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Fig. 1 Schematic diagram of optical Fourier transform system modulated by aperture diaphragm and phase element

HE B 17 5 A OE 2 BB A TALAROE M, AL
O BRI A T 4R S a7 L1 23 3R AR AL R AR ST
A ICE S AT 6 D6 I 2 TR T L R TR B 22 A 0
BE o MR A HL I TR A R SRR AR D A T U
U, 225 A0 L AR A B L2 R O 2 AT T
A LI BB TR Ak A

B ALAR I B T AR LI T A L e A

1% 1 1Y A b5 5P 12 508 (20 ) (a0 30). (&)
(20 ys)o LA 0B 51BN > a1,y ), AL

T 1 5 5t o BOA £ ( 2,y ), AR AT ST 22 BR 2R 45 1
QAT AR 28 A AR R A LI AR T YO 3 W]
LR

UCE )= A6 )T (& n)=

S L &ty
CJJZai(II’yI)eXP(—]Zn%l

)dxldyl*ﬂl(l‘z,yz ) exp( —j2n

(1)
Ex, Ty,

Ad dlzdyz

KA A& 7) R al oy, yo ) B8 HLOE AR e, FLAH L0t AR
W R R Afys T (&) Ja M TE A3 58 B 8k £ (s 2 ) O
o8 L oA g R L AR i RUEE R Ad s B FRATS .

A L I TR R A R ML S 5 A A AR T,
o L AR T B B35 5 A R U (&, ) B L 072
e, 1l L AR 4G ] A, BD

S . 3+ 3
U(Ig,yg): C’ﬂZA(& r;)exp< — Jznu

Al

)dsdn-J]7“<s,n>exp( ~ i

Exs 1 nys
Afs

)dfdno (2)

H (DA (2) i 15 2 /Y B DL 7 9 F3k AN

U(Ig,_’)}g)z C”z”:az-(j?rg,
i=1 2

fi d d )
V3 T X3, T Vs s (3
ﬁy%( n R :

= :a,-( jz-rs’ st)*ﬂl< ;zl'ss ;iys)%ili‘L
A2 516 1R R0 AH S T A8 375 ST 1R 51 79 AT B I g 45 R
2 LA O - TR AR A2 I 4 1 THI 375 56 o B 1Y B 1R 4
JBCo HT AT UL e B R AR T A A G 3 i FL ARG R
1 FLARS 43 A FOAR AL T A 109 35 5 A0 S 3 el e g, W3 1Y

=SSR ESL T 778
2.1 £EXFHEMLTH

MM TCAE AR W 1 AT 56 4 BB E T
A BsF LA S 1) AR A7 T A 306 A R o ) B A e
RGN E UL RG] 2(a) s |, e 5 AT
AL I HE 1 4 R0, 4 R A I A

0822015-2



& 43 % & 8 H1/2023 4 4 B /R

5 188 18 3T
o5 A AF L R P PR T JE U O AR B

A C3) i Ot R

Ulxs,y;)=c a| == a2y, =y | T o, — oy ||t s, — s |
) {(f fzy) (ﬂ fyﬂf(f fzy)
A S A A d d
gl =™ X3, — Vs + byl —— 35 Vs —1| T L3 T V3 (o 4
H s fzy) ( £ fzyﬂ[( 5t fy)} W

P 2 (4) AT, FL AR S R T 9 9 4 R 003 6
A Bt AT B Y o A DX, AT I 4 0 S Ok
[ETHESE=1 1 E S R /N ) 24 NS P R Ao Rl T
WRh Fo, AR G 4 T i R, iR TR Y e AR
& EAN [ 2(b) frs o f 3 EA ST BT R S O AR T
i sin 0= FoA, 1 VT 503 2L 454 F tan 0 =sin 0, W A

hy=dtan § = dAF .. M4 JLAa AH L Ji 2 d/fl = h,/h,
@ principle plane
holography
optical element

W Ay = hy fi/d = A F o, BRIV FLAR 6 R TS B4 D' 2 i £
JCH R RS hy = A7 F o, WIAE B T ZOoL 20k g T
o PR, AT R S 1) ' R D RS T O B B O e A
PRIESG LR, 12 06 2 Db 25 D Tl ) B A S A v BE B . 2
o2k 1] b i B AR DG 2k B B o I AR AR L AR AR AL
LA d/dy=d/f, M d,/d,= f,/d, W HAE AR T )
MMwEDLRIE R ds=d, f./fi-

principle plane image plane

Fourier plane

®»
d
X, L
B, 3:(;:: —
p— —_— - — - [— ;— —_— - [— - d3
y = *
Y «
+
<—d —>»

‘<—L4><—fz—>'<—f2—>(

Pl 2 e H O O O OB 2 AR T B A ST A 4 D' R AR T O TRl Y D 2 Y LA A 4% D B o () A RL A A4 13 06 8% 5 (b) IR o il Y
HCZR Y TLA F2 4% 6

Fig. 2 Equivalent geometrical light path for modulated Fourier

transform system and geometrical light path of light imaged on optical

axis. (a) Equivalent geometrical light path; (b) geometrical light path of light imaged on optical axis
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Fig. 3 Fourier transform system jointly modulated by aperture diaphragm and space-variant phase element. (a) Equivalent geometrical

light path; (b) schematic diagram of aperture diagraphm imaged on space-variant grating; (c) schematic diagram of symmetric

distribution for aperture diaphragm and grating pixel
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Fig. 4 Schematic diagram of planar segmented micro-grating and inversely designed aperture diaphragms. (a) Schematic diagram of

planar segmented micro-grating with three frequencies; (b)=(d) inversely designed aperture diaphragms for segmented micro-

grating with three frequencies
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Table 1 Corresponding parameters for aperture diaphragms and phase elements

Target pixel

Aperture diaphragm

Holography optical

element

Frequency / Pixel diameter /

Central position /mm

Pixel diameter /  Frequency / Distance /

(lprmm ") (mm X mm) (mm X mm) (Ip*mm™") mm
(—2.000 mm, 7.126 mm), (—2.000 mm,
176 1.71X1.71 3.126 mm), (0, 5.126 mm), (0, —5.126 mm), 1.71X1.71 31.77
(2.000 mm, 3.126 mm), (2.000 mm, —7.126 mm)
(—2.000 mm, 5.126 mm), (—2.000 mm,
222 0.90X0.90 —5.126 mm), (0, 3.126 mm), (0, —7.126 mm), 0.90X0.90 200 40. 13
(2.000 mm, —3.126 mm), (2.000 mm, 7. 126 mm)
(—2.000 mm, 3.126 mm), (—2.000 mm,
302 0.33X0. 33 —7.126 mm), (0, 7.126 mm), (0, —3.126 mm) 0.33X0.33 54.46

(2.000 mm, 5.126 mm), (2.000 mm, —5.126 mm)
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Fig. 5 Light field distributions on Fourier spectrum plane and imaging plane. (a)-(c) Light field distribution on Fourier spectrum plane;

(d)-() light field distribution on Fourier imaging plane
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Fig. 6

Structural diagram of spatial orientation grating and schematic diagram of phase element with orientation-variant grating.

(a) Structural diagram of spatial orientation grating; (b) schematic diagram of phase element with orientation-variant grating
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Abstract

Objective  While space-variant micro/nano structures are segmented or interleaved in a two-dimensional plane, they
demonstrate integrated performance as a multi-function or multiplexing meta-device. Among present technologies,
projection lithography and interference lithography are effective for the rapid fabrication of micro/nano structures. By high-
resolution masks, projection lithography produces space-variant micro/nano structures quickly. However, the area of its
fabricated micro/nano structures is seriously limited by variation ranges of parameters. For interference lithography, the
structural profile and period can be varied by changing intensities and interference angles of light beams, respectively.
Nevertheless, their corresponding micro/nano structures change in a limited range with low resolution, in addition to their
complex optical setups. Combining projection lithography with interference lithography, this paper reports an optical
Fourier transform system modulated by phase element to dynamically produce micro/nano structures in a wide variation
range and achieves structural period variation of less than 1 nm. It merely produces structures pixel by pixel and dimension
of every pixel is constant. Then, space-variant phase element is utilized as the phase element, where multi-interference
light fields are generated to fabricate different micro/nano structures in different shaped pixels. However, their structural
parameters and pixels cannot be customized or changed in real time. Therefore, this paper proposes a method to parallel
produce micro/nano structures with independent changed structural parameters and pixels, which can be utilized to

generate flexible arranged space-variant micro/nano structures for multi-function or multiplexing meta-devices.

Methods An optical Fourier transform system jointly modulated by aperture diaphragms and a phase element is
proposed. With the Fourier transform principle of lenses and the geometric propagation characteristics of diffraction beams
in the phase element, the generation and manipulation of multi-interference light fields in the imaging plane are discussed.
The theoretical analysis shows that multi-interference light fields are determined by the distributions of aperture
diaphragms and the transmission of phase elements, where the pixelated aperture diaphragms are responsible for the
distribution of light fields, and the transmission of a phase element contributes to the structural parameters of each
interference light fields. Furthermore, the magnification between the imaging plane and the aperture diaphragm plane as
well as the one between the image plane and the transmission plane of a phase element is different, which means that the
variation in aperture diaphragms and the phase element manipulates the interference light fields independently. Then, two
methods for the generation and manipulation of multi-interference light fields are discussed. When modulated by multi-
pixel aperture diaphragms and a phase element, multi-interference light fields are generated to parallel produce the same
structure within different pixels. Pixels and the infilled structural parameters can be dynamically changed by varying
aperture diaphragms and manipulating the phase elements. When modulated by multi-pixel aperture diaphragms and a
space-variant phase element, multi-interference light fields are generated to simultaneously produce different structures
within different pixels. The same rules are obeyed in the manipulation of the light fields except that the change in the
aperture diaphragms can vary the structural pattern inside each pixel. Therefore, incorporating the analyzed methods and
rules for the generation and manipulation of the interference light fields, aperture diaphragms and the phase element can be

inversely designed to produce customized light fields for flexible assembled micro/nano structures.

Results and Discussions With the inversely designed methods mentioned above, symmetrical rectangular apertures are
utilized as aperture diaphragms and a grating eliminating Oth transmission is acted as the phase element (Table 1) to
modulate an optical Fourier transform system. Theoretical results show that three segmented interference light fields with
targeted fringe frequency are produced simultaneously, while their light field distribution and interfered fringe frequency
change as expected by pre-designed variation in apertures and the position of the grating (Fig. 5). Meanwhile, multi-pixel
apertures and a grating with space-variant orientations are designed to modulate the Fourier transform system, and types of
demand-interleaved interference light fields are generated for the fringes with their orientations flexibly arranged (Fig. 7).

Experimentally, aperture diaphragms and phase elements fabricated as designed are placed in the optical Fourier transform
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system, and segmented/interleaved interference light fields, coincident with the theoretical ones, are detected in its

imaging plane (Fig. 9). Combining the multi-interference light fields with the miniature projection, arrays of segmented
nano-gratings are fabricated consequently. With the time division multiplexing of dynamically controlled multi-interference
light fields, segmented nano-gratings of nine pixels are fabricated with measured pixel dimensions of 142.705 pm X
142.689 pm, 75.102 pm X 75.264 pm, 27.576 pm X 27.505 pum as well as structural periods of 472 nm, 375 nm and
275 nm (Fig. 10).

Conclusions  Incorporating planar segmented or interleaved space-variant micro/nano structures, meta-device
demonstrates multi-function or multiplexing performance. To fabricate customized distributed and space-variant micro/
nano structures with interference, this paper proposes an optical Fourier transform system, which is jointly modulated by
aperture diaphragms and a phase element. With the Fourier transform principle of lenses and the geometric propagation
characteristics of diffraction beams in the phase element, the methods for the generation and manipulation of flexibly
distributed multi-interference light fields in the imaging plane are analyzed. Apertures and a grating, as well as apertures
and a grating with space-variant parameters, are inversely designed as aperture diaphragms and a phase element
respectively to obtain the required distribution of variant micro/nano structures. Theoretical and experimental results
verify that with the inversely designed aperture diaphragms and the phase element modulating the optical Fourier transform
system, target interference light fields for arrays of segmented or interleaved micro/nano structures can be realized.
Combined with the multi-interference light fields and the miniature projection, arrays of segmented nano-gratings are
fabricated in sequence. With the time division multiplexing of dynamically controlled multi-interference light fields, nano-
gratings with three periods are fabricated segmentally, which shows great potential for the rapid fabrication of multi-
functional meta-devices.

Key words optical design; phase modulation; 4f optical system; space-variant structure; interference lithography
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