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Abstract

Multi-focus lenses are an important part of optical communication, virtual reality display, and mi-
croscope, but the large size of traditional lenses seriously hinders its wide application. Thanks to
the unprecedented light modulation capability of metasurfaces, metalens can provide multi-focus
functionality in a more compact footprint. Currently, bifocal or multi-focus metalenses have been
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realized, but most of them combine multiple single-focus metalenses into multi-focus metalens
based on multiplexing, resulting in inevitable crosstalk and low focusing efficiency, and it is not easy
to control the relative intensity between different focal points. Therefore, in this paper, a tunable
multi-focus metalens is proposed by using laser direct writing graphene oxide material. This design
enables the metalens to generate multiple focal points while maintaining the ability to capture tar-
get information comparable to that of a single-focal metalens. This method has important potential
for application in optical imaging, beam shaping, adaptive optics, and other fields.

Keywords

Metalens, Finite-Difference Time-Domain Method, Pancharatnam-Berry Phase

Copyright © 2025 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

1. 51§

Je RGP RS R R A BB R EE R el AAGE S B BIEEA R ,  HOBTR R AT
HRLIROCLR IR SR IIRE . LGB BARIA AR HIE TEMZ MM, ERBAE
- LEAA NS, 2. WARIERRBIAECR AR E R, XL R PRAEAE — ey E N S rh RS
NS JEAESR, Bl AR R B (Metamaterial) [1] [2] 5T 48R IR S, FET 4B AR 0ok
ARG T B Z iR o A AL N . R (Metasurface) 2 B ADRHE — 4E S P[3] [4],
JeSAE R TR A 250 5 A EAE RROR A IRE . AR A k<55, Rl B, 514
BRIPE R, 5 T %P AR AL DA e & 5 83, e R w43 (5] 42 /2 K [6]. #iE i (Metalens) [7]-
[9]. FE T BRI S L e —Fh BT BUE T I N AR D6 R GRS AL RS, el T IEguE s R
HHERBICHE RS BT RSN S rpEs A AL BA A TR A IR T, SO R RN
JeEE BRI T B ST AESUNAL R EE, R AT DO e SEHUR SR, AR 77 A% SR AR A
Mo FTHE T X G EOE S AL RAR KA -

MW, HEEEB RS H T R B SRAR AL AR AR LA LA AL SRATTA B T C A

I s R BRI A FAE, RS, ZRIEB RS, ARG Je A Bl %5 7
AHEEERNH . A2 E G RThREx e st s th 7 m 2R, mH, XEE 52 VR Bl ik
TR, A AU 9 RIS [ e AR, ESCHUEAR T REh A H], I8 7 X AR B AT
A, AR RSN RN PSS BSNRIE BT, BN SRR R I R k. SRR IE S AT B
B B P RO AT AN, AL BRI PR AR AL . RIS IR DL RO RIS TA]
AR o S AT AR IS 2 MO R 1 i S B v, BT BE S SEELN G (AR LA IR I S
HZE NS SR RAANSOETT A IR BRI, JF45 & TR R s TR
S5 TR RV AIR (30 25 TR RIVAT SEHIL AR T A S 25 Wi NE IR 2 o S IR B R T A T AN S5 A R AZ,
i RO OGN 5 S AR BETHEL, 7 AEARAR, AT SR AR BB R I D RE . Wang 45 A JE T
GST #HrHi & W B 5 R, A WO ES M8 R0 A G R AT A ARAS, 3l Id 5t GST i)
BIFALBETE, il 1 AT I BOW 2 £ s M AR VR /R BT Py« R KR BRI IR B 8. AKE A
AR R, SCEL T Z A ThRE[14]. BiJS, 1EE Taubner ZUEZIAIAFIH] GST AHASHDRISLHL 1% K i
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Y - W s AR E[15]

A1 55475 (Graphene) —Fh — 4k 5 IR 5 W HIBR G T /2 4504, A A5 MR R0 B 22 KRR I — 481 S MR,
T AFRIE IS O B 5 (Laser Direct Writing, LDW) % k.1 227 (Graphene Oxide, GO)f1F- B AT 3R 15 A Rk Jif
FERE R 0, SO PTEEER T A EAR A RL . BT AR T Wang S ARIA T A A SR S
KRS BAR AL AR IR b, JFSEI T I T SRR IARL R G BRI R G A B . AT P R
A B EEE EUR, SRR I AEER: — MUK (~16 A6, SRl 2R, B
K 632.8nm, JEJESy 200 nm M. ARATTHE HH IR AL AT S AR R I B RO IR 1A T A 2R 0 R R U T AR AR A
RO T BIATARA BINLE[16]. WITLRHE R SRS 2 = 5250 %5 Chen 55 N BETH 12 % 9~200 nm 8 w4 4L

IIHERR[AT]. Bk, AHE IO TR AL LA ALES &, AR R WO6 S H A AT IR R GO SRSEBLEZE S
MBS, $E 7 —FhEAE AT S R BT RE W S 2 AR R DL SR R TR B DA

2. BERIFE

Y, EEERNSES S &R, AL BT =M O LR
(Resonance Phase). f&4iAH iz (Propagation Phase) 1 J 1] #f {37 (Pancharatnam-Berry Phase, PB Phase). iX =
AAAL R T S BRF B HAHEAN 7, JE[ER A 7 AR R 5 v i B J it o ASSCRIH T A& FAR A2 AL
fA] AR ST A 45 B ) iR B AL U R S e

2.1. &AL

AT A AN A 308 T R R0 TR AR S R PR AR SRR ZE R SE IR R . BUEN R IPT R An, K
A WG AR 2 SN AR d— e BE R d , T R AR B A S AR A T R 7R A«
@ = nk,d 1)

Hrbrky =27/2 NEBZBR . WIEERQ), B 7l d RLIALRARAL T, S30h— MR TR
FERTHTIT 0 AT T o I A ARG S R S 28 ny » WIEIERE d CREFANAZ IS 0T S B 1 A o2
JeETeits AN, WURAERATI R n IEFE R, SRR A RN . AESEIR IR RO T
JrfE, EEERI LS EAL, B, ERH R ORI H AN, I SRR R R T AR
B -

2.2. JL{aTARAL

JUIT AR R 3t T B AT (R RS OB A, DR I T b e 4 2 — 5 (0 A1 JEE[18] [191 K A B AR AL, ]
Lb)F7 e HAE XY Pl _EBAT 5 R PRG54 K LT + Z Siede — A 0 Fmt, GBI e 128 Xk
T B AN AL IR T exp(i20) o JUFATAHAL T DLE IS B R 3 SRfifiid, 4 — AR N 21

HR I, AR
Eout Ein
o [= 30| cin (2)
I:EY tj| ’ |:EY :|

Hep Y B ANIHRIRAEHT x oy 7R B, B9 EJY RN A R TR A L iR
X~y IR &, I, ARG IR BB, e T PRI

Jy = R(@)P“Z% T 2% } R(-6) (3)
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HAT, o T, 0000 AR K AT ARG @, « @, 2B I SRR il AR AL SE IR, R(0) 5
R(e)z[cow —sine] o

sing cos@

N TR NG R x Sl E D7 RS I A5 0, BRI T [RAm 3R ' IR S A A AR AL R «
Ppg = i2(9(X, y) )
2.3. EHMBAASUTHEAESS
NSEBLX Y EIZ AL A % [20], ARCEEE T JUMARGL S A& AR AL BRI HLE] . U ARAL IS 1812
FImIRAS, SEHURIRA AR R, AR AR A KT AR T R 54528, —FH RS InMAL
A RN A
¢:¢7(X: y)+¢PB(X’ y) (6)
24, BERE
T SRR ERE, WS B G R R TR DL R 8 i B % BRI AR . R PB AR ) SR
B, PLO W SR BRI R . 20 M0 Ny 2 if, ML ZEN20, BTN 0 AN 27 o [F]
BF, R N ST T 8 A S0 BRI B A, TS B R s = B 1(e)
T SEBLTE S B RN [21], NSEBLE B IEAN AR AL B FIAR A . FERT BT IIES b, EEAE
(x,y) BIAH A Ay

o = 9= (VD +y?+ 17 1 ™

Hoep,  fORBREERE, X +y AMERALE B E R OMRRIER . EEFN%h, Gt
AR AR T LA 3 (7) R E

(@) ©

P e
Figure 1. (a) Unit nanostructure: period P, length L, width W, height H; (b) Geometric phase nanopillar rotated by an angle &;

(c) Schematic of the focusing lens

1. () BTHREN: BEP. KE L. EW. BE H; (b) JUABLMKEUAE 0 1fE; (o) BEERREE

3. BiBRHRER
3.1 MESBIER

AW A AR IS B T AR GO SRSZELAIER . GO KIMFRREE R, A KESHERE
B, MERBHRIEE, Ko B TFHRARZBLKE, SH5NaREEDN, SEELEIHEnN + ik)EE
81k . HR4E Drude #5715 Kramers-Kronig (1o R, ZAR i 2 AR R OR N
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N(4,R) = Ngo +aR;k(4,R) = kgo + AR ®)

XH R e[0,1] RARIFFEE . SCRRIE LR WI[22] [23], R R ILEL, 1207 sCAT SR i A (4%, IR S
FER[IE An=0.01, B RUFHEG RS E .

R, MRYEEE AR B, 1 56 R A I IR 22 40 7% (Finite-Difference Time-Domain, FDTD) X #.
JCEERIHEAT N, W] 1(@)FTR, JAI P = 500 nm, KSR E 4R IE FEE 50 nm~450 nm, E5H % T
FIAEAT phi W0 2(a)F1E 2(0)FizR, FEIERE SR I RST MRHERIEE ST 2% > 80%, AHAIE 55 0~27 ik %
ST ATIRAS I 5 A . SREFIH MATLAB THE 7K 4 4 632 nm R SLBLRUEE RO I3 BE I A 18 54y
fio &% rGO Wit 12 r=10 um, & H=700nm, KJFL=230nm, %E W =110nm, # ffA7
BE@5um,0), £ f=15um. KIS HAE FDTD @ BALIEAT 0 BB, 6 x Ay il b, R
BB AW A, TE z J71n), WSRO 4 A AR G SR B SO 80, BB ORI R mdisot
WK 632nm, 7 EAE B  E N 5 nm, ARG ERY K FAE x-y FHEJTE X, XPEE T iR
Wi A ELAE a0 P 2(c) R 2(d)FaR
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Figure 2. Refractive index n = 2.8: (a) Unit structure scanning transmittance T; (b) Unit structure scanning phase Phi; (c)
Simulation results of focusing x-z plane of metalens; (d) Simulation results of focusing x-y plane of metalens

El 2 5% n=28: (a) BUEWIEMBESFRT; (b) BTLEIEEN Phi; (o) BERRE x-z FEMHELSR;
(d) BIBERRE -y FANHESER

SRJE R A A SR RO R 2 5 2 R BT R AR, ik TIT R n=2~3.6, [HFE An=
0.2 x-z “FHIFIUT H AR WA 3 s, BEE TSR n ZHHE R, R miZHgin. SR niisn
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Figure 3. In the structure of L = 230 nm and W = 110 nm, the refractive index n changes and the focused light field distribution
changes

3.L=230nm, W=110 nm 8 TFEE n WTUMBEXIN BT

EWEE R T, FEREE H 2 EE S IR ENE . BUASLENA)V R Z R G g . Rk
Wit T # % H =100 nm~1500 nm, [a]f#E AH =200 nm, % n=2.8, 458K 4 Fir. H4EE H=100
nm i, BB, X RO ) 2 B RN, SECEEE & 0~2r (M5E BARAL Y . RN,
BRI 2548 = BE BRI 1 6 5905 A BAE RS, (55 3T 26 ners (TR RE 70 T %, HAELASCHF =B
PRBER, Bl AT AR R R R AR DB R . M IR N, MBS R AR R UL E T
G, FOEIEMPIR GG R T a3 JRIREe 77, IR NS 6k o i 2 a4 . 4R K mifE H,
M H =700 nm B, HEIESREMN L, 24 H=900 nm i, BRARBEMERA, (HAEf=15um
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Figure 4. With L =230 nm and W = 110 nm, the height H changes and the distribution of focused light field changes
4.L=230nm, W=110nm & TEE H FEHMBELTN S HEN

T % n=2.8 Wil B R ORI R rERe, it — D | R, A gk
MR T n=2.3 FHEEEL . BRI n=23 MR LS5 55 mHHG, <l T 5n
=2.8 45K B MR TAED KAEAR F R AR BB g . [RIFE SR A FDTD W e sifsfli, $ook
W P=500nm, KJF L AITERE W KIFHETER Dy 50 nm~450 nm, 45 B4 5 Fras. SRJEFIH MATLAB it
TP 2 0N 632 nm R SEILUEE S IE BRI ARLL IZ AT . PR GO Wil EB R r=10pum, mE H=
700 nm, K& L=440nm, 9%Ef% W=130nm, #5407 E (0, £5um), £ f=15um. fFEHES Rk 5
B, y-z P DOWE B d g g e iRtz 77 1) SR S A, FLaR oK A Bt AR R f =
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Figure 5. Refractive index n = 2.3: (a) Structural scanning transmittance T; (b) Structure scanning phase Phi; (c) x-z plane of
simulation results of bifocal metalens; (d) x-y plane of simulation results of bifocal metalens

Bl 5 #fi5En=23: (a) HEEMBESHERT; (b) FEMIBLL Phi; (¢) WERBERMELR x-z F@E; (d) NE
RBERMESER x-y FH

3.2. i FENTASERBER

MR 3.1 FEZMEAT I Z n AR THRPE A FEIZ5H, AR T E i X8R 2w ELAE R — AN A B L.
RS2 A SRR TR, AT TOR B E B I AR X8RI 2 A YA SRR 34 (0 B T 43 X, W] 6(a) Frs
TE ARG B ) % DX ) AT S 2R AT SE AR AL . BRI S, 56— (6 €[0°, 90°)) M EE Y (0 € [270°, 360°)) 77
DRI 20 ny = 2.3 (A SR IARPRL, TS5 (0 € [90°, 1807))FH 55 = (6 € [180°, 270%)) 43 X MK A ny
=2.8 PE A A BIEAMRL . X PP B HS AT 2 Mt FEEET LU, |, m A n A H
ZE(An = 0.5)F] P2 R AL R AL (Ap = #l2), HATRAHAR 73 X AR S . 3@ FDTD {7 53R E,
253 XETETE 632 nm A I e 1 fm B0 BT RIS T B DY AN 70 B B AR e (HR, Wil 6(d) AT, BR 7 48
AL, o B SR RS TG . TR R S R RT R N S Im ARG HE S B A B AR TN, BT
YURAE B AR 7 B L R AH BAR SR, 245 )53 Hadg A AL RIS B2 52 BRI 52 i [24], S BUEE S
X I B — e B AR 55 B TP 6B o 5 HAAR S0t 90 0 A% P SOE 38 R RAE 2 (R (a1 BE,  J D iE s fh &
RRLHT SRR RE I s 38 R (1Y) J5 R AT AT R Ry B AT S URE[25] [26], BRI A B A S AR ae it BALLE A
PEgERI R, JUHE AW P 5eiK A HIERN(P/A=0.79), ATSHAEE RN Oy 2, AT LS
JARA P 8CE AL LT LAY S TS IR o AR T NS AR 4 22 e R % 06 (Left-Handed
Circularly Polarized Light, LCP) 145 Jig |5 fw 4% Yt (Right-Handed Circularly Polarized Light, RCP) A 4F, 5%

PI (0,5 um) (5 um, 0). 7ESKEG ISR H AT s P IO 8 0 TR D)3 P SR v Rz A s
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Figure 6. (a) Focusing diagram of structurally adjustable metalens; (b) x-z plane simulation results of linearly polarized multi-
focus metalens; (c) y-z plane simulation results of linearly polarized multi-focus metalens; (d) x-y plane simulation results of
linearly polarized multi-focus metalens; (e) x-y plane simulation results of left-circularly polarized multi-focus metalens; (f)
x-y plane simulation results of right-handed circularly polarized light multi-focus metalens

z FERMELR; (d) LFREAZEQLBER -y FEMELR; () ZRERRASERBIER x-y FTANESER;
() AEBEFREZERBER -y FERAIEER

3.3. B KR EIESBIER
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FIAE, M 7(0)~() g . 248 FK 4 = 632 nm LR IR IROC IR B B R, (i 4R
X-z “FI AT DAOLER BN HAE z = 600 nm ARTRAE, (H R IAT ) 0 £ m SAE AL B AW ES 2 = 600 nm, 4%
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FERR EEHIBOCIN TR T AR, (HREARF BN TR ST, 3.2 24 P 4
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Figure 7. (a) Focusing diagram of multi-wavelength tunable metalens; (b) x-z plane simulation results of 632 nm linearly
polarized light multi-focus metalens; (c) x-y plane simulation results of 632 nm linearly polarized light multi-focus metalens;
(d) x-y plane simulation results of 632 nm left-circularly polarized multi-focal metalens; (e) x-y plane simulation results of
632 nm right-handed circularly polarized multi-focal metalens; (f) x-y plane simulation results of 532 nm linearly polarized
light multi-focus metalens; (g) x-y plane simulation results of 532 nm left-circularly polarized multi-focal metalens; (h) x-y
plane simulation results of 532 nm right-handed circularly polarized multi-focus metalens
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