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Abstract: We introduce two types of dielectric metasur-

faces, consisting of 3 × 3 regions, which manipulate

wavefront by different feature heights. Both polarization-

dependent and polarization-independent metasurfaces are

realized for phase depth of 0∼ 2π at 1550 nm,with consider-
able average transmittance of 80.1 and 85.1 %, respectively.

The phase modulation capability can be extended over a

broadband range of 1460.1–1618.0 nm for optical commu-

nications, by carefully designing nanofeature sizes. More-

over, the entire metasurfaces with nanofeatures of varying

heights can be fabricated in a single process by using direct

laser writing with high-precision, which is beneficial for

mass production and promising in developing efficient and

ultracompact devices.

Keywords: dielectric metasurfaces; direct laser writing;

phase modulation

1 Introduction

Metasurface is a planar structure consisting of arrays of

subwavelegth optical elements (metallic or dielectric)which
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can alter phase [1–4], amplitude [5, 6] and polarization [7, 8]

of incident light. The primary function of the ultra-thin pat-

terned meta device is to modulate the phase thereby shap-

ing the wavefront of incoming light based on the spatially

different distribution of the scatterers [9, 10]. By optimiz-

ing geometrical parameters (shape, size, orientation, and

pitch) of periodic unit cells, arbitrary phase shifts can be

achieved as along with the transmittance [9, 11, 12]. Such

manipulation is not limited to a specific wavelength but can

be extended to a broadband range through proper disper-

sion designs of various regions. The favorable characteristic

enables versatile functionalities in holograms [13–15], flat

lenses [2, 13, 16], quarter and half waveplates [6, 17], anoma-

lous refraction [18] and orbital angular momentum (OAM)

[19].

Plasmonic metasurfaces often suffer from low effi-

ciency (25 %) due to weak coupling between cross-polarized

fields and the incident light [20, 21]. By contrast, dielec-

tric metasurfaces, free from Ohmic losses in metal, have

emerged as a promising candidate for high efficiency wave-

front manipulation and have attracted enormous attention

in these years. Asymmetric building blocks are typically

applied to achieve 0 to 2π phase control due to the design

flexibility [9, 22], while the symmetric are commonly used

for reflectionless by simultaneous excitation of electric and

magnetic dipole resonances [23, 24]. However, conventional

methods like E-beam lithography (EBL) and focused ion

beam (FIB) to fabricate all-dielectric metasurfaces is cost

prohibitive and time-consuming over large scale, and can

only fabricate nanoparticles of the same height in a single

process [25, 26]. Additionally, the process is normally accom-

panied with deposition, lithography and etching, which will

bring about side erosion and finally lead to a less steep

and less straight sidewall. To overcome these limitations,

various types of 3D printing technologies arewidely utilized

to fabricate dielectric metasurfaces for their convenience

and flexibility [26, 27]. Among these sequential 3D print-

ing methods, direct laser writing (DLW) stands out as an
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effective additive technique capable of creating high-

precision and diverse shaped lattice structures [28–31].

This study presents two types of multi-height metasur-

faces (polarization-dependent and polarized–independent)

in 3× 3 regions, numerically and experimentally illustrating

their phase modulation ability around 1550 nm. The pro-

posed metasurfaces were fabricated through DLW based

on two-photon polymerization (2 PP) using Nanoscribe Pho-

tonic Professional GT instrument. The rectangular nanopil-

lars and cylindrical nanodisks of 9 different sizes were

simultaneously grown on a silica fused substrate in corre-

sponding areas, leveraging the various height processing

capabilities of 3D printing. The entire metasurface achieves

a broadband 0 to 2π phase shift from 1460.1–1618.0 nm

across the telecommunication regime. Furthermore, the

average transmittances of the two metasurfaces are 80.1 %

and 85.1 %, respectively. These meta devices offer flexible

phase tuning ability and high efficiency, making them suit-

able for implementing vectorial holograms and arbitrary

OAM functionalities.

2 Analysis and simulation

2.1 Polarization-dependent metasurface

Dielectric metasurfaces composed of silicon nanoparticles

provide ranges of functionalities due to the low absorption

loss. Nonetheless, the application of those based on single

localizedmode is restricted in reflection geometry due to the

sharp increase in reflectance at the resonance wavelength

[32]. Therefore, optimizing the size (height, width, length,

and pitch) of individual nanopillar is crucial to control

the excitation of electric and magnetic dipolar resonances

simultaneously, realizing reflectionless behavior at the tar-

geted wavelength. To calculate the accumulated phase shift

𝜑 (neglecting Fabry–Perot effects) as light passes through

the nanopillar, the following equations are used [33]:

Φ = 2𝜋 ⋅ neff ⋅ H∕𝜆,

neff = nr ⋅W ⋅ L∕P2 + nair
(
1−W ⋅ L∕P2

)
,

where neff is the effective refractive index, H, W , L denote

the height, width, and length of the nanopillar, and P is the

pitch between adjacent nanopillars. By these formulae, we

can see that phase shift 𝜑 can be modified by adjusting H,

W and L. In order to achieve the wavefront control through

a multi-height metasurface around the telecommunication,

geometry parameters optimization was performed using

commercially available software CST MICROWAVE STUDIO.

As schematically demonstrated in Figure 1(a), structure

of single unit with rectangular nanopillars, composed of

resin (nr = 1.53), standing on 700-μm silica fused substrate

(ns = 1.444). As illustrated in Figure 1(b) and (c), when H

and P are fixed in 5.56 and 2.5 μm, the phase shift 𝜑x and

𝜑y under the x- and y-polarized incidence at 1550 nm are

recorded respectively as we gradually varied theW and L.

The phase shifts 𝜑x and 𝜑y cover 0 to 2π asW and L ranges

from 1.0 to 2.4 μm. The phase shift of the incidence at differ-
ent frequency from 185 to 205 THz is shown in Figure 1(d).

The result reveals a large amount of Mie-type scattering res-

onances resulting from both induced electric and magnetic

dipoles as designed within the range [11, 34], which explains

the dramatic changes in phase shifts𝜑with slight variation

inW and L under both polarizations. On the other hand, the

tuning ranges still approach 2π at 185 and 205 THz, details

can be looked up in Supplementary Material, suggesting the

free phase modulation can be achieve in broadband from

185 to 205 THz, corresponding to 1460.1–1618.0 nm.

The transmission amplitude, represented by the

square root of the intensity transmittance, is defined by

|t| = ||ts||∕
√
ns [9], where ts denotes the simulated

transmission coefficient of the interface from the

silica fused substrate across the resin to the air. The

transmission amplitudes tx and ty under x- and y-polarized

are plotted in Figure 1(e) and (f). It can be observed that

both the phase shifts and transmission amplitudes are

polarization-dependent but have symmetry about the line

W = L due to the anisotropic rectangular-shaped elements.

It is worth mentioning that the transmission amplitude is

basically above 77 % across the entire range, indicating

that full phase modulation can be achieved while ensuring

considerably high transmission. Nevertheless, modulating

the phase by varyingW and L has a fundamental flaw – the

phase shift 𝜑 can change drastically with small fabrication

errors. By contrast, as shown in Figure 1(g), when W and

L is set to be 1.4 and 2.0 μm, measured under x-polarized

at 1550 nm, the phase shift decreases linearly with the

height within one cycle (such as 5.68–6.96 μm) of change
while the transmission can drop to 39 % in some specific

height. Hereby, it is more reliable to modulate phase

through the optimized height and then improve further

by altering W and L. In addition, although we know the

propagation phase is wavelength-dependent, such height

tuning of phase shift is also effective for a fixed wavelength.

According to simulation results, we specified the respective

sizes of 9 areas, and the parameters are listed in Table 1.

H of nanopillars varies between 4.36 and 7.76 μm, W and

L are from 1.0 to 2.4 μm in Regions I ∼ IX. In this way, the

𝜑x in adjacent regions are set at an approximately 45◦
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Figure 1: Schematic and simulation results of structure. (a) Schematic of a rectangular nanopillar. Phase shift with varying width and length under

(b) x-polarized, (c) y-polarized, (d) in range of 185∼ 205 THz. Transmission amplitude with width and length under (e) x-polarized, (f) y-polarized.

(g) Phase shift and transmission amplitude with varying height. (h) Farfield when monitor is 500 μm away from the metasurface. All results are under

incidence at 1550 nm.

Table 1: Parameters of nanopillars from 9 regions in

polarization-dependent metasurface.

Region H (𝛍m) W (𝛍m) L (𝛍m) 𝛗
x
(◦) t

x (%) 𝛗
y
(◦) t

y (%)

I 4.36 1.5 1.4 −174.73 79.4 176.29 72.19

II 5.56 1.3 2.2 −134.64 98.6 −141.15 92.80

III 6.56 1.5 1.2 −93.06 92.5 −88.33 98.24

IV 7.76 1.4 2.0 −44.39 88.1 −61.53 46.20

V 4.88 1.0 1.6 2.78 80.6 10.00 85.50

VI 7.48 1.4 2.4 48.24 80.2 52.36 100

VII 6.04 1.4 1.8 89.02 94.8 84.71 95.59

VIII 7.04 1.4 2.0 140.13 100 149.42 86.87

IX 5.60 1.4 1.8 178.62 93.8 176.72 99.69

interval and maintain tx at a relatively high level even at

resonance. For the 𝜑y and ty under y-polarized, they are

all different from but relatively close to those which are

under x-polarized except for the transmission amplitudes

ty of Region IV (∼46.20 %). Figure 1(h) depicts the simulated

far-field of Region IX when placing the monitor 500 μm
away from the metasurface. Most of intensity gathers in

the center, which is the component transmitting directly

through the metasurface. There is also a slight distribution

at a deflection angle of 𝜃 = 59◦, attributed to the first-order

diffraction.

2.2 Polarization-independent metasurface

Various functionalities, such as resonant forward scatter-

ing, broad-band reflector and spontaneous emission con-

trol, have also been demonstratedwith isotropic cylindrical-

shaped metasurfaces. Similarly, Periodic structures com-

posed of nanodisks, also known as Huygens’ metasurfaces

[34–36], have been wildly utilized due to their extremely

high transmittance. In line with these purposes, the meta-

surface consisting of different-sized nanodisks in 3 × 3

regions has also been thoroughly studied, and the effective

refractive index can be expressed as:
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neff = nr ⋅ 𝜋 ⋅ R2∕P2 + nair
(
1− 𝜋 ⋅ R2∕P2

)
,

whereR denotes the radius of nanodisks. Figure 2(a) demon-

strates the structure of single unitwith cylindrical nanodisk,

made of resin polymer, standing on silica fused substrate.

As shown in Figure 2(b), when H and P are fixed at 5.60

and 2.5 μm, respectively, the phase shift𝜑 and transmission

amplitude t are both recorded. By altering radius R, we

achieve 0 to 2π phase shift when radius is above 0.7 μm,
however, the transmission amplitude is low at some points

within this range. Moreover, the phase shift changes lin-

early only in small ranges, such as 1.08–1.16 μm, making
it difficult to fabricate the optimized radii with precision.

Figure 2(c) demonstrates that, when the radius is 1.1 μm,
the phase shift decreases linearly between 4.32–5.52 and

5.56–6.84 μm, and the transmission amplitude is mostly

above 80 % except for a few points. Transmission amplitude

with respect to height for a wider range of incident light

frequencies (180∼ 300 THz) is illustrated in Figure 2(d). The

transmission amplitude is above 70 %between 180–280 THz

when height in the range of 4.20–7.20 μm, indicating its

broad-band availability. At the same time, results of the

phase shift and transmission amplitude are independent

of the polarization of the incidence. Since the transmit-

tance is high enough, we only varied the heights of nan-

odisks between 4.28–6.52 μmwith the same radius of 1.1 μm
in 9 areas, and the parameters are listed in Table 2.

At arbitrary polarization, the phase shift 𝜑 interval is

roughly 45◦ between the adjacent. The average transmis-

sion amplitude t is higher than that of the polarization-

dependent metasurface. Especially for Regions B, C, F,

G, and H, the amplitudes approach 100 %, which proves

reflectionless thanks to electromagnetically dual-symmetric

behavior.

0.5000

0.6250

0.7500

0.8750

1.000

(a)

(d)

(b)

(c)

Figure 2: Schematic and simulation results of structure. (a) Schematic of a cylindrical nanopillar. Phase shift and transmission amplitude with varying

(b) radius and (c) height, under an incidence light at 1550 nm. (d) Transmission amplitude with height in range of 180–300 THz.
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Table 2: Parameters of nanodisks from 9 regions in polarization-independent metasurface.

Region A B C D E F G H I

H (μm) 4.28 5.40 6.52 5.08 6.20 4.72 4.60 5.72 5.56

𝜑(◦) −174.91 −135.51 −87.99 −43.78 3.28 45.4 92.56 136.98 179.42

t(%) 85.8 99.5 99.8 96.2 98.9 100 100 99.6 97.4

2.3 Fabrication

Two gradient height metasurfaces were achieved by using

the commercial prototyping instrument (Nanoscribe Pho-

tonic Professional GT) based on 2 PP in a tightly focused

femtosecond laser beam [37, 38], as shown in Figure 3(a). The

nanopillars with 9 different sizes were fabricated within

separated 3 × 3 areas throughout the entire metasurfaces.

The polymer basedmetasurfaceswere built on a fused silica

substrate with IP-Dip2 resist on. For exposure, high numeri-

cal aperture (NA1.4) objective (Zeiss Plan-Apochromat 63×)
was applied in immersion configuration. The laser beam

was working on Galvo scanning mode, and to fit vari-

ous sizes of pillars, optimized scan speed 10,000 μm s−1,

laser power of 32.5 and 45 mW for rectangular-shaped and

cylindrical-shaped were chosen, respectively. Small slicing

and hatching (laser movement step in longitudinal and

transverse direction were set to be 0.04 and 0.1 μm to

enable high aspect ratios andmaintainmechanical strength

of the polymer nanopillars simultaneously. Afterwards,

the exposed samples were developed in propylene glycol

monomethyl ether acetate (PGMEA) for 15 min and then

immersed in isopropanol for 5 min. Eventually, the fabri-

cated polymer sample would be dried in nitrogen for 2 min.

The two fabricated samples both contain 9 square areas

with same size of 125 × 125 μm, 25 μm spacing between

adjacent square regions, and the size of entire metasurfaces

are 425× 425 μm, as exhibited in Figure 3(b), which is photo
of polarization-dependent metasurface taken by the optical

microscope. Figure 3(c) is the SEM top view of Region I

after deposited a layer of Au to enable conductivity for the

photo purpose. The resolution along the height direction

is the same as the small slicing of 0.04 μm. The SEM side

views of Regions A, I, IX, and V are, respectively, depicted in

Figure 3(d)–(g), which indicates the shape and height vari-

ation in two metasurfaces, and the precision of fabrication

through 2 PP as well.

(a) (b) (d) (e)

(g)(f)(c)

Figure 3: Details of fabricated metasurfaces. (a) Schematic of 2 PP fabrication technology. (b) Microscope photo of the polarization-dependent

metasurface. (c) SEM image of Region I in polarization-independent metasureface (top view). (d), (e), (f), (g) SEM images of Regions A, I, IX, V in

polarization-independent and -dependent metasurefaces, respectively (side view).
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3 Results

To characterize the performance of the designed meta-

surface, we measured the phase shift of different regions

using Michelson interferometer at 1550 nm as shown in

Figure 4(a). The experimental setup consists of light source,

beam enhancement optics, beam splitter, detector, and the

sample mounted on a fixed mirror. Index matching liq-

uid was applied to arrange the reflection mode so that

its phase shift can be obtained by analyzing the interfer-

ence fringes. During the experiment, we varied the angle

between telecommunication transmitter and receiver from

0◦ to 90◦ to achieve horizontal and vertical polarization,

respectively.

The simulated and experimental results of

polarization-dependent metasurface are recorded in

Figure 4(b) and (c). The measured phase (black squares)

matched well with the calculated ones (black dash-dot

lines), and measured amplitude (blue squares) are slightly

smaller than calculated ones (blue dash-dot lines). For

x-polarized incidence at 1550 nm, the phase shift 𝜑 in

Region I is −178.2◦ and rises in generally equal intervals

to 177.5◦ in Region IX, which indicates the metasurface

achieved 2π phase shift and can be used to realize arbitrary
wavefront manipulation. Moreover, the transmittance

across the whole plate is all over 70.5 %, justifying a

considerably high efficiency of the device; For y-polarized

incidence, phase shift of Region I deviates to 173.4◦ because

it is near the resonance, two regions have transmittance

fall below 70 %, and the amplitude of Region IV drops

drastically to 35 %, which can be employed in polarization

selection. Figure 4(d) and (e) depict the far-field of Region

IX when the sensor is 100 mm away from the sample at

exposure times of 5 ms and 50 ms, respectively. Only zero

order light can be seen at short exposure time, and the

higher orders of diffraction appear as exposure increases,

which is in accordance with simulation result in Figure 1(h).

In terms of polarization-independent metasurface, the

results are shown in Figure 5(a). The experimental phase

shifts (black triangles) is also in good agreement with sim-

ulated ones (black dash-dot lines), and the transmittance

performance, with all values above 76 % and an average of

85.1 %, is better than those in rectangular-shaped metasur-

face owing to perfect matching of the electric and magnetic

polarizabilities of isotropic nanodisks. According to linear

modulation of phase in adjacent regions, the phase shifts

in entire metasurface can achieve such palette-like pattern

as drawn in Figure 5(b). Furthermore, it is very easy to

achievemass production for this metasurface through DLW

[39, 40], enabling promising prospects in low-loss and com-

pact devices in telecom regime.
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Figure 4: Results of polarization-dependent metasurface. (a) The optical setup for phase measurement. Comparison between simulated and

experimental results of polarization-dependent metasurface (b) under x-polarized, (c) under y-polarized at 1550 nm. The far-field of the metasurface at

an exposure time of (d) 5 ms, (e) 50 ms.
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Figure 5: Results of polarization-independent metasurface. (a) Comparison between simulated and experimental results of polarization-independent

metasurface under arbitrary polarization. (b) Illustration of rainbow like pattern of phase shift in metasurface.

4 Conclusions

In summary, two metasurfaces fabricated through DLW

were presented, each consisting of 3 × 3 regions with

rectangular and cylindrical nanopillars of different sizes,

respectively. By varying the height of nanopillars linearly,

both metasurfaces can achieve a full range of 2π phase

shift at 1550 nm. At the same time, an average transmis-

sion of 80.1 % is obtained for the polarization-dependent

case by adjusting the width and length of the rectangular

nanopillars in each region. Transmissions for polarization-

independent metasurface with cylindrical nanopillars can

be as high as 85.1 % on average with the same radius of

1.1 μm, by controlling of the electric and magnetic dipole

resonances in the symmetric disc-like features. Finally, such

3D printed metasurfaces can benefit from getting away

from complex and time-consuming fabrication processes

and bring in promising perspectives for important applica-

tions such as OAM, hologram and low-loss devices.
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