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Abstract

Abstract

Metasurfaces are ultrathin two-dimensional flat structures composed of nano-
scatterer arrangements, which can manipulate the phase, polarization and amplitude of
light, and is the one of research hotspots of metamaterial in recent years. Metasurfaces
can generate local abrupt phase shift, and they can achieve anomalous refraction and
reflection based on the Generalized Snell's law, so they have stronger light control
ability compared with conventional optical elements. Metasurfaces indicate large
potential application value in many fields owing to its ultrathin volume and strong light
control ability, including photonics integrated chip, optical imaging, sensing technology,
wearable display and invisibility cloak. Therefore, it is very important to deeply study
the optical properties and practical application. In this thesis, based on the
Pancharatnam-Berry (PB) phase theory, using the using finite difference time domain
(FDTD) method, we have proposed the near infrared metasurface zoom lens and the
flat lens based on the reflective hybrid metasurface at the visible wavelengths. The
major researching contents of this thesis can be concluded as follows:

1. A near infrared zoom lens based on dielectric metasurface is proposed. Based
on the sensitive of PB phase to the polarization of circular light, the zoom lens was
formed by cascading two metasurfaces with the same polarity. The zoom lens can
operate with long and short focal length modes by easily converting the handedness of
the incident circular polarized light, meanwhile the focal plane remained unchanged.
The zoom lens exhibit excellent focusing and zoom performance. When the incident
wavelength /=1550nm, two tight focal spots 0.574 and 0.794 for NA=0.95 and 0.66
were obtained with corresponding high efficiencies 58.2% and 80.7%, respectively. The
long and short focal lengths are 7.5um and 1.5um, and the zoom ratio is 5. Additionally,
the two focal spots are very symmetric, which leaded to high-quality imaging.

2. We proposed a reflective dielectric-metal hybrid metasurface at visible

wavelength. Titanium dioxide (TiO>) elliptical nanoposts are placed on a silicon dioxide

111



Abstract

(S10;) spacer layer above an aluminum (Al) mirror. The reflective metasurface
provides a broadband optical response of 550~700nm and high polarization conversion
efficiency more than 87%. The planar lens based on the metasurface obtained a focal
spot (434nm) which was much closed to the diffraction limit, when the work
wavelength is 600nm, and focal length is Sum.

3. Based on the fundamental reflective flat lens, the double-focal and double-
wavelength lenses are also designed by utilizing the superimposed phase distribution
idea. The double-focal lens obtained two focal spots which show good consistence with
the designed focus positions at 600nm wavelength. The double-wavelength lens
obtained two focal spots which both were near the designed position z=5um at 550nm
and 680nm wavelengths. Besides, the focal spots of the two planar lenses are both

closed to the diffraction limit.

Key Words: Metasurface, Pancharatnam—Berry phase, Flat lens, Circular polarization,
FDTD
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Figure 1.1 Three-dimensional structure of the metalens and the focusing performance
() BREERMOHABEEME: ©) BREOBFEERNRE BIHRENM G (©) MR
BREGHKMBULR.

(a) Scanning electron microscopy image of the metalens; (a) Intensity distribution of focal spot;

(c) Polarization conversion efficiency varies with wavelengths.

N5 K% Capasso F1FA T 2016 F it JFiil 4% 7 —Fbnl Wt R &S,
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ke, REsEl TR TIERK.
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B 1.2 RASGEEE N SRS B A R AR AR
Figure 1.2 Structure schematic of the reflective metaens and the focus performance
() REBFHERIEFN R EE; O©) AR TR RS 2 M2
(a) Structure of reflective metasurface lens; (b) Electric intensity distributions for different

wavelengths along z-axis.
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JUFHI% (z=490pm) , i%ZRA 2.7um, WE 1.2(b) AR,
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VE, KRR T € 22 R A B 4 ) 42 ) e 1 BEZE SR (Group delay) FEFAEIR €
#it (Group delay dispersion) , 1 l.3(a)~(b) Fim . R R RS G FH RS B ook 38 ik &
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Figure 1.3 Three-dimensional structure of achromatic metalens and the focusing performance
(a) EREAXTBELEIR (Group delay) 55 % & B AL PRI AL LK Fs (b) 5 K ARAF X B a8
44 (Group delay dispersion) 5 [F] — MR A B ALV ML R; (o) HRMEBNEIT
SR ERE: (d) BREOEGENRBHEARHE R, (o) WAEZEBRIARE LIEBKM
470nm % 670nm AL (1 EEBE 73 .
(a) Required relative group delays as a function of metalens coordinate; (b) Required relative
group delay dispersion of the same metalenses; (c)Schematic of a metalens element; (d) Scanning
electron micrograph of a region of a fabricated metalens; (¢) Measured intensity distributions for

different wavelengths in the x-z plane.
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Figure 1.4 Metasurface polarization generator
(a) ERRME iR RER B MH TERXRER: ©) TEKKHN 500nm & 5 FRIR
SERE R BER RS A () B ITTIE AR K (400~900nm) HEH T HHRE MR A -

(a) Schematic for arbitrary polarization generation with fixed incident polarization; (b) Conversion

0 -0 40 -30 -20 10 ©

K 20 -1
) Angle of reflection { )

efficiency for each polarization at the incident wavelength of 500 nm; (c) A unit cell with a fixed

supercell length for a range of incident wavelengths.
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Figure 1.5 Metasurface optical vortex generator
() VEERBEREN AT ©) BORE OIS (0-(d) BRE™ A MR
i 3% 558 FE 3 A o
(a) SEM image of a plasmonic interface that creates an optical vortex; (b) Zoom-in view of the

center part of the metasurface: (c)-(d) far-field intensity distributions of an optical vortex.
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Figure 1.6 Metasurface hologram
(@) GUOKRREREFIRGARB A 0) BT SBYPRRE M RS R K E B R S50
T REDERIEZHA T 2EE.

(a) Scanning electron microscopy image of the fabricated nanorod array: (b) Illustration of the

reflective nanorod-based metasurface under a circularly polarized incident beam.
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R MR B AL F U R HR B T 300 BB A %, B TR E M2 ot
A[ AR TR RS BRAR M _4BEEME, TR L
IAEGL. ik B ARIE, IR ERIOCHE . AT H AR IUTHEL, RE#FHH
STETHRE UFERER, BB T AR TES R E I RUR ST
R BURHER T H T &£ 5w H305r 71200 FDTD BUEHHH 5.

2.2 Pancharatnam-Berry f{i

Pancharatnam-Berry (PB) tHALX WY JL{TAHAZ, 1955 4E Pancharatnam & /K2
HZ /& M. V. Berry in LAt fI5E £ 00 . PB MIALRE 56 RIRREH XM, Wik
REWBR L= HERBRE LA S B E KA, XA 2
PB AL XABIMAIA AL AR B3 A [ R IR 25 2 (8] Pancharatnam BX £ ()
JEfEd R ER . B 2.1 FFEER (Poincaré sphere) 3EH T PB A T 0 3 A4
SN, AWIEASE, BEEEA T RELBUN N, ERPIRRNOX ).
H T R A A o T () A AR, AR ZE (A7 B A NS B o #R
ERF LI AN FRERAE, 72T i PB ML RE i 7 (8] 22 40 HO AR AL o BT A 1
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Figure 2.1 Illustration of the principle of optical elements based on PB phase by use of the

MR R — R E R UL, & K& SR AT LR BT S (Jones matrix) 7R A

t Lt
T=[t"r t”j, (2.1)
> »w

Hdr, x fy 535 & mBA R4 (shape-birefringent) 1 () 3 A B
JOHI Ao PR WOt BN G R, L B Ot T DA LR B E R

e (0)= x\'/_%iy » AT CARI R FIAERE {01, 02, 03} (Pauli matrices) F1 074 [E 1 1E
B I R RS S R R A

1 i 1
TO)==(t_ +t ) +=(t —t )o,+=(t —t )O
() 2(xr )y) 2(,\} V\x) 3 2(rx )y) l, (22)

+(th i, )o,

E*?@%U%ﬁ@ﬂ‘]zﬁ‘fn%ﬁ?ﬂﬁa,:(? (‘)J,%:[‘? ;"j,a,:[(‘) _OIJ,,IRZE%

]

FEHR M A RICIEF I NIEE — N 0 CHXTHIEIRE 6=0) FItEH. R
B R AT LLR R A
T(0) = R'(6)T(0)R(6), (2.3)

o, R(O)y=e JoReest R, U 2 I £ 3 S 4 Ky A 180
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3

T(6) =1(zn +t M +=(t, ~t )o
2 2
+%(zﬂ —t N0, +e%0) . (2.9)
+%(txy +1,)(-e %o, +e0.)

X B e -85 (spinflip) HF 0.=(01%i02)/2. XFRRITIEAER F51E,
A (2.4) 20 HARAFAEN PB M. Bie-BE (RAfmMLRmRL) F=4E
THEA 20 MARALAR, BERJUMHEM. XMAMEURLRS %/ o 2
(6] (¥ JE A M AR DR AR

WIBAS RWEHIERAR, AR (2.4) T UABAMR L BRFA BRI
STRIRRE TR, SRR SR AT ULa BIRR A

1 0) 1 1
Elzﬁ =E(tn+t,y)[lJ+E(tn_tw)e'w(O] (2.5)

1 1 1 -i26 0
Egu =5 41,) olt 7l t)e (2.6)

MAK (2.5). (26) B, FRIEASHEREN, EHCHTUS ARES: 5F
— B 43 RN G 1 AH (] £ 7] ] 4% (co-polarization), 55 — #8432 FIA 5
T Y6 5E 7] HH R f38 X AR#R K (cross-polarization) » 757 F2H (1B ST R B AR R R 3L,
FRMIRBFBEREFACNERE. 4 1t F 1, BHMZEN o AKX PHE—
WETE, WEESHESH RE I X mIRCTT A 7 F iR, B R Rk
BRBENATZEH. Eit, BATTUESRMABRIEA LT ART, £
ZIR nAPLE, MRS B iR R . M T ERYt, R &R ERE
FA B Tt T CASCEUME A B AT TATE . PB ML RO Fh it B T ss 2B T R R
MR .

23 ["XARRER

RGN TR T B e F R AR L AR R SE I AU B 7, el 3T
S 0 5 S5 95 A2 T VR R S8 12 (Smell's law) o R [ AT LATE 3% 2 %% 5 )5 32 (Fermat’s
principle) HIMEGLTr=EdE&EL:. RAMAN RN, kAN HEEMN,
MITTAT D=2 $ 3 3 T IR AR R Ba B S BB IR - R GBI S A
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BTSRRI ) B SO R BRI

G T R IR 72 13 (generalized Snell's law) - N. F. Yu 3 /K& T 2% & J5i 5 4

B 22 XA RS R

Figure 2.2 Schematics used to derive the generalized Snell’s law of refraction

§ 7T R R R, PR EEA O A A (£ 25 B, Z2ERE AR
SEeRAT S, HOCRE A (R SGERAMED, ARG XCREEAT — XM 13 3

dfndl:O, HAt D CBAEN B ARG LT R, n i BT ST e

9 1 JRER I SRR AT e AR KB s B/ MEL, 10T LA & 2 S R B O ROt
AT REE . FIM B 5B, 8 ad 6 P A A B 23 5 11 A0 50 AL RAERAME
SCHHEIRER . W 2.2 s, P CLAE 6 NG, ki 2k AR 0 R 56
Bri R Ae, P& HAT Z B AL 2 A%

[k,n, sin(6))dx + (¢ + d@)] ~[k,n, sin(6,)dx +$] =0, 2.7)

KO, AT ¢ F dp 53 RN P RALBRERATAE S AL HIARAL, ne A0 ne 5353
PR BT ST, do 5253 SR B R (R R ER S o ko=2m/k0, Ao A2 L7 HH AT
Koo QRN 7> FHE ARRIRR R R UTREQ2.7) AT AR 21 SUHE /R 47 8
E[zzj

sin(6,)n, —sin(@,)n, = ;’;% : (2.8)

MITRE (2.8) ATLLA il SR i — A& WA 70 S 1 AR AL B E B dg/dix,
PO RAER /NS A o b T3 S AL A TARDL B L A AE, BTN
B A0, ZAFBIAF YT L S50, XA SR R UL 2 A PR AT fE A S



%28 EREANEMELCSRENETE

. EXBRE n<n, WATLLEE]

. d
6, =arcsm(i:—;—%a¢ , 2.9
RS, TR TLEE
sin(6,) —sin(6,) = A dé , 2.10)
27n, dx

EH 6, RRMM. AEGOLENGERRM Y EAR, XRINHM 0,75
Or Z AR IELM R TR T7FE (210) RAAERZMFR T LA —DiaFAG M

. A |d¢
6' = ar - —2 =X )
A CSlIl( > " \ {) (2]1)

MRS A KT IEFNS A, RS RS -

f£ LRSS, BOMRR ¢ REVER A BRMIESE R, ZHTH
HINST it e EIAR) SRR E R 3F B A I S AR % < SR T SE 36
H 2R T A R A 3K ) R PRI K B TR B R A, T 2 TR 4 A P B SRR A 03
BT RE R ISR AR 72, XL HROEE (R R R ST AR e 7 (U
I dg/dx=0) . T HBATE BB AN R ICEE A B S IRIBE R TR, B
DU S AT 5 eI AT 4R R T8 o | SRR AR 7 5 0 S5 R A T AR T 3t
R BRI AL TSRO R e

24 BEARESEEEN

ol - 5 B R S A, S s 5 18 B S T AR AR AR LT
RATTRER) o THE R R R AE RS R T TR A T AR A R
Fo L HERRRE, W EEESE T EITEC RGBS T A R SERR R
MK & REERE. Barvl, SEANSETHETEEERA=M, B2
HIRIIRARES (FDTD) 8L, ARTEMER L. X=MERNEEE N
BECERIEN R : REWMD TTRA. REFITTEMRER S TR Z=H
e REH BRI B35, EREEMERBEER K. W52, FDTD Hik
R B B B I T B R G RIATE BB T8 7. EEEEA K S, Yee
TN ERE IKE FDTD FIEH R [ Yee BBURAMIRAR 7. Yee
1& TS UK BB R AR TE S () LR L i) A2 8, AR SCHURBR T
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ETAZEREN T ESRARBRREAA

BRI, XM Yee BEREBRA. @R, 5THE, BEMRZRE,
RLFAEHT 2P,

ENBRERKTE RS EZ—, FDID HixA —SRUNS, FTEQHE
DFN&E. $—, TEMEMRE. & F FDTD HIERE T ik % @ M
ErEaiE, FREFEEERE. ETHESMERNEREN. REX
BRI IERPERL, FDTD Hikmats EMMER. £, HEITHE.
£ Yee BHIM m LM RSN BN SCRAOMBHREHTEUR E—
i (8 5 % S A E AR X P ITIEEE R EEL VIR E R, EERB T
R AR R . B, WHEEFAGEAE. FDTD 8ikM in K EER
RERLFHE, FAU—AEHN FDTD FEREF 3 K& 0 R K 5 4T
RA@EAE. BN, WREWTER %% . FDTD HiXREMRARE IRNH
FTAKSHTEMRERNZRHFIRER, FUls THE. 1HCRERN
B EEEN RSB R SMRAELERANDELE, BLEREELRE
R

2.4.1 Yee BRI
Eni B AENRMY RN T
OB

VXE=-T (212)

ot
vxH=2,J (2.13)

ot
VeB=0 (2.15)

MR FHRRTURRA

D=¢E (2.16)
B=uH, (2.17)
J=0E (2.18)

Hep, E KEI5BE (Vem!), D HBABRE (Com?), H AHIHEE (Asm™
), B RBRRIRE (Wbem?), J HHBHEE (Am?), p HEFHEE (Com?). &
uFo FHRNMBER Fem?) . BIEE Hom™) B IE Sem™) . MEKEFHS
BOABERS (A BAGR BRRE AF2 (2.12). (2.13) ATLAEILA
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F2 5 BRANERBLSREH AT

oH
VxE=—pu— 2.19
k=, 2.19

Vtzei—I;+J (220

REREZAFHIRNATEYE. FEBMED, FBEHIENEALER
THRERA, TR

oH
O, 9% % oE @21
oy oz ot

oH, oH. _ %, .p 222
x oo o

oH

o1, oH,_ % . & (2.23)
ox oy ot

O, OB, oH, 2.24)
y oz

0E, OE.  OH,

el 2.25
a2 o o 223
O, O __,0H. (2:26)
ox Oy ot

A (2.21)-(2.26) TEZ AN R LR P 0Es, S BGHEY
TEZRE 23 Fir Yee BEUSRUETZ KA, AILI/33] FDTD Hi% M54
W

1- Oz kA At
2 251'+1/2,/,k 172 €12,k
Ex i+1/2,5,k A x i+1/2,/,k
14+ O, 488 1+ O, A
281‘+l/2,j,k 2£i+l/2,1,k (2.27)
n n n n
H; i+l/2‘j+l/2.k_H: i+1/2,j-1/2,k Hy t+l/2,j,k+]/2—Hy i+1/2,7,k-1/2
L] p—
Ay Az
1 GupsaunnBt At
H | _ 2Ei,j+l/2,k+l/2 n + & jr1/2.k+1/2
x |4, j+V2,k+1/2 — o At x |i,j+1/2,k+1/2 o At
i,j+1/2 k+1/2 [ j+1/2,k+1/2
14+ 2= 1+ === 298
28, angan 28, ke (2.28)
n+1/2 n+l1/2 n+l/2 n+1/2
E'y l,j+l/2.k+l_Ey i+1/2,j+1/2,k E: i,j+1,k+l/2_EZ i,j.k+1/2
L p—
Az Ay
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T O A R R AT I B SRR

RO J7v%, 1A B 5 S b S MRS R E 102, |12,
H, :':Il/2.j.k+l/2 » H. ."’:1]/2.1“/2,/\- o WK 2.3 Fiax, Yee AR S HL I At )

FE22 ) AR TR, RS o A 2 ) A DU s Iy BIRGR T SLA E, [RIm
WA B E A VYA R 7> BIA G T I A ] o R g A% 6 22 (6] X RS A
Jei » AR 37 23 X B T £ v 5 B0 e PR SR LA L (i 3 23 B A rho 22 00 R 3R
R [FIRE, AR RS 2y ki 6] ) i T 2t e P PR SR L FA [ A R 3 0 B v e 22
AHRFR. WITEE (2.27). (228) WILAEH, i SRR (o) b AH 2 A
)25 Ko FESCRR R o) FESR At A e, FL g 55 7 40 0 A2 B I ARERE, BT LIX ik
RIS T7 ORIy 7

»
>

El
Eypfres=ss {/1:1': ----- 13
> !
s i 1
E R
22 S | EATH
Vi, ;
: Ex
le
E
» 1
0 i

B 2.3 Yee REBUR B E
Figure 2.3 Schematic of Yee grid

242 TELERWE

FL 37 1) SR AR, R B ) R R RROKTN, st R BTl M “ P
RYi. (H2AE FDTD Hik, S4B #1975 BE A0 f 3 o B L AHEAE
E R )P EAEAR R A N — AN ()BT S BT CAE U B T ) K
FORAFAf B B, (EUZ T STHLA P A7 2 A PR G096 A2 TG BR K f P B8 223 () ) 47
fiti it i LUK i i) 30 0 0 B8 2 ) S B ot A R A, B2 SRIX AN 725 RV RE A 4 F 7 (i P B
RER e A d%, JF H AT LAREAT FDTD 185 . Jfy 18 Ffy PR o) 5 B ) JE PR 2
(A) 55280, A9 T X Ak A A PRAZ B 2% 1) (10 220 SR AR R AL B, A Al 380 L F R (AR
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2 & BRENEMBLSREHAS®

)25 () (34 FHAL 4 SRR IF M SME B IR BB WA B R BL R, R B AR
L SHN TR EE R AR, B X SR T)RE 0 T & AR Rk
R, R AZMGHRERERR, HPhikE¥%E J P Beranger B IIRH
24 LA 2 (Perfectly Matching Layers, PML) , 518 £ % # AWt e i#iT
WFEAEE. PML CEOS—MIERILR . IR 5 9 1 #L PR R R 3 =
BI5iE, By FDTD Sk i F ERU 77 R A3 75 VER,

243 BRX/pMREESKNHE

FDTD HIEAE S P B i o) B8 ER M AR, IO B0 G B DR /INRITR [ A2
M ERPEIT SRR SR Z ERME. #E Mg R T KRS HR
TCITERBL, BEE T M E TR K ENF 42— MK . FDTD J7
HEH 0 R BRI R — R R Rk TR, FFAEAR SR B, B DAR RS BT A K
RI %2 T E BB R i, MRNEKNT42Z—. ot MR RN
ZBEE B A R T B KT D, X 2 FDTD 5t A EBUE R EUR E .
F R T RIERR S B A B & W BRI, R gt — P/ &7 8 0 R
MEBURE, RFAART B RBUIRZL W &5 8 I0HI KN E LS 3T B
€ B EUES MK . 8 TARIE FDTD BiEMRE 1, B ae (8] 5 K s BUE % 2
T51 Courant 24559

1

v(AY) < (2.29)

\/ -+ ! =+ L
(Ax) (ay)  (A2)
XE v REBBENRPREEREE.
2.5 FDTD Solutions 3% # &t

FDTD Solutions &M% K Lumerical A 8] 4= ] — KA F# T B KM .
BRI LA B AL TAEE BDSEE R R0 . KA REHIITA. K FFUURN
5 A BAE S th R et R AR RS IR T £ M gEE, flin
EPEAR . BARE(E. (5B KRR, IRERE LRI % B F 548 . FDTD
Solutions T FDTD #ikEM, RARMBHER. WHEEEREK S T RESMH
M. ZEEEAAEGERE S T, PR G ER R 4. 45
SRR, AT LA E CHAE, BB TE— MR T BTG P RS R A UL SR
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TR ERME T HE R RIERA

¥, FEER R LLE & XM EHER . FDTD Solutions .7 L #OLTE, BN
W BT AR FEHBSSESS, MERPETUREECHRERZE SO
TR, FIRE AT AR ASHCIRATT R« WISGAAL B ik 1 S 4. 7T DU R
RGBT EEFMMAL KA, B8 PML. RAMILF&ME. SRUM%
1 X FRAD A BRI TR 5 A LA K Bloch 2157 %44 . FDTD Solutions & 2A 35 K1
EHRA TR, ATURIABEA B S MR RIS, B RE AR BT RAE
B Behh, HEEREE T RENEARARME R, Bl CAE A -
KGRI ARIEITEE, RE TR AR . FDTD Solutions S445)iZ
R TEMEL. RESE A, LT &K, A% URERLEEIR.

2.6 BEIE

FEEERR T EROMOEMBRABETE S, AEEHERANRITR
WTERRMBET . BANET PBHAMERMS, FIREEERES
TSR ERE L PB A (WHESEREERTRHERD Wil FHU
BT PBHMAERATEKR. AEETRIFERES T UNRRER, W
THREE U ERE RIS (GHHRES HRWER, RBEER
MR E A T TR . BE IR T FDTD 83k, 2T Yee B S
TEEERERIEHIERE, 7 T ERRB . BRENHATET FDTD HikKH
o315 A3 FDTD Solutions.
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$3E BETANMNAERAMELNTEES

E3M ETRNMRERMIEONERBH

31 518

FE R T A2 R IE 38 B T O R R Y R RE B 2 T, AT BASE ARk B
RIFEAL. RIRFIRIE . SCBIRITKI T R R, X TR 2
5 8 0B R 2 AR SR AR TAE R SR MBS, 5 =40 al R B A hiE R
AARE, EREATAERRCZIEARS & XEAREERBE T HERRAA
EXNMAMEFBERTREE™. BilhE, EBRSEFHBROCAES
K& B2, BTRBARKHFEMERYENENRY, F£BSH A58
RE MR BRSO ML S, SENFERAEEREREUREHEKT
(8173 3 2 £ AL A0 iR 22 ) o "B AT DT R e Y8 K e 47 53 3R B o UM A HE A 1R AT
SR A0 T FE R L KRR o B AN TR LT AR B S 8 0 3o B St AT AN IR
ML AER 3 B 3iE T BRI BATAR 2 A

RN BRI ARSI FRRPT Z A, sk ReE. B Wik
U REBRGE. b EAKBUEFLSE (numerical aperture, NA) I F 3%
FHHEEREER AL RIEES, EMAESERHERMHLBEFREZHEMN
e, E2 B NE Ry BEMERREG - MEEWER. SR, £5%
BN RS A Rl B R AN BE S LA & TR, HE RRENE RG &
BIER. S MEMEHAT SR . —MHA EWNEREERERY, X
Fhta R B T OB bR R R B AR R/, M SEIR A& TR . B
ZHERMER T EKEIRALM, FrOURER AT A FERRES.

frEARER, TNEH T - METREENREREELIIEEEES), &
E B A [ T B A T R E (SO PR FHE IR AU TE I A X HE A E P T =
LEE (Si02) B R HIP H AL, SR FHRAGHRAN LIRS, TRAEK
GUOKAEF BA R 00 e f . X Sk F R DUR S I SR E ST R
RGCE R 5 2 e R M R Bt . 170 EL, BMWGHE R B P T — MR AR
£, EAHALRUNEHHE T HE SR F e AR R, BRI EER
A 1o e N A9 T s O o S B AR AR T Al BT AT LA S IR A BE A AR BE AR S )
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BT R MR T 8 BOLR R0

D3, R b AR X f A L B DR — B MM Gt R R R GTH L,
FRATHR th 0 R T AR A BB K /N 1 B8 Sk RT3 BE DR Dyt 26 1 Py v e

MAEM . ZREEERN TR B R EMERE, € TERKN 1550nm B, K4
PR AR RE R TAERE R 20 A3 3] T NIRRT IR BB, RSF AN
0.57A 1 0.79%, AHRE IR AERCR 4 54 58.2%F1 80.7%.

3.2 BARBMGHNL

(a) (b) lens 1 lens2
PRE— v
RCP —— :
Pz‘ .
R— i F: o
! 1 :
ai Q
I z = = = ©
X =_pcp™ § : lens1 lens2 2
P: N N
F1
B 3.1 BREERER

Figure 3.1 Metasurface zoom lens
(a) HRMEREERIVRKGH R REREE: ©) NSRRI B P AN R £ RE A AL
BEHIE: () BTN AR, LR R IT S A Kol De= 500 nm, 4l Dy= 180
nm, # H=955nm; (d) AMME/NIARESIR, Hd 0 RGUKH TR AZ, &
HH B C =750 nm, AZHAMUTE TS, Si Ml SiO BIFTH F A2 3.476 F 1.444.
(a) Schematic illustration of light focusing by the doublet lens; (b) Schematic diagram of the two
different focal lengths when the incident polarization is changed; (c) Structure of the unit cell
scatterer, the long axis D= 500 nm, the short axis Dy = 180 nm and the height /7 = 955 nm; (d)
The periodic hexagonal pattern of arrangement, 6 is the rotation angle and the lattice constant C =

750 nm, the refractive index of Silicon and SiO> glass are 3.476 and 1.444, respectively.

R AR EEG N TR WE 3.1 PR, REEFZENMEREERK
LAV [H 5 D 5k JE 795 T T ) S FD o R A BP 2 TH S8 B 0 ot N S0 [68 v ' F) i 9
PR AU, NS 10 45 18 R s s % 48 Ay 7 e T s, A E ) — A B 2 T IE i 828
AFER, B NHEREFOERENIEER, RZIMR, WK 3.1(a). FtET
T 2 T 01 v 1R AR A, AV AT AR 3 I A A A 7 i 3 TS A B — AR 4
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F3E ETHNMRERANELHNEERE

B IXHE, BT LUE B G B R R A BB M AR B RH A (E-ft
BEAGA-EES), WWEHBERE, RNAEFEOMERERZ, LHE 3.1
(b). R KA B 02 B — MR E A E A Si Pk F RIS Sio: &
Hak, WE 3.1(c). FTAN Si GUKAE T R /U A Wt R 5 HE A 3 L
BB 3.1(d).
XU FL A B 2R TH AT LA RO — N A AN BB B A R R BB L, L
3.1(b). HJLAEENAHAGH BT UBIE S EENEERN
E=ffh!(fith-d)» G.1)
Hp i M AN FHIRBOBRIOBEOERE, d RFECEEMGER. £ PH0E
CAEBRZAIEE R, N A AR AT LR R A
fu=fi-(h+d)/(-fi-f,-4). (32)
i B NG B R e, BN R BRI ER 8, 2R
EAIREERE 25 B F R A KD LA F-fo R, B HEREEEMEIEN
HrEENE RN
E=ffhlA-f-d) (3.3)

Jo= i (fi+d) (f,— f,-d) (3.4)
AT ETERRMA, BB EEEAE D EREN REEFEHOIERE.
2 fo=fio HEETTFE (3.2)s (3.4) WLAEE
LU+ f)=d%, (3.5)
T HEREREEERE, FALERR (KEEMEEE) ZRMBEL
RN EFBENSH. ZBEME >0 <0, &5 (3.1). 3.3) ATLLEE
F>Fio BITEX Fi=pF, X8 B REEEFEICFETEL. AHFE 3.1 3.3)
AR RS — A RIER
d=(fi+£)(B+H/(B-1), (3.6)
FEWEANIATLUET 2 (3.5). (3.6) BEREBEMNEARSE A, L4,
HREERIE T PB HA S EE. A -S40 PB HHERME, @
PB ML A HIBIAMEAL AR AR o NIAF ST 44 BEE 2 T 3 G U 14 P T e f P
O KIEIMfE, B =20. AT REGREER PSSR, MRIMERAIHEAIBE
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T % 5 R T[S SO R R

#(x.)=Z (&) - 1), (3.7)

o A R ITAEWK, fRERMEGIIER, x My AR PR 1 167
BAKR . TR IATAT LA B B 2R 15 BEGK A 1 107 (A g f L RAA K

0(x.y) =5 0= (V&3 + 17~ 1). (3.8)

AT HERR A 20 T AHCLEAT, HERTEGORAE 7 L AURA B I DhRe
BRAEFRATIR 23 M N S B R 6 5 6 B T 90 KA 1 AR ELAE BB o s S 8 s A o
U VR D6 o U R P C 4G S B T8I, B S04 S W rs A U A4 4 1R o
(145 28R AR AR 0 KR T [l 5RO o T o SO e o 1) o o 2 T ) B
P, RUIRAT T A A AN B G BUM AR REAT 20 4, TR AT 7 95 R & AN KAT 1 F A
(¥ ) SO P B A0 SO R . IX L, FRATTJE T FDTD solutions 8 fF1H543 2] 1 fA
PERG BT KA RS IR e B B0 A, LI 3.2 BE MR URAE 7&K
AR TE AP L AT 0 T, AT DGR B — A 5988 & 1 i BT R B v A - %
(Fabry-Perot) L8R AIEFH o IXFEREADSGKAE 136k T HUR1E A 32 2 iz gk
HFH SIS ERE, LA E A B 7 B A2 .

magnetic energy density

A 3.2 ERFEEAERZEANNIORETRORBEEENA, REBEFHERIK
BT R

Figure 3.2 The distribution of magnetic energy density when a CP light is normally incident
From the substrate of periodic nanoposts, the dashed lines denote the boundary of elliptical

silicon nanoposts

KA ROV R0 P A8 B 1T 3 B0 6 A9 68 010 K A R R i 2 7 A AS [ B A5 T
3 o BEANYKAE T 5 6B BN — A IR A AR L A O LR DG S AG
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%3 & BETHAERIKNIELINEEER

fadRAAHNL . 9 TR BAALSCR ., o MIMGEIK KIS Dy, D, Z MK R,
G x A0 y-f iR R A B T GUOKAE 0 x R0 y- iR 0041 75 14 43 50747 -
3 KA AN HE el o AL o, @y FIBSEE T, T, 43500 5 M IR T KA 1 K S A
Dx, Dy Z (AR R R WA 3.3 From. BATAT LU g # A& i KA s, A6
o M oy IZAEN mt IZFEMRIEI UKL 7 3 fT ABE 1 — A8 B MR

(a) oso (c) 050 (p)f(rad)

0.42

Eo.
3
=
oo (rad
l" 0.18 '
05 06 0.7 05 06 07,
Dx(pum) I Dx(um) :

Ty

o 50 Qy(rad) | 1

0.1

.3 04 05 06 0.7 4 J
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B 3.3 WEPORET HES R A
Figure 3.3 Transmissivity and phase distributions of the elliptical nanopost
(@)-(b) x Fl y MR/ BN, FREDURAE T RE S 00 T M T, 5K5 D, A
Dy AR R (0)-(d) FERGKAETHIALL A 0. M oy 55 DA D R R, Hb At
F 2 3 B AL A et R A o
(a)-(b) Transmissivity distributions 7 and 7}, of unit cell as a function of the two ellipse dimeters D,
and D, for x and y-polarized light, respectively; (c)-(d) Phase shift distribution ¢. and ¢,, the

white dashed lines mark the optimal diameters of the elliptical nanopost.

MR LT AR, AR T BB G TR R, e

HHE 53 38 D«=500nm, Dy=180nm. IXFEA G KAE 5 ol LAF= A n A 22 R)
HA 0 Wm0 IhRE, [FREES R &k 00%, WHE 3.4.
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Figure 3.4 Phase difference between x and y-polarized excitation of unit cell with high

transmissivity
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Ao BOKHVRINS F A 1500, i e 6 R0 1 ik 89%. 11T NS B 't 3 L
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Figure 3.5 Polarization conversion efficiency of the metasurface
(a) A& X f#% (Cross-polarization) F1[7] [ { % (Co-polarization) 1Ji& 5 2 (b) A5t #A 0°, 50,
10°40 15°8F, 4RI 98 KAT 7 f) i B 4 280 3
(a) Cross-polarization and co-polarization transmissivity at normally incident CP light; (b)
Polarization conversion rate when a CP light is obliquely incident with four different angles of 0°,
5°,10° and 15°.

BT LR R THUN RN AR RS, AT (3.8) R LG U4
AEHIL, HAME] T Rt LN BUEAN B R RSB RINLEH, i 3.6
7R

s Silicon (b) NS=vNEI-

SiO2 substrate

the doublet lens

B 3.6 BRIRAERNEHTEE

Figure 3.6 Structure schematic of the metasurface zoom lens
(a) BRMBEFFN LM (b)) BREEEBBESE N R RER.
(a) Three-dimensional structure of the designed step-zoom doublet lens; (b) - (c) The expanded

view of the metasurface lenses.
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FEFE S Ai=3um A fo=-5/3pum; A5 8 [ fh ' BRI, ol 2 T 0 e R
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B 3.7 EREERBRNERER
Figure 3.7 Focusing performance of the metasurface zoom lens
(a)-(b) =47 HE[5 {i 't FIA B 8 i ' 2 ol NS, 3 34 1 22 A 3 15 281 (4 9 /> B BEAE -y BRI
ISR (o) ROt il #E R A BB B /5 1E x-z A 92 LA A7 -
(a)-(b) Intensity distributions of the two focal spots at x-y cross section for LCP and RCP light,
respectively, the two FWHM values are 0.794 and 0.574; (c) The light propagation through the
doublet lens for LCP and RCP light, respectively.
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AV AT LAF B A E A AR B 4y SR Fr=7.5um 1 Fo=1.5um. T /& A8 4
BRI EWE X Fi=pF, AU B %R AR ABEM TN 5. RIEM)Z
HRHHEBE P A Si02 BRI MK 2.88um, 55 /NI R MBS 2427
8RS A=2.5um.
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A 3.8 ERERARBHENREDHT
Figure 3.8 Performance analysis of the metasurface zoom lens
(a) ATEBRIEEENGE, REMFEK FWHM SEKABHXR, b) AR R
3ONSFEY, x-z Al x-p LA 5RE 43 A6 o
(a) Focusing efficiency and FWHM of the step-zoom doublet lens vary with a normally incident
RCP light; (b) The intensity distributions for a RCP light (oblique angle 3°) incidence at x-z and x-

y cross section.
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K hEB m R4 e B m R RE R EFFEPOEERLEDNE 3.7c) Fir. xt
T BE B oL A0 A BEE ot R 8, R AR BB R 4 5 LA AR BE AN AE £ BE TR
REANGHR. AE3.7(c) TUES, BEAREEROFEMH TEEXTEEN
ETFEMBILFLTRE—ME (=247um), i EERESF BB ITHEE
2.5um. BRATEBRETENFANTHRFETFANVCERE, FBREX
EZEREAMTEGRNA. REXFEE AL TEFHEFERI=ET
FWHM BRI E SETAH FERACKEENILE. (FEEERY
ZERAREERRARROREMBEMELE. 17 R R bEE W5 5
NGRS, HMEREHEBEBHEE NA K 0.66 1 095 FEIEEBES R 80.7%FH
58.2%.
HEAREBEBEOREREN FWHM 5\ 5 804 e B iR 65k K 128k %
RinE 3.8(a) Fiz. BIET LUE B RABEERE TERKKR 1550nm B B
BRENRENENR/ FWHM. AR EREREHBRADEBELEN
BHHEARMNSHRAN ERE. ATEG—SHTBRETEEHENREN
t, BEVR T ARERSLL 3° A AMMANGE HREFR. SROTEEH
AR BRI BB LIS TR E 3.80b) Fim. MBI LLE MBS LR
FETE x=0.09um &b HIANFERT, ERREP O E (REANGERE
MEEEAFEERHEME 0.08um (F2-tan3°).

3.4 KENG

EAED, TR T — A BHFEA B RER IR AL B EER,
EHMBEF Si gk FHAE SO BEERNFAEHR. SBROEFRTS
HBHERNLE. PB MAREMEROREE RN RERBEMRIET T 2R
AR, REY, MREREFE T LUAT BN\ H BRI R SRBETD)
b (KEFEMEAEZ RAMEEYIR), THEEA R LR % RiFE T
MALEAEE . £ NA=0.95 f1 NA=0.66 B 73 BIRGH N BAELEB K/ A 0.570 f0
0.79A, HHRLHIFTAERR S FIN 58.2%F1 80.7%. XFENMEFEARIEH B ATHHR R
HFERBARRXIRY, BT ZBRATEEERERIBNT RS PRARE
FE. 5SEGNTELERGMHL, BNRHNBROTEEHAGHE. B
B RIESMR A, BKRKIBA TELOR . hFBRE Lt AT HERBBNL
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F5URE FEL /R R T €0 S 38 K 43 % 2 1B A B T SR A48 th R 2451 ISP T B B
TEER KB, AR ALk (TIo) B AHAERITH R R
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EHTHEBM. BT HLKEH SR, REVERERLRETEREFER
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(UeSel . p T Ik A B AL BE PR B RO BR AR 45366, XL 2 T8 2R I OSSN B8
S0 e 0 T O ARARARIS) . FRI b, TR AR A B T T R A B S IR
By FE. TEFRESETHLEREL—PRR,

AERBT —MREXENR-ERBEEHEET, EAHERRSY. ARFH
JiEs F I TO2 MR TRk THAE R A Sio2 MIREK &R Al R4 L
Bie ASHETTCIE SiO: IR R KBRS £ K, FM—1 Fabry-Perot i, &K
S e R 5 . A R TR A R R T Dt 2 WA BT B89 550~700nm, R E
& 91%, MMIRHEMBFERIL 87%. LLizmME . BHBEE R, Rit TR
APHES, LWERAENROREERTEERRTRORETHRR A5
BKA 600nm BfEBEKIR A 434nm. BEit—4, AT IHRREREAEE, &K
IR P 22 () AR AL B o SRR 2 500 B2t 77 XU RURXUE 1 T 125 45 » R 2R T ) B 7 5
TR Fe R UL R it RE T, B T RSN AR RERA R
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RETXEROBEEWERLTWE 4.1(2) B, JUTRREEK Tio, #ilH
gkt FCEERERMNSRNIES 2R Al A7 L, FEE Al 1 Tio;
PR T Z0F 2 Si0: [A[8Z, B Nl & Si B2&.Tio: BA W= HFTHE,
RAR IR RERE, B8 BB AR TE A LGB BRI /N . NS B G0 D
e S WA K AL+ B 51 A AR RLEE P Ml B R A . BB — RO,
WA 4.1(0b), StEEHE MBS MR 7R SI0: IREREHERE Al X
SHER. @EEOT, XRIERRERE STV E B . XA SR E
BA—NEA BT (Fabry-Perot) &, 7+ HEA1AT LURAIT A SiO, BIfEZ K E
B RS ER K. BRibzbh, IXFRESIG5HIE T LASCHRTE x-y P AL HR I AR
No BFEAR T, TiO GIKAE T8 FI R T IO T 22 SR [A) g 2 4 T LA 1
Bz, XHRE-RNAFERE, LB 43(c). #FEXTOBINE & BT ER

REARDLILAC 1 ko = m 2;’ » K ko REZHHBER, m BH, P A TO,

GUKFE 7 2 (8] BE S th 2 R K S AR B TRAVH R ST &R 5
A LA PR 58 — HOL 2R AR, 9 T RSB S M, P LART T
TEBAKTE TiO: KA THEE MK . R8T #RRMATHEER, P LA
AT EEZ R XN ATUSHERR P IR,
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B 4.1 RAERENERRTARETRRERE
Figure 4.1 The unit cell of the hybrid metasurface and two possible optical paths
(a) HRMIEALITHILZER AR E, TiO MEIEAUKAE T #KHh 1=236nm, 5 5h s=84nm, #
hi=600nm. & P=280nm, SiO- 8]k /2 /ZFE ho=50nm. S5 6% Al #1/E £ hs=150nm; (b) 2/
—FOCFERAE, EAR-ATEARRA; (o FoRorERE, mEHEA.

(a) Structure of the unit-cell, the long axis of nanopost /=236nm, short axis s=84nm and

o

Si02
A
-

heighth;=600nm, the thickness of SiO: and Al layers are h,=50nm and h;=150nm, and the lattice
constant P=280nm; (b) The first optical path, Fabry-Perot cavity modes; (c) The second optical

path, waveguide modes.

N TG R K R EEROERIRAL, B Tio, MEEAKAE L SR A Y
Webr IR e D he, ARG B e S5 A0 R 5 e el AR A Bl R o't . At
FATLE x A0 y-fdiR 73 BN HEE TEGKAE 1 850, E AT R 77 1] 23 51 55 4 [ £
KhhANRL R AT, 1932 A R A BT RO R ALK 4.2 B,
HEE, BREEARIGER K 550nm~700nm (I7GE WL » A%, [FIE
x Kl y-fdie ot (4 R S AR &, ik 91%LA L.
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Figure 4.2 Reflectivity for x and y-polarized light and the phase difference between them

R MEF AN PB AL BEIRTS 7 B AMAL AT, 38 e A=) 22 ()L
ARG 145 52 O A BE SEBUAR AL B AT A Y2 o ST PB AL 52 ) S S 2

R E BN REE AR T B ITPKAE 7 BIBER , 0 KA 1 1 RS R A T
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................

Wavelength{nm) Rotation angle f (degree)

B 4.3 ERREBREBZABESHKRETRRARNRURR

Figure 4.3 The circular polarization conversion efficiency and the phase shift varies with
rotation angle
(a) TiO> HHE T4 KA T-7E 500~800nm % 1< 4 Rl e 20 % (b) 2T PB AHALIY
GELDA SARSERE SRR 323 {0k S

(a) The circular polarization conversion efficiency of the designed dielectric-metal hybrid
structure; (b) The relation between phase shift and the rotation angle of nanoposts based on PB
phase.

PEB K AU, 1 H 5 T T, AR FDTD Sva@ st b 2 i & A % o
JURTZH 1, s, by A by, A6 E00F B0 (' PO A1 A 460 2803 B K o 6 2 T 6 AR B G F
R K 4.3(a) Fos, BERTE, fEmRERE 550nm~700nm [FIVEH A,
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3E X Ak, (cross-polarization) I S 55 £ /ik 87%UL b, 38 X ARk gk 2 5 A4 E
D 6 BE [0 FH I B0 I R O, 00 B 2R THT L A R 38 O R S Ok i o R R AL (co-
polarization) 1.5 &2 1N B i ' 5] 1) O i e ) R S R 2 2% 4R34 PB ARAL
R, T L@ e A R AL B A E Ak B T 3RS 20 RO BAR, b
6 NYKEE FEFHNRIER AE. Fit, FAITCGRSRESRETIRE 0 3
2o BAMALX A AIARDL R, W 4.3(b).

RETBUHERE A T LB FEERNEETRE, HAHALKATNRE o B4
WM TR B

o) =2 (D1 - 1), @)

Hrr, x My 7 TiO: BETEGKAE FROMLE 45, A ATIEEK, f A PHER
MiveitfERE . T/, w1 PBHIALRHE =20 AT LAS RIS T RIS AR A
6(xy)=50=2(JoT+>)+ 17~ 1) (42
TEEFER f~Sum, TAEBK A=600nm B, & RGEREFEEHEAEHW
B 4.4(a) Fis, ZFEES B 30X30 MEREEARL T, WE4.1@). &t
M PHESAE NA 4 0.65 B, BT REMRAR . REMEREFEEH
AT LLAE S 1 26 e [ A 06 3o RO T A e R ok, F R R EE IR e M E .
#IH FDTD J5 7445 BAS 2)F & B R R AV HRAE x-p A xz BRI AR I 58E
UH—LHISEREIE?) 444 M 4.4(b)-(c) Fix, % TPHEBEAAEALNERE
tEfRE, AEREH FWHM A 434nm (0.721), £EBEAI R M BHE A7 5 AR PR AE 1 B2
PR EA Bt friE, WE 4.4(d)-(e)-
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Figure 4.4 Structure schematic of the reflective metasurface lens and the focusing
performance
(a) SO B R P [0 B AE AR BE f~5pm, TAESK A 600nm B L5 B (b)-(c) R
ST R AE T I -y M x—z B _EATRIBIERE N (d)-e) L EREHOLAHIATE x
oy Hi 3 — b am B i, MR EARTE R SEBER) FWHM {H.

(a) The schematic of structure of the planar lens. (b)-(c) Simulated electric intensity distribution of
reflected focusing light at the x-y and x-z plane, respectively. (d)-(e) Normalized electric intensity

along y and x axis, and the marked FWHM, respectively.

43 S5t
AT o AT AR I B A A R - R TR S R KDL B R AR R 0, 4R

(4.1) Hi3 it i [52] 't T LN S I ol 2 T SO S SR AR B P T g b L (O,
0) Abo BRTIRAG AL B RAERESL, AT AT LLF] i 2 0 S F H R R
BV -p) FAERENLE (o, yo) Abo BRI, S5 2 2 01 [ 3 8% (0 AR AL 8k
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Figure 4.5 Structure schematic of the multifocal lens and the focusing performance

(@) REFNBRE L EACFHERNERRRE: (0) RN RERHAEREEE T E
SR, BANEBE AL T (x0=0, yo=2.5um) Al (x¢=0, yo=—2.5um) ; (c) L FH /=R
O y BT A UE — R RAE S A, FEBERT FWHM 43y 448nm A1 464nm; (d) #145 x i
Fr 1 FE A PN R PE RO V3 — LR BE MG . P NEBERY FWHM #8249 460nm.
(a) Structure of designed planar multifocal lens. Inset image shows the zoomed-in local structure
of interlaced two different arrays; (b) Simulated electric intensity distributions of reflected light
in the x-y plane at focal point; (c) Normalized intensity of two focal spots along y axis, the two

FWHMs are 448nm and 464nm; (d) Normalized intensity of two focal spots along x axis, and the
two FWHMs are both 460nm.

XREEANET R REEERE, B A5 46 8 075 ¥ (superimposed
phase profiles) % it 1 — NV HESE, AT LA 3 3F H 3 A A e 2 A7 [ w4
P E P1 (x0=0, yo=2.5um) F1 P2 (x=0, yo=-2.5um) &b, FFF f~5um, T{E# KK 600nm.

KA K5 A5 M B X PR €A A A KA 1 B AT M IR R RS LR X 2 73 A
(7] (9 SR AR BB A W A AR (e i R E e XA AN SR AEALEL Py AN
P2, JX AN R B0 €2 ) A KA K ) 23 30 7 A P 7 22 (O RAE B AT o R TR
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Figure 4.6 Structure schematic of the multi-wavelength and the focusing performance
(a) RETEGERE 2 WAE T AR BN EE: b)) K FEERIKS
KT AN AN RIS B0 SRS G IH TE -2 #TET £ L35 58 E 43 A
(a) Structure of designed multi-wavelength lens; (b)-(c) Simulated electric intensity distributions

of reflected focusing light in the x-z plane at 680 and 550nm wavelength, respectively.
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ES5E BESRE

51 BE

WIXCTEARISIA T PB ML RER A AR /RERE, MEWH THTHREIHE
{34 BR 2243 (finite difference time domain, FDTD) &%, 3 F PB ML
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