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We demonstrate the trapping of beads in water with a microfabricated Fresnel zone plate. Beads are
loaded onto the microfabricated optical traps using conventional optical tweezers and fluorescence
microscopy is used to track bead position. Analysis of the bead position as a function of time is used
to determine trapping stiffness. We present experiments showing the three-dimensional trapping of
2 �m diameter beads with trapping stiffnesses that are comparable to conventional optical tweezers
when the zone plate efficiency is taken into account. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2837538�

Optical tweezers use the forces exerted by tightly fo-
cused laser beams to trap and move objects with sizes rang-
ing from tens of nanometers to tens of micrometers. Since
the pioneering work of Ashkin et al. in 1986,1 optical twee-
zers have become important tools in the biological sciences.
Trapped particles can be used to exert forces on, or measure
forces from, their local environments with calibration per-
formed with Hooke’s Law.2 Well-calibrated traps have been
used for quantitative observations of biological processes,
including the motion of kinesin motor molecules3 and the
force generated by RNA polymerase as it moves along a
DNA molecule.4 Static arrays of optical traps have been em-
ployed for the continuous sorting of fluid-borne particles
based on their differing affinities for the traps.5 The incorpo-
ration of optical tweezers into microfluidic chips would pro-
vide new functionalities for these systems, such as particle
sorting, particle manipulation, and biophysical force mea-
surements. The short working distance �usually �200 �m�,
size, and cost of microscopic lenses used in conventional
tweezers, however, make them impractical to integrate into
microfluidic chips.

In this letter, we design and demonstrate the use of a
Fresnel zone plate to produce well-calibrated optical traps in
an integrated system. Because of their small size and ease of
fabrication, future implementations could include large lens-
let arrays6 or embedding them deep inside microfluidic
devices.7 Fiber optical traps8,9 and micromirror tweezers10

are two other integrated geometries where large trapping
forces have been measured. While both of these geometries
do not require precision projection optics, the Hooke’s spring
constant was not measured and data was not presented for
particles smaller than 6 and 9 �m, respectively. Recently, the
use of surface plasmon field enhancements was demonstrated
for integrated optical trapping,11,12 but experiments have not
yet been shown that exhibit tightly localized particles or stiff
optical traps.

The zone plate is designed to be used at the glass/water
interface of a sample cell. This allows the use of a short focal
length design, enabling the numerical aperture to be close to
its theoretical maximum, the refractive index of water. The
diameter of the element is 100 �m and its focal length is
8 �m, yielding an effective numerical aperture �NA� of 1.31.
The inner and outer radii of the concentric rings are given by
�n�f +n2�2 /4, where n is an integer, f is the focal length,

and � is the wavelength in water.13 The starting substrate is a
glass slide coated with a thin layer of indium tin oxide to
prevent charging during lithography. Polymethylmethacry-
late is spun on and exposed by e-beam lithography. Gold is
evaporated to a thickness of 50 nm, with a thin layer of
chrome used for adhesion. Lift-off is then performed, yield-
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FIG. 1. �Color online� Fresnel zone plate fabrication and modeling. �a�
Optical micrograph of fabricated zone plate. The bright regions are gold and
the dark regions are glass. �b� Simulated axial �x-z plane� intensity distribu-
tion of the focal spot. �c� Cross section �x-y plane� of the transverse intensity
at the focus 8 �m behind the zone plate. ��d� and �e�� Line section through
the focus, where �d� plots as a function of the axial dimension and �e� plots
as a function of the two transverse dimensions. The incident field is polar-
ized in y which results in asymmetry of the focus. The peak intensity at the
focus is 1000 times the peak intensity of the broad Gaussian illumination.
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ing the device shown in the photograph of Fig. 1�a�. The
light regions are gold and the dark regions are glass areas
where the gold has been removed.

The zone plate is designed for use with a free space
illumination wavelength of �0=976 nm, corresponding to a
wavelength in water of �=735 nm. At the outermost ring,
the period is 745 nm, which is slightly larger than �. To
model the performance, we use a two-dimensional split-step
Fourier beam propagation �BP� algorithm.14 A nonparaxial
scalar code15 is modified to account for the smaller than
unity modulation depth of interfering vector field compo-
nents. The zone plate is treated as a thin element and reflec-
tions from its surface are ignored. The propagation direction
is taken as the z axis and the input beam is polarized along
the y axis. Figure 1�b� shows a yz-plane cross section of the
intensity through the beam focus, which yields an axial full
width at half maximum �FWHM� of 764 nm along the z axis.
Figure 1�c� shows a cross section of the intensity at the focal
plane in the xy plane. The focal spot size has a FWHM of
302 nm along the x axis and 473 nm along the y axis.
Around the focal region, there are numerous sidelobe peaks,
but their peak intensity is less than 1 /10 of the intensity of
the central peak. The gold is modeled as a partially transmit-
ting region with a transmission coefficient of 0.1.

While the zone plate only needs a collimated input laser
beam to form a trap, additional optics are used in the experi-
mental setup �Fig. 2� to load the trap effectively and to char-
acterize its performance. Light from a fiber coupled diode
laser ��0=976 nm� is collimated and focused onto the zone
plate chip using a 200 mm focal length lens. This produces a
spot with a diameter of 180 �m that overfills the 100 �m
diameter of the zone plate. A liquid cell is formed by sand-
wiching a layer of water between the zone plate substrate and
a coverslip. Fluorescent beads with diameters of 2 �m are
trapped at the zone plate focus. A green laser ��0=532 nm� is
used to excite fluorescent emission from the trapped beads,
which are imaged by a microscope objective onto a charge
coupled device �CCD� camera. As discussed further below, a
trap based on a HeNe laser is used to load beads into the
zone plate trap. A low-pass and a band-pass filter as well as
dichroic mirrors are used to block the trapping, green, and
HeNe lasers so that only the fluorescent emission is collected
onto the CCD camera. A tungsten lamp is used for white
light illumination.

The zone plate trap is loaded with a traditional optical
tweezer that is incident from the opposite side of the sample
chamber. Because the focal region is relatively close to the
substrate surface, a tweezer that traps only transversely while
pushing the particle against the substrate surface is adequate
for loading. The loading trap consists of a HeNe laser
�10 mW� focused by a microscope objective �0.8 NA�. With
this trap we can quickly load and measure the performance
of the zone plate trap without having to wait for a particle to
diffuse into the trap. Unlike traditional optical tweezers, once
a particle is trapped by the zone plate, the sample cell can be
translated tens of microns and the particle remains fixed with
respect to the sample cell.

Once the zone plate trap is loaded, the green laser is
turned on and the HeNe laser is turned off. Figure 3 shows a
polystyrene bead �2 �m diameter� trapped by the zone plate.
In this photograph, both the green laser and the lamp are on.
The central rings of the zone plate are visible, although out
of focus due to the fact that they are 8 �m behind the bead.

After releasing a 2 �m diameter bead from the HeNe laser-
based loading trap, we find that there is a �50% probability
that it will be trapped by the zone plate. In order to determine
the trapping stiffness, movies of trapped beads are acquired
at 30 Hz to capture the bead motion as a function of time.
Centroid calculations are performed on the images to moni-
tor the bead position.

For an object in a harmonic potential with stiffness ktrap,
the equipartition theorem states that2

1

2
kBT =

1

2
ktrap��x − xmean�2� , �1�

where kB is Boltzmann’s constant, T is absolute temperature,
and ��x−xmean�2� is the variance of the particle from its
trapped equilibrium position. Knowledge of the particle’s in-
stantaneous position as a function of time therefore enables
the stiffness ktrap to be determined. However, detection sys-
tems such as CCD cameras and photodiodes do not measure
the instantaneous position of a particle. The measured posi-
tion is an average of the true position over the integration
time, leading to motion blur. This introduces a systematic
bias into the measured variance, although it has been re-
cently shown that this can be corrected.16 The true and mea-
sured variances var�X� and var�Xexpt� are related by16

FIG. 2. �Color online� Schematic of Fresnel zone plate optical tweezer
experimental setup.

FIG. 3. Photographs of 2 �m diameter beads trapped by zone plate. White
light illumination and a green laser �for fluorescence excitation� are used.
Bead is trapped 8 �m above the zone plate surface, which appear slightly
out of focus.
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var�Xexpt� = var�X�S�ktrap,W,�� , �2�

where S�ktrap ,W ,�� corrects for motion blur. It is a function
of ktrap, the exposure time W and the relaxation time �. The
exposure time W used in the experiments is 1 /64 s. The
relaxation time is given by �=2�� /ktrap, where � is the
Stoke’s drag coefficient. To determine ktrap, we combine Eqs.
�1� and �2� to give

var�Xexpt� =
kBT

ktrap
S�ktrap,W,�� . �3�

This equation is solved numerically to find ktrap from the
measured variance var�Xexpt�.

Figure 4�a� shows three traces of the bead position for
laser powers of 20, 60, and 180 mW. As expected, the vari-
ance of the bead position is inversely proportional to laser
power. The measured trap stiffness, with motion blur cor-
rected for, is plotted in Fig. 4�b� as a function of laser power,
which ranges from 40 to 140 mW. A linear fit of the curves
shows that the power-normalized stiffness is
0.0294 pN /�m mW along the x axis and
0.0277 pN /�m mW along the y axis. There is an offset in
the linear fit that results in a zero trap stiffness at 31 and
28 mW for the x and y curves, respectively. At powers below
these values, we found that stable trapping occurred, but can-
not be described by the linear fit because the trap is no longer
harmonic at this shallow depth. At the highest laser powers,

the stiffness also deviates from linear. At powers of 160 and
180 mW, the trapping stiffness continued to increase, but
convection currents in the trap tend to destabilize the perfor-
mance.

Overfilling the zone plate aperture reduces the trap in-
tensity by a factor of 4, which then gives the zone plate trap
a stiffness of approximately one tenth of the theoretical op-
timum of 1 pN /�m mW �Ref. 17� for a 2 �m polystyrene
sphere using a 1.4 NA objective lens. This factor of 10 can
be traced to the diffraction efficiency of a binary amplitude
grating, which is 1 /�2.14 By using a � phase zone plate, the
stiffness could be increased by an additional factor of 4.
Even at the zone plate’s current stiffness value, it compares
well to high performance traps which frequently have values
of 0.16 pN /�m mW.2

The focusing optic is the single most important element
in an optical trap,2 and in this report we have presented a
substantial modification to the traditional experiment. Con-
siderable flexibility can be added to optical tweezer experi-
ments by taking advantage of a zone plate’s much smaller
cross section, thickness, and weight. Optical traps can be
embedded deep inside fluidic chambers without the limita-
tion of an immersion objective’s small working distance. In
addition, the fact that the trapping is decoupled from imaging
allows traps to be translated, while remaining fixed relative
to the substrate. We have experimentally shown that zone
plate optical tweezers have comparable stiffness to tradi-
tional optical tweezers and, because of the flexibility of the
lithographic process, this element can be further designed to
implement functions that objective lenses cannot.
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FIG. 4. �Color online� Zone plate performance: experimental data. �a� Bead
position along x axis as a function of time for different laser powers. �b�
Trap stiffness ktrap along x and y axes as a function of laser power. The
stiffnesses of 0.0294 pN /�m mW and 0.0277 N /�m mW along the x and y
axes, respectively, are found by linear fits to the data using a least squared
regression.
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