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Abstract

Abstract

In the traditional optical imaging systems, lenses mainly rely on the principle of phase
modulation caused by different thickness in the propagation of light to realize the
function of focusing and imaging, which has strict requirements on the shape and
thickness of lens, and thus is not conducive to the integration and lightweight of the
optical system.

Metasurface is a kind of arrayed film devices, which is composed of sub-wavelength
unit structures. It is also called two-dimensional metamaterial. Metasurface can flexibly
control the basic information of electromagnetic waves, such as amplitude, polarization,
phase, and so on, with the interaction between its sub-wavelength unit structure array
and electromagnetic beam. Compared with traditional optical lenses, meta-lens are
widely used in planar imaging, holography, beam shaping, super-resolution lithography
and other fields due to their advantages such as lightweight, conformal plane and easy
integration. Therefore, meta-lens is expected to break through the limitation on shape
and thickness of traditional optical lens , and become the novel optical devices.

However, in practical imaging applications, a single-layer meta-lens can only
modulate a beam with a small angle of incidence, while the off-axis aberration is severe,
which greatly limits the imaging application of the meta-lens. In order to obtain the
information of object space in a larger field of view and realize large field of view
imaging, the limited field of view of meta-lens is analyzed and researched in this paper.
In the ultraviolet and visible regions, two solutions to the limited field of view of meta-
lens are proposed, which as follows:

1. At 375nm of ultraviolet light, a polarization-independent cascade meta-lens
doublet is designed. The propagation phase is used as the phase modulation method of
unit structures in the meta-lens. The polarization-independent focusing and imaging
with resolution approximating the diffraction limit in the 60 degree field of view are

realized by two aspheric phase modulations on linearly polarized incident light with
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different sizes of titanium dioxide nano-cylinders.

2. At 532+5nm waveband of visible light, the three-layer cascade meta-lens based on
geometric phase is designed. Left circularly polarized incident light is modulated by
different rotational titanium dioxide rectangular nano-cylinder units, and the focus and
imaging with a bandwidth of 10nm and 90 field of view with resolution approximating

the diffraction limit are achieved.

Key words: Meta-lens, Cascaded, Large field of view, Imaging, Diffraction limit

v



H %

H #

g = O 1
Ll B B ettt R e 1
WA L8 SESTE Jicil: 0l 3L - 3 2
13 BREBIBRBIATTHR ..o essss s 5

130 FFRRR oo sss s ssssensess s s ssaesenss s 6
132 BRI ot st 7
14 AIUHRBEBREIBREATATIDEK oo rinersisenssesnneen 9
15 ZASCHITATTERR. ..ottt 12
16 BXBRABREEBRHEE . oo srnsenenes 13

F2E BARBIRHBETEGZE . ennisncessnieen 15
2.1 B B st s s st 15
22 BETRIL .ot 15

220 REBETHIRIL ..ot ennnane 15
222 AEMIMAGIRIE. ....coooooooieeeeeeeeeeeeeee et sasn s 17
223 JUATRBBLIR.........cooooereeeeeeeeee st ssss s st sssesssasnes 17
P IR . U= 13 - y b OO OO OO 20
230 REBIBIETE ..o ssssessssssssss st s ssssee s saasssssssssssasenenes 21
IR CE: 21 E L 22
24 FEBEINMEE ..ot 23

BI3E BIMNAAUGEHERAERHRESREAR ... 25
K 78 =1 10O OO OO SOO OO OO OO T SO OO OO UT SOOI 25
32 BREBBERNAEFERITSARII e ssenes 25
33 BT S R et 32
34 BEREEBRNSETESRERBITEI. oo, 33
3.5 AREEVE ..o st rees 37

P48 ARAAMGERBRAERORESRIEHAR ... 39
v



KB EBERABERKNEES RB B HERAR

Bl G B ettt ettt eas ettt et e e e st e eeeae e neeennae 39
42 BEREEBHEF I SR e 39
43 B S B T et sen e 46
44 BEROERNSEITTSBERBBETT. oo, 48

441 BB KSRAIIABESBRIBBRI ..o, 50

442 Snm HFERAEHOKIIARESHBAREII e 54

443 10nm FREHAMIGBESRIBRHBEDI oo, 57
B  ZEEEIINGE oottt e e e ma st et ea et ee et enaens 60
IR = 3 - 61
T B o 4k =1 2 >3O OO OSSOSO OYSRORRTON 61
5.2 BB B B oot et ee st e e et e ee e eeeaenenene 62
B T R oottt ettt e ar s s st s 65
B BB ettt st 73
EEEN REFHE L RHOFERILITESHAFRBER oo 75

VI



HEZ

1.1
E12
E13
B14
@15
B16
A1.7
E18
1.9
@21
@22
23
A3
A3.2
B33
&34
B35
E36
& 3.7
4.1
E42
4.3
4.4
B 4.5
M 4.6
4.7
B 438
B 4.9

EER
T TR R R oot 3
SHIMIR . RPRRREE. .o ssnsseens 5
RBRELEIISRRE. ... ssss st 6
T B ERBRE ... oot ssss st 7
iR A1 3 A R SN A S 8
BBRARBARIR oo ssss s sssssssssssss s ss s nsssssas 9
MEBBREMISWHREER ... ssssssssssssss s 10
BRARERFESHEBEER. ..o ssneas 11
E2=T Ik Liipidi A=A L1 SO 11
PEINSEER LAY JUTARGLIRIBE............ooovvvereeiconnseeeessiaessssessssessssssnsssnnens 18
FRISIRRRBI TR oot ssas s s srss st st ss s essbens 20
PRUABRI I TR ...ooovvevveeeeeee s sessasessssessess st s sss e 22
PRBEREBERD DI EABIDHE. ..o reerenreenerrecirseeenes 27
NEBEREIER I BRI ... 30
pUISE e g iiiBvia s ROTNR: 0NV E s i1 2 O 31
BREMEERTEMTTSHRER DI .o 32
FhBHEM—ENERBREBETIGEAE. ... 34
xz FEEFEAF AN EHANEBREETIEN CST (HRSHE....35
EFELERRNG AR RS IARERE. ... 37
CRBREIBHSHIXEMBGIEEETE. ... 41
ZRBREIEREMARCEBAMGEIBXRRE. ... 43
FLRKLETFRAS B RARERDA—HIRER..............ccoeoene. 44
5nm B RAATENG A EARAELDTT—RER ... 44
10nm FRLEFEINGF A ZORELT—UBER ... 45
ARX=REBREEILITERITEE........cooveve e riscseens 46
10nm FHEAR L TTEMNBEFIBTLRE ... 48
CEBEEERTIERER. ..o 48
ID ZRBREMETIGERIREERE. ..o 49

Vil



KSR BERMBERNEE SRR R T ERR

A 4.10
A4.11
@ 4.12
@413
E4.14
@ 4.15
E4.16
E4.17
E4.18

LK 532nm AT RIMIH THE LA —LBER ... 51
UK BEEGTRERSHE. ..o, 52
LB A R BUIF AR IR IGERE. ... 53
Snm B RAFEIRD TAOELYT—HBER ... 54
Snm HRLHBEGRERIIE ...cooeecrccrecereeenerecenne 55
Snm TR AITIBRRIRITIGERE ..o 56
10nm HFRLEFFRA TR LYI—REE ..o 57
10nm FHELHIOREAHRERIIE ..ccooooeccciccens 58
10nm HRALHAIIDEURBTIERE ... 59

VIl



REX

£32
F*33
F4al
Fa2
F43
T4

REAF
NEBREERS N EHAMERER a b SBWE.......... 29
ENCIVN - B ST K8 61 36
FEELERBIEBEIRE ..o ssee s sean 41
FILERKETRAFH A A EBETBIBR. ... 51
5nm HRAFBAF A HAEBLREBIBR .ccooonns 55
10nm FHFRLFEANS B EHERLETBIBRR ..o 58



AU ZBERTERNRESRBE R HERR




F1E &S

F1¥E %5

1.1 51§

FEEAE N — TR T H E B ER D 30 NEREFIBARBBKBTER
RS, 27 THEMELAIFMEAZE, X REAFRBRAILSRIFE
RERK PR ERZ—, TTRENAEXSHZEEARTUR LS.

21 ALK, HEBRRCERE, MINFAZEREEBRUSRELNTE
RWBRBE, XRFERIWLEMRTED REREEFREETH. &
P S, fE0E S R ERBUEEZXEDCEMMRR N B K, FHit, SRNERE
5B RE G LREN, BARFEMTRE TERHNER. BRibzs, EY
KT, BMER WA RS MR EBRRE N o8, it I,
RBFEATSER R, REWERYESBEE-NTHEEKU L, 382
TIHE TR A R A B 2 R VR R AT AR R EHE R 5RE K
B, TRRERBEFER ¥, HARELA¥RENERUNREK
MERER. B, FEIRFTALFETANERESRATR, RRBEELHL
RS TR AR

BEEREFAKAMIRN, —BA R AR U B R OR = S —
$#” (metamaterial) USIBEZ $E4:, AT BEBHER R RAEERFR B SRR
MR R &R, 5 =it 3L 8 AL Rk A e TR ¥ — 4kl
—BRKM (metasurface) BT B THHAAR. HTFEEKRTMBRAESGS
W BH 4R P IEARRE, FETIRE L ARSEXE I SCOURT RE IR MRS EA(FR
FAEERE, ERIFSEH EANEANE S, BREERRCZERCAEZEN
MR, RAHESRERS, BN ZEATFPELRE. £88E&.
RS 5. JERE . BAPAREH AT .

A AR AT BB R R B . BRE M REARRE. X
REGERMBERENF AR, AXWHATER. RIXMRABESENTZH, 54
FERAT R



RS RB R IEGR K RE SRR TR

12 BMHNS5BRENEZRER

EER, BEEPEEEBHIERIE— 5 KRR LA AR,
AT EERS o ¥ R, REEMR RtERE, —Frizifee
PR BB TR A T MR WA, 8 W AR AR, K
ERIRPUS20, PR —F B K R T T2 A S T R E & = 4%
BRAPRHZI2), R EGEE A i WK BT M M RS RIEAR, 4L T RS
SEHEF T ARIRESI A M, RS STEURT B Ak e R AR A, T HT A Gt
BHAREE, RIH BARTEH SRR R &R B R, RIETRTR R
&R R R .

#EAT L (metamaterial) — 1 K H T2 E £ 2K Rodger M. Walserl®), HH1“meta”
—HETEREE, AERENNERFBHE L. BE 1967 £, —MFie X
g 3T AR P IRAR S B DA VeselagoPIFT R, Ahe i s R E S S35
MBERZ )G, 2RI R TR TR R B RHE, Bn. SRR KR,
PG RRCE, L EBRRPIEE . R HT AR L0 K4 BRI R UE,
BHHEEF 7B K RRIFR. B2 1996 4, Pendry A TERUKMKE, iF
\TRAREREE, 85, RS TRAF SRR FEERRE TxE
BARIIBAR, Bk, RIESX BRI T @D AR PR, SEEMRIKETA
WM EEFRIETAE.

BEE BRI R ARBRN, BT EASFT A Rk S 4Rt 5 i
KREHRHE, BPRLRI i TR MGG RABA R BRHS, BUE KET
TAEH BB ARHR 7T 7 ), $E5F 50 B ¥ 10 I TAHXS & A E AR N &
B BRI SH E BRE R A BB R BT RESIA &
ARIFE 4, AR HE B ST R B A (S B B, X(RMER
H AT B GUE RS o ¥ R R E RS, HERAT —RO6%
PRI AR A

2008 4, AN T Y% B K E LR = WEt S E PR Y T R AN A T
KERITHITH AR, HFHEEGHENERMKEF AL, LR TR
I EAST, FTHE T A4 Snell EHMMRE. 2011 5, BHRFER vaNPHRE T

2



IR %

hillig

7SR RYT RGFERE, FERA V BLR A A RAAMALH R BT, R E
(I HE S IGP 2E R B TT A5 KR A1), SIEBR T R e e SR A R o

ZCEPE Y, BRI EA RIS S JEHE (Fermat’s principle) H
K, B R R 5E 1 (Generalized Snell’s law) [ 3&Rt 2 F, @3 B it B8 B,
B 4P T AL B BE FE AR CL R ), SEBRXE R BRSO, & Bz H
.

B L1 S SRR R R )

Figure 1.1 Two-dimension generalized Snell’s law of refraction 29]

AR B S IRE TR : SRR (B AT AR AT, A — AR R 34— R B
MR+, HEEwtad 2Rk HeE kR, el r e miE.
A 1.1 SRR, MRS EN n i) A AT PMER— %8R, @il
T x, BAGTHIEICRE S — I EN 0 BB 1, e MERS LT

GRS = [ 7 i Joson( 7 | AR BASROTAY . 1900
B, TR DLEE] A, B PG ARSI SN, A xR

ARG BT BIo{ 7 |~ ['dof 7)=0: MIMERT x . WAL

mm,%ZE%—m%ﬁﬁﬁﬁﬁw,ﬂ%@ﬂ—¢%&mmm¢ﬁj,x¢m

3



KL R B R B B R AR SRR R

REFREEMABRE, , HHTHEBE B AR B A MR B
of7ar)-of 7. )+ [[Rar, s Dtttk MmRER .

B+ ARG AL S NRBREBFHIOLEREERE, 48R FERNLAXE,
BRrg 2 A= 119,

[k,n, sin(6))dx +(® + dD)] —[k,n, sin(6, )dx + D] =0 (1.1)

3 B ko AR AL 22 SR BIBESR, JETRMI NS A1 547 58 A4 50209 04
6 ®HdO 4 BRI RE x HERFAL (LOMKR) 2T RRALE LR
BrgAsHA o ARFGER W EAMEEEEER, MR SFRE/MAMEENT

&, ATUVEREAES T T ERP (1.2) AT REERRT (13) .
4, do

in(@ )n, —sin(@ )n, = —— (1.2

sin(6,)n, —sin(@, )n, Py (1.2)
A dd

in(@ ) -sin(0 ) = ——— (1.3

sin(@, ) —sin(6) 27 o5 (1.3)

ENSE, 020, Wit XITRHER, TUGERBMH. KT

6, = arcsin (%%D) ..(1.4)
6, = arcsin [%%b) (1.5)

mE 1.2 iz, RBEADHZEIUTRENRDRE, FfE TUESSFH
=TRSO kgt BaEAnati.e. 2X0NFR .

' 1 do
n,sin(,)-n, sin(g,) = ——

) 1 df; & .{(1.6)

6, )si ——

\cos(  )sin(e, ) s

' 1 do
sin(6,)-sin(6,) = ——

) ko & (1.7
cos(6, )sin(p, )= n,lko %




B1E 4%

Incidence
Plane of incidence

' - ik
ISR e o L z g 5.5
d ’ 3 Sopive
s ci5fiRey
t t '
vy z
"
d
X oo J X
Transmission y

B 12 =4 XFHRERREED

Figure 1.2 Three-dimension generalized law of refraction and reflection*’]

&ﬁ(m)ﬁﬁﬁ(rﬂ¢,%%f§ﬁw&ﬁﬁL%ﬁﬁﬁE°
y

. SHRHT T R R AR T = AR B R T X
REIE RS, AR A S BBkt (7 B e 25 ) TR B AR
ﬁ%éﬁ%’%%ﬁﬁiﬂ‘]#ﬁ&ﬁ%%\ ‘;;j SR LA ol S 472 o
RIS, 7R B S R R Bk, PR HEBIT R, B
AT ARA R R SRR, AR RCRERE B, A0S ST RS HL B R
RS MRS B H T RS, ScBANE B Th R

1.3 BREMREHRIER

R AT FCIEARH 2 ), WA B REN I th R &1, A% A A ANE
R PP IR 2B BB PIAIT RS &, BRI I B S 5 8 Fe et
J .

13.1 FHERE

JUSCHT SRS SERRISR I, T TS A O R R o S RN TR B
T, AV HRET AP AFREE, S5EESREIEEAR, @REER
GO RE, FEBERIXH S 4 X0 i T R S50 8 HE T B BOR M AR L 3% 70 A1, @i

5



AR I T B 10 R 5 BB BTy i T

Y P A- T R B R ) S5 4, SRAG H BRER I AT, 49 R 1w LA X 5 1% Stk
BRI LM AR, A8 RBE SRR RBTT%.

B 13 BREEHSREEC

Figure 1.3 Structure of metasurface and subwavelength resolution imagingl®'
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Figure 1.4 Broadband achromatic optical metasurface devices!*’]
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Figure 1.5 The broadband multicolor hologram imaging of metasurfacel*’)
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Figure 1.6 The hologram images of metasurfacel**>)
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Figure 1.7 Structure of metalens doublet and imaging results
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Table 3.1 The parameters of phase function constants a; for single layer metasurface
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Figure 3.1 The simulation of single layer meta-lens

(a) ray diagram of the single layer metasurface, the diameter of metasurface are optimized to 400pm.
(b) the simulation result of MTF(modulation transfer function) for the incidence angle of 3°. A black
line represents the diffraction-limit MTF curve. (c-i) each diagram of the focal spot intensity have

been normalized at (¢)0°, (d)1°, (e)2°, (f)3°incidence angle(8). scale bar:1um.
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Table 3.2 The parameters of phase function constants a; and b; for meta-lens doublet

Metasurface  Ro(um) ai& by ax& b a& ba au&bs as&bs akbs a&br as&bs

Metasurface I (a;) 400 159.16  -596.916 -5386.51 59041 401200 1561900 -3269000 2849200

Metasurface 1I(b;) 400 334336 159.68 <72793 203743 -3357.14 31351  -153892  308.7

I — PR BB A AL R R i, BUAT LUIEE MATLAB 3447
W R EEFE AR H AL BAARACE TS, it UEHE - ENE B
R TH %o LRI AR L R B FE BRI

29



KA 590 40 Bk o 4 T 8 % M) R R 5 AR B kit T

~
I
-~

»n
N oo w
~
o
=

15
1
05
0
.5
-1
5
2

phase profile(21m)

-0.

4

m -900
02 016-012 008 004 0 004 008 012 016 02 4265

21325 0 21325 4265
Radial coordinate(mm)

Radial coordinate(um)

B 3.2 X R B 53 o L XA B 4 4
(a) BB — ZEREN RLARNLEREE, (b) 58 R MR X B RAE LR . AL R xR
Figure 3.2 The phase profile of meta-lens doublet

(a) Phase profile of metasurface I, (b) Phase profile of metasurface I1. Phase is centrosymmetric.
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Figure 3.3 The simulation of meta-lens doublet

(a) ray diagram of the meta-lens doublet, the radius of metasurface I and metasurface II are
optimized to 200um&426.5um, and the thickness of silicon-dioxide substrate is 0.5mm. (b) the
simulation result of MTF(modulation transfer function) for the incidence angle of 30°. A black line
represents the diffraction-limit MTF curve. (c-i) each diagram of the focal spot intensity have been

normalized at (¢)0°, (d)5°, (e)10°, (f)15°, (g)20°, (h)25°, (i)30° incidence angle(). scale bar:1pm.
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Figure 3.4 Unit cell of meta-lens doublet and it's transmission characteristics

(a) the diagram of meta-lens doublet. (b)The 3D structure of the basic unit cell,LH=650nm. (c) the

partial structure of meta-lens, a=2P=360nm, n=8. (d) the relation between transmittance amplitude

and diameter. (e)the relation between transmittance phase and diameter.
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Figure 3.5 The designed diagram of one-dimensional meta-lens doublet with

size 100 times smaller as the original model

(a) the entire diagram of 1D meta-lens doublet. The green cylinder represent 1D metasurface I &
1D metasurface II for the length of 4um and 8.53um with the same width of 312nm, and the yellow
film of gold of 50nm is coated on the gray silicon-dioxide substrate of Sum. (b)the top view of the

1D metasurface I. (c)the bottom view of 1D metasurface II.
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Figure 3.6 The simulation results of one-dimensional meta-lens doublet for different

incident angle (6) on the x-z plane

(a-g) each diagram of the focal result at (a) 0°, (b) 5°, (¢) 10°, (d) 15°, (e) 20°, (f) 25°, (g) 30°
incidence angle(0). (h) the relation of FWHM along the x direction to different incidence angle().
(i) the simulation result of MTF(modulation transfer function) for the incidence angle of 30°, and

all colorful curve have been completely coincident with the diffraction-limited curve.
35



KSR BEAB RN RES RBRH AR

NTBR—FTHRAEZBRAOBENRESBRER, BRITFEXNFE—&H
AEMS P REARRT TR — BB, I TERER T BEAR 3.7
i, BETHHSEEMNEmFIAE, EBELEN 0.5, HKAN 375um KIBHRT,
RS A TN 375nm.

0.54
FWHM = —— (3.7
NA

A3 A B BURIBR A 2.5°, N5 A M 0°F =300 P K R £ 653

—HEERITESERNE, TUBIE 33 ik A REER.

#33 FARAAHANNKAERLEERER

Table 3.3 The date table of FWHM for different incident angles
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Figure 3.7 The imaging simulation results of meta-lens doublet with different incident

angle (0) on the focal plane

(a)lmaging target, US Air Force USAF 1951 Resolution Test Card. (b-e) each result of Image

simulation for meta-lens doublet at different incident angles (b)0°, (c)10°, (d)20°, (e)30°.
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Figure 4.1 Phase profile of three-layer meta-lens

(a-c) The Phase profiles to the first, second and third meta-lens. It’s phase is central symmetric.

o 7GR B BARE G, AnT AR B 4.1 Fros ARG R R I,

41



KA R R EE SR RAES BB B R

JERBREEEN B 042 R~ 4514 400pum. 1149.2pm. 870.2um, MEHATLL
Fill, B—BERIMA AR ERR AT h O EXFRE, HRER BT —ik
HREARER W 2R BEL, HAHERRANY, Bl =3ERENAE,
AT LASZ R A ST Y6RE KA 5 I HE BRI AR AT 52

i EIRAR A R BHIM R, g R R R T DA NS A 45 e s T
BRI, AT RBAAC R, "TRA ZEMAX BT 4R &
HAGSL MR 7, X eI AR AL RS 5 4 RifAT 547 .

B, RAEATREME 42@FRFEERE, NSRS 458
LB IE-BBRES, # ZEMAX MRS A2k 2 MR it
1T T HIE R, ST — R . VIRRAERREE S — R SRR RS B
BECPRERE WEBRRAFERNERS)  AHHEEELRZE AR TE R
AL iR, ST REE, - REFRRFERIOEE $ R RE
FABE—BERE, REMCHERBEZRRE, RIS R AMERAL, X
ARG TR ZRITRIE, B RERABA LA, REEFE LERT KNG
MR

B ZEMAX BIRTH EHME @RS (MTF) #4744, BATH T LB S I
B 4.2(0)-( @) =EAFFEBFE KA BEL, Z=EEREAEHIARSR.

He, 420)ERNHHEEHOEK 5320m B HIRHIFR, EHTLUEY,
NS ATEEN 00— BB 45°(0°F)-45°5 0°F+45° K145 REXFRAD), F—
RGITHT MATSH AL SR B ERZH R ZN, HRANGLX HB/, #
BIBOR L, R, R EESOBEKEAE L EIF, ZaH
ARG ARSERRE, BEBRBEATHKR, &2 T EBHTHR.

Btz s, B 4.2(c-d)ar A A A OB 5320m A, R Snm. 10nm
AGBEKARIRTEHRH SR L8 B hZRARRBRE, OB
SHABIG REARL, BEERRERBM, NGHURE S OBKRE, f75RRER
X IXRFEAMIARNERE S HRGHEBIEL, WRBAR, FFMAL
P 1 0 2 B 2 o R

42



4% RS EEEEERN A RE SRR

(a)—Metasurface | — Metasurface Il
4;;7’:;% —_—
e
L S
Z LA T T S
Z L S
# N
== P (P S .
0 150 3008450'%800 950|1zoo13501soo1650
. N mm
—Metasurface |ll —— Focusing plane patial frequency(lp/mm)
© TS 30 doo) TS 45, T?'s 203000( deg) TS 45.00(deg)
' ||HTs 1000(dea)|1 Ts 400%( Gt *3000(dag)
0.9F "\ 4
osf "\ ! |
o7p ) i ;
w 08} j
=05} \
=04
0.3 a8
0.2} S
0.1F S _
0 PO S S R o,
0 150 300 450 650 800 50 1200 1350 1500 1650 ° 0 150 3004506500009501200135015001850

Spatial frequency(lp/mm) Spatial frequency(lp/mm)

Bl 42 =E@EREESMACAGDLEENEBRECRE

(@) FOEK L= ERETHAIEHDERE. (b) O KN 532nm & REEEE (MTF)
Mk XA, (c) 5nm W FEAMALERE (MTF) #Z6 AR, (d) 10nm 7 55 4b 44 3% 5 5
(MTF) HiZk£KE.

Figure 4.2 Three-layer meta-lens phase modulation optical path diagram

(a) The phase modulation optical path diagram of three-layer meta-lens at the center wavelength. (b)
The modulation transfer function (MTF) curve diagram at a central wavelength of 532 nm. (c) The
modulation transfer function (MTF) curve diagram for the Snm bandwidth edge. (d) The modulation

transfer function (MTF) curve diagram at the 10nm bandwidth edge.
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Figure 4.3 The normalized intensity with different angle at the center wavelength

(a-f) The normalized intensity of focal spot intensity at incident angles of(a)0°, (b)10°, (¢)20°, (d)30°,

(e)40°, (H)45°, respectively. Scale bar: 1 um.
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Figure 4.4 The normalized intensity with different incident angles at S nm bandwidth

(a-f) The normalized intensity of focal spot intensity at incident angles of(a)0°, (b)10°, (¢)20°,
(d)30°, (e)40°, ()45°, respectively. Scale bar: 1 pm.
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Figure 4.5 The normalized intensity with different incident angles at 10 nm bandwidth

(a-f) The normalized intensity of focal spot intensity at incident angles of(a)0°, (b)10°, (¢)20°, (d)30°,

(e)40°, ()45°, respectively. Scale bar: 1 pm.
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Figure 4.6 Schematic of unit cell for the three-layer meta-lens

(a)The side view of a three-layer meta-lens, each meta-lens consists of a circular array of unit cell
with different phase functions of aspheric surface, and the thickness of S;0; substrate is T=0.51mm.
(b) a three-dimensional view of the unit cell constituting the phase modulation array, and a T;0:
rectangular cylinder placed on the S;O; lining of the cube On the bottom, where the height of each
Ti0: cylinder is H=620nm. (c-d) the geometrical parameters of the unit cell, the unit cell period size
of each S;O; substrate is P=325nm, the length of the TO, rectangular cylinder is L=250nm, the
width is W=85nm, and the TiO2 rectangular nano-fin The angle at which the body rotates relative

to the S;O; substrate is 0.
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Figure 4.7 The transmission efficiency diagram of unit cell in a 10nm bandwidth
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Figure 4.9 The diagram of 1D three-layer meta-lens structure

(a) The front diagram of 1D three-layer metasurfaces . the unit is green. (b-d) The top diagram of

1D three-layer metasurfaces is (b)metasurface I, (c)metasurface II,(d)metasurface I1I.
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Figure 4.10 The diagram of normalized focus intensity with different field of views at the

central wavelength of 532nm

(a-f) The normalized focusing intensity with different incident angle of (a) 0°, (b) 10°, (c) 20°, (d)

30°, (e) 40°,(f) 45°, and all focus with different location at the same focal plane.
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Table4.2 The table of FWHM with different incident angles at the central wavelength

Angle(0) 0 2.5 5 %S 10 12.5 15 17.5 20 22.5

FWHM(nm) 664 638 694 642 744 661 676 730 659 715

Angle(6) 25 275 30 325 35 375 40 425 45
FWHM(nm) 618 653 763 650 750 725 738 686 688

FWHM (nm) 689.2
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Figure 4.11 The analysis of focusing simulation results with different incident angles at the

central wavelength of 532nm

(a)the relationship between the simulated FWHM and the theoretical value for different incident
angles, where the incident angle range with the same angular spacing of 2.5° from 0° to 45°. (b) the

Distribution of modulation transfer function (MTF) for different incident angles.
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Figure 4.12 Imaging simulation with large field of view at the central wavelength

(a-f) Imaging simulation with incidence angle of (a) 0°, (b) 10°, (c) 20°, (d) 30°, (e) 40°, (f) 45°.
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Figure 4.13 The diagram of normalized focus intensity with different field of views at the

Snm bandwidth

(a-f) The normalized focusing intensity with different incident angle of (a) 0°, (b) 10°, (c) 20°, (d)

30°, (e) 40°,(f) 45°, and all focus with different location at the same focal plane.
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Table4.3 The table of FWHM with different incident angles at the Snm bandwidth

Angle(0) 0 2.5 S 7.5 10 12.5 15 17.5 20 22.5

FWHM(mm) 685 637 687 675 663 713 738 682 688 648

Angle(0) 25 275 30 325 35 375 40 425 45
FWHM(mm) 641 664 669 752 645 641 730 641 653

FWHM (nm) 676.3
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Figure 4.14 The analysis of focusing simulation results at the Snm bandwidth

(a) the relationship between the simulated FWHM and the theoretical value for different incident
angles, where the incident angle range with the same angular spacing of 2.5° from 0° to 45°. (b)

the Distribution of modulation transfer function for different incident angles.
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(a-f) Imaging simulation with incidence angle of (a) 0°, (b) 10°, (c) 20°, (d) 30°, (e) 40°, (f) 45°.

R, BAMKRILRZ G707 Zx Snm WAL, MR 0°. 10°, 20°, 30°.
40°, 15°FINSHEIAT B0 B, SRINE 4.15 Fosiiiags R, g MEhE
3 0°F 90°MIZTEIEI Y, TEBHT I RRAREE SR o B ARG IN,  RRAS ™ A= (1
AR B2 3G .

L LRTR, % EHBGERINESIELL 532nm OB K Snm T REAL,
DB T 90° KA I% Vi B N Bl T S R PR SR £ 5 AR

56



B4 AT RERIERN KIS RS RIRHE R

443 10nm HRLEHARGRESRIFHES

AR, 8RR — LB, WL RN 4.16, 10nm 75 TALK I
—SRE AT G5 AN 4.8, FATHRAG B Z BN B AR & 4 TR iR
${EH 685.1nm.

(a1 | (b) 1 (© 1
0.9 0.9 0.9
%‘ 08 208 %; 0.8
g 07 g 07 g o7
€ 08 € 06 E 06
B 05 —» | |<a— 640nm B 05 —» ||<e— 603nm g os 655nm
S 04 Noog S o4
03 2 03 E 03
S 02 S 02 S 02
0.1 0.1 0.1
o 0 — 0 —
-5 -0 -5 0 5 10 15 -5 =10 -5 0 5 10 15 -5 -10 -5 0 5 10 15
X(um) X(um) X(um)
(OR e ! (U
! 09 0.9
%- 0.8 E‘ 0.8 % 0.8
g 07 5§07 go7
€ 06 € 08 €06
B os —||<e— 663nm B 05 e 660nm g os —» ||<-— 665nm
N4 N o4 % 04
E 03 E 03 go3
202 202 S 02
0.1 0.1 0.1
0 A\ Ao At 0 0 et A b
5 -10 -5 0 5 10 15 -5 -0 -5 0 5 10 15 -5 -10 -5 0 5 10 15
X(um) X(um) x(um)

B 4.16 10nm HFRELAFUWG T RERE—HEER
(a-D A1 6 F(@)0°, (b)10°, (c)20°, (d)30°, (e)40°, (H45°HIVA—1b I AL BEE A .

Figure 4.16 The diagram of normalized focus intensity with different field of views at the

10nm bandwidth

(a-f) The normalized focusing intensity with different incident angle of (a) 0°, (b) 10°, (c) 20°, (d)

30°, (e) 40°,(f) 45°, and all focus with different location at the same focal plane.
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Table4.4 The table of FWHM with different incident angles at the Snm bandwidth
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Figure 4.17 The analysis of focusing simulation results at the 10nm bandwidth

(a) the relationship between the simulated FWHM and the theoretical value for different incident
angles, where the incident angle range with the same angular spacing of 2.5° from 0° to 45°. (b) the

Distribution of modulation transfer function for different incident angles.
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Figure 4.18 Imaging simulation results with large field of view at the 10nm bandwidth

(a-f) Imaging simulation with incidence angle of (a) 0°, (b) 10°, (c) 20°, (d) 30°, (e) 40°, (f) 45°.
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