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Abstract

Functional nanostructures are exploited for a variety of cutting-edge fields including plasmonics, metasurfaces, and

biosensors, just to name a few. Some applications require nanostructures with uniform feature sizes while others rely on

spatially varying morphologies. However, fine manipulation of the feature size over a large area remains a substantial

challenge because mainstream approaches to precise nanopatterning are based on low-throughput pixel-by-pixel

processing, such as those utilizing focused beams of photons, electrons, or ions. In this work, we provide a solution

toward wafer-scale, arbitrary modulation of feature size distribution by introducing a lithographic portfolio combining

interference lithography (IL) and grayscale-patterned secondary exposure (SE). Employed after the high-throughput IL, a

SE with patterned intensity distribution spatially modulates the dimensions of photoresist nanostructures. Based on this

approach, we successfully fabricated 4-inch wafer-scale nanogratings with uniform linewidths of <5% variation, using

grayscale-patterned SE to compensate for the linewidth difference caused by the Gaussian distribution of the laser

beams in the IL. Besides, we also demonstrated a wafer-scale structural color painting by spatially modulating the filling

ratio to achieve gradient grayscale color using SE.

Introduction

The precise control of feature size exhibits great

importance in fabricating nanodevices for optoelec-

tronics1,2, plasmonics3,4, metasurfaces5,6, and bios-

ciences7,8, just to name a few. Some applications highly

require uniform critical dimensions of nanostructures

such as nanogratings applied in astronomy9, precision

measurements10, or laser applications11, of which non-

uniform feature sizes are regarded as defects or aberra-

tions, deteriorating the device performance. But some

devices heavily rely on nanostructures with spatially

varying feature sizes, such as structural color paint-

ings12,13, metalenses14–16, and diffractive waveguides17,18.

For example, functional nanostructures can directly gen-

erate a structural color by separating light via scattering

and diffraction, while the color is mainly dependent on

the dimensions and materials19–21. Moreover, spatially

arranging the dimensions and orientations of nanos-

tructures enables the manipulation of light propagation

via phase control, which has been widely adopted in the

emerging metalenses22,23.

To date, the precise manipulation of feature size for

nanopatterning on a large area is still challenging. Gen-

erally, the mainstream approaches for accurate nano-

patterning are electron beam lithography (EBL)24,25 and

focused ion beam (FIB) milling26,27. However, both are

serial pixel-by-pixel writing processes, placing a limitation

on the patterning area and suffering from low writing

efficiency. Although high-throughput nanofabrication

techniques such as interference lithography (IL)28,29 and

nanoimprint lithography30,31 are capable of large-area
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patterning, the former is mainly for fabricating periodic

structures and the latter heavily relies on the master

imprint mold. In our previous work, the Gaussian-

distributed beam profile in the IL has been utilized to

fabricate spatially varying nanostructures with a circular

gradient profile and demonstrate their applications in

wettability manipulation and biosensing32,33. However,

because the circular gradient profile is due to the Gaus-

sian distribution of the beam intensity, it is still impossible

to achieve an arbitrary modulation profile of the nanos-

tructure feature sizes. Therefore, devising a nano-

patterning approach that simultaneously satisfies (1) high-

throughput and large-area patterning and (2) precisely

and spatially modulating feature size, remains a challenge.

In this paper, we propose a nanopatterning strategy that

combines IL and grayscale-patterned secondary exposure

(IL-GPSE) to address the above challenges. Used for high-

throughput fabrication of nanostructures, IL first effi-

ciently exposes a large-area periodic nanoscale pattern on

the photoresist. Then a secondary exposure (SE) of

ultraviolet (UV) light, carrying a designed intensity dis-

tribution of a grayscale pattern, is applied to the IL-

exposed substrate to spatially modulate the feature sizes

of individual nanostructures. IL-GPSE allows wafer-scale

nanostructure patterning with improved uniformity by

compensating the linewidth variation caused by the non-

uniform IL exposure field using a specially designed SE

intensity distribution. We demonstrated a 4-inch wafer

patterned by uniform 400-nm-period and 125-nm-

linewidth nanogratings, with the linewidth uniformity

improved by 1100% over IL-only exposure. Besides, a

3-inch grayscale painting was also demonstrated as the

IL-GPSE enables precise grayscale control by tuning the

filling ratio of nanostructures, indicating potential

applications in flat optical devices and structural color

encryption, etc.

Results

Mechanism of feature size modulation on the IL-exposed

nanopatterns using SE

The feature size modulation using IL-GPSE was

achieved by a combination of two exposure processes, a

high-contrast IL for fabricating large-area periodic

nanostructures and a SE for locally tailoring structural

dimensions, as illustrated in Fig. 1. Using a positive pho-

toresist as the example, a typical two-beam IL is first

implemented to form periodic latent exposed regions with

sinusoidal dose profile34,35. The positive photoresist that

receives exposure dose above the clearing threshold

would be “washed out” during the development while that

below the threshold remains36,37. The linewidth of the

developed gratings mainly depends on the area proportion

exposed below the threshold38,39. In the IL-GPSE fabri-

cation, a SE will follow the IL exposure and provide an

additional dose that superimposes on the IL sinusoidal

dose profile to increase the effective dose applied on the

photoresist, therefore increasing the portion of the pho-

toresist that receives the above-threshold dose and leaving

less photoresist after development. Thus, a linewidth

modulation can be achieved by superimposing the IL

exposure dose with a patterned SE dose.

To demonstrate the linewidth tunability of the above

lithographic strategy, a series nanogratings with various

linewidths were fabricated through the IL-GPSE with

different combinations of IL dose and SE dose. The

samples were first exposed with 1000-nm-period grating

patterns with various IL doses from 27.6 to 55.2 mJ/cm2,

and then followed by the SE of eight flood doses ranging

Step 1
Interference lithography

Substrate Anti-reflective coating (ARC) Photoresist latent image

Clearing threshold 

Photoresist profile

Total exposure dose

Step 2
Secondary exposure

SE dose

IL dose 

Fig. 1 The schematic diagram of the IL-GPSE process. Step 1, a two-beam IL is performed on the photoresist to form periodic latent exposed

regions with sinusoidal dose profile. Step 2, a secondary exposure follows the IL exposure and increases the effective dose applied to the photoresist

which increases the portion of photoresist that receives above-threshold dose, and then leaves less photoresist after development
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from 0 to 13.2 mJ/cm2, respectively. Figure 2a shows the

SEM characterization of these nanogratings, demon-

strating a reliable control of the feature sizes by mod-

ulating both the initial IL and SE doses. The full width at

half-maximum (FWHM) linewidth of the nanogratings

was quantitatively characterized and recorded with the

corresponding exposure doses in Fig. 2b, indicating that

the samples exposed by different initial IL doses show

different linewidth modulation ranges during SE. For

example, the samples of 1000-nm-period gratings exposed

by 27.6 mJ/cm2 IL dose have a 180-nm modulation range

of the linewidth from 590 to 410 nm, while that of

55.2 mJ/cm2 IL dose can be tuned with a 140-nm range

from 300 to 160 nm. Another notable phenomenon is that

nanogratings exposed to different exposure combinations

may have a similar FWHM linewidth, however, the side-

wall morphologies show a great difference since increas-

ing IL dose benefits vertical sidewall while the SE dose has

less effect. Although in this work our investigation is

mainly based on positive-tone photoresist, it is worth

noting that the IL-GPSE process can also apply to

negative-tone photoresist (Fig. S1).

Generally, the profile of the final exposed nanos-

tructures depends on two important factors, the photo-

resist contrast and the distribution of the exposure dose.

The former relates to not only the resist’s material

properties but also baking and development conditions,

and can be experimentally characterized using the pho-

toresist characteristic curve40, as shown in Fig. 2c reveals

the relation between the normalized photoresist remain-

ing thickness and the exposure dose (details in Methods).

The slope of the transition region in the curve largely

determines the sidewall angle of the gratings. On the

other hand, the distribution of the exposure dose, parti-

cularly its contrast, as defined as the relative ratio between

the local doses in the constructive and destructive inter-

ference regions, also shows a significant influence on the

pattern morphology. The dose distribution in the IL

exposure can be numerically modeled from the spatial

distribution of the electrical field of the two interfering

coherent laser beams, by taking into account the fringe

drifting due to environmental disturbance35 (details in

Methods). The total exposure dose distribution is the

summation of the IL exposure dose and the SE dose.

a

Secondary exposure dose (mJ/cm
2
)

IL
 d

o
s
e
 (

m
J
/c

m
2
)

b

c

D
u
ty

 c
y
c
le

Secondary exposure dose (mJ/cm
2
)

e

1 µm27.60

0 13.2

55.20

700

600

500

400

300

200

100

L
in

e
w

id
th

 (
n
m

)

0 2 4 6 8 10 12 14

Secondary exposure dose (mJ/cm
2
)

 27.60 mJ/cm2

 32.64 mJ/cm2

38.08 mJ/cm2

 

43.52 mJ/cm2

48.96 mJ/cm2

55.20 mJ/cm2

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.1 0.2 0.3 0.4 0.5

1.2*DIL(x )+DSE(x )

1.4*DIL(x )+DSE(x )

DIL(x ) +DSE(x )

1.8*DIL(x )+DSE (x )

DIL(x )+0.6*Dc

DIL(x )+0.4*Dc

DIL(x )+0.2*Dc

DIL(x )

Dc

Dc

2.0*DIL(x )+DSE(x )

1.6*DIL(x )+DSE(x )

d

T
h
ic

k
n
e
s
s
 

D
o
s
e
 (

n
o

rm
.)

Position (norm.)

-1

-0.5

0

0

0.5

1

1.5

0 0.2 0.4 0.6 0.8 1

FWHM

32.64

38.08

43.52

48.96

1.2 4.7 5.9 7.3 9.0 11.0

0 10 20 30 40 50 60
0

0.2

0.4

0.6

0.8

1

R
e
s
is

t 
re

m
a
in

in
g
 t
h
ic

k
n
e
s
s
 (

n
o
rm

.)

Measured data

Fitting curve

Exposure dose (mJ/cm
2
)

Fig. 2 Experimental results and numerical model of feature size modulation by SE. a SEM image matrix of 1000-nm-period gratings with

various linewidths fabricated by different IL and secondary exposure doses. b The FWHM linewidths measured in a, showing the linewidth is

negatively correlated to both IL and secondary exposure doses. c Normalized measured photoresist remaining thickness as a function of exposure

dose (blue squares) and the corresponding best-fitting curve (red line). d Simulation of the total exposure dose distribution and resulting developed

photoresist profiles by setting photoresist contrast as extracted from c and contrast of IL exposure dose distribution as 0.95. e The simulated duty

cycle variation as a function of the secondary exposure dose using various initial IL exposure doses
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The actual nanostructure pattern can be simulated by

combining the experimental photoresist characteristic

curve in Fig. 2c and the total exposure dose distribution,

enabling the morphology prediction and process analysis

in our IL-GPSE method. Figure 2d demonstrates the

simulated photoresist morphologies varied with different

SE doses from 0 to 0.6*Dc, where Dc represents the

clearing dose used in the simulation for convenience

(details in Methods). The FWHM linewidth shrinks as the

SE dose increases, which conceptually confirms the line-

width modulation achieved by SE after IL. In addition,

when assigning different photoresist contrast character-

istics in the model to simulate the morphological varia-

tion, the sidewall angle changes with the photoresist

contrast and it is roughly maintained during the linewidth

tailoring by SE (Fig. S2). Similarly, simulations with dif-

ferent interference exposure dose distributions in Fig. S3

demonstrate that a high contrast in the interference

exposure significantly enlarges the process window of the

linewidth tunability since a low-contrast exposure results

in photoresist height loss. Using this numerical model, we

can also simulate the tuning range of the linewidth or the

duty cycle with various initial IL exposure doses, as shown

in Fig. 2e, which exhibit the similar trend as in the

experimental measurement in Fig. 2b.

Spatial modulation of nanostructure feature sizes using

grayscale-patterned SE

The linewidth manipulation mechanism makes it pos-

sible to modulate the nanostructure feature sizes

according to a given spatial pattern (Fig. 3a). The pat-

terned SE can be realized through a UV projector, a UV

mask aligner, or direct laser writing (DLW). For example,

a UV projector is capable of converting a digital grayscale

image into the UV intensity distribution for spatially

modulating the dimensions (Fig. S4). Figure 3b shows a

3-inch Si wafer carrying an HKU logo, consisting of 600-

nm-period photoresist gratings with the linewidths in

different regions modulated by the projected grayscale

pattern. The photoresist was first exposed with 600-nm-

period gratings using IL and then a grayscale image of an

HKU logo was projected through a 405-nm projector

(Fig. S5). The grayscale pattern projected on the pre-

exposed photoresist spatially modulates the linewidths

according to the digital grayscale image. SEM images were

taken on different parts of the image, including the areas

of background, “H”, “K”, and “U” letters respectively,

demonstrating the corresponding linewidths of 250, 190,

140, and 110 nm, which indicates a >55% linewidth

modulation range (Fig. 3c).

Our proposed strategy allows feature size tuning at

micrometer scale, subject to the spatial resolution of the

grayscale image of the patterned SE. As IL exposure

creates a nearly uniform or slowly varying latent dose

image in the photoresist, the resolution of the feature size

modulation mainly depends on the resolution of the SE.

We investigated the spatial resolution of SE using DLW at

different critical dimensions (Fig. S6). The SEM image in

Fig. 3d shows an IL-exposed nanohole array in which

some holes are transformed into pillars with a SE mod-

ulation. The filling ratio of the modulated patterns ranges

from over 0.7 to below 0.4 and demonstrates a spatial

resolution of ~1.7 microns, as illustrated in Fig. 3e. With

single-pixel exposure of 1-µm resolution, we further

achieved the fabrication of a photonic crystal pattern with

a defect, providing an innovative way to fabricate photo-

nic crystal cavities over a large area for fundamental

photonics research and practical device applications, as

shown in Fig. S7.

In addition, we also carried out the linewidth modula-

tion on a uniform nanograting using contact photo-

lithography with a photomask. The optical microscope

image in Fig. 3f shows a 12-point-star pattern consisting

of 600-nm-period gratings with 245-nm linewidth inside

and 170-nm outside. Figure 3g(i) and 3h(i) show the SEM

images of the photoresist gratings recorded in the tip

regions, labeled using green and yellow boxes, in which

the grating linewidth changes within a short distance at

the pattern edge. The linewidth distribution is mapped in

Fig. 3g(ii) and 3h(ii) clearly exhibited the tip outlines with

a transition distance of ~2 microns, as quantitatively

analyzed in Fig. 3i. The precise quantitative character-

ization by measuring the linewidth every 200 nm along a

grating line (white, Fig. 3h) shows a 35-nm/µm grating

linewidth gradient induced by the edge diffraction of

patterned SE.

Uniform 4-inch wafer-scale patterning using IL-GPSE

The proposed IL-GPSE can also be applied on non-

uniform nanostructures, which are caused by the non-

uniform laser beam intensity during IL, to compensate for

the spatial variation for improved uniformity, which is

essential in many optical applications that demand large-

area uniform gratings41,42 and precise interferometry43.

Generally, large-area nanogratings fabricated by IL suffer

radial-gradient linewidths due to the Gaussian profile in

the interfering beams, and researchers often expand the

Gaussian beam44 or implement beam shaping devices to

transform the Gaussian distribution to a flat top dis-

tribution45 to acquire a relatively uniform intensity at the

central exposure area. However, the former wastes a large

amount of exposure energy and decreases the production

capacity while the latter introduces a new challenge of

fabricating high-quality large-area beam shaping devices.

Employing the SE with a properly designed intensity

distribution after the conventional IL with Gaussian

intensity profile offers a new and efficient approach to

compensating the linewidth variation (Fig. 4a). Figure 4b

Gan et al. Light: Science & Applications           (2022) 11:89 Page 4 of 10



shows IL-exposed 400-nm-period gratings over a 4-inch

wafer. The diffracted blue light intensity gradually

decreases from the center to the edge due to Gaussian

intensity distribution (Fig. S8), resulting in an increasing

linewidth variation from the center to the edge due to the

spatially decreasing intensity. We recorded SEM images

every 2.5 mm along the radius of the 4-inch wafer

(Fig. S9), morphologies of four typical positions were

illustrated in Fig. 4c to show the linewidths of 127, 135,

158, and 270 nm, of which a poor control of both linewidth

and linewidth roughness was observed near the edge.

In contrast, by performing the SE with a designed

intensity distribution complementary to the Gaussian

distribution, the pattern uniformity, and line edge

roughness can be significantly improved. By referring to

SEM images and corresponding linewidths under differ-

ent IL and SE doses, as shown in Figs. S10 and S11,

respectively, the SE intensity map required for compen-

sating the non-uniform IL linewidth variation on the

4-inch wafer can be designed. Figure 4f shows the 4-inch

intensity map for linewidth tailoring and the devised

grayscale image, transformed by using the characterized
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Fig. 3 Spatial modulation of nanostructure feature sizes using grayscale-patterned SE. a Schematic of spatial modulation of linewidth using

patterned secondary exposure. b A 3-inch wafer carrying the HKU logo consisting of 600-nm-period photoresist gratings with the linewidths in

different regions modulated by projected grayscale pattern. c SEM images taken on background, “H”, “K”, and “U” letters on the wafer, showing

corresponding linewidths of 250, 190, 140, and 110 nm. d SEM image of a 600-nm-period hole array modulated by DLW secondary exposure. e Plot

of the filling ratio of nanostructures in the green box in d versus the horizontal position, showing a resolution of 1.7 µm. f Optical microscope image

of a 12-point-star pattern, consisting of 600-nm-period gratings with linewidths modulated by contact photolithography using a photomask. SEM

images taken inside and outside the secondary exposure pattern, showing the 245-nm and 170-nm linewidths, respectively. g Green box and

h yellow-box regions in f, characterized by (i) SEM images and (ii) linewidth distributions. i The linewidth variation measured every 200 nm along a
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relationships between the digital grayscale value and

projected light intensity via the UV projector (Fig. S12).

After applying the SE with the projected grayscale pattern,

a 4-inch wafer carrying gratings with highly homogeneous

linewidths was obtained and uniformly diffracted blue

light, as shown in Fig. 4d. SEM images were obtained on

both un-compensated and compensated grating samples

for comparison, as in Fig. 4c, e, and showed a significant

improvement in grating linewidth uniformity and line

edge roughness.

The linewidth distributions were statistically analyzed

by measuring the linewidth of the SEM image captured

every 2.5 mm along the radius from the wafer center to

the edge (Fig. S13). The comparison of linewidth dis-

tributions in Fig. 4g shows that gratings tailored by SE had

a linewidth deviation of 3.2 nm, which is over 1100%

reduced from 36.2 nm, that of the gratings exposed only

by IL. The SEM images also show that the linewidth

roughness was significantly improved through SE, espe-

cially for the gratings near the edge. The difference ori-

ginates from the total exposure dose on the photoresist, of

which a higher dose facilitates the diffusion of photoacid

compounds. As a result, a >580% improvement (from

8.7 nm to 1.5 nm) is obtained in the linewidth roughness

characterization when the SE is employed (Fig. 4h).

Large-area grayscale painting using IL-GPSE

In addition to the large-area patterning of uniform

gratings, the IL-GPSE method also enables the filling

ratio modulation for two-dimensional (2D) nanos-

tructures (Fig. 5a), which are major building blocks in

structural color based paintings46. Most structural color
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paintings using 2D nanostructures can be fabricated only

on small areas of millimeter scale or less because they

need to use EBL, an expensive and time-consuming tool,

for high-resolution patterning of spatially varying struc-

tures. By adopting our proposed IL-GPSE method,

structural color paintings can be fabricated on wafer-

scale, because both the IL and patterned SE can be done

at a large scale while maintaining sufficiently high reso-

lution. Another factor that needs to be considered is that

the diffraction-induced coloration caused by the nanos-

tructure periodicity will interfere with the designed

structural color, especially over large-area samples47,48.

We intentionally adopt a microscopically roughened sur-

face to mitigate this diffraction effect by randomly scat-

tering the diffracted light. We applied the IL-GPSE process

on the unpolished side of an Si wafer and investigated the

structural color variation under various SE intensities. As

shown in Fig. 5b, 25 squares of 700-nm-period 2D patterns

on photoresist modulated by SE projection show a clear

grayscale color change from dark brown to light gold, of

which the corresponding reflectance increases (Fig. S14).

SEM characterization shows non-uniform 2D periodic

nanopatterns on the microscopically irregular surface

(Fig. 5c and Fig. S15), from which the filling fraction

of the photoresist can be extracted (details in Methods).

Figure 5d demonstrates that the photoresist filling ratio is

negatively correlated to the SE dose, which confirms the

lateral filling ratio modulation by SE enables the grayscale

tunability.

We further demonstrate a grayscale painting using wafer-

scale IL-GPSE. The SE projects part of the renowned Chi-

nese artistic painting Along the River During the Qingming

Festival (Chinese name: Qingming Shanghe Tu) by Zhang

Zeduan (1085–1145) (Fig. S16) on a 3-inch wafer, consist-

ing of a latent image of 700-nm-period 2D patterns in the

photoresist. After photoresist development, a grayscale

a

b

Substrate ARC

Interference

lithography

Grayscale-patterned

secondary exposure

Filling ratio 

modulation

1 7

Square number

13 19 25

0.5

0.4

0.3

0.2

0.1

0.0

R
e
s
is

t 
fi
lli

n
g
 r

a
ti
o

d

e

3 inch

g

f

c

h
SiO2 Ag

01–05

06–10

11–15

16–20

21–25

× 2

(i) (ii) (iii)

Photoresist latent image

Fig. 5 Large-area grayscale painting using IL-GPSE. a Schematic of spatial modulation of filling ratio for 2D nanostructures using IL-GPSE. b The

photograph of 25 squares of 700-nm-period 2D patterns on photoresist modulated by SE projection, showing a clear grayscale change from dark

brown to light gold. c SEM images of the region labeled using white box in b. d Fraction area of photoresist calculated from SEM images of Fig. S15,

showing a negative correlation between the photoresist filling ratio and the SE dose. e A photograph of the 3-inch grayscale painting of Along the

River During the Qingming Festival in photoresist patterned by IL-GPSE. f A dynamic structural color due to the residual diffraction at tilting angles.

Grayscale paintings patterned by IL-GPSE are further g etched into 300-nm-thick SiO2-coated Si wafer, or h deposited with 50-nm-thick Ag on glass.

Scale bars, 2 µm (inset in c), 10 µm (c), and 1 cm (b, f–h)
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replication of the painting appears on the Si substrate

(Fig. 5e). When the wafer is tilted at different angles, a

dynamic structural color due to the residual diffraction can

also be observed (Fig. 5f), indicating potential applications

in cryptography or anti-counterfeiting. Moreover, pattern

transfer into other materials can be realized by combining

IL-GPSE strategy with other nanofabrication techniques

such as reactive ion etching and electron beam evaporation.

As an example, Fig. 5g, h show the grayscale paintings of

Girl with a Pearl Earring engraved in a 300-nm-thick SiO2-

coated Si wafer and deposited with 50-nm-thick Ag on a

glass substrate, respectively.

Discussion

In summary, we have invented a practical and scalable

lithographic strategy that supports spatial modulation of

the feature size of periodic nanostructures on a large

area. Our fabrication portfolio uses IL to efficiently fabri-

cate large-area periodic nanostructures and grayscale-

patterned SE to spatially modulate the feature sizes. We

successfully fabricated highly uniform nanogratings on a

4-inch wafer by compensating for the effect of the non-

uniform Gaussian profile of the interference laser beams

using a grayscale-patterned SE. Additionally, we demon-

strated 3-inch grayscale painting with 2D nanostructures

fabricated by IL-GPSE, which may also find potential

applications in information encryption, anti-counter-

feiting, etc. Our method can also benefit the fabrication of

metasurfaces and metalenses that employ nanostructures

with spatially modulated filling ratios49. By separating the

high-resolution patterning of metasurface building blocks

and the size modulation, our method can improve the

patterning efficiency for these devices by orders of mag-

nitude when compared with EBL.

Materials and methods

Fabrication of photoresist nanogratings

Firstly, the silicon wafer was ultrasonic cleaned with

acetone, isopropanol, and deionized water for 5min,

respectively. Then after oxygen plasma treatment, the Si

wafer was spin-coated with a 200-nm-thick anti-reflective

coating (ARC; AZ BARLi-II, MicroChemicals, GmbH)

layer at 2000 rpm and baked at 200 °C for 2min to elim-

inate the standing wave effect in an exposure. Then the

positive photoresist (AZ MiR 701, MicroChemicals,

GmbH) was spin-coated at 3000 rpm and pre-baked at

90 °C for 60 s. Original and diluted (1:1 with propylene

glycol methyl ether acetate) photoresists were used for

patterning the periods of 1000 nm/700 nm/600 nm and

400 nm, respectively. The samples were first exposed by a

home-made IL system with a 405-nm laser (Omicron,

GmbH) to form large-area periodic latent nanostructures

and then were exposed via a UV projector (Xiamen Zhisen

Electro. Equip. Co., Ltd.), a UV mask aligner (URE-2000/

35, Chinese Academy of Sciences), or a DLW machine

(MicroWriter ML3, Durham Magneto Optics Ltd.) to

spatially modulate the latent feature sizes. After perform-

ing IL-GPSE process, samples were post-baked at 110 °C

for 60 s, developed (AZ 726 MIF, MicroChemicals, GmbH)

for 60 s, and rinsed thoroughly with deionized water.

Obtaining the photoresist characteristic curves

The raw data were recorded by exposing 800-nm-thick

photoresist on ARC/Si substrates with different exposure

doses and then measuring the corresponding residual

thicknesses after development. The remaining photoresist

thickness, T, was then normalized to the initial unexposed

thickness and plotted as a fitting function of the dose, D,

to fit the characteristic curve50:

T Dð Þ ¼
1

1þ eγ D�Dcð Þ
ð1Þ

where Dc is the clearing dose and γ is the photoresist

contrast, extracted to be 40.77 and 0.2474. As a conve-

nience, Dc and γ are regarded as basic units of parameters in

simulations. Notably, the photoresist characteristic curves

should be recalibrated with experimental data when the

process conditions, such as the photoresist type, thickness,

development parameters, etc., are changed.

Numerical model of IL-GPSE strategy

The interference exposure dose distribution on the

photoresist can be calculated as

DIL xð Þ ¼ DIL 1þ Γ cos
2πx

p

� �� �

ð2Þ

where Γ is the contrast of the interference exposure dose

distribution, p is the grating period, and x is the horizontal

position. By superimposing a SE on the IL dose distribu-

tion, the total exposure dose can be described as

DT xð Þ ¼ DIL xð Þ þ DSE xð Þ ð3Þ

where DSE(x) is the distribution of SE dose. When the SE

is a flood exposure, DSE(x) should be a constant; when it is

a grayscale pattern exposure, DSE(x) should be a variable

depending on spatial distribution. By applying Eqs. (1–3),

a spatial photoresist thickness variation can be obtained as

the numerical model.

Extraction of the photoresist filling ratio

SEM images are saved as uint16 data type which shows

morphological information of nanostructures using 256

grayscale values. In the SEM images, the photoresist

appears brighter while the exposed silicon surface appears

dark. By obtaining the grayscale values of all pixels and

Gan et al. Light: Science & Applications           (2022) 11:89 Page 8 of 10



setting a properly chosen threshold, the number of pixels

that are covered by photoresist can be counted and the

photoresist filling ratio can be calculated.

Fabrication of the grayscale painting

For the grayscale painting of Along the River During the

Qingming Festival, IL-GPSE was employed on the back-

side of a 3-inch 200-nm-thick SiO2-coated silicon wafer,

spin-coated with 200-nm-thick ARC and 800-nm-thick

photoresist. For the grayscale painting of Girl with a Pearl

Earring in Fig. 5g, IL-GPSE was first employed on the

backside of a 300-nm-thick SiO2-coated silicon substrate,

spin-coated with 200-nm-thick ARC and 800-nm-thick

photoresist. After patterning on the photoresist, the

underlying ARC and SiO2 layers were etched using O2

plasma and CHF3/H2 in a reactive ion etching system

(RIE-10NR, Samco), respectively, to transfer the pattern

into SiO2. Finally, the photoresist and ARC residues were

removed to complete the grayscale painting. For the

grayscale painting of Girl with a Pearl Earring in Fig. 5h,

IL-GPSE was first employed on a glass substrate, spin-

coated with 200-nm-thick ARC and 800-nm-thick pho-

toresist. After patterning in the photoresist, the under-

lying ARC layer was etched using O2 plasma to expose the

surface of glass. Next, 50-nm-thick Ag was deposited

using electron beam evaporation (EB500-I, Shenyang

Scientific Instrument Ltd.). Finally, a lift-off process was

performed with ultrasonic cleaning in RCA-1 solution

(NH3·H2O:H2O2:H2O= 1:1:5) at 80 °C for 3 min, leaving

the glass substrate with Ag grayscale pattern.

Characterizations

SEM (Zeiss Sigma 300) was performed to characterize

the morphologies of the nanostructures. SEM images

were analyzed by a commercial software ProSEM (GenI-

Sys Ltd.) statistically calculate the linewidth and rough-

ness. The photoresist thickness was measured by an

ellipsometer (TF-UVISEL, HORIBA Jobin Yvon). The

light intensity was measured by a commercial digital

power meter (PM160, Thorlabs, Inc.). The reflective

spectra were collected using a commercial spectrometer

(QE65Pro, Ocean Optics).
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