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ZrO2 Holographic Metasurfaces for Efficient Optical
Trapping in The Visible Range

Mohammad Biabanifard, Tomasz Plaskocinski, Jianling Xiao, and Andrea Di Falco*

Holographic Metasurfaces (HMs) in the visible range enable advanced
imaging applications in compact, planarized systems. The ability to control
and structure light with high accuracy and a high degree of freedom is
particularly relevant in lab-on-chip biophotonic applications. Pushing the
operation wavelength into the blue region and below is an open challenge.
Here, it is demonstrated that Zirconium dioxide (ZrO2) metasurfaces (MSs)
are particularly well-suited to satisfy these requirements. Specifically, MSs are
designed for optical trapping applications with a high numerical aperture (NA
= 1.2) at a wavelength as low as 488 nm, with trap stiffness
>200 pN (μmW)−1.

1. Introduction

MSs are engineered interfaces, made of arrangements of sub-
wavelength meta-atoms, capable of modulating the optical re-
sponse of the incident light.[1] In HMSs, the meta-atoms act
as pixels of a computer-generated hologram. HMSs in the vis-
ible range have found applications in virtual and augmented
reality, encryption, and security, digital art[2–4] and for imag-
ing and sensing applications.[5–7] In the context of biophoton-
ics applications, MSs can be easily integrated with microfluidic
chips[8,9] and used to determine the optical landscape to analyze
the specimens of interest, either using a guided configuration
or in reflection/transmission at normal incidence,[5,10] with high
diffraction efficiency and high spatial frequencies.[11,12] In bio-
photonics experiments, working in the near-infrared (NIR) is pre-
ferred to minimize phototoxicity and reduce the absorption of
light in water-based media. Most imaging experiments are in-
stead completed in the visible range, especially to benefit from
fluorescence-based assays and increase the imaging resolution,
and shorter wavelengths are typically employed to excite fluo-
rophores and dyes.
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Visible-light HMSs can be realized with
different platforms. HMSs with plasmonic
meta-atoms have excellent performance in
reflection,[13,14] but they are affected by in-
trinsic losses, which make their implemen-
tation harder in the visible spectrum, and
they can complicate the biophotonics ex-
periments due to localized absorption and
heat. Silicon-based HMSs have good per-
formance down to the 532 nm region,
both in the amorphous phase (a-si)[15] and
crystalline phase (c-si), where metalenses
with NA up to 1.48 and efficiency >42%
were reported.[16–18] TiO2 HMSs are ex-
cellent candidates for applications in the

visible range, with reported NA ranging from 0.8 to 1.1 and ef-
ficiency from 78% to 50%, respectively,[9,19–21] especially in the
crystalline form, which offers high refractive indices. Going to
smaller wavelengths, recently, HfO2 MSs working down to the
UV with NA = 0.6 and an efficiency of 60% is reported.[22]

Here we argue that ZrO2 is a valid and appealing alternative
to other platforms for HMSs in the visible range, specifically for
biophotonics and optical trapping (OT) applications. It offers a
weakly-dispersive and ultra-low loss optical response covering the
whole UV and visible range spectrum. Due to its excellent prop-
erties, it can be suitable for a variety of purposes across many
industries, including biomedical implants,[23] protective coating
layers,[24] and optical materials.[25] It is most famously used for
hard ceramics,[26] while it is widely used to produce dental im-
plants due to its hardness, chemical inertness, and, most im-
portantly, its biocompatibility.[27] Having excellent resistance to
corrosion and different chemicals, very high fracture toughness,
high hardness and density, good frictional behavior, low ther-
mal conductivity, and solid electrical insulation make this mate-
rial interesting to use in light-matter interactions.[28] Also, ZrO2
takes advantage of fast and very low-temperature deposition. Re-
cently, MSs made with ZrO2 nanoparticles with the nanoim-
printing technique in visible[29] and deep UV spectra have been
reported.[30] These ZrO2 nanoparticles, due to impurity com-
pared with ZrO2, have a slightly lower refractive index and higher
loss in deep UV spectra than bulk ZrO2.

Here we demonstrate the capability of ZrO2 to create highly
resolved optical landscapes in microfluidics environments by de-
signing HMSs for optical trapping experiments, in the green
and blue region of the visible spectrum. The use of HMSs for
OT applications is one of the most compelling examples of
their versatility. OT is a non-invasive technique providing con-
tactless high-precision manipulation of micron-sized particles[31]

and smaller. This is typically achieved by creating suitable optical
potentials, for example by strongly focusing Gaussian beams to
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Figure 1. a) Measured refractive index of amorphous ZrO2 compared with TiO2, and a-si, b) proposed unit cell perspective, c,d) the transmission and
phase profile of meta-atoms in air, and water at 488 nm, and 532 nm, respectively.

spot sizes comparable with the dimensions of the trapped object.
The trap stiffness represents the value of the spring constant of
the damped oscillator, describing the trapping potential,[32] and
depends on the power, wavelength, and optical and geometrical
parameters of the trapped object.[33] OT is an efficient method to
measure forces in the pN regime, by tracking their effect on the
nanometric displacement of the trapped object. This has turned
OT into an invaluable tool for investigating biophysical dynam-
ics down to the single molecule level.[34] OT has also been used to
directly trap living cells,[35] manipulate nanostructures inside liv-
ing organisms,[36] in situ assembly of microscopic structures,[37]

and manipulate extended objects.[38]

Most of these experiments use bulky, high NA objectives,
required to create a balance between the optical scattering and
gradient forces applied to the trapped object. Therefore, it is
meaningful that MSs technology is starting to be employed for
optical trapping applications. In the NIR, it has been demon-
strated that metalenses with NA up to 0.88 based on silicon
platforms produce a trap stiffness of up to 0.02 pN μm−1,[39] or
up to 0.013 pN μm−1 when using plasmonic-based platforms
with NA of 0.7.[40] These Figures of merit have recently been
updated to values comparable to that of objectives with NA =
1.2, using a reflective-type MS at 830 nm.[41]

Optical trapping in visible wavelengths, when compared with
near-infrared, can provide higher trapping forces (which scale
favorably with the inverse of the wavelength used), and better
spatial resolution, which is required for the manipulation and
control of small objects. However, trapping at shorter wave-
lengths presents additional challenges because the periodicity
of the structure can be comparable with the wavelength of the
incident light, thus achieving a high NA is harder. Recently, in
the visible range, adaptive Fresnel metalenses using a polymer
with NA = 0.88 is patterned on the tip of the optical fiber at
the working wavelength of 660 nm, with a trap stiffness of
100 pN (μmW)−1.[42]

Here, we report on broadband transmissive ZrO2 HMSs
with NA as high as 1.2 in the visible range for on-chip opti-
cal trapping and imaging applications, at 488 nm (blue HMSs)
and 532 nm (green HMSs), with trapping stiffness of 212 and
130 pN (μmW)−1 respectively.

2. Experimental Section

2.1. Unit Cell and Hologram Design

Ideally, the MSs should modulate both the amplitude and phase
of the scattered light, to create holographic images.[43] However,
phase-only holograms, where each meta-atom behaves like the
pixel of a digital phase waveplate, produce holograms with suffi-
ciently high efficiencies, using relatively simple architecture. The
required phase distribution could be generated with a variety of
algorithms, starting from a desired target image. This phase then
needs to be mapped to a distribution of suitably chosen meta-
atoms. The quality of the holographic image depends on the al-
gorithm used to generate the phase profile and on the diffraction
efficiency of the meta-atoms.[44] Here meta-atoms are used that
act as truncated waveguides, with dephasing dictated by the dif-
ferent effective refractive indices of the propagating modes.[45,46]

The refractive index of the deposited ZrO2 was measured with
an ellipsometer (J.A. Woollam) as shown in Figure 1a. The data
show that ZrO2 has a high refractive index that extends from the
visible range well into the deep UV region, with negligible ab-
sorption. Figure 1b shows a sketch of the unit cells of the HMSs,
which are arranged in a hexagonal lattice with a periodicity p of
200 and 210 nm, for the blue and green HMSs respectively. It con-
sists of a thick microscope glass slide as a substrate, a 50 nm thin
layer of Indium Tin Oxide (ITO) as a conductive layer, 700 nm tall
Zirconium dioxide pillars in a polymethyl methacrylate (PMMA),
matrix, and a 180 nm flat layer tc of ZrO2 on top.

Adv. Optical Mater. 2024, 2400248 2400248 (2 of 7) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202400248 by U
niversity O

f St A
ndrew

s U
niversity, W

iley O
nline L

ibrary on [14/02/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

The design of the meta-atoms was done in COMSOL, where
the dispersion data of microscope glass (bk7), ITO, and ZrO2,
were all measured with the ellipsometer. The dispersion data of
the PMMA was used from COMSOL Library. In the design, a
linearly polarized (E-field on x-axis) plane wave illuminating the
structure with normal incidence was considered. To minimize
the simulation time, symmetrical boundary conditions along the
xz and yz planes were applied, and open space boundaries along
the z-axis. Figure 1c,d, illustrates the transmission and phase
modulation of the ZrO2 pillars with different radii at the wave-
length of 488 and 532 nm, respectively. The transmission of the
meta-atoms was consistently above 80% in water. The phase cov-
ers a range of 295° for the blue HMS and 250° for the green HMS,
limited by the aspect ratio of the pillars. In the simulations, the
case of the dry meta-atoms (in air) were also considered, which
was relevant for the HMSs designed to extract the efficiency of
the platform experimentally. While the refractive index of the sur-
rounding medium had an impact on the transmission, the phase
modulation was the same in both scenarios. This is attributed to
the fact that the modes supported by the ZrO2 meta-atoms were
unaffected by the change of the surrounding medium, due to the
presence of the planar ZrO2 layer situated on top of the structure.
It is essential to emphasize that the unit-cell approach presented
here can be optimized at the desired wavelength within the vis-
ible spectrum. To demonstrate the versatility of the platform for
applications that go beyond the creation of a tightly focused spot
for optical trapping applications, a numerical method was used
to design our holographic MSs, rather than using standard met-
alens designs, with an analytical phase profile.

To design the holograms, a Gerchberg–Saxton (GS) algorithm
was used, using a Rayleigh-Sommerfeld propagator between the
MS and holographic image plane,[14,47] where the phase of the
meta-atoms was discretized in 16 levels, associated with specific
pillar radii, as shown in Figure 1c,d, and Tables S1 and S2 (Sup-
porting Information).

2.2. High NA Metasurface Design

The NA of a focusing MS was determined by the Nyquist sam-
pling theorem, so that NA ≤ 𝜆/(2P), where P and 𝜆 are the
periodicity of the meta-atoms and the wavelength of the light
respectively. Hence, the maximum achievable numerical aper-
ture at 532 nm with 210 nm periodicity is 1.26 as inserted in
Figure S1a (Supporting Information). The maximum trapping
distance (F) in which NA = nm sin(𝜑) is guaranteed, is given by

F = L nm

2NA

√
1 − ( NA

nm
)
2
,[48] where𝜑 is the half angle of the focused

beam, nm is the medium refractive index, and L is the side length
of the MS.

Figure S1a (Supporting Information) depicts how the ratio 𝜁 =
F/L can be selected while ensuring that the periodicity P satisfies
the designed numerical aperture. The same considerations apply
to the blue HMS case.

2.3. Fabrication

The HMSs were fabricated on a microscope slide, which was
cleaned in an ultrasonic bath in acetone and isopropanol, 5 min

each. A layer of 50 nm ITO was deposited as a thin conductive
layer using a sputterer (Angstrom Engineering) to minimize the
electron backscattering effect. A 700 nm-thick layer of PMMA A7
950K (Micro Resist Technology) at 1650 rpm for 60 s was then
spin-coated and baked for 5 min at 180 °C. The meta-atoms were
defined using a 30 KV Raith eLine Plus Electron Beam Lithog-
raphy (EBL) Raith Nanofabrication system, followed by 65 s de-
velopment using a 1:1 ratio of isopropanol and distilled water.
This ratio was optimized to ensure all the unit cells with differ-
ent sizes were fully developed. To verify that this was the case,
a sacrificial sample, a layer of gold, and lifted-off were deposited
on the PMMA, as shown in Figure S2 (Supporting Information).
The sample was then baked for 30 min at 95 °C, and the ZrO2
layer was deposited via Atomic Layer Deposition (ALD) at a rate
of 1.79 Angstroms per cycle.

2.4. Holographic Imaging Setup

Figure S3 (Supporting Information) shows the setup used to col-
lect the images of the HMSs and measure their efficiency in air. A
broadband laser (SuperK NKT photonics) was linearly polarized,
expanded to a beam with a diameter of 1.5 cm with a telescope
made by two lenses with focal length 50 and 400 mm and then
focused on the MS with a lens with focal distance 1000 mm. The
setup produced a spot size of ≈250 μm diameter at the MS, which
had an area of 200 × 200 μm2. The holographic image was pro-
jected at an angle of 30° respect to the normal to the HMS and
projected on a screen.

2.5. Optical Trapping Setup

Figure 2 shows a sketch of the trapping setup. The green laser
(Laser Quantum, 532 nm) was linearly polarized and expanded
to a beam with a diameter of 1.3 cm with a telescope made by
two lenses with focal lengths of 100 and 1000 mm. A lens of
focal length 1000 mm was used to focus the beam and deliver
it via a periscope and a dichroic mirror on top of the MS. This
setup produced a spot size of roughly 250 μm in diameter at the
140 × 140 μm2 MS. The blue laser (Ibeam Toptica, 488 nm) was
expanded with a telescope made by two lenses with focal lengths
of 35 and 400 mm to a size of 1.3 mm and focused with the same
1000 mm lens. The laser used could be selected with flip mirrors.
The sample was imaged with a Nikon microscope (Eclipse Ti-U)
with a motorized PRIOR 2D stage. Also, this setup provided a
calibration in z-axis where one can trace the movement in z-axis
with regards to the image plane. A suitable filter was mounted on
the microscope turret to cut the trapping laser while letting the
white light reach the CCD camera (Baumer VCXU-13 M), used
to record the trapping experiments.

2.6. Trapping Method

To facilitate the trapping experiment, the green light was routed
to the back of the microscope and used to trap the SiO2 beads with
a 60X water immersion Microscope (Nikon, PlanAPOVC60xA)
objective with NA = 1.2 (see Figure 2). The trapped particle was
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Figure 2. The experimental optical setup used for trapping.

brought in the proximity of the focus of the HMSs before switch-
ing the green light off. The calibration of the CCD camera was
completed with this objective, which gave a pixel size of 80 nm.

The position trajectories of the particles were extracted from
10-s-long videos acquired at 1000 frames per second (fps) for dif-
ferent laser powers, using a well-established approach, based on
the shift properties of the Fourier transform.[49] Typical trajecto-
ries for the trapped particles and associated power density spectra
are shown in Figure S4 (Supporting Information).

The error bars along the x-axis in Figure 2 are due to the laser
power oscillations. The experiments were repeated five times for
every single noted power point, giving the error bars in the y-axis
for the trap stiffness.

3. Results

Figure 3a depicts a scanning electron microscopy (SEM) image
of a fabricated green HMS. It shows encapsulated ZrO2 meta-
atoms, capped with a flat ZrO2 layer that enables a medium-
independent optical response. The figure shows that the walls of
the cylinders are not perfectly vertical, which only slightly affects
the dephasing of the larger meta-atoms, as shown in Figure S5
(Supporting Information). Given the minor nature of this correc-
tion, we decided to neglect this effect. The inset shows a sketch
of the section of the HMSs highlighting the Electron beam (E-
beam) lithography step used to define the holes in the e-beam
resist and the ALD step to create the ZrO2 nanopillars. To assess
the quality of these HMSs, we fabricated two sets of holograms,
to measure their efficiency and the image forming capability. For
the measurement of the efficiency, we designed HMSs project-
ing a collimated beam at 30 degrees with respect to the normal
to the MS. As customary, the diffraction efficiency was obtained
by normalizing the power of the first diffracted orders over the
power of the non-diffracted zeroth order, shown in Figure 3b.
The error bars indicate how the efficiency is affected by the qual-
ity of fabrication, including how well the meta-atoms are exposed
and developed. The obtained efficiency of the HMSs is 67% (blue
HMS) and 59% (green HMS). The radiation pattern/directivity of

the meta-atoms is shown in Figure S6 (Supporting Information).
Figure 3c–e depicts the target image and design for holography
purposes at 532 nm. A deer-shaped hologram was designed at 30°

with respect to the MS normal axis. The simulated holographic
image and the corresponding phase profile of the designed holo-
gram are shown in Figure 3d,e, respectively. Figure 3f shows the
operation of a structure designed for 532 nm, across the visible
range.

For the optical trapping experiments, the HMSs were fabri-
cated on a microscope slide that acts as the ceiling of a microflu-
idic chip, facing the liquid environment. The HMSs were ex-
cited with laser light from the top, to produce focused spots in
the microfluidic environment, at distances of 30 and 32 μm at
488 and 532 nm, respectively. The spots and the trapped parti-
cles were imaged and analyzed from below, using a CCD cam-
era (see Figure 2). This means that the trapping of the particle
is completely independent of its observation. The HMSs were
140 × 140 μm2, thus with nominal NA = 1.22 and NA = 1.21,
respectively. The periodicity of each HMS is below the Nyquist
limit for this NA.[9] Figure S1a (Supporting Information) shows
the geometrical relationship between HMS’ area, focal distance,
and NA. Figure S1b,d (Supporting Information) shows the phase
profile of the HMSs for the two cases.

Figure 4a,b shows the experimental beam profiles at the focal
planes for the two HMSs, demonstrating that both lenses have
NA = 0.51𝜆/FWHM ≈ 1.2, where FWHM is extracted from the
experimental data. Figure S1c,e (Supporting Information) shows
the comparison between the numerical and experimental beam
profiles.

To characterize the trap stiffness of the optical trap created by
the HMSs we analyzed videos of a trapped SiO2 particle with a di-
ameter of 2 μm, for different laser powers. The trap stiffness (K⊥),
averaged along the x and y directions, is shown in Figure 4c with
values of 212 and 130 pN (μmW)−1 at 488 and 532 nm, respec-
tively. The power values used in Figure 4c and in the data anal-
ysis are obtained considering the power of the Gaussian beam
incident on the MSs, scaled by the geometrical overlap with the
HMSs and the efficiency previously measured for both HMSs.
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Figure 3. a) SEM image of the fabricated device, inserted are the fabrication work flow consist of EBL and ALD steps, b) the obtained experimental
efficiency at visible wavelengths regime, c–f) Visible range broadband response of the MS designed for operation at 532 nm (c) Target image, (d)
Designed hologram at 30° respect to the normal axis of MS, (e) the phase profile (f) Experimental holographic image at 488, 532, 590, and 632 nm.

The absolute value for the trap stiffness should be considered in
the context of this approximation.

It is important to mention during the experiment with these
MSs, by changing the stage position up to more than half an MS
side length off-axis, the particle was still trapped, indicating the
light is coupled to the structure for this type of transmissive MSs.

4. Discussion

To the best of our knowledge, the results of Figure 4c are the first
demonstration of on-chip optical trapping in the blue region. The
dependence of the trap stiffness from the wavelength and the

trapped object would require a full electromagnetic numerical
calculation and its thorough description goes beyond the remit
of this work.[50]

Our results show that HMSs provide a high-quality trapping
spot, with measured NA limited by the microscope objective
used for the collection of the images. It should be noted that
we do not expect to be able to exceed meaningfully this value,
because the meta-atoms of the HMSs do not cover the full
phase space. Additionally, the directionality of their scattering
profiles reduces the efficiency of the HMSs for high angles (see
Figure S6, Supporting Information), which directly limits the
maximum achievable NA.[9] The reduced phase coverage also

Adv. Optical Mater. 2024, 2400248 2400248 (5 of 7) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. Optical trapping measurements at 488 and 532 nm. a) The experimental beam shape profile at 488 nm with its inserted image at the focal
point, b) the experimental beam shape profile at 532 nm with its image at the focal point, and c) the trap stiffness measurements for optical trapping at
488 and 532 nm.

has an impact on the overall diffraction efficiency of the HMSs
and on the trap stiffness. This is because the undiffracted light
propagates into the chamber, increasing the scattering force
acting on the particle. The diffraction efficiency of the HMSs can
be improved with further optimization of the meta-atoms design,
for example with a more favorable aspect ratio. This puts more
stringent requirements in terms of fabrication, which could be
satisfied using state-of-the-art nanolithographic approaches.[51]

Here we designed the meta-atoms to be polarization-
independent (results not shown), to create a high-quality fo-
cused Gaussian beam. If required, HMSs can be designed with
polarization-dependent meta-atoms, which could facilitate the
creation of optical trapping beams with angular momentum, for
optical trapping and manipulation applications with higher de-
grees of freedom.[52,53]

An advantageous feature of the proposed design is that our
structures provide a flat biocompatible layer at the interface with
the microfluidic environment, that encapsulates the meta-atoms.
Therefore, the response of the meta-atoms is not affected by the
medium in which the MS is employed, making it suitable for a
wide range of potential biophotonics applications.[48] Addition-
ally, ZrO2 requires temperature deposition as low as 80 °C, thus

making it amenable to integration with polymeric and biopho-
tonic chips.

Finally, ZrO2 has unique advantages over competing material
platforms on the UV range performance,[30] which can be ex-
ploited for biological applications in DNA analysis and medical
applications.[54,55] These features, along with exceptional mate-
rial hardness and device robustness, make our HMSs the ideal
candidates for on-chip biophotonic integrated applications.

5. Conclusion

We demonstrated ZrO2 holographic MSs operating in the visi-
ble range for holographic imaging and optical trapping purposes.
We experimentally reported high numerical aperture ZrO2 MSs
(NA = 1.2) at 488 nm with efficiency >67% and trapping stiff-
ness greater than 200 pN (μmW)−1. We believe these MSs will be
particularly useful in a variety of real-life applications, including
holography, optical trapping, and biomedical applications.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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