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ABSTRACT

This thesis introdompéetadr byedAkhepbhePetbyd
based on numeric@ahesimoubatpant mdebodi bed abo
refractiterei, ailinn e ufdhisenrgecroner emittitonatlt emaneri al s
advances in metamaterials resear cnhayanhdo | di sfcou
real i zg megmenaeand appIeacoymdloydoenwenp under standing
of met sl pnampabxspelda il eddley t hird part i l-Du&trate
3D met al ens andasi hufFadterent rnwa mkedarns caad hiagpwe t u
efficiency mMoer whawitl6ld tcalolptalta@ilvi chh arlaet el
of cdMECCB8240T080r | wbscdmeolwdhamrwaet eri zed field
pl ane .dhef bdbass two pDitsgiamgei asthouwmtg Menadrns
prdving focus i fd nditfhfier esntudsyhapmpes propose a me
function of cadhceear adplohgrhieease.saun t s are bas:
Di fference Ti me Doimoan nme(tFhDoTdD )i ns iemMuelcat r o magn e
i's structuredttasdand]| Bas aordye Ma;|2dbrese p
under st amulitnidgpdaasd me.B.2De &8 3| ®esi g@p tainda l
Charact diLiizd®d mr b ninmgg | MeB. 3D eMest al ens with Focus
Shapes
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Chapter | Introduction and Basic Theory of Metalens

l.lIntroduNe gatni wéd Refractive | ndex
As kwreowt he rpdsiatcitmavteecrainadl @ ® c r it theed GSingew . |
Wh edh e | elatndiied e2atrrei alilv ep arseif rmaad teivniOs>10 Jrlhdee x
rel ationship bedtamede hr ano tdcdenrdebeg h dleeds blyawnel |
which relates thedangf eactof ammndti ocdeesh eoef r e fhrea cmt

— — (1)1

The ratio of the speed of Iight in free sp

Refracted hight
(Transmitted light)

Reflected light

Fig. 1.1 Il lustration of Refraction
refractive index n of the medi um, t hat i s,
E - M (12)

I n a dielectric medl‘ﬂ,umhoef prhdlisaet igvwed opmda yi t t



W — 13
= (13)
In theatdoeirniﬁneL,Ila?wH,ﬁ‘.,n=N7|_'_.Sowhat wi || happen a

condnEipp™Up till now, ntehgearte fvires c hravteeari imadla Ix

founded in the world. Soag hkhetipadkilualtomep was
Thi s assuprpdpgosnedvalsy V. HiVsgneltagon ipoi h6 8v.a

pioneering 1968 paper on the electrodynamics

Negative refraction

Ui ' . gl

Fig. 1.2 Illlustration of Negative Refr

negative values of dielectric constant and n
Veesl ago categorically stated that there had |
substance such as t.his could even be identif

Al t hoamgédhiwnd negative refractive index mat
can ber tmafdipoilmaal Pendry was the first to ident
negartdfvrea c tmevtea mantdeerxs ail de®ewads yt hat metallic
the direction of a wave coul d prldv<dNi@) ureaglat i
maetr i al s (such as ferroelectrics) display ne.
negative permeability (0 < 0). I n 1999 Pendr
its axis placed along the dirheets ame ofa pmarv,e
showed that a periodic array of wires and ri
Pendry al so prop@sedneabr dli dtye dl €ideigpadt,ii biedde Swi
met a mantoew i al

A metamateri awoedrdoen a,h emeGrreierkg "beyond")



engineered to have a propeytgréhmadesfnom &s
mul tiple el ements fashioned from composite n
materials are nugweglelay i aargr prageerns, at scal es
wavelengths of the dphRebamatet halysi aét iueacth

from the properties of the base materials, b

1. 2 Blanssisct o bnMet al ens

With the applic,atpeawamnmladstementaanmoastt earuicaAur es t «

Fig. 1. 3 A titanium dioxide metamater.
(Met amateri al l ens is thinner than the I|ig

Fig. 1. 4 | magSe scloeurr/tHeasryv aorfd JSabErAeSd

flat structyrudssnegadoeptr aedanhesamseoetdr t ©ot Co&atr o
radi ation pattern ofwaamakinmg demef whieeft r ogiatg n
focusing athea fpuaciomtive mtkoeo n al | ens



Here, the fl| aMetsasumktweedi af captiedal |y t hi
structurédubwbheesf abgehskze of nanostructures
smal | er t h)aThh ewameectbiosd reeptishesst a sditava reeh o ev&itgi.n
1.. 4

Met al enses have advant aCgensv eenme roansarla dcdt D p h &
instruments wuse mul t itphliec kcnuersvseedst baenods ensaetoef r itdah
aberrations, addschp ©ohec tNhwimea g fc atbi ea pdae Wwipd e.c ¢
system such as an objective |l ens is defined

00 ¢i Q¢ — 2.)1

I n f1.g6bfemd engttihe f ocluns fate eF 1s.p acde telbee 1, N A
shorteal eamget H,oct hed | arngdeagtahmehtedAainmgll eSSt &lyy c |
increasithd otouedd glAdual dfyr omip & 8 . I n the condi ti
focus it sesha® uk®,oevee bhledpveen t he progpradhaet i on of
sur fafcet he | ens whmn cdrsdodrviema dis sa dfirierbgde NN Aa n d

l ens, tradintsitornuare notpst iacuaelt c p mp o 6 eadns\edgis ¢ e Nnses
costs a | ot bh spMetabmpmamwgpceevol utioni ze o
replacing the bul ky, curvedbhermsdam!lcu.r rfdmttl \

The required phase plriorhiitled tfoo@awdiirey ef ari fd

Fig. 1. Stlkiamiitatoinah dfens

l' ight 1 s that,



”n

36 31 — w Q Q ()2
whea&ies wavel engt hx ifs itshfdéromtnmadtt hae ciogettnm,ea of t h
random postioeoangmitsha sphfdsmeacwehi ch i s chose

wavel engt hg @epanidsenatl.so cabltepghpHaspumjgufat i o

descritthee requirement of the phase shift as &



Chapter Il DeepUnderstanding andMultiple Theory of M etalens

2.0l screwifz&toinvrenti onal Lens

|l order to have a better umadser mde asitdduchy @d n
convent imwd ntleevssad dr e cl assified by the cul
surfaces. Ax |l(eors doulblie onovrrevex, or just conv
showh @g.nl L. one of the surfaoeaweixspdiameoay et he

depending on the curvature of the other surf

i's cocowe®mave oOfr meni scus. The distance from t
the I ens, which is comaod| yqallbi enisated f i n
ﬂ—d—h—

e - T,
s ~

™, | | A =" Focal point

Fositive (converging) lens

Fig. 2.1 Basic structure of tradition:



We all khnownshfadicuasi ra col | i mated beam trav
t o ac abpfbedal poi nt) at aTl hdei sgteannectea loftn lefarggo na ntah e
refractiontiwiappesnftadadtdrhe nBe i spxpleitreedt ddoido n o
analyze the foowmy emh & oloomésn emegprl @ ff, ycwtel lsimsmemo d e |
anal yspbkacaocbnovuetkis Fi §ve @i Bichriest ilzeends t o many r e
di fferent heightnantdifs b®didgétnnya dwitcteh)di st ance
t hGe t oDDi s a randamdlipe sditg toanr) Aes sffuragm A t o O.
pl anewave incidensgthlei ghtd Wwiithnkeswawnal ¢mgt gr eer
di fferent | (mghotp dgkdpia®a B)d wicardgafko @alF poi nt
respectively

We can tr ealtedtirgdhma carse tainc -v(a&rM)i mwga veel ewci ttrhi ct

i

Fig. 2st?2uBasre of traditional | ens

magnetic fBy,l drses pEexc tainde!l y, whi ch are propag

that w@hevpysr @erpendicular to each other and



Fig. 2. 3 Aawvienusoi dal EM w

il lTugtnr @2 Tde simplest traveling wave i s a
propaghtngnz, has the gener al mat hemati cal f

Ow 0AT100

3 (2.0)1
in which Ex is the electrpropae@awnbsgaahvnepno shiyt i o
2 /,>whes et he waweltehregtamgtilbar sfteeuampy,jtude
angis a phase consttame ,f avdti cthhatccatunt s=f@®@ran
not necessarilgrnbe zbpoczldepleade nGoaensavagu me n't
-kz Gy is call eédhet wavephaszE adfewavellrbpt of a pl
an infimenpmpempdiadelrarctti @mnt nd prbBpaf3aWwWei on as s
indicatei oheoddi pecpadckatcahl wdt hha wacéeovecto
vector), whose magnitukl=e 2(slcestidnd.Thlkiopagati on
perpendicular to constant phase plane.

| n orodoetraitno a focus awa¥gebBaremittreibgy 8 hkaep
same peragsuati,bnt ReolIp haa swea g e e s ft-kd €T raes
l'ight from the source at theSddhe o¢fi ghhi ¢ hd ev
propagation A and B uarf e elgoreAmnciyhiet plribgphetg s & me n a
il lTustrated by gKieZp2ardee mer atnadmzy | li ighhée ism ur c
wavef mpontintatA a@me@ hpeo ismtmeBR oo @maissegwte j ust need
pay more attenti on amgkzt)h eftkgpahtasslek ss ha f d u td etstce |

propagation)



For pr ofpagédtaisen shi ft can be described as
Phas eA=&hbifumOki OF -kmedijulrk] f( 22)
For proBagéatei prhase shi:ft can be described
Phas eB=%hB Gktedilu@ Dkj DFE-kl ( &Y }kmediju¥-kj ( DE£t123)
Assunheat Phase shi(fttheA o rPdiatsieors htid tadhi ev e
poi,wé )can obtai2h4dt hi s equation
-kmedilulrk! f=-kI ( & }Kmedilu¥-k! ( DE§ 24)
Af ter si x st epsr eolfa tsii ompghhadsfie ctaft @ tolmag v @ fhreo nt
Orespecanvéelkyil |l usktbated by equation
“Kme dijubm=-K| ( LY Ykmedilu¥-ki DE
KmedilummYXL) -k ( &Y )k} DE
Kmedijugn XL) |+(k&Y ) -ki=D E
(kmedi-k ) ( L) -kkEDE
(k) (M) -kFDE
k (-Ip} (L-Y) | =Dk

¢‘T_ ¢ pU0 & g¢nr~——(25)

Now we just consider about tIp@oimha®e @a@afmdt he
explained by
0 <0 T 00 c/\:(za)
Combéeqgeatlb)n a(n2d. eldyhéeénowe (2an obtain
e O 0 ¢'T_ ¢ p 0 c/\:(ZZ)
HereeO e @0 artehe phase of wawefidndrnag s pe c tpiov enl

According 1% eveuEdadrbvad 21t heY (sthhoe ttehri dakreess of

at a cewha®mBR=))otime | arger baewe®mste @Wi ff er en

Il n ¢dsesi t I ¢ hel endrc hcteomavisern ta fon al l ens 1is to
of Il ens to satisfy the requir(temeemtuiafememas ef
phase difference iIis just depbk.nded on focal I



22Theory ofDMetwaéensSrom Conventional Lens
Aswve mentioned in chapter lachteve dOi §ghi Al
becauseurovfe dt.hsec roerednetr hper @ bd elmvegi ven by the cur

design a | dgnsatwhsiuaoh alcaees a

Fig. 2. 4 An assumption of flat surface

As shown in Fig 2.4, wef uasettinadreirpnl dadcxew it thhe
function given by charmgeineg nfmeaant avehee sef of
di f f efrreanctt irvee i ndexp aoffweeed t nes e utl @agw hgs e
shi,f theerca wyve diets g he funct iwaw ed.fr odmdadn i tnhge trheef rpe
i ndetxh eoskeec t ansglt e epaht sy mmettrhiec spaensei bviaoloue k e B p s
i's symimeamrm iwe esami tdartheal ysis of the phase
propagatliickre Bh@ analysis of conventional | e
For propagation A, the phase shift can be
Phase =skhinf AC-A{ CO |k (s h+{ 2.1

For propagation B, the phase shift can be
Phase =skhingf B8D-K8 DO=-kl (&4 h+f +DE) 2

Assume that Phase(stsheftoAd+stPlase¢ oshicht eBe

poi,ntwe canegbat2i.o3nt Bi s

10



-k(no} h+f)=-k} (nsj h+f+DE)( 2 .) 3
Af ttehrrse e psp loiff ise¢ant i on, t hteha edhhasds e nasfhitph é ew
D aGrdespectively can b2.4|l |l ustrated by equat
-k} (no} h)=-k} (ns} h+DE)
-ki (no; h-n4; h)=-ki DE
ki (no-ns) | h=k}] DE
— em €1 Q c/\:(z.)4
Now we just consider about the dhanad oft ftch

be explained by
.0 +6 000 cA——(2)5
Combine eljjdaaandne@§ggt itcdreop2vai ©an
e 0O 0 — &M €1 Q CI\:(Z-)G
Thi s eqdeaciobibephadbief f erence between the phase
position D Amd tphe iivgiHameeCodi & fret—enwleiicds a
function with X asAsdgwsmjamghegeemgiteaamnt wadieablt @

satisfyof hpbasa,l ded fjer tn creeveadoutea e ahla nges it thieo |

X.Sopwe can desigat i ckmess emfs wilhyh changing t

9 Steps of Lithography process.

z o & s
1. Wafer preparation 5. Post-Exposure Bake (PEB)
2. Coat with Photoresist o > Deu;:e\opmem
—_— —
7. Postbake, Hardbake
3. Prebake, Softbake
LG LR T = = =

8. Etch or Implant

Fig. 2. 5 Basic photolithography proces:
phase s hicfotrere sgpto atdht enigrn X
Thi s met h o debassebebnise ii tmi b @ 4f ialdom 9 acnamkoiFchrer e ar e
many steps in fabrication including photores

et ch eatsc shown Eiarct hFisg ed. £ osts | opg emiamde& . and

11



Thé abr iicpartoicoenspswanfgdy g r by | ayer zamuestielre el eat u
I n this casd,abirté a@bd edh éwb & cha hdtifftfeerr ent r ef r act
(di fmat gnt al

Sp we designl aapdr ssotdrgu cet unraet etta artepulraece t h

Composreedc teymlga s e smahd d tley di fferent Eedhacti ve

Fig. 2. 6 Structure of new phase shif

phase shifter in Fig 2.4 is repl aclend tbhyi sa ne
figure, tPhiaof tdacahcemaeaprhiaosde odileiiefythestphheahs ei s t h e
shisiwherch | sast htehesasmea ucture i nofFestghreBfcddmr and

each phase shifter. Here, we define the rati
Siemct heosezpeofod is | ess than 400nm which i
source we applied oh stcadélmpgsj deaelvi pér aod

new refrasgsitreveecinidea dih& £ oa ddivinigtectho t he W (wi d
téephasesshief tccamhasdi € wvdeif ft fearse mti t enf f e getid ve r
T hevrec ans e t h esshe fp hear ssehaepop roolpptin & imreaes heeafcth posi ti

the | ens.

12



Thei g 2.7 shows the basiVWe cpheéas guwihttii bar ef
di f fwircetnre alme pearcihoadwve functtloen dje viedmn bBigm eFi g
each phase shifter has diff Aadndnwihdatinthtals ecorr e
shiftsegmmeat i ¢ ptohsei tsiaome kveaelpuse, since this | e
can do the similar analysi@® a@arMdthreophastei cmi

| i kd or @ al ylse srrel ati onship of the phase can
Fig. 2. 7 Schematic of Metalens

Fig. 2. 7 Schematic of Metalens

e 0 8 (A——(2)7
HereeO we @06 are the phase of wavefront at po
And f i s fochquatzknogit hueé COatftpgd the relationsh
( X0t hpeghase shifter amcam®ibeéeadp.imase di fference

I n tthe siwei ltihzesd basi ¢c schematic to design &

13



2 .Bx pl anoaft i MentMa Ic ¢ ra sb iyGemnm e r aSl el GgLeadw s
Il n | ast wuniatn,d wvie va wmldaiem esd a nadn anlgy zoif n gnett had ¢

mechani sm of conlhmaki o gnactdihfe aosalpatnodmit zat i on

Refracted light
(Transmitted light)

Reflected light
B,

Fig. 2.8 Illustration of Refraction

compl et eThéries is# @asodiygigpeeror y t o provide a cl es
met al ens call ed Gleweviatlalzleyd, Swme |l e d&d Ltaow me nt
whiicdbasi c theory aofellditddngl psopaganicodence al

the refractive indices of the medi a.

_ — 23 )1
Theguaddmnonly be eascertbdii s haidractinmshtrearnec ei s n o
di scontinuities at the interface.

Al t houé¢gh LIawelils appliwabdeknowmwbat cwsebs, h:
when there are phase &iosc ovetmemu it toine® sa baotutt h e
Gener aleist eldawsnof refractiomiansd peoddegotgidon wl
Yu i nwi2®ddme anabps$hemigypr itherigplvee wil |l deri ve
equawiitom gsecomree t r | acrad | ayosgilt $i wtshh ¢ at el ati onshi p be

General izaeld 8ndl makahgns tCandgiudeér samriynci den

14



wave atdAssamghg t ha(tgrteieen tiwion @ ag&rhds nlf li ine tleisn

A e F
' g 0
n' 1 :
A . c +de X
N : :
: D
Fig. 2.9 Schematic usedé tlawlerive the gene
clogenet mct ual |l ight padHbrewht bbb i satdathwbownei het
media is artificially structured in order to
of | i ghtr eWhaitcihonhsahsi p bet ween t haexipsa)a.dti on al i

u+diar e the phaswhedriveoc pratt ih@u ic trlioaswsn dhdhrey at poi
and point Gistheageeotrefraction;ldyis the distance between twoingss

point B and Gwhich is infinitesimally shortn andn; are the refractive indes of the two

medigand k= 2, / @& hegsrthe vasuum wavelength.

Assuming the waveafwborf eatesPodntreAphaedwehe
wavefront fmeerntatrwgopat h® arbee cianu speh atshee. tTwho sp
infinitesimall $o¢cl bbhe pbasacHi 6t ke cwe bed we
desctrhibse rel ati on.sh.ip: by equation

Koy ni AB 4o nk BD &= oknj AC 4 nkCD O+ 0d2. B . 2

Here, simde nB€ eiss mally short, we assume tF
CDAf tfeorsr epsploiffisecant i on, the relationship bet
Band C respectively ca38 be illustrated by eq

Koy nij AB & nk (BH+ B)+ 0Uko =iy (AG+ G)+ okny CD 0+ dt
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koo iy (BH+ B)+ Oko =ij GC+ okmnj CD 0+ di
ko ny BH+ Oko =mij GC &+ du
koy mj BH= oknj GC 4 d
Koo ni BC! ¢ OYSCBH= okn! BC c o/¥SGCB 0d2. 3. 3
SinBcC is infinitesimally short, we can ass\|
parall el with ABE elgnALIfsi ¥hBBAsedliheés we can
obteagwmati aht @r@@sdwmal ent: substitution
koy N BC] s iYmk= oknj B G s iYmf+da
Koo ! d ks iYmk= okn! d ¥ s iYmi+ Gd
nd s iYk= i'ns iYmf+( 1of 'k(da/d x(2 . B. 4
Equation 2Ge&nelr dlsi zRzedf Irleadwtsil donfi st r at i ng abou:
rel ati onsthhiep abnegtlweesenof i nci dence aaofl tkhéract
mediim such a condition that the plhfa steh eg rpahdaisee
gradient digilxalrFs 02erot(isGjuaw theegameéei as 30
Gener al iz eLda WS nmealrdle® ma r e Merscirdpdutont he | i ght p
at i nttread @®reaallli ke t he r dlhaetoirRgh @ lfa rpdielbwst towe esn
| awMobf on
Wec amhange equatidmordn,3 maktiongaraich&s i der e i

we come to armedvatfesr m hvehiamlgl es of refracti ol

indices of the media, shown in equation 2. 3.
siYmi=(i/n) | s iYmi+( 1of k( 1y !n(da/dx2. p. 5

This equation imoldudter aatneg ftehaeott i voen chayn changi n
ggadient and th@hereglcanofutiindizkeendcda s equatio
of metallkasli Shnhcer om tmet silownas ep lachn e hveahvae p
a direction petreprefnadciee nosfartweeo cahe amedi me t he i

equal s=Ogler ot {i s case, the value 02.8ebractio

siVmi=( 1o k( Ly 'n(da/d x2. B. 6

16



Sowe

can control the refracti onduamglbee cbayu sjeu s

t heamnddarke bot M Ascehewantitl®, Fihe incident | ight

inte
spac
appr
angl

sche

A

D

Fig. 2.10 Il lustration of direction co

rface, raefdr adniigli @ f uecbf on o0Si mpdea siet girsa dii
e, the value of nt equalhenbaefatWethbhhahih
opmraditent at exaaxh sp omhii tadh® pecpaend noprfigravdi®t | o n

es that makes each, ldsgghsghdvwrtoisn BRisgp nZ2. Icle
mat i c, every | ight propagation focus at

eometric cal cul apthiacsne agnrda dti heennt faitg ueraec ho upt
rface by equation 2.3. 6.

eems that this design ®&otheeyamsivhi emcwa me

eali zentfdbowstionbét haone apprcoeprrti aitnd gpohsaistei og
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0= A

D
Fig. 2.11 Design of Matladwns by Generali ze
there any relationship between this design a
chapter?
To answer t hewaentq uteoseqaicmindgsaprnew2. 32 62 anvndyiengag a

to find if t herbee taweee.ns otnhee nt onnecti on

For equagthid@amhad g8 a 6d eofniakesde p h aswi gdyveegnont i n
the ifPhadkedéerenecd hed WeEASN shownl nsdeEng 2

LB Mo
Tn 11 [i_I_iCllili_li Hi

Fig.Dsil@gn of Matal ens

CD/ OB¥=Q ® and nt equals one. So,t ovee quat isdmp

18



2. 31h thid=equatd)on
87T Q & = (o)1!/(@u/dx2. B. 7
For equatti onem2.d | ittle  bibt(Cjd o @s heaggu alo e
*(B). So, we «“ad@eqgmalds hawhi ch means there is no
center of | ens. Il n this casd, chi megB)tshd hadur
equalAswe can per(@eequa@B«xitn t hi s coehdange nt,hewe ¢
form of eduw@at3i Bihd2 k2. 7

*+ O 6 ¢A——(3.8)
Theemakda fferenti al operati onsOmen ibmgdr tsa rdte st
neetdo be mention hereinsedqubaitsy dfine2 dIvwikitah on
i's the negat hdeeg i dviart d otni o &ELGew &mal it hed eSdlolu
negati ve swhgenn bved odce dixffferethief 6l paperafti equ
After several steps of stirmgpndstffda.r&aegd: on, equat

Q-0 +6 T Q0 QcA——TAD
Q BT Qb Qcr— TAD
BIQw —F7 Q@ & (2.3.9)

Obviogshyjoa 2.3.9 is the same aweeqanti on
ut i | ima#enotdhedescri bedni cRRatffpue@ah omer2t. 2i.v i nt er f
required bywlkigedaxtpiasannd e2dd. ¥.réo m & elnaaw acleirztead nSn e |
condt hm@®@nphase shift(*@A) t a«guCalps tteirl lofnolwe nswe
fini ®hacrtilvati on toomge @y apino Ri. @ige2stclirditcb & hey
Same amie s m

I n conclusion@Gg Gemne rpgr lcepaddcefiddals e goadi ent
hel pnderisssjandl ens; and phwaseamamd & md zede s hrei be

i n equat noohadtpkedFi n 2phaseashi éderrfihegeays to

gradient requirewalvy Generalized Snel |l
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Chapter lll Two-Dimensioral & Three-Dimensional Metalens

3.1 Expbhaf8taeopf® Me tDelIse @

lPosi viPohamse di:Adcecarechicreg to the study in cha
eguati omhi2clh2 usé heatrel ati onship between the po
phase d tfdiefrfeenrceen c e hlaesteweod n ptahDe faman tt hat phase

wavef mponGjtat

2Phase di fPherseen &entivisthat i s the relationship
gi vetnhsdhy dpoe mand t he phase difference (the d

|——————r——l-—
=5 —

=
T

(b

Fig. 3.1 Schematic of Matalens and Phase

wavef mponbDntaannd t he phapeiCgt? wavefront at

I n the certaiAegoal@st pbasehdtfference has
the phade eshisfetvfertarl arsd fegrs f,r ovia eq@ua taicdin e .e2 .e
3.1.1:

0@ i QQOQQI REAHDQ 6 cA——(2.)2. 7
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Thi
s hi
s hi
gi v
fig

wi t
s hi
pos

req

Q'O 06 06 06 CA—
Q'O 06 06 06 CA—

O'@i TN Qde O + 8 ¢A——(3.1.1)

S eg@iuwdgd otnhe requi r ecd dvoalbuee aocfh ipehvaesde bsyh itftl
fters atUpetrillicmmdéwustieh®eropue@maaemt phafse

fters at their certain position, and the
en by eAdfutvhiogu t3éd damkta of requweedaphaste st
uthew otud reali ze the phase shift at the in
Phase shlinf tc hvaspeiéary €20 20s ed bu ipkthls@d stho ft er
h different ebttbctlewgwditndgnfer Act(iwwatihndex th
fters. Then we can use these phase shifte
i tionSof hblwe cla@ansve x wtag wree odu tW tiwhech pr ovi

uiredaphaesei &hiohpo

0

P(B),

Light Polarization
————

W=p'ff !

Fig. 3.2 Schematic of RCWA Simul ation
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Herweeut i lai ¢ mul ati oRCiWWAbhoteéstakt. RENAhase shi
(Ri gorou-%axe upheerddyisne )i s a function in OMNIS
struAsuskown2 i ntpegi 8deofi sthustpeeibodnd each
the $hmedi mensions ldrithentDaki dread o@@ygr at i n
as the structure 1 s asisnufmendi tteoh gerxiatzeonndg aptehr@ii or ok
T hlei gohutr cae pil sa noef wea@ben mh e t op aonfd tthhies dsitrreuccttiuor
i ncident Dbeam hosripzeompteahld i BuUPyedacs. itwenr i od, W i s
of phas(ewRsthyfi fftferi s i | | factor, hWa sr @ chher d hi
t he phase (oB)anda(v@pHtr oenac h dwarl iureg otf h,aN asni dnutl haet ni «
we can get the val wedtofody(B)axe( Bhgtbt ithlhye dat ng
relationship bshwééen W and Phase

I n ordebetboefimdl@aewnift pea i pdogmwam with tw
vari alfldeBr eagppe ¢ hF0ebyAMt=€r. 7t4h atnawe rogpm i fait ed
value of P which pr olvh edneswtet dadpaitr i pWPhaamsdec ov er a
shatt such val ue doaft aP Mand aibmpgor tf itghue e out t he
and Phase shinetqu(aithlomat t abed by a

4Positidm wonwWguaiioon 3.1.1 illustrated tl
achieve at certain | ocation, then we utilize
provide that Pha&séensahddmbiwte tthlraemi Qoagpet nat a
el ati onshi pPobse (tMpdeins Wi s ntdh et hteb 9d metsaloernys of

-

3.2 mul andnoaAl p3$ i Pwane naskli eoms

According tohpredemegalehbsdws B widely ackn
phase npartoccheisnsg,t lBe¢ moal i g consisting of a gr
each of them wildl tune t h@Aas pharstei mwmrfed wmgrhd v iba
hagwemaen assumption that the phasfimsddafan at t
desiinjgens i n t hi soncvoennd ietailcaeru | iad | tome tdhat t he v
i s the same as t hel ~aa dé iiabssifsourmjipat gp 1d iufsf e rnagh d

determi nertehe acddifwtee o nwee xdet er mi ned t he wave
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We conducted t hids metnisd yo ntal r(druDgitiDt)teew ald d rhaeirre r
met hod under | ight i nci dpehnacsee oclme/6ed Bamgoe.,t Do ac

i ncrease t he sthhiifctkenress.s Sifn cpeh aiste i s di fficul't

aspecteldgualoly higher thagn vwe 1t h du gltktn easlso wts . |

0.8

0.7

Fill Factor
= =
[ 4. ] (=]

=
=

0.3

0.2 ;
0.2 0.25 0.3 0.35 0.4 0.45

Period({ym)

Fig. 3.3 Phase diagram for Si3N4 phase
refractivesugothe A smatnernii alhr &fi 1 & © toinvSehioitwneddel e 2 .
in Fig 3.3 for a single Si3N4 phase shifter
in a range (w)3 &0 tdhegnveaes ati on of nano struc
0.2.d@&m,6fill factor from 0.2 to 0.8). Then w
and i mport the data of fill factor and phase

them. E.g. emerwedcans &cRideve t ma rPelastei s Hit
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shown 3id4nhaAkicepr di nghofwi otbtskeewddwa r eorodadr t he
t feunewe onWteidl i zi ng equation 3. 1. 4 bajn,d weh ec afnu

T I T /
* p2dw s, p2dp
— untitled fit 1

p24w

-150 -100 50 0 50 100 150

Linear model Poly4:
f(x) = p1*x*4 + p2*xA3 + p3*x*2 + pd*x + p5

Coefficients (with 95% confidence bounds):

p1= 1.134e-11 (1.105e-11, 1.164e-11)

p2 = 2.985e-09 (2.958e-09, 3.012e-09)

p3 = 6.329¢-08 (5.448e-08, 7.21e-08)

pd = 0.0002269 (0.0002263, 0.0002275)

p5= 01225 (0.1224,0.1225)

Goodness of fit:
SSE: 2.847e-07
R-square: 1
Adjusted R-square; 1
RMSE: 8.137e-05

(b)

Fig. 3.4 Relationship between Phase shift
(a) Relationship illustrated by curve. (b) Rel

achieMat polegram to deéNAgnOAxA)s hmevina(liaafnideiag 3.

the simulation step, weawraanl cauclha teev et htéhref of ci uesl

t his studya sweer idessiogihemiet Bl pnschnsRze (peri o
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(a)

o.sL
0.75% ~ o _
-—
o 0.7} s Y
- “x
O 0.65} |
= \
5 06 \\
S 0.55/ \
8 .
L 05 ~
~
0.45} N
0.4 - - T
0.25 0.3 0.35
Pitch Size (um)
(b)
Fig. 3.5 (a) FDhellangiPernibad+@n2f KRA=0.9)
(b) Focus efficiency of -Dswiimmuhl ated metal ens
pitch size (period) ranging from 220 nm |
nm to 360 nm. Theses |l ens are designed with
thickness of the |l ens is fixed at 600 nm and
simulation is performed for all | erss e wmder
|l ong enough simulation time is applied). The

computing
focus

Ihe

t he

nm to

resour ce.
effici

d

ency

hmel di stribut
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ion of |l ens

And 39(eAsosbewdibngFegcy
i ncreasepefrsomedir 8 B6
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are sho@dfa | amp&r gspechhaovkdrypndaithtey i s magni f

06
104

02

(a) (b)

Fig. 3.6 (a) Field distribution of 2D metal en
(b) Field distribution of 2D metalens desig

a shmeel i n order to observe scatt &6@d | i ght
shows a smooth concentrating pr36M). eThwehilcehnd
designed with 360 nm pitch size ebmwarsdtdrong
with 220 nm pitched | ens. And the scattered
36b) . This decrease of focusing performance o
nm | ens) is a result ofcasarsecapaaeri dgsamet
resonance beconen moarec lsungginamlecaeedbf acheseg, hn

need to spiliech smaélof phase shifter.

Furthem mpheyd eoruiswdt iGemer &l ilzaewe &b a v éne d
t hmits a continuous f undtei amtcefr ftalcee ; p d shiutsi, o m |
energy is transf arerf g dHotwidoae.n .h eb emaounsad oaixsper i

an aorfrhaays e wihtiH teulswaypalran gtolhe t beaphiase chan

the interface, this adies carlestoe nreesgsu |ianipilgiherse ftrhaa
foll ow conventi agnealaulsawsg dfh er afelciasetagsxem| oafn aetfif
algposwvleat to increase the efficiency of met a
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33Desiagn Optical ChaheRkmengiadnaoIn lbdns
Thmet hadkesBly re ngueists mi L A e e c RaDn il SSmnschée
phase shifters hawa atlthheeestaane Widhawikqlerses , 0 wte t

parameter of the phase shifters at different

We have eLtableodmad nat eX-asxyasstdayiTwmiet kent er o
t he Iderdsanidise origoaor of nathlee sryeslt @tm drhgelha pe bet w

shift and the | ocation of phase shifter i1is d

O@i HNQQoe O ¢« 86 ¢A~— (3.3.1)

P ----------- - L LT
W w

i e .. SN S i

LW !

1 I 1 1

® i I (b) :W:

Light Polarization

— (©)

(a)

(’l.

\

’J'

[

I

'

’

’ Period

(d)
Fig. 3.7 Different kind of phase shif

(&Rectangular nano structure. (b) EI'lipse

(c) Square nano -atragtoanso édjutlemMmagon
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Differenphasapgeakninmf esccamuchteurwesed itnhd ea daamdee t e
the ehapach!| pootfisdgghease shi fters areésoften sq
shown iniRigs3.a7(kka)ndgi oh péasanghdrdd esnq@unar estr
| at,f usvei tching the value of W to achieve eno
concenmetadlitmmgs . ki ndaondtbidleiszgatt nguli eka nyhdii sh

we will discuBlse idi mextti carh agpft etrhe i ncident |

LT CEE T T
o e
T e L b ehh
FARER R RRER R

L LT T
T

| ’l”iill) il

;lH

I
ﬂ‘::lll?

I
|

l

(c) (d)
Fig. 3.8 Design of Metalens (10 Omi10 O
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paper anditshe@oliagh zed HBilse shiogun3 . hriet)l giplXled g tarn
nano st r uldewrse ;makdnes bsgtpreuccstall dezuegi r cul ar pol ar
| i Flhotr. squar e peerademd gllsaa tutciel)i,wiet s qdSafrdeee memto
| entga hcomposeashshwmanalTehnesF inret.am(rch)lase be
compdsgend array of amorphous silicon nanopost
arr angheedx aignonaak bkabtwhnc ethe rFadge Wl Intelf € ) di st ance
bet weemenédaschperi od and the diMmemahitcahf ki ma n:

o
-

| wasteil, eetthe per i( 6 ditntuisgtie df phheilcpd ane, just | i Kk
on theAbtboodh dsiof f phaseo kihatdg @dnidf f er ent ki n
i ncident Itiogtte dnrdirfi écead eerdt tbky d sopus nbehcehnafn i s m

shown i n ewamstko oanl [3F.i03). & hsehnsws i es of met al ens

3D,composed by four di f freersepreta sk iwed syneonft ipohnaesde

Up til | now, we have-dpmemess e@d afl o dre nlksi, ndsn do
structure we would mention is rcas$tedcguraéesng
grating based metalen® pbhadespgonéd!| byatongt.
with its sdhioawmen eFi.g AZ. 9, it is a grating met

Fig. 3.9 Design of Grating lens (10 Oml 1

ofil@mt the wavel.8ngté oFsmm8peamadsi i ong

| eins apl evide t he safmer fiorraisd eritialy gthicrypot aol
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By the way, the fabergadi doheoemgnwi bhgtthense

previously

After the design, wefperfhotméenEBSDusidmul a

Fig. 3.10 Field distribution of 3D sim

Fig. 3.11 Nine groups kofmmdlsenses, each gro
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