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On-chip optical levitation with a metalens in
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Optical levitation of dielectric particles in vacuum is a power-
ful technique for precision measurements, testing fundamental
physics, and quantum information science. Conventional
optical tweezers require bulky optical components for trap-
ping and detection. Here, we design and fabricate an ultrathin
dielectric metalens with a high numerical aperture of 0.88
at 1064 nm in vacuum. It consists of 500-nm-thick silicon
nano-antennas, which are compatible with an ultrahigh vac-
uum. We demonstrate optical levitation of nanoparticles in
vacuum with a single metalens. The trapping frequency can be
tuned by changing the laser power and polarization. We also
transfer a levitated nanoparticle between two separated optical
tweezers. Optical levitation with an ultrathin metalens in vac-
uum provides opportunities for a wide range of applications
including on-chip sensing. Such metalenses will also be useful
for trapping ultracold atoms and molecules. © 2021 Optical

Society of America under the terms of the OSAOpen Access Publishing
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There has been remarkable progress in levitated optomechanics
over the past decade [1], including ultrasensitive force (10−21N)
and torque (10−28Nm) detection [2,3], acceleration sensing [4],
mass measurement [5], ultrafast rotation [3,6,7], chemical nano-
reactor [8], optical refrigeration [9], quantum ground-state cooling
[10], and testing fundamental physics. Several schemes have been
proposed for utilizing optical levitation systems in vacuum to study
Casimir physics [11], quantum aspects of gravity [12], and search
for dark matter and dark energy [13]. Typically, optical trapping of
a nanoparticle in vacuum uses a bulky objective lens (OBJ) with a
large numerical aperture (NA) to tightly focus a laser beam [3,6,7].
If the NA of the focusing lens is not high enough, a pair of lenses
would be required to focus two counter-propagating laser beams
for creating a stable three-dimensional (3D) trap without the
help of gravity [2]. The system is usually bulky and inconvenient
for practical applications of optically levitated particles, such as
accelerometers. Minimizing the focusing lens and levitating a

dielectric particle on chip are on demand for realizing compact
levitated optomechanical systems with high performance and effi-
ciency. Here, we report on-chip optical levitation of nanoparticles
in vacuum with an ultrathin nanofabricated metalens.

An optical metasurface is a recent breakthrough in optics
[14]. It uses nanostructures to achieve unprecedented control
of light properties [15]. A metalens may be created by arranging
phase-shifting elements on a surface that forms a phase profile
of a lens [16,17]. Optical trapping in liquids-based metalenses
were demonstrated recently [18–20]. Optical manipulation and
trapping by a metalens show high flexibility for being integrated to
a chip-based device and fluid cells. However, metalens optical traps
have only been carried out in liquids so far [18–20], which limits
the scope of applications. The largest full angular aperture of the
metalenses used in these trapping experiments is 85◦, correspond-
ing to an NA of 0.9 in water [20]. Because the nonconservative
scattering force increases faster than the gradient force when the
contrast of the refractive index increases, single-beam optical trap-
ping of a nanoparticle in vacuum requires a focusing lens with a
larger angular aperture than that in a liquid [21]. In addition, the
metalens should have high efficiency and low absorption to avoid
laser heating in vacuum. To the best of our knowledge, there has
been no report on optical levitation of particles with a metalens in
air or vacuum.

In this Letter, we report the realization of on-chip optical lev-
itation in vacuum with a high-NA metalens (Fig. 1). We design
and fabricate planar metalenses with silicon nanopillars on a
sapphire substrate. The full angular aperture of our metalens is
123◦, corresponding to a measured NA of 0.88 in air. We levitate a
nanoparticle by optical tweezers generated with a single metalens
at a pressure of 2× 10−4 Torr without feedback cooling. We then
transfer a nanoparticle between two optical tweezers separated by
about 1.5µm.

We first design and fabricate a high-NA metalens for levitating
a nanoparticle in vacuum [Fig. 1(a)]. Assuming the incident laser
propagates along the z axis, a high-NA lens should have an aspheric
phase shift of φ(x , y )= 2π/λ · ( f −

√
x 2 + y 2 + f 2)+ φ0,

where λ is the wavelength, f is the focal length, andφ0 is an overall
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Fig. 1. (a) Schematic of an optically levitated nanoparticle with a metalens in vacuum. (b) A SEM image of the metalens antennas, which are silicon
nanopillars with a height of 500 nm. (c) An optical image of a metalens. (d) One-dimensional phase simulation of a beam passing through the antennas. The
antennas are shown as brown pillars, and the substrate surface of the metalens is denoted by the white dashed line. (e), (f ), and (h) are the measured laser pro-
files in the z= 0, y = 0, and x = 0 planes, respectively. The white dashed line in (e) indicates the first dark ring of the Airy disk. (g) The laser intensity along
the y axis (x = z= 0). Dots are the experimental data. The solid line is an Airy function for the diffraction by a circular aperture. The radius of the first dark
ring is 740 nm.

phase constant. The parabolic phase can be shifted by integer
numbers of 2π to reduce the phase range to 2π . The metalens is
designed to have a diameter of 425 µm, a focal length of 100 µm,
and an NA of 0.9 for a 1064 nm laser beam in vacuum. We create
the metalens using amorphous silicon nanopillars [Fig. 1(b)],
which have a large refractive index of 3.6 at 1064 nm. The silicon
nanopillars work as antennas for the laser beam. The phase shift is
controlled by the different diameters of the silicon antenna. The
height of silicon nanopillars is 500 nm. Figure 1(d) reveals the
simulated phase variation of the electric field propagation on both
sides of the metalens. We deposit 500-nm-thick amorphous silicon
on a sapphire substrate in a plasma-enhanced chemical vapor depo-
sition (PECVD) tool under 220◦C and create the nanopillars with
e-beam lithography. These materials are compatible with an ultra-
high vacuum. Figure 1(b) shows a SEM image of a metalens that
consists of multiple nanometer scale silicon antennas. Figure 1(c)
shows an optical image of the metalens.

The laser profiles at the focal spot along different directions
are measured to determine the NA of the metalens. To measure
the NA of the metalens, a 1064 nm laser with a beam waist much
larger than the diameter of the metalens is incident on the metal-
ens. So, it is convenient to consider the incident beam as a plane
wave with a constant amplitude. We use a conventional NA= 0.9
OBJ to collect the focused laser beam after the metalens and take
images with a camera. The metalens is moved along z axis with a
motorized actuator to measure the laser profile along the z axis.
Figures 1(e), 1(f ), and 1(h) present the measured laser profiles at
the focal point in the z= 0, y = 0, and x = 0 planes, respectively.
By fitting the first dark ring of the Airy’s disc, the NA of the metal-
ens is measured to be 0.88. Remarkably, the measured full width
at half-maximum (FWHM= 1.8 µm) along the axial direction
of a 1064 nm laser focused by our metalens is less than half of

that (FWHM= 3.9 µm) for a 715 nm laser focused by a former
metalens with a designed NA of 0.99 [17].

Now, we demonstrate the first observation of metalens-based
optical levitation in vacuum. The experimental setup is shown
in Fig. 2(a). The metalens is mounted on a translation stage. A
1064 nm laser beam is directed onto the metalens for optical lev-
itation. A 532 nm laser illuminates the levitated nanoparticle for
imaging with a conventional OBJ. The Gaussian beam diameter of
the 1064 nm laser is adjusted to 425 µm to match the diameter of
the metalens, which improves the levitation stability and trapping
efficiency. The incident laser power at focus is around 200 mW.

In the experiment, silica nanoparticles with a diameter of
170 nm are used. The nanoparticles are diluted in deionized water
and launched by an ultrasonic nebulizer for trapping. The metalens
can successfully levitate nanoparticles even after repeated use. The
inset of Fig. 2(a) shows an optical image of a trapped nanoparti-
cle using the scattered light of the 532 nm laser. To measure the
motion of a trapped nanoparticle, a set of balanced detectors collect
the light backward scattered by the nanoparticle and the reflected
light from the surface of the sapphire substrate of the metalens.
The scattered light from the trapped particle interferes with the
reflection light from the substrate, and, hence, we can measure
the motion of the particles. Compared to the typical backward
detection, which requires an additional independent reference
laser beam for interference, the detection with the metalens system
is much simpler and can be integrated to chip-based devices.

In the frequency domain, the power spectrum density (PSD) of
the motion of a levitated nanoparticle is given by [22]

Sqq(ω)=
0CMkBTCM/πM

(ω2 −ω2
q)

2
+ 02

CMω
2
,

where 0CM is the damping rate of the center-of-mass motion
(COM), ωq is the mechanical oscillation frequency of the trapped
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Fig. 2. (a) Schematics of the metalens-based optical levitation and detection system. A 1064 nm laser is used for optical levitation, and a 532 nm laser is
used for imaging. The inset figure is the optical image of a levitated particle. PBS, polarizing beamsplitter; OBJ, objective lens. (b), (c) Power spectral den-
sity (PSD) of the mechanical motions of the levitated particle at 5 Torr and 5 mTorr with an elliptically polarized trapping laser. The black solid curves in
(b) are the Lorentzian fittings. The peak around 215 kHz is the second-harmonic generation of the z peak. Other small peaks in (c) come from difference-
frequency generations and sum-frequency generations. (d) The relationship between the trapping frequencies is shown as a function of the laser power. Solid
lines are the fitting with a square root function. (e) The measured trapping frequencies are shown as a function of the laser polarization.

particle, TCM is the temperature of COM, M is the mass of the
particle, and kB is the Boltzmann constant. Figures 2(b) and 2(c)
are the PSD of the COM at the pressure of 5 Torr and 5 mTorr,
respectively. The black solid curves are the Lorentzian fittings.
The trapping frequencies for x , y , and z directions are 270 kHz,
304 kHz, and 106 kHz, respectively. They are higher than the
frequencies achieved with a conventional NA= 0.9 OBJ at the
same trapping laser power. Figure 2(d) shows that the trapping
frequencies are proportional to the square root of laser power,
which is similar to the case where the particle is trapped by the OBJ.
Although our metalens is insensitive to the laser polarization, the
vector electric field distribution and hence the trapping frequency
in a tightly focused laser beam is related to the laser polarization.
If the incident beam is linearly polarized, its trapping frequency in
the y direction can reach up to 350 kHz, as shown in Fig. 2(e). The
higher trapping frequency will be helpful for ground-state cooling.
In addition, PSD in Figs. 2(b) and 2(c) shows that the trapping
potential well is not perfectly harmonic. Strong nonlinear effects
including second-harmonic generation are observed.

The transmitted beam from the center part of a lens contributes
mainly to the scattering force. We may eliminate the central part of
the beam without hurting optical levitation. In Figs. 3(a) and 3(b),
we show a metalens with a hole at the center. The hole diameter is
60 µm. Experimentally, we find that the metalenses with a 60 µm
hole has a better performance. It can trap a nanoparticle at a lower
pressure than a metalens without a hole when there is no feedback
cooling. Figure 3(c) is the PSD of a nanoparticle trapped at 2.0×
10−4 Torr with a linearly polarized beam by metalens with a 60µm
hole.

We also realize optical levitation in a dual-beam trap and trans-
fer a nanoparticle between two optical tweezers. One beam is
focused by the metalens. The other trapping beam is implemented
by a conventional OBJ, as shown in Fig. 4(a). The particle in the
dual-beam trap can jump from one potential well to the other,
depending on the laser power distribution. An optical image of the
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Fig. 3. (a), (b) Optical images of a metalens with a 60-µm-diameter
hole at the center. The center cross mark is used for alignment. The focal
length of the metalens is 100µm. (c) PSD of a nanoparticle at 2.0× 10−4

Torr with a linearly polarized incident beam. The trapping frequencies of
x , y , and z motions are about 216, 351, and 97 kHz.

particle in a dual-beam trap is shown in Fig. 4(b). The separation
between two potential wells is about 1.5 µm. In Fig. 4(c), we show
the transfer process between two trapping wells by controlling laser
power distribution. When the half-waveplate is at 0◦ (45◦), all
of the laser power is directed on the OBJ (metalens). Because the
maximum trapping depth is large, the particle jumping happens
when the laser power of one of the optical tweezers is close to zero.

In conclusion, we have demonstrated the first, to the best of our
knowledge, experimental realization of metalens-based on-chip
optical levitation of a nanoparticle in vacuum. Compared to a con-
ventional OBJ, our metalens can work at more extreme conditions.
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Fig. 4. (a) Scheme of a nanoparticle levitated by a dual-beam trap.
(b) Optical image of a particle transferring between two potential wells.
The left (right) green spot shows the particle was captured by the metal-
ens (OBJ). The separation between two wells is about 1.5 µm. (c) The
transfer process was adjusted by controlling the laser power distribution.
Zero degrees (45◦) of the half-waveplate means the total laser power was
directed on the OBJ (metalens). The dashed yellow (gray) line is the steady
trapping position for the OBJ (metalens) trap.

It also provides more freedom to generate complex trapping poten-
tials with nanofabrication. Metalens levitation in vacuum can open
more opportunities to study fundamental physics and applied
science. For example, we can precisely control the distance between
a surface and a trapped particle for studying surface interactions
[11]. In addition, a high-NA metalens can potentially be used to
create optical tweezers for trapping ultracold atoms in vacuum for
quantum simulation [23].
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