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Design and parametric analysis of the broadband achromatic flat lens

Xiao Xingjian, Zhu Shining, Li Tao
(College of Engineering and Applied Sciences, Nanjing University, Nanjing 210023, China)

Abstract: The design of large scale, high numerical aperture, and broadband achromatic flat lens is a bottleneck
of imaging technology and also a big challenge in metalens researches in recent years. The major reason is that
there are some internal constraints between these parameters. In this paper, considering both the group dispersion
theory and the phase distribution of the flat lens, the semi-quantitative relationship between these parameters was
derived. Then, the achromatic flat lenses (including metalenses and multi-level diffractive lenses) with different
parameters were designed by using directly binary search and topology optimization. It was found that under the
condition of maintaining an efficiency of 80%, when doubling the size of flat lens (i.e., the diameter), the
numerical or achromatic bandwidth was cut in half, and the thickness of lens increased linearly with lens scale.
The results definitely show that these two types of flat lenses have the same internal constraint relations in
parameters, that is, as that the lens size has negative correlation with the numerical aperture and achromatic
bandwidth, while positive correlation with the thickness of the lenses. This result is in coincidence with the
theoretical prediction.

Key words: flatlens; achromatism;  parameter optimization

Wis H#A: 2020-06-11;  1&3T H#A: 2020-08-01

EEWH: FET AP LT (2016YFA0202103); FEISR H AR L4 (91850204); B 5URF B IE A AT

{EZ I HATHE (1996-), 55, 1A, RNV HEFHR T2 B H A 5T, Email: 151190097@smail.nju.cdu.cn
SR 220 (1978-), 5, 2082, 1AL 500, 1+, EENSBAARL, Maes:, Se R E M5 . Email: taoli@nju.edu.cn

20201032-1



ISk A2

%9 www.irla.cn % 49 %
0 5] MR BE KA 1% 153 B IO LA R AR 3 B B 2 1) v

MHT, G2 BUR R H 25 BUA, AT STEW . &
GrHE. RO UGS M RE B TR EEED . &
S G2 U A B B AR 25 L Tl AR 7 ] T 2%
AT, Hit, ARG RS EEE e
PR BOR B, AHDCHY 25 F R G IE R /N
o, bR R . i, 240 1k RZEHI L
B AR G SR G G S DG B B, i e
FORTVATC A BET, IF Bl TR R BN, R
e S 20 T A R B Sk 2 oA S B3 5 14T 8, 22 TR
X i 3R BRI SE 1AL G 1 AR B G AR M — 20 i
INRGE . B 25 AT 5 6 2= o0 fF (DOE) K 5
R R RGP it TR Re i Oy B, AR g T
ZHERPTIN T RIAT S SRR R B B A AR AR
T 60,25 ) . 228 L SRR AR S Bk i, AR METE
an TSR RS AAR R H o ARk, BT K
25 b4 R0 0 A R 1T (metasurface) 1E A — BT 196
RO P, S/ N R B UG R R G
LT, S SE (metalens) t 5 32 M A B

H TR F 3R THD S ) 37 5 A A 2 T A i 4
PTG, AT AT LA R0 3 Bk e B A 5, DT —
SEFEEE B EDOC R IRERCR . SR, T AT L
MIAFAE, X 28 A 37 4 1) (8 25 A1 A AR ™ o, o]
S5 IR T B 8,2, — LR T AT R ) 37 i A el
R ORTE RO RO BAR, ATE &k 7 —
SE I R AR AR 8 28 B A B BE R et I 28, Al
HBEBHEWRASTHEE AR, TR G, i1k
ANE g i BUSUR B R oK o T EL, DA 19 548 BT
FE JREOK DL b G 0 2 W 2 8 B E I ) T
i B RBR AR . 53— 5T, BEE JKEE RG24 1
I T T LMD ARG =TT i T A5 3]
A, NS FE L E E R Bt 1l i
HZ A7 8 15 5% (Multilevel Diffractive Lens, MDL),
A LAARAG G0 (10978 4 22 R PERE, [F]IN & 19 254 50T
RSE AT DA KT A i 5 0 S oo 254, KO 1%
THECE L, JFRRAR T T 2MERET, SR, H RGP iE
143K $E7H 4,25 MDL FEAE#R 2 TAR /NI B fE LA B
BUNAESE RS, 1 H L TAERCR ARG et IR 7

3 2 43 H7 R AL 37 B8 LA B2 MDL ¥ 8,22 14 S 3L K H
R IR B PERE, X A LB AT AR 98 BB AL
o BB BRI AFAE — R ] 24
FKF o BRAFRIX Pl ] 29 56 Z00F T IH (22 1 i 5 1 i
TR — 2 R R B SO AR MR T
OB G Z B AT S B B0 0], ERIE o B A
SUTHE T TR 2 AT L 2 i 2 (W] A i 295G &, IR
HAE—Emihe.

1 HEETHERSEXRELSN

HOZEFREFERNEENS A EENEUE
fL#2 (Numerical aperture, NA)., &85 R F K/, B R
FEROR T 22005 L (B0 (825 TART 98). X —
TR E RIS R Z RN CR . &5k, FIH R
B X 28 ) 35 g FLAT 3R Ab T T €0, 25 33 285 LN 19 D
Yy, F AR AL o3 A il 2

#(r.w) = == (P47~ )+ Cw) (1)

K r MR ARFR; 0 WA, fNER; c WE
ZHH; C(o) B RS o F R — 8500, KR
S5 3K [12], 7T ARG 1 — S8 14 pR AL e
Y(w) =¢(0,w) — (R, w) =
(R =

QR[L_ ! _1]

¢ |NA NA? )
K. RIBE Y12 NA N5 B BUE FLE (NA =
R/ R+ ). BT AEHFE LT R5HR o, f

oy, I Ay FoR X AR By R B (E, R
SR HRER gy T LA )

_ (W,
M) = | "= o =
dy(@)|* e dP(w)
Yo wl_Ll YT 4w do (3)

T R 2% B RO BT BL T (A5 R A= 2 4R),
WG LATERTFESE SR, Joig 2 AL 15 Biid & MDL, HAH
X AR AR 2 A A A 2, BT LAAR AL X T AR R
(9 B o3 AT LU — A/ N 2%, B ] AR E
Ay B RIFE N

AY = Wy (wy) — iy’ (wi) 4)

202010322



s Gk A2

%94 www.irla.cn % 49 %
BAX Q). @QRALRK @ AED, IFx A Royox = Vi H )
(4) fr N A He R v (10)
Aw = w; —w, L 3 [ |
w, = (W +wy) /2 NA NA?
K= (@)=Y (@) 5 v,
k= (W) +yY (1)) /2 Rmaxzm+v4 (1)

CW Ky CKy

R~ + ()
AM[L_ 1_J Ry
NA Y NA NA ~ N Na2
P = I /N W 5 ARV S T E i VA W ER /AN
(1), XL FZR B BN TR 5w 2R EMN, i
RPELR B B 00 A B M R RCE, L, iU m A
FRENBHEASENTHEWEN LR, BT R
43990 43 AT T €0 22 68 4 37 5 RN €8 2% 2 IR AT 5 i 4 Y
SRR AR, FFESRITAFRSE T WS
BE, XA B 29 56 R AT I UE S

2 HBEBHERHNHR

TH AR T AR R T (8 22 A B B B A IF 5
PERE, B EAR MU BT IT 5
21 HBEBWBERELESHN

TR A SRR A A
Z00, WILIRAOL U AIOL R RE OIS . HAT/E
P A (0 22 B A BE R BT, A AL R AR AL D
B0 25 AR B A B 7 1 o AU 0 2 i i 4
T NRAE BT AR R ST A P A 7Y -0 4 A 4 A 16
VEAMER BRI G22I RERYE 2, 2 JER AL R A
2 DAy R AR 2 A T 2K, U S B 38 I A R 2 T AR
AV

$(r,w) = Br,w)H = %nen(m)H %)

e B AR TR nege A RATH 3 H NIBRR)E
FE o B () IRARK (6) , TEER ne /DN TR
Prip A n, A ALl 15

cw.a H caH

®)

Ao L 1 o 1
“I\Na~ Vna2 ™) Na_ Vna~
Ko, o MRS n XM RE. EXTT LIRS

JUA-Em e R

T Ry WBEF IR ICEAE, vi~vy BN SHL, R
BB S A A, HoAl 240 [ 58 I A R 8 =2 R 7y
B, 283 9)~(11) FoR TR RAERCR T A B4
NEZRZEMHALR . K, 2O T
Rinax BB B2 )5 L INIE e, S BUE FLAR NA B/, 28
3 (10) S Ry 5 NA LR FR, [AIFEA K (11)
SO T Ripax 3 TAEII TE B AR o
22 HBEBHEBEREITSITE

R 8 B T Tk Dy R A A, X
P71 — N S R U, IR B N i e
AT R, TGI8 B i AR o AR 34
AT ARG GE, R ML BT A
BT, AAFAE A ST JE I, R A6 foe K AL IR 7 i 7y
1 A U, X T R — e R ] LR
et HIOL. P, 2345 55 R IR ML A9 7 SOk BT
itk vpri o

] A 2 — T AU BT AR o SR R R
(1 P = ) AL DR — e A

min, F(e)
s.t: V-D=p
VXE = 0B
ot (12)
V-B=0
oD
VXH=J+—
ot

A F ol HER R E e AR A B H 8o A, tml L
BRI . X BIF = [1(w) - kl, Joh
TR AR SRR A, Bt A D Oy LA 51, 1, WA
S 20 i B I i SRRV F, BRI
R MRS AL 7 v, BT LA 5 ) B A, 5 2
I oo ol T4 PME AL B AT 4 D 7 20, 7
R PR A I R A Y,
I, 3 B RS B B R A, 5 = A X
W, SERE WA T S 00, HRER 2R, T2
o325 M 325 301 AL A4 2 22 A TR 28

20201032-3



GROEY 1
%94 www.irla.cn % 49 %

L), Il w 5HASERNTAERZME 54K A% n=2) WiES, 450 WK 1 R, 2R, B%
)~ A1) —5. HEENRIMEE T T R RSB ARR, R LR ERET — R 501
iE, Bt T — PR R 30 pm, BUESLE N 0.15, 6 2B, BT AR SH 0N 1 s

22 W% Bl 450~650 nm, J5£ B 2 600 nm, # KR SiN,

(@ 30 um

i
|
I~

A=450 nm A=490 nm A=530 nm A=570 nm A=610 nm A=650 nm
d
50.8 -(_L. —
goor
2041
=2t
O L . o " " L " " N " " " 1 i 1L 1 t L I 0 N N N
-0 0 10 -0 0 10 -0 O 10 -10 O 10 -10 O 10 -10 O 10 450 550 650
r/um r/um r/um r/um r/um r/um Alpum

=

() B THRIMUAL BT (25 EAE S, TARMBON 450~650 nm, 17 KN G5HJRFRHURIE ; (b) 7S ANB X I A A DL 538 434, g
LX I PR oz BN PRI AR VT () £8P TG 13— 3R BE A (d) Del R BBAICRMA, 1 SO FR T SR AR B — A2 3 S X A 9 i
HHASERERZ I

Fig.1 (a) Achromatic metalens designed by topological optimization. Working wavelength of this lens ranges from 450 nm to 650 nm. The figure on the
right is the partial enlarged view. (b) Light field on six wavelength along the propagation axis, the white dotted lines are the designed focus plane.
(c) Normalized intensity profile in focus plane. (d) Focus efficiency, which is defined as the power within a spot of diameter equal to 3 times the

Full Width Half Maximum of the focus spot divided by the total incident power
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Tab.1 Parameters of achromatic metalens
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Fig.2 Achromatic metalens. (a) Relation between W-H with fixed NA =

0.15 and Aw = 6.28x10" s™' (wavelength range of 500-600 nm);
(b) Relation between W-NA with fixed H = 0.6 um and Aw =
6.28x10" s7'; (c) Relation between W-Aw with fixed H = 0.6 um
and NA = 0.15. The dark-red lines are the predicted relation based
onEq. (9)-(11)
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Tab.2 Parameters of a single achromatic MDL

Parameters Value
Radius of lens/um 75
Wavelength/nm 1204-1 624

Height of lens/pum 1.5
Width of one ring/pum 3

NA 0.15

Height levels 64

Material Si (n=3.49-3.42)
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Fig.3 Schematic of a single achromatic MDL. (a) 2D top view;

(b) Height distribution along radius
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Fig.4 Intensity distribution of the light field in the focal plane.

(a) Simulation result; (b) Calculation result
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Fig.5 (a) Full Width at Half Maximum of theory (blue), simulation (red) and calculation (black); (b) Focus efficiency of simulation (red) and calculation

(black)
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Tab.3 Parameters of achromatic MDLs

Visible Infrared
Radius of lens/pm 64-512 192-1 536
Wavelength/nm 400-700 1200-1 600
Height of lens/pm 1-6 0.5-3
Width of one ring/pm 1 3
NA 0.025-0.2 0.025-0.2
Height levels 32 32
Material Polymer (n = 1.55) Si (n=3.49-3.42)
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Fig.6 Achromatic MDL in visible. (a) Relation between R-H with fixed N4 = 0.1 and Aw = 6.28x10™s™" (500 - 600 nm); (b) Relation between R-NA

with fixed H = 3 ym and Aw=6.28x10"s™" ; (c) Relation between R-Aw with fixed H =3 pum and N4 = 0.1; In infrared: (d) Relation between R-H

with fixed N4 = 0.15 and Aw = 1.54x10"s™" (1330-1492 nm); (¢) Relation between R-NA with fixed H = 1.5 pm and Aw = 1.54x10"s™";

(f) Relation between R-Aw with fixed H = 1.5 pm and NA = 0.15. The red lines are the predicted relation based on Eq. (15) - (17)
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