cticnip veckuppom gubdaetedne
for exanpl e. 573] In Figure 2D, a dry etch is performed.to define a
deep treribhl, @] ditecdioni ng t hrough the | ayer arrangement 200 to a

suppor t Sub P A g Rl B B HEISAITER O SRt @, deff

syst.emm ushegeldfitsd/ G 2/ Ar gas may be used to performthe dry etch.
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
]imoéraphy, followed by transferring the 2D phctonic crystal nano-patterﬁs onto the
hard mask, e.g., silicon dioxide layer by dry etching, removing the PMMA layer;
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15 Wth reference to Figure 2F, the trench 250 facilitates renoving
t he firstW0ay®14{0392a, 204a and 206a) in a direction peP@EFRGRUONEN21] O
the direction the trench 250 is forned. Since Figure 2D occurs after

ar P angemeh 50V b Serip iR h BB Grdhb o SRV Tivers
et hacr yl @, geftaBMVRP 1fs£ﬁg BODMEDO] 5:2201utien hd 1caie tHednGRAkP Zrs;
El ectron-beam |ithogra is then used to create a 2D photom C

crystal pék ﬂ:&asma(eécw Ff@dm@aﬂél’ aayery toytransferrihe 4D phojorie eEyginl attern to

pattern) % g between each

hol e (or tggﬁtsg%tﬁ ]ﬁgerg%goﬁﬁﬁgéﬁ%?%é%gg%gned to have a

phot osi ¢ [bes]dga@nt@mwa\zel #agrkdte ah iraplettientatidh ol fie méhbé bf Figure 1B, i.e.
nanol i t hography et hod, such as | aser- hologra phi c. net hod, _may e uaIIy

be 25 usdaanugacsyEg f Rhgtonsgrrysials in aeqosdanse ineng embrdimentcof; th@uwme%
mask 210 rﬂ%){ za?g:@?rhé Qéb%%gg %h{nﬁr?ﬂéiheé cldig sgdﬁoﬂﬁl%lgﬁe d°d éﬁtz%wg@aftdd@r n

on the nma er veloping a pattern on t
form ng dakritation nmiacemsk BbtOthe qmr;mlsemf |1hudﬁlaguneoﬂ]3r thmabhparhal Aiyer

photoni c crysta vel op tern on the rrask 210
cours baFBhEReNb I h b 20 hone ey srasgemaet Hajng & pair
(202h4 ZQﬁ-tpg%ps and 206b) and renovi ng the f| rst layer (202; 204a and
206a). The PWMMVA | ayer may be renoved after the mask 210 2D hol e-array

etch. [d069] IIn Figguer 2A2R, layére afrangement rlﬁﬁglerriennettom arlli e Qiuﬁplpp@nt

POt 1% SB35 T DRSS ACaB 15 SARRIR. o BE SRR R et

first |ayere (’Iiiﬁzlﬁyerzé}f’@agéxﬁénﬁm 1rﬁ:ﬁﬁ1e§la9ﬁfsf3 aﬁ)al 15 f eenel2egf hve
wet-etch in the |lateral direction. For exanpfe (mX|n

ratio=1: Zp ypamald@@a afrepgemnt 264 apd .avtaudmwanays: aurmemqngma

(oyods ¢34 JufP bk, banBhP 010 2 ShGRRbY' Sk il AER Blat re%{% on
etch is faanpémated?. bEacthrﬁaldmﬁdn aPfGfpdnenlt (208, BO4,206Pirrludes afinet 14yer St

| 202a, 204 206 F 2E, di rect
o) peond dafited 804804 K296 (oF e Bk AEA sy Wt 202, thgecond

nbodi F
enpodi nel arti @agar artar gbﬂﬂéﬁﬁzo?ei anditRE tidd Iﬁhldl ))ﬁ:[' Qx?n%t 566 res] éc‘fltvely)

parti al nt 202, the first la thescon
parti al Iaaslea mmrahgmnﬁdeﬁtﬁl&d arb; H204bi asd 204hefor20@a fipst partiak Hayed

P B el 20 s o BB Serefind 2P A s R e
nmay be peifaf ttz«aerxegwevay) lv@péin ARE s@nkl 180er(( 2028, 20448 PRO6L3A6D,
see Figure 2 of each of the second | ayers (202b, 204b_and 206b) ,

whi ch ar dlisppeedenegithrglizst lyeu@e2e.rR04p and épﬁ@d Thesrateniakofithe sergnd fayep D
phot oni ¢ ?.62{1? tz@eas 4 BESY nabW Sttt d2f e&%i&cggélgﬁ-‘%tél%ﬁ% ﬂ%’?@“/’fﬁ& {.élté}ttﬁé

renoval one‘portion o

been f ourfitstlaydrg2@af Z(Dzmﬂﬂi Maptmhhaerhbdachmnf shymm 1hfF1g.1rB ahehdl mayber
of about 160nmto a dept about several nlcrons

sol i @SSerHSEfBﬁHJbFéifstdﬁwr@Q% 2fip120d1208p), e %’é‘G@ASBﬁH%X bﬁr"éﬂ Fos the
the patteg n%'llﬁ t(hi?go 2ogh Fﬂgtzhﬁbj &b Hﬁ?ﬂ%‘ﬁa‘i@ﬂtl \veRhb&RentdY202, 2 4

renovi ng t ers 2a, ‘204a and 206a %ef ore renoving't
at | east mddOﬁpfotmdnG@B@E/anmk layeas. ZEﬁp)lngthdlhﬁersamangdnémyéﬂsaccurs

o AR i s o

et chant Vi’dnbvﬁ%g%ﬁ'ﬁs?fa y&h air gap after penetration of every 160nm
second | ayer a result, the 2D photonic crystal pattern 260 on the

pat t @oned0fts KnFigye @B} & niaek 2 dispasad afieformingdbe taydr iagngemzou?0.

bel ow th atter . be re ca tp..all_ other ond

Payers. ( Shbiasi 250 i erostal RufintherreotiPlayRe a080F ofe scShi BhriN e

| CP et ch, arfindéh@N 9N | GE sittidimal, shewd.- mcﬁ‘lgﬁt@rmfﬂi’h@d éibkidféQnay be
used for the mask 210.
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[79] Figures 3A to 3C are SEM pictures of a nultilayer structure
after selwQiwa44odéeral wet etching. Figure 3A shows a BCT/AGL10/800218
where the top layer 301 is a Si02 30 mask with 2D photonic crystal

0. 2o B2, B Ryl o )RR S e 21

over hangi'ng ‘structures erning
step i s Shitpmed wsingea starklanluphotslithggmplyy @Roceesk It &y preférableanmlizh the

hot i ryst al. _hol t | i 3 t d ti f th
CATbort obebpkalahescll i bhhe bl b Eoclh b B afbe P g 0w,
In Fi : e

n_Fi gur gudfort §u‘l§%’a‘t’eci08(e'['f(@to|p@ﬁiﬁ ﬂﬁ%ﬁﬁﬂé@@mgg rﬂbé'rgt&ld‘éd 16 TEPe4E a

InP | ayers of a ridge structure. The nu en due to

cl ea;/islng .tf[encl[l 200 (stiedtipes 2335) iarttle Weama@h‘_ie![nt éﬂﬁg@? mfou?ﬁ)rq:ihtﬁtagtmi the
crystal structug created in accordance. wit odi.nent s .0 e
venti oot B! Garoe Gok ARt iirrl o ERe oMol b tben
crystal s Rfemiéd td)géﬁne [h%l&pehﬁmg@@rag%]m%ﬁntiﬁ Fl%@rleeI’@F’(PoF%ﬁﬁmﬂfe, Wien

invention, a nethod to fabricate a different 3D lattice structure. is
provi ded silixoprdiexide dég usasnior the awsbi216, 8@ silivsnodiosidermay be deretched byg

the different 3D | att.ice uct ur d si a tilt plasma_ etching
ot hod, | FEchig e, g (RIEL Wl Erudrind, U3 ok, she oGS
has aol ayemoved BNYCABSbNORR ek@upleg a plurality of second layers
(502b, 504b and 506b), the Iaéear arrangenent 500 formed on_a support

subst r at 40888, DeFignre 2Dy pery etchris pedranad tosizfipe agieep teeneh BOG pyterdisg at
| east i 2 6 ivel . -
eat onSB06h 98 4Rk A 9 S0 )k B YA BRBR I EloH 5 B

One possiahtbrganmsnt tadjapemtciocthe sigpodDsibatrate 3O8S t FarcéxangplgGAdicsive leoapled
perform ng the fabri.cation t ho escribed with reference_to, Figures
2A to 2FP§aaB\?e(I§§g Srf%elph%%&%ﬁéa/&b?% gast ey e ussdrtarReatormothg Lry ﬁgcl’f'l-

Fi gurie 5y ' ureS Bt g

corr elgpor};k(‘gl"i tit.l ge f?gggélg) Iﬁ%}rer S ,?%g%@%@bﬁgﬁgﬁ 6280%%34)% €s pgﬁg\t}éﬁs ;(2023’
pat t er ne@0dmsid 306y ix ardiresiiompaptrdipdarnt terthe direction tBd Gpncha2fi) s istedat e

20 508 cqrrespond 0 substrat.e 208 Jt wil] thu appregi at.ed .t hat
" B gur Siiss MRRC D Bedy AhE gy, dpimily the keikh 7 SER il iy
ar r angengny [ab&r2arranBemse@e@od | ayer 504b bel ongs to a second parti al

| ayer arrangenent 504 and the third | ayer 506b belongs to a third

partial [[@3Mr AfterdhgyirR ptchsobyenyfipolymethghmptaenylate (BIMA, ok shyemdht
502,,.5 08)., ' ' . t
( Q¢oiad 021_ 9%30%1%1{ ?ﬁ@ePégle& _beand 1@@@%@”{8 :thglltfﬁlg 10'%Feafl %r y

been235 renove Fi'gure 5,1 ns u he "supp
subst r at @hbfd8icdtystalf pattens@priedicdiolebrray earied io dthegadudial pitier) @4 the

(Lo ORLRLA LoTPog oLl Sesteane PRI oL (RO2L. SO0 S 298 .o
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 _equally be

25 used to create the 2D nano patterns. Next, dry etching of the mask 210 may be

performed to transfer the 2D photoni.c crystal pattern on the mask 210, thereby

| developing a pattern on the mask 210 and forming a pattemed 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 rerﬂoved after the mask 210 2D hole-array etch.

-[075] In Figure 2F, the layer arrangement 200 on the support substrate 208 may be

dippeﬂ into a wet etchant to créate second layers (202b, 204b and 2065) that are

overhanging by removing the first layers (202a, 204a and 206a, see Figure 2E)
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is tilted to a desired angle, such as around 20 to 70, using a piece
of sem coWdaewan4039 wafer bar 530 or any ot her suitabl eP€TYPE2010/000218
menber that is fixed to one side of the support substrate 530, or by

putting the support substrate 530 into.a,tilted | d_(n /

P e ot DRl SEbcie? B85 70 fhst Blar incl; BBt Exiibles il dhpchhe
patter ned(snﬁﬁﬁlﬁ ratl&P] : By a9 'RViigea . fo theddtl gt @embi oFtInP ERSt 12958 (202a,
portion (502t, 504t and 506t) of the second |ayers (502b, 504b and

506b), whiQda and 0én)avitaaryEtebing BRlectivtt iodaGadsP seacnd daysts (298b,3394b and

phot oni c 0 created.through-tilt etch i.s.differemt fr e
o phot orf6PE bt ek, 318P. ok 5t kb, SL6d, FRAMBIS Gt n B 250
etch. s [ Gfilowisy réieval Dpthet Bitt dayery $260a, 208a Gind20H, s8¢ @igliet2B)t in a
etch, renpving of the at |east_ one portion 5502t 504t and 506t) of
the secorflirectgrperpguienlanioshe ditactamaby treacls23Q isHormed. | Imihs snbedimsat s

580 ' f I t
one | ocatigiifh Hakf s AU AR 202h6r BYARSY byt 133 T pdions 3y, £0°
504) is rfmoMes 20da af tgreedomd pditial lapsraimahgangn 204 and (e ficst 1a582206a of
an adj acent second | ayer (e.g.: 502). Thus, a portion of a |light beam

pr opagat i thg thifdnartial dayser pagrgement 200 EREFMOMEIONZAHPLE A8 a direction
t hat s endi I f f

w11 oy JO7A HIER G SecPll dBS Sehprb s R H SRl Bl Tnay Bo
[ 502b, 5Qpkbfoametl &0fdmigvevdti ledst maamiontsona{208p, 2@&ipoaml 26Gp, se¢ Eigueel 2H) of
ortions [502 504t .and 5 | o ath of the |Iight be X
Bhe |1 ohtaa ahgsFrongdeyss tze a0 S 2de0S, EHL etk i e St e
layer (502erne@4RaskEl (hORRng TheDP PRYXoME cPYstd) Grattdhe! Thhélethd Paltk:@ed of
the |ight beamw || pass through renoved portions (502t,. 504t and
506t) of mask 218p favilifates reraowd obpid cashpee persion of a secppd daygr.506b) and

cr osesed?T Bhal bl B Bri8 e ka2 S b eBa3 B hbgicgiameter of
angl e pl abodt P30HM &01d deplbDiteiuoBeverdl isivtails, £@43WM| esbitlysenticstmtuctor
pl asma etch. _Light 606 and 608 may experience a djfferent lattice

st ruct ur gl Whlpkeerina heorrizindl rolls@fithe pafter alone dhs cigh path | Jgribe
[87] Fi gg&ﬁ.%mﬁﬁvérﬁioz% {éxﬁ%ggg.; fgﬁt Ol?géegé gzasgg,tmwd %sﬁ)m%f&sg&ﬁslviﬁ

Figure 1B, i.e. nmanufacturin | rystals, 1n“accordance To
one enbodheenleasifont lpertion €02 p,o204pEaddH2(06p) BT ther sesorlatyers {20231 @fdb and

cros SZ-OS eci0i68)r: ?}llé é/ijfe?c‘{\llvg Ltcﬁ;qgjc{(ggsrs il_lsl:az%(tl;eor%d Ced %6 Thit 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 ﬁatterned
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 lshown 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-
- patteming step is skipped (i.e. without using a Si0, mask layer to form 2D photonic
crystél 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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25 [088] Figure 7A shows a structure 701 with a |ayer arrangenent 700
havi ng a WOaeHI1H4056 of second | ayers (702b, 704b and 706BTT/SGREOLE02ES
arrangenent 700 fornmed on a support substrate 708. A mask 710 is

di sposed Y 0
produce tﬁuq’?ﬁ’igtr Wﬁrﬁ’g’&%% h%gﬁh rfoagéﬁg tg'&%%rﬁlcﬁg‘et ﬁl@&%r}sca ]i{%‘ndue to
met hod dedesviifjed with reference to Figures 2A to 21) above and is 30

therefore .not further el aborated. Conparing Fi g%ure 7TA wth Figure 2D
second | P8Pk Yizoss AAandsAB are Fodmicugsafs gbﬂw QIHC syistah atrugiyiep greated

202b, 2 0 0;
nd subst PacEyEt ot 5@%%%%@%5%“"82‘??%}“2’* J Yot FRARRSHA BnlfRg! ik
appreai atlaylerl;bﬁﬁDlphotangimstZ]A,ardhmbhaacond | ayer 702b bel ongs to a

flrst part i rrangenent 702, second | ayer 7 s to
secondl® Bif M[cop fe i P%%G@P@&’F‘ P ghie TRt aleﬂzse@

bel ongs tQe@rehf'sHda \As'/rt]?l:tuh'@i/seﬁm@fcfean%% -sé&fomal LR of B 3'5 gﬂét‘amEA

a first layer (not s each partial layer arrangenent 02,. 704
and 706) argstaleﬁﬁﬁ\/lm!rlrtg/thd idpfferent 31D datticy structme amegdaresing 7 Gk piasmzh etching
support intq a wet etchant. The renoval of the first

| ayers, trﬂth‘ﬁ gh IZWE et -etch in the lateral direction,

creatgs Sﬁsgp drﬁeay@ ﬁ)ﬁo{om%?ystﬂ%m Hia@(& 133%6 RirahgEten® 560 ﬁaﬁﬁgawramy dor

exanpl e, HCl: H3PO4 (m xing ratio=1: may be used for the Sel ectfive
renoval ofecomiHayers §502ba§@% aqdqwﬁbéhwaymhnme@t 600 fyymed|anca $upppst

L otera SRS aDs, kel (8 Pt fsRaGo88 304 Bid RO, ftsges gnt"

removal goridie (502ts 504eNed $0b61) mve@qﬁsmtlﬂpendpawrﬁd sk hE10p is
direction_the trench 750 is formed. In the enbodi mrent shown in Fi gure
7A, respéhﬁl?oe?@iiﬂ?‘%%tth?%‘@?‘%ladf’fft% partial |ayer. arrangements (702,

704 apd 7 d

(irsit] ayerd) Offy AR sy, b S HEBD R S S0 o)
is C oat eobemfonhhg the fdbricdtfon rlﬁbmoﬁ KIGSB—I‘ﬁDEd raifhi x'efmgmamm gusestieto 2B awbveo .
Create a c _crystal attern a_per ol e- ran

n a hexa”@lgrfg ot ek aBbtshioR Copariog e Mowih d it 2% 520
bet ween ¢g fcﬂm (50ub %al% \WoirBiponl 6 sBedmr Pa&é@yaﬁw HpbdgaRi 906y
to have a Pphotoni ¢ bandga or wavel engt h at about 55 um Q her

nanol i t hcrg:mpwelmmmegsmsk M 9plcamesponds tsgpaﬁsmed m@skrﬂi@p, m,%traté
equal bgused to the nQ tterns. t r .+ Qf
The. ik PRt ot BBl 265 1F WRUREN 5% BoreP b of b Fleblk S

patt er n %céﬂlﬁla?ﬁskoﬂallﬁhloﬁgs&bebﬁrsi pafiah thyer m&ﬁgemﬁd 50Bske ¢dddnd lager
shown in Fi %ure 7B, with the 2D photonic crystal pattern 760. In

contrast 34 Flreé‘mé toE2 shpaRAcrarddelayen h@%emlt &P apd the dhigd dayes S06b s
bef
et e s IBeRCR, VEEP e B Rl liloa6 WAl Bt B P TG 0

710 occurarrangeraéitg502,idd\and 06} @ respestivd Axse tayer (Hoe sikivid) Haa plreadydyeche
renoved after the nmask 7102D hole-array etch. [92] In Figure 7C, a
secord dri™@¥®h process, using for exanple plasma, may be performed
Lo renmoveggy) |]§aﬁi‘gu&“§ RRfeall T ﬁ&ﬁﬁgthg o subsRBiR, sc¥eenTd ﬁ‘d{ @mﬁﬁk
of 30 eac of the second |ayers (702b, 704b and 706b), which are

over hangihddert thesupport Hd)spawt%nedllm%fommnmng ngleaﬂe)nzmom (312

eroval o0k End 08P ot e Bomn B 3p0%, SBRART pafly ot ieger feifiwesa,

found to jReieikd hquéﬁedt F.l%t @ﬁb}ﬁa.shﬁb@nmm% 0P tﬁsuﬁg zbﬁieee df @ém‘b@ﬁd@for
about 160nmto a depth about sevefal microns, in solid
sem-c¥®¥nduwafer bar 530 or any other suitable support member that i 1s xed 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
patterned 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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material, while keeping the original profile of the pattern along the
et ch pat WORAMOKIH®SEurrent invention, by renoving the fiPET/S{2018/060218
(not shown) before renoving the at |east one portion (702p, 704p and

706p) of the. se s {7 4b 706h).... the . eff ' eLch
{bi ekness TGS P P AT PR Pyt B iRl mitieH g LB i el KonF s
about 1603mphétosite.crydid 270¢bRigve 2H) efamdithughvedical gap af t er

penetration of every 160nm second | ayer. a result, the 2D photonic

As
crystal pé@Bfkripribe 3bhpkeianissrysial nse”&y%‘kd thropghfilt letabe renagying af the at
. h | -

opl i cat i SR8 PRI (5098 308 aldSAFof i SEL1aPB 0 S48 g BBt i

Fi gur & 7D0uch €{adSA¢ngl it aig B3® perpbrhdicidincd a sarfate phithecapgort substrate 508 0at
e.g. orthorhonbic lattice structure, may_be-finally faqrmed, as:shown

i n Fi gur ele3sb one| lgsatione Bihgres the) parkian e 340 /2 seshndilpysr g &redddis
h as f ' : Ay
;Egt oﬁisc '%@ggﬁafigl@]gmgng i usegq}togt%é}lj Ge%f?(‘g/bd g? Ejn{}‘tla Ejé‘e%ﬁéf%%déayer '

crystal senruciil).e Thtd, arpartorovf aljghttheai prepagating within thedayerramaogeniént
patterning 2D photonig crystal .patterps. FI B may be ed to cut or
bt ai n a S0nd i Afireshon et sDbomerbriler tory SEdiosat e ST HoRsi ¢
a 3D eVSOSF\bQPB@? iBtefddet $cBAF Mayeh MWt&iaPiE\¢ RhE kedoRdAhyd J?%H}*B@HQ%&

t
crystal sanple after FIB etch. Fromboth figures, four er ent
| ayers of508bl, priutloremaing yRarabmovalyofiselected portions §502¢; Ffift end $06¢]) elon®r

Il lustratge an.i e t.ation.of..t nmet had of FEigure .1B. 20 Le or
rmnut act JRF RERGT ik BER Rt Tk 4 befm e ilheraudleh S t st o
t he i nvenhé gsonBasyer ¢5058, 3048 and GO6H)0 m@?es:{hgy\se PlafiésONBere @k perfish of
view of the fabrication process. [97] In Figure 10A, a | ayer

ar r angemghe cagswill (DgsT HEpughreneyved[PHHORD Y Ric i t g
nethe liphd beamswill Huevgh edpyrH 25‘&2 POt and 5968 i

IE-E EPS‘M?’} 8 tfjm diq]gs taﬁfn Wal L0, Fl . 5
ggAfi %ﬁplﬁ.ﬁ SubstTa eder%)gegbgsoggb : bf%‘f e5]I ayeEE anr‘og%gée)%gfﬁ%c%OBB

i ncl udes modllatian.i ty of partial layer arrangenents 1002, 1004 and - .
1006. When _considerjing partial | ayer_ arran ts 1002 1004, 't he
parti al |[Q§élr FSS\“& CregsCleT szdgﬁ%tﬁga@né’ %ﬁtgﬂ%} FPP%f’Y

| ayer arrgpgeieniasth ddtfatt ¥58) photorRE cRAfH 684 fORYEY by hoA YRR tch.
while partial™ | gyagr a30 arrangerrlrbant0 108§@wi 'l be deno)faed as%ﬁfi rs%
partial |lcght 666 ach§@3remy ofpetitreep difterant Jattiée gtarating| whenypropagating or
arrangenents. Simlarly. ..when considering partial |ayer arrangenents
1002 “and wqtﬁlgvﬁ%ﬂcgli%ecﬁ%/er -arrangenent 1002 will be denoted as
a second 87t lI?Eqﬂe@Yﬁftoai!U ARgeE Ak inpletatabtion ofhd Metbd PAFiduad 1B AVET
arrangenents, ile'partial |layer_ arrangenment 1006 will be denoted as
a first pamufagturiog af photanigepwstalsofing pecopdancal for pnef erpbdimant pfythe
arrangeng . The, fpl ' ot i € ' ' )
Tor w1 Regtuiony e of PR HER6 7DRHAR o ol E3R6RAL Yorl bElleaurtifoh
partial |myedss.arrangenent and partial |ayer arrangenent 1002 as the

first partial layer_arrangenent. [099] Accordingly, the |ayer .
ar r arige 8811 I A SSHOMWSr 4 (SHpGtues 791 vgth aal%ef%mﬁ%gﬁe}ens 0 having a

arrange : : b 136481 ' :
T S0 0 BRI bl T o

arrangenents I004. A respec
partial |ayesupportanbsranT0s. 140 orhsk J10isshsmeed atmverthasacenplayer Ydbone of

the pl ' f first tial | 02.. E f ot
ol ur o1 1t 0B G parsiviaiasy 15 eudbfnd S8t 104 b Shaaieh Fgeytine tie
i ncl udes gpfitdidh meken &éieﬂsﬁdedvigagg&reﬂmﬁ Fifited 00630 f5 dbBGe Tahd S

partial |ayer arrangenent 1002 o
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 .layer 702b
belongs to a first partial layer arrangement 702, the second layer 704b belongs to a
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10 second partial |ayer arrangenent 1004 and the partial |ayer
ar r angenav® 201006405eéspect i vel y) and a second | ayer (denoP@HSGUO2NY0218
1004b and 1006b for the first partlal | ayer arrangenent 1002, the

second part arran emen art

arr angerréﬁ‘fon%oﬁ%'alg S \Z/h aﬁﬂfh ‘éelg%%d (fég {é‘?ﬁglﬂﬁofbﬁ third
1004b an_c?al’ltmﬁg,krgﬁ ﬁﬁﬁﬁ'ﬁﬂ; over the first layer "(1002a, 1004a and
1006a) he material of the 15 second |ayer (1002b, 1004b and 1006b)

has a di fl0%0edn Figurhi7dg adirsirlayerdnotsthown) phea dayrer arra@gemqmé (102 st

Lon 1 S B ang: 0% i Ppo\eABY cining R FASRE (B 100, of i Sdfor

whi | esl n@am&m fito dSed eldhant. "EhSREWVEl bEgherfirbtlidPeth, thidu@hla wledtive
1006b) so that the partial |ayer arrangemantsd(71002 1004 _and 1006)

f or m | nGawepich inphe iaserr! digspeipa, crpptesasard layersd /04t d84% padn/ B0t thet s ¢
t | Si h |
arr angomSNEipBle i Baf HCT, HPGPEEGR: Kifo- 10 R el Gucd KE e

renovi ng sallectiva s¢émovad dfOIrIB dinst Ofayére e(nee chomin) awithr aﬁl@ﬂﬁhg s¢20dvitya nal
1006b) and _renoving the first Ia er (5070%?é 1004 10064,

nmask 1016“@%&%&6@9@e3‘%§?e§70@h€ th 3R rbe'ltB'O ? 10fe Si@@lﬁeral .
par tigl 0 f%éfﬁqﬁé@@ﬁ%ﬁ%tg%%? cthk X alﬁxﬁ@%ﬂn@&l%ﬁ’gﬂ@ sﬁ%’}tég&[)fﬂe

1008. Igure 1 010 1s”patterne
phot o n| c dhmyfsdmberpatmcaﬂar td:(tﬁ@dncniloatthél treindiy 73 B8 foonddor im the prbbdinat

mask 1010 Dev t he 1060. on the sk 1010 occ

o or o 1 GOV g Bstenonrbvn Bt (o RedaL v FapErmeag gD, 704
1004b angnd 9060re 28Hove@TR YIS égigpfl rst layer (1002; 1004a and
301006a). [0101] In.Figure 10C, a first plasma etch, like 1C?, is

used to tlﬂ%ﬂsfﬁdertrhmozmgpih@tfbﬁul@yer&.raybwan Oi)mlmﬁﬂ\yimarcndﬂﬁ(RMMA

d 10 h d
e tioondOp SR B Renfed ot R B ede I Hechah b BEoEAYny, FTHE Wef s
wi || et clerdaby @Lmh phétenice@odst pawei (d porddilic hoR-drfe w@wdmraenetxhgonal :
below, i.e. the f| rst layer 1004a. 10102] The Igﬁ;@lrq arr.angenent 1000

on the smﬁm og@lm?mflé layrngl wﬁuzemdmsmﬁ%b B sreholg 6o periog)
i ke HC1: t
1004a Tiigin e AAERERY mdyboddslbnBRY nbldca PHRAREahddeh! fol PUEHengh at
| ayer 10GBbutot.S6nenbOkier enanelithugraghy mecthod, SSll.lC]l aydaset@ﬁlt@raphm riethod,

the f 1004 d Fi D.
S no ool aiany by e 1 tsate o8 ATk BRasssaifEn Ol £y EHRE S TRF pars
near IR mn%&yﬂgé Berfbighdi0to! Parlshe tﬁ@agepmodw eﬁ_l,rs&qi(pﬁbteraa&pm@trﬁssk,71o

t here may not much concern of etch stop at certain crystalline

10di r ect itereby fcmm@@ a patterneshmphsk 118poas shommiadtgurs dBd mithdthe gIx phsdenic

t t chi t f
Lo Bi gur SR ERUERTRIC TR 300 BE FRuse A “zfzeg%’ﬁ%‘ﬁezéﬂéﬁé’?&%%%&géﬁﬁﬁfhe
second: | ay@irs b@&?@ren@@lﬁgwmst pnEpatios of G sebbmbhaReraindeinoving iy firsat

- | east one portlon 91006 see Figure 10F) of subsequent second | ayers
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 pattemed
- 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 dlameter of

about 160nm to a depth of about several microns, e.g. 3um, in solid semiconductor
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15 (1006b, see Figure 10F) and chem cal etching (as described with
ref erencav@ eoibilgddseé 10D) to renove first |layers (1002k BOTVSG206/000218
repeated for the nunber of partial |ayer arrangenents used. Wile

T004p. and ey Al Kb BN Rindl profE B SRRk RN HsBaey R

renmoval afurfeleinvisitidn, Ibgrylemo(vﬂr@Oﬂ&a ﬁr&D&ﬂrarsé(fﬁdt K600) befoﬁe I\Mrlolvuithhe at
appreciated that the 20 renpv reiterated on

D } ur ﬁ' i tleast OF%EOHt‘PPé?O%PaﬂpﬁEPml a ) oa”rthf'a#‘geﬁ% iﬁygrSaﬁe%,h?é)‘*bweﬂa%Oﬁby
o rangendi AtpBe il ipRiess Bty WSAHTRA"S B BPEAL sdebind el WA may be

st r uctur ebd@7050nk thidle Thereteithnt WGl @b¢ovhteraani it pap afiér pémtraﬁoﬂmf by

descri bed vvlth reference to Fi e to 10F 25 nm e u ertaken
to form d60nPriepe lages 1A% 3 restdhs o H%PE’“(%WS% .7%} iRgliFged

10A, ins b t ‘
ot ey | (A Hophit be ks HRORE SR RIL IR o bhalmat ik

renovi ng 740p lardibe rephicated ite ald nthet 682pd lay@04(702m dnd B0EY)) aschownan Fegurad
| ayer (1 b, 1004b and 1006b). The support substrate 1008 is tilted
to a desired angl e, such as around 20 to 70. Renoval of the 30 at ‘
| eastyp on? ﬂﬁ Sugdhl 4 IGP 2R84R ﬁj‘(f:h&@ﬁﬁpéryﬁ’tﬁl 716 SECMbrhGHBIC lattice

(1002b 004b ‘and 1006b) and rermpval of thé first layer (1002; 1004a
and 1006 &}rugiite, nfay|bedin sf@mﬁdrm“mml’flwﬁélaence to Figures 10B to

ToA +o 1099310 Hevider ARaI, 08, sitfineh Yot Ging R SuL B8 o fop e
there is (RIB)] Aapalsot wkd & fabebad 3DNphdtdific dBishy F$BQ¥Milbé dsdd YuliRstlyt 0A

to 10F to renmpve the sacrificial first Iayersé‘(q1002a 1004a and
1006a) . Ifermrithe mbstonisa crystal ptuctyrg afier TeyOViRg dhe dirshiaygr muithelt pago-

erysial  PRbgmied phbbonk) GSPpaiRRS - FS LIAPE uidl G o o8P AR T
5 <[:| 0 ].:L_OBL saamnmfa@ee:smupmmmc ctr_blﬂalaslﬁupm mmamraﬁ% aife:vl Jlﬁgumﬁ ahﬁ 9eemeh | y
for ench Shay ot SERbFCOIL Y & BHoBhG crata sapmble Gyiet FLS ciqh. 1 Fogm both

sem condyh,als, ﬁ)%ﬁaifer&mmas@ﬂomamoﬁewsmsﬁagbeéaéml e, the central
| ayer 1106 in a vertical direction of tHe 3D photonic crystal 1102

st ruct ur 4094y Higiwres H0A Ite @Rslluﬁtratmansﬂemaw@tmwf theampthod of iFigusedBgap

of 1.5 Sum 10 | en whil e the

Pyerd (FForanblicfirisof Baifall oRYR, 0 Hkkumth uh corlen iR ifent PERE "

| ayer 11Qfveitiyn.nBaeh ﬁmgﬁe@ noA t@wld giafwsd crbsslsettiohal Viey 6£Mk Falridaié@AS
or InGaAsP |ayer 1106 w |l then have a larger refractive index and

absor pti P&l i fication property for Iight propagation at a

wavel engt f ?ﬂﬂ@ @ct t y far 0 .
crystal ﬂsﬁé If‘tﬁ a]I sé 41@8 SSl %?e%étig Ir(gg eG\% IQ) %BH%;Q&%B%@E%IC
1106 and ch?s%);s dorbfedrans suppdresubstrate 1008 C Knehs entbadnbyap shoef iadigwe

i ndex, % e gr ow h, which is an advantage of the present

i nverti or} AT 1"8:[]%'\.'? GAERAYPENSPLct or Iine defect can al so be

I ntroducggog) hrﬂégl‘i‘yér%aﬁl%rﬂé}ﬁtlﬁbﬂ hmudekqlﬁaﬂahtwoeﬁmal 1B5&H fra erh&ﬁs
pr esent |nvent|on renoving of the at |east orie portion 20 (202p,
204p and IQOQpIO(Bomi 10064t Whend caipieringgrjal 1940 anaogendtyts 1Q@0a, 100804p
and 1006 of t second | ayer 04b and ,.206b; 502 4b . and
S e e L L e B R e
the firstapaAy@het 202 3he PdaliGNSf J00Mdl 19EF ArrahBAentaNhileOfatiall Sayer
performed such that a gap exists between adj acent remaining portions
of tHe saiengemenydPi2 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 arangements, while pértial layer

arrangement 1006 will be denoted as a first partial layer arrangement of the plurality
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25[0110] In enbodi nents of the present invention, renoving of the at
| east on@VQAIWI18405¢ 202p, 204p and 206p; 502t, 504t and BOBBG20108(9218
704p and 706p; 1002p, 1004p and 1006p) of the second |ayer (202b,-

204b and - , ; . , 4b
2nd’ 10060 DRt analedh ARy PROBIOAREDdes AR RSP or RREER 104K
1002a, 10D0H willl réf¥p6@) pasiabdayarr amahgemenanyl 00Aecanfthe hsecéml Ipamtiahdgayer
procedures: 30 etchi,ng or.ion mlling.. The etchin either be a
By et ch Brangement AddRral J o s e MR A Brst PHBaL R Aangertert.

i nvention 't R | GUNORAED i

(202a, 2oﬁ)gmangbézbégg;%i%gawﬁ%%%%ﬁg{ S £ pipriiig Jgﬁ%&%@é}m

(202b,5 20aangruie@d 6l90250®ba phodlityarfls<s06d patid dayer Oattangemiemo dif04. A

1002b, 1004b d 100 . ' tact. Wi-th h ot . .[ Q112
ot 1 hs EARRERHE PREORHe RS ob kst RAEHL (e mefEepahs, ppd i displed
par anet er ver A 8RAIRb I YEhd FlurdlRy ekt patig] A &ﬁﬁiﬁ@&n@rﬁ? @?%Zé Each of .

arrangenent using nethods in accordance to enbodi nents o

i nvent i onthe plusalifyio§ pacisl glyal]r; mmer?m:ﬁs (H2, ﬂO%aJulelﬂﬁaéxr%@f@ firstdayer
. . : . .
ol tow ng PtsRdpAoEPIIRaE 180 J008 o) kAR pRRaF 14yt SpRREelaY Gobstme

1002ajo Of secbied fpaftfl 1B9ért bthndeReRt (@O ARGE MR tpaftil) 2apad diY1006€
the same material_ as the first |ayer 8204a and 100@ of the_ second
partial |msractigelyhansengacend layer Glsaoted 3992, TRA4L anch HPGbfpr the(firstnartial

702b and i ' 202, d
1020, a0 A2k 80 She Bl ot 1ESer S ERRSRER 020 o S
a 8 8 . )100? 81)ayc4rf arjtdmgelﬁbemommpéc?bet:lzhmﬁanrthe gecomit layet0d DEZIQ?I_ omm? and
1 . n..ennodi nents_o e.prese I nvent | on, e fi

| ayer (zoé)i),ﬁ]ab@@aspgﬁ ot e Fplyer BpT he ﬂfﬁb@éﬁaﬂaﬁw fetasabof the,
Cabs 1 Siocof'3y850005h, 10988 ah2038H) B4R dANIeAULin O2hact SRR RlFhe
506b; 702b, 704b and 706b; 1002b, 1004b and 1006b) mmy 15 i ncl ude

| nGaAsP, matatidadd thal f@stalayern 16GA2%  100AGanAd 006)C Tr thgj e@hodithentrshvwniinl

be. exchantjEutenl G TRCARg s VaR P he BT 13 15 0r2 4008350 1050 buflE
206b; 502RGaA@Hin@nde 2D for/theecoiHayand 0006010040240 1068H) ko xRst the

1006b). Thus, in other enbodi nents of trae resent invention, the

first | ayeartiliayes arangementl 1902004 od 1 00@0REM dndaA BRIdaR -stsl laxers. A

i ncl uge | I (:géﬁ QOAS,: SC;i Ui R- e

second | a@er j§1002b1{,1§£e0 aﬁigle%@ﬁ’;“ak%'%{éﬁ%% an EO%E’ @g?gb@()ﬂ&

and 706b; fohfih2bthe 18¢:4 areangerhORCH)00NMaForiniag uhke 1dyeP arGaganait 18900 otbhas

substrate (208, 508, 708 and 1008 be 'DP, (a r Si... [011

Fi gure 12PRHJRSCTROYIABRE egaﬁﬁ%n%l%‘ggf ﬁ’eaﬁw%;lﬁaerr@ofmﬂ?&ﬁ%%g@g@ a

3D 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 pattemn
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, 1064a 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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25 photonic crystal (such as 270, 570, 602, 604, 770, 1070 and 1102)
fabri cat 8408MOAA46GaASP/ I nP nul ti -1 ayer structure gr owACHSGRODBIE21A
100nm I nP buffer layer and a 100 run | nGaAsP are grown sequentially

t f | nP, subst m 1 ' f. | nGaAsP
O ob b B SRR B S
be appreCﬁl@ﬂg &hajoagor e than 7 pai rs of | nGaAsP/ I nP | ayers may be 30

used, dependi ng on user and desi 8n requi renents. [0116% Wil e Figure
12 shows [0882] cBenlayesyasrangement L1ORGondhe Fumpopasubstrate d 008 mall eyt inteper

i cknessorenical siEPraiCHER B R CT 10 SRR B i 3iperdl R 0Ese
of the firg4al ahaE, ferddthg AORA at Riast oteORirtidPA0edp 4P eadd LO&SEI04BNd
t he second | ayer (202b 04b _and 206b; 502b, 504b and 506b; 702b,

704b and oRgBls: befarg zemovipg abe firsh layeos@ﬁ‘*arraly this rarmes the first [160@11904%
erbodi ”e’}%%fgég ta?%h%ﬁ%fx“%l VER! Oflincd %‘81@9&% %ﬁ %aﬁ@%gm%%&%geé&@p’

710p and may | nc any one or esI st I'con
di oxi de, murhallprquitei $mallldfor neiralR owavblealget being riﬁttheuahge o THuidtireldl(
above enbodi nents of the present invention facilitate the follow nhg

al ong wi tTRINPREIErS, r BEeEAY\BOtaBY dicdigeancem adngck sty st %ﬁﬂne‘%’ﬁ%eon
a 1D gl tduelcﬁé’rgsr sem conduct or Advantage: the plasma etching is easy
and sinple to 2. repeated |ayer-by-layer plasnma-chenm cal etching
Advant ageg#103jo Hiei gmmﬂ04(bisaiqssdl ahd dﬁieé,rplathaoh inte i anpdtaling nkbnmher @and

one. 111 BEEHE Sgh ahARGEDEN S o lode FIBE DN AT da dEm Yo R cees o
phot oni ¢ ge)pdiiin ﬁGUZF@f‘tﬁ@s%c&ﬁlﬁay&aBOOQﬁ zﬁ;rﬁaﬁvﬁ% 37'15gu§e 161 OPRSAH etch to
i ntroduci ng ‘defects .through either
: remove at least one portion (1006p, see Figure 10F) of subsequent second layers
15  (1006b, see Figure 10F) and chemical etching (as described with reference to Figure
10D) to remove first layers (1002a and 1006a) is repeated for the number of partial
layer arrangements used. While Figures 10C to 10F show removal of the at least one
portion (1002p, 1004p and 1006p) of the second layer (1002b, 1004b and 1006b} and
~ removal of the first layer (1002a, 10042 and 1006a), it will be appreciated that the
20 removal x'_nay be reiterated on both the plurality of the first partial layer arrangements
and the plurality 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 c!escribed 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 showﬁ) before removing at least one portion (1002p,
1004p and IOOGp) 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  atleast one portion (1002p, 1004p and 1006p) of the second layer (1002b, 1004b and
1006bj 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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vertical direction during material growh by changing materi al
conposi t ived 2010ayés6 t hi ckness, spacing or |ateral direcPCORGAININGILD
patterning - 5. Defect l|layers may act as absorption material to

propagat i fig 4y slﬁunqaﬁgggg ?G'A%? 19RYSEEene éﬁm’cﬁé %&%}%&?ﬁoph@%,

anplify propagating I a sel ected wavel en
f eat ur e slGdaand 10@fra).oth EighsesilfAtthd OF aa layerd-byieyet etahingenatbodhismsedt. i ons

by 2D nang-pattem ng. .A special paint or |ine_defect. can at e
by pat t or (G BB, LSRR FigosreBRoral atarept F Eb Bhstonie koo 1164 Thiete
the i nventiRpiafcls 8ile BAbLAifIchES T the flV@HH0RNd described with
reference 25 to specific enbodinents, it should be understood by

t hose Sski j0n088] The properies aflthe 3ihphatosicohrpsigletl 02nmiayrbe easidy deedified by

rven: oriab i %l PHBRNR SRR ek badl B P, d10b 5o
i nventioni 1oy 4w galinthiyeRt@ek RY00 RemRBRARHR sl pi Hﬁﬂﬁ’@@pﬁ’dg&fy R Gor

whi ch come within the neani n% and range of equival ency, of the clains
are t her exempld, thesgentral legerbld 080n e vsrtivekbdirectiprpf §&iD pbptoowrrpstal 1102

Cryst i s, SR B s oehf brins AP il pRbEpRBITE Casy o,

a suppor t(i.suls téraiscof Wawelefyll, ohilanbe vk HOUNsPSiapersa(1104 sindparas)al
| ayer arrangenent and a second partial |ayer arrangenent, wherein
t he secorf§sisaivelnabeva and beneathdbeeentral dayer 4 466 srpydiave 2 photenie sandgap

o L P50 TSR GBS BOEAPOESeo AR Rl A
refractive index and absorption/amplification property for light propagation at a
wavelength of 1.55um, acting as a defect layer for the photonic crystai 1102. Itis also

15  possible to make all the layers (1104, 1106 and 1108) different in terms of thickness,
bandgap, refractive index, etc, in one growth, which is an advantage of the present
invention. The pseudo-point defect or line defect can also be introduced through top
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 6116 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; lOOib, 1004b and 1006b) and removing of the first layer (202a, 204a and
206a; 1002a, 1004a and 1006a) is perforjmed 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 (2022, 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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wherein the second layer i S disposed over the first |ayer for each
partial [VWQa10ad40a0genent, and wherein the material of PEBS6206/0e218
| ayer has a different etching Characteristic than the material of
the first fa parti er r e | n
the | ayerlogwia%tgﬁ%‘ &ggt Q{e t?oljéal or 4% r{ﬁ a{e§$ eélg ar‘é\ﬁ%{e?é

portion gfredehdSementhr| /Y dibrivate tahetaékerdstchi;ﬁwangaﬁmedmbg rhbmo@g afs
conprising: renoving at |east one portion of the second |ayer of the

second paiceerdaneaipeemiypdimentshefdthssingention, 2 stagkednehip copesEen puilt in
di
alr fgﬂ;gﬁ%n é&tgeve g%ﬁngqg%gg? Wﬁ&seﬁ’ { E{b‘%ﬁgﬁﬂ{@ﬂ-ﬁ&@ﬁ!ﬂ% tern hé‘%’g sk

facil ist atfon@wh@rrmpabtnm‘pﬁhﬁetats | east one portion of the secend |ayer.

. The nmethod of _claim?2, wherein 0Si n t he Mask occurs after
for ni ng tlﬂblqla'g}"@rﬁféﬂéﬁife(?r% mﬁt@%lp LPATHA Ry o RTRIRaMEnt (297 and

cr yS}[M;.F; t()ﬁ%} Pﬁy%g&ﬁé Qﬁﬂmﬁﬁﬁ%heet Wfé@éa Bﬁ’tﬁlﬁmﬁﬁ Witk second

partial layer arrangement (204 and 1004). The second layer (202b, 702b and 1002b)
of the first partial layer arrangement (202, 702 and 1002) may use the same material

i’y

10  as the second layer (204b, 704b and 1004b) of the second partial layer arrangement |
(204, 704 and 1004).
[0114] In embodiments of the present invention, the first layer (202a, 204a and 206a;
1002a, 1004a and 1006a) may include InP, GaAs or Si. The second layer (202b, 204b
and 206b; 502b, 504b and 506b; 702b, 704b and 706b; 1002b, 1004b and 1006b) may
15 include InGaAsP, InAlGaAs, AlGaAs, InGaAs, InGaNAs, SiC or SiGe. The material
for the first layer (202a, 204a and 206a; 1002a, 1004a and 1006a) may be exchanged
with the material for the second layer (202b, 204b and 20‘6b; 502b, 504b and 506b;
702b, 704b and 706b; 1002b, 1004b and 1006b). Thus, in other embodiments of the
_ present invention, the first layer (202a, 204a and 206a; 1002a, 1004a and 1006a) may
20  include InGaAsi’, InAlGaAs, AlGaAs, InGaAs, InGaNAs, SiC or SiGe. The second
layer (20213, 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) fabrit;,ated on an
InGaAsP/InP multi-layer structure grown by MOCVD. A 100nm InP buffer tayer and
a 100 nm InGaAsP are grown sequentially 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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5. The nethod of any one of olefins 2 to 4, wherein renoving of the at
| east on&vO0 20108#4066Nn of t he second | ayer of the second PEr/SG10DE2EH
arrangenent - oecurs before ‘renoving the first |ayer. 6 The -

ayer cerrd 206 dP0s digst Rl Tockel fod e Spinfalyss TR, Bt w2 A 0o,

| ayer of 508p af¢s06H 702b,170ab ah@ye6b;A0026ADIBH tnd 1006b) may bEBffdfehtod of
claim®6, wherein renpving the first |ayer conprises renovi ng{ t he

}‘ i rst Ioca)lﬁll"dflntqﬁébOdﬂmP@ﬁ of the |pa¢senbywnh¢rr,athgmﬁtnmeénna%@ fps 810p,
ot hod of 10 &g LSRR iy AHF ong REBREVRESRBrebist 6 gléaide, sficod "®

ext endi nguﬁ]he(mam@ﬂmelhaﬁe&nmﬂaa.ngerrent to. a surface of the:
support - substrate the trench facilitating 'rempving the :first

layer in Q18] Kheabaie cabediments of Hie presenhmventian-farditate fe follaywing, rleng
f or med. %1%:3#?%5@9&\%%&&% 8, wherei n form ng the french occurs

after fanning: ayer arr gerrent 10.: The method of clains 6 to
9, vvhererlnoﬂestqbphsmgetchmgamaHDden-lagreesaaﬁ:bndxmmrs " tafter

remving tcngntlalger: Sth as?&'a et_chmg is easy and simple

10 2. repeated layer-by-layer plasma-chemical etching
Advantages: no alignment to crystal orientation, simpler and more maneuverable than
like layer-by-layer etch and regrowth methods -
3. a one tilt etch to change the lattice structure and increase choices of photonic
crystal structures that may be created -

15 4. Proposed introducing defects through either
« vertical direction during material growth by changing material composition, layer
thickness, spacing '
» or lateral direction during 2D patterning
5. Defect layers may act as absorption material to propagating .light of a selected

20  wavelength or gain material to amplify 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 thus 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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", The nethod of clainms 2 to 9, wherein devel oping a paE@HSKMOd)WOOO:ZIS.

. the mask OcCuta before rempving the at l.east _one porti BacedfedtIeMarch 201]
second | ayer. and renoving the.first |ayer. 12. The Method of any one

O the preceding claim wherein rehoving of .the at |east one -portion

of the second | ayer and renoving of the first l'ayer are Perf O nied

such that acCIgd$Xxists between adj acent remaining poitions oft: e

wand | ayeéer. ; ; n"feﬁ-solh folrel hod of any one of the preceding clains,

‘wherein fhe layer arrang FRE PResamis ssiods, e picthod Femppisits: ¢ he - first - .-
partial |ayer - ai foangeire tayeraatingenpintial d kyppod sq,iggemﬁe%ng ,pra aI I ?yer
arr angement i iy of the at [east: one ort on

. second . aye?o %ﬁr}g{@gﬁﬁ%?%g&oéﬁ ?hmn?cln}cgttaﬂg A gepndpagial bVF@Fmgemcntn o
bot ht he plural ity fé‘fm%eﬁqnﬂmhhvtrednangem@tr1s&l’§p6d%9%$?z“&e Eﬁﬁ

pl- ur ality ofay&m pd partial |ayer- arrangerrent 14. The d of

any one of the pr ecedl ng clai ns, wherein renoving of the at | east. one
porti.on .of the SEREHHHeaEh %?diaﬂﬁl‘ﬁmasmpmectnbweamﬂaﬁrﬂfd atsG&md layer, - L
procedures a pI aﬂfmaueﬂﬁhbdwd 1dyecy T

i ni I'li'ng. ] Jhod of é’ﬁff o%ﬁsgoggggvﬁgﬁ%}rﬁ%gg% n% chglgqgml lepres ei n

r enovi ng of %D?I 8 layer . is performed by chenical etching... 16. The. -

et hod of any on’ézccrtnthhxaaqeﬁ&aedemgﬁh@eﬁﬁas a%@éréh?%ﬁ,ﬂ chtmtyct%ll_lrgﬂstﬁes of o

the: first nd |.ayer. are either
di fferent. [5?11}7{1%{&%%&@#& $&?°reﬁ§}lpéﬁ‘81 Igyer trEefreEsent ng cI al s,

e erein within dhewinghe l[ﬂymarr#umyrgent rivaind efenD repidithglat lead: oJ:@ﬁ/o‘?-a!i

apd
¢ the second thegessndatyer idd dedeiy other method -of .-
any one of the: ?r ec}gdl nﬁ‘fd a?érer’%r V\h g%e}%tﬁ%c%%@tsmgayer of the first

“partial. .layer- aff4iGe “%Wsoﬁth‘es@awblaum@rthabecaﬁd platall layest -

“layer- of.. t herasgamng part| al layer arrangerrent 19. 'The. Met hod- of ‘any- -

- one_of the preceeglogg sp}ﬁe erel t he second | ayer of -the first o

: partial. | ayer arrangg f”éeég h@cwﬁ%#ﬁfﬂmﬂgwnt,hm second

- ayer (.)f tf;e semdmsaﬂmsabnel myt&n oﬂﬁfﬁlﬁg&ﬁ'@%nd layer aﬂcr rcmovmg the’ ﬁ.rst '
ayer : : _

o The method of c]mm 1, furthcr compnsmg : .
) dlsposmg a mask over the secnnd layer of the second partial layer arrangement o

- .and developmg a pattem on tha ‘mask, the pattcmcd mask fac:htaung removal of thc at
- least one portxon of the sccond layer ST

3. The methad of oldim 2 whcrcm dxsposmg the mask cn:cuxs after fOrrmng the laycr L
. an-angemcnt. ' o ‘ |
o4 The method of any oné. of cIaun 2or 3 wherem the pattemcd mask is. rcmov@d }

-after thc photomc crystals are formed

" Amended Shget . - -
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20. The rret hod of any ane of the pr ecedl ng cl ai ns,. wher ei BCHV@}&H@MMZIS
sl ayer . of the first partial |ayer arrangement conpri seRedeitled &ML 7011
mat eri al . tthan the second |-ayer of the second partial |ayer.
arrangement Amended Sheet. | PEA/ Al.J 21. The method of any one of’

the preceding cl'ains, wherein the, firrst- layer -cornprises any one of

l e, GaAs, or3sSi. Tl@Z:netﬂaﬂleﬁﬁy hﬁﬂoﬂﬁlmﬁ’@ﬂ t@'aewggrf&w equa%% 1%%6‘1,,?5 .

- wherein the er S one of _
Al GA: s, Cg‘ﬁﬁ&p%f (ﬁ\%ﬁgmd ?F%F é/"“d JPartiaiy Heemmmm achas sfode t O

- 20, wherern {Cﬁ@V@eduﬁdstﬂaayrer conprises any one of InP, GaAs, or Si.

24. -, The method of clains 1 to 20 and 23, *herein the first | ayer.

conpri ses a_[% one_of | NG ASP,.I nGaAl As, Al GaAs, inGaAs, InGaNAs, SIC’
e

or SiCGe. a mela anptliof. °E4ﬂa'|m02dn1ms24o 4Rk Rudoligg RAt A6 goccl::nt' k-
conpri ses amef&awwmﬁe t QA silicon di o ide, SI I-con _
nitride, nmetal-or djerectric: mat g?&g{lﬁ'*ﬁm cfﬁﬁ?f“’(f “a-‘i‘??““éﬁémel‘laﬁﬂe .
. precedi ng claé’l'&ﬁ%cm%erel n.renmovi ng: of the at |east one portion of the

“second | ayer is such that, al ong an axis perpendicul ar to .a surface’

.. of :the suppost s str | east one | ocati on where the porti.on of
"a second Ia%r EH ?ﬁ@?/iﬁf ?“émél ?’Efﬁ@ﬂ%ﬂﬁfﬁgéher%#dmmrcmmmstrmmﬁy‘man
adj acent . secfmtdaxcayéme 2F paitial Taget heﬂ;gaﬁen@gﬁa @@gm@iaygﬁ& ng ge% r;gaal

cl ai s, furm@far&ﬂmenmqmgfe'm' ng the .. =

g '8_.:- The method of clmms 6 or 7 further eompnsmg ‘
farmmg a treneh extendmg through the. layer arrangement 1o a surface of the '-

- support substrate, the treueh fael.lnntmg remowng ‘the ﬁrst layer m a d:reenon'-'- i
- pexpendlcular to the dlrectlon the trench is formed ' ‘

o K .9;_ The method of claun 8 wherem formmg the treneh occurs aﬁer fonmng the la}'er, s
= arrangement o S : :

I _10 The methed of clauns ] to, 9 wherem developmg the pattem on. the mask oecurs o
E after remnvmg the ﬁrst layere ‘

11. The mer.hod ef elauns 2 to 9 wherem developmg & pattem on- the mask oeeurs

Lo | ) before removmg the at Ieast one pomon of the second layer and removmg the f rst laycr
o A2 The method of a.uy ong of the preeedmg clalms. wherem removmg of the at least

e one pumen of the second Iayer and removmg of the ﬁrst layer are perfonned such that a -
e CXIStS between adjacent remmmng portlons of the second !ayer :
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bstrate. ' .-28. The method of cl ai m 27, \iher ei n tP@T@@O@O/@UOQIS
flquFO-lrts zround 200 t -70. - Anended Sheet IPEAJAU _ RecewedaOMa;'ch 2011

"13.  The method of any one of the precedmg clanns whcrcm the layer arrangement
.compnscs & plurality of the first partial layer arrangement and a p]uralxty of thc second
partial layer arrangement, wherein - removing ofthe at least onc portion of the second
layer ancl removing of the ﬂrst layer are rczteratcd on both the plurality of the first partla.l‘
“layer arrangement and the plurahty of the seeond pamal laycr arangement,

.14, " The method of any one of the precedmg clmms, wherem removmg of thc at least -
one’ poxt:on ‘of the second ]ayer is pcrfonned by any onc of the procedures of plasma
- Ictclnng, focused ion beam etchmg or 1on mﬂhng

_ 15; The mcthod of any one of the precedmg clmms wherem removmg of thc f‘ Tt
laycr is perfmmed by chexmcal etchmg. : o

' '16 'I‘hc ‘method- of any one of thc prcccdmg clanns .wherein the th1clcnesse$ of tlxc"

f‘xrst layer and the seco::d layer are cither the same or dlffcrcnt

17 . The method of. any one of the precedmg clanns, wherem mt‘hm cach parual Iaycr ._ :
: _a:mngcment the first layer and the seconid layer aré in contact thh each other, .

. . 18.. 'I'he method of any one of the precedmg c]auns, wheram the ﬁmt Iayer of the fl rs’cf '
: '. _'partual layer arrangement comprlses the sama matenal as ﬂ1c ﬂrst Iayer of the second "'

' partml layer arrangemcnt. .

T The method of any one of the pmecedmg clmms, wherem the second laycr of the
first part:al layer atrangcment compnscs the same material as the second layer of the-'

~ second partial laycr arrangement

B :20. : The method of any one of thc preceding clam:us, when:m the second Iayer of the
. s partial Iay"'r arrangement CDmPnses a different matenal then. the second layer of the

sacond parttal layerarrangcmcnt S o

A
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o 21.. The method of 4 any one of the preceding claims, wherein the ﬁrst layer compnses
~ any oug of InP, GaAs, or Si. ' '

.22. " The method of any’ one ‘of the preceding: cleums wherein thc sccond layer . . .
‘Acompnses any one.of InGaAsP InGaAlAs AlGaAs InGaAs, InGaNAs SIC or SlGe

23, Thc method of cla:.ms 1 to 20, wherem the second layer compnses any one of InP
- GaAs or Si., _ ' '

24 ) The method of claims 1 to 20 and 23, wherem the first layf:r compnses any one of - '
_ InGaAsP InGa.AJAs, AIGaAs, InGaAs, InGaNAs, SIC or- Sch

: .25 - The method of claims 2 to 24, whercm thc patterned mask compnscs any one or
"more of phatoresut, sdxcon dxox:de, s:hcon mtndc, metal or d:clcctnc matcnal '

26. The method of any one of the precedmg clmms, wherem _
h remowng of the at least one pomon of the sécond layer is'such that, along an. axxs: '
' A. perpcnd:cular to'a sur.t‘ace of the support substrate at least one location whare the portnon o
‘ of a second Iayer is removed is ahgned mth a remsumng pomon of an ad_)accnt second

' Iayer :

C 27 . The: .method of any one of the precedmg clalms, furthcr compnsmg txltmg the . .
' _support substrate, R '

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

-
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