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Micro-buried spiral zone plate in a lithium niobate crystal
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We present a micro-buried spiral zone plate (MBSZP) in the lithium niobate crystal fabricated with
femtosecond laser direct writing technology. The microstructures of the MBSZP are buried under
the surface of the crystal, which ensures the stability of the optical performance in various refrac-
tive index environments. The optical performances of imaging and focusing capabilities were dem-
onstrated. In addition, the experiment showed good agreement with simulation results based on the
optical wave propagation method. This novel optical element will have important applications in
multistate information encoding, optical manipulation, quantum communication, and computation,
especially in high integration, contact coupling, and variable refractive index environments.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4974351]

Optical phase singularities have been an enticing topic
for both theoretical and applied research over the last couple
of decades after their discovery by Allen er al. in 1992.'
Optical vortices (OV), focused from a light wave with optical
phase singularities, referring to the light beam carrying orbital
angular momentum (OAM), have attracted great interest for
their fascinating properties and potential applications.”> OV
beams have been widely applied in the manipulation of micro-
scopic particles, an extraordinarily significant task in physics,
chemistry, and biology.® Especially in the field of biology,
their ability to transport and modify cells precisely without
optical damage has led to clinical applications in areas such as
in vitro fertilization.”'” As a new generation of light forces,
OV beams not only trap and guide particles but also realize
rotation and more complex trajectories.''™'? In fact, they are
leading a revolution in the fields of biology, physical chemis-
try, and soft condensed matter physics.

Various methods have been proposed to generate OV
beams, such as spiral phase plate,'*'> computer-generated
holograms,'®™'® cylindrical mode converter,'® Q-plates,?
metasurface, and spatial light modulator.?**> The meth-
ods based on diffractive optical theory, light field modulation
by phase delay, have been widely used for their light weight,
small size, easy integration, and low cost. However, the dif-
fractive units with microstructure to nanostructure size are
exposed to the environment, where they can be easily broken
and covered with impurities. Furthermore, the optical prop-
erties will change or even disappear entirely in environments
with different refractive indices. In a special, extreme condi-
tion, the environment and the diffractive element have the
same refractive index. The phase delay will disappear, thus
removing the ability to modulate the light field. In addition,
the conventional OV generators are bulky and hence restrict
their employment in integrated optics. These restraints have
inspired researchers to seek methods to reduce the size of
OV generators.”® In recent years, femtosecond laser direct
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writing technology (FSLDW), due to its characteristics of
simplicity, flexibility, and high precision in material micro-
structuring, has been successfully employed to process vari-
ous materials.”’ >? It offers novel approaches and ideas to
solve the above problems.

In this work, we propose a novel micro-buried spiral
zone plate (MBSZP) for generating microsized OV beams.
The buried optical element was fabricated with femtosecond
laser direct writing technology, which is an important and
unique method for fabricating three-dimensional microstruc-
tures inside material owing to multi-photon absorption
effect.’'* The MBSZP was buried inside of a lithium nio-
bate crystal, whose surface has not been destroyed. It ensures
that the MBSZP can be used in a variety of refractive index
changing environments without obvious changes of the opti-
cal properties. The novel MBSZP will significantly improve
the miniaturization and integration of OV generators, espe-
cially in different liquid environments and coupling interfa-
ces at different media.

OV beams have a helical phase profile in their propaga-
tion direction, whose local pointing vector direction is differ-
ent from the optical axis direction. In the plane perpendicular
to the optical axis, the phase change of the light field can be
described by il¢, where [ is the eigenvalue of the OAM or the
so-called topological charge and ¢ is the azimuthal angle. A
spiral zone plate (SZP) can work as an OV beam generator. It
is equivalent to optically performing the radial Hilbert filter-
ing operation and the imaging operation in a single step. The
radial Hilbert phase function is given by

Hy(r,d) = exp(ipd), ey

where p represents the topological charge, and r and ¢ are
the polar coordinates. The Fresnel zone plate (FZP) phase
function is given by

Fzp(r, ) = exp(—i2n/if), 2)

where 1 is the wavelength and f is the focal length of the
Fresnel zone plate. The SZP is obtained by multiplying the
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radial Hilbert phase function with the FZP phase function
and is given by

SZP,(r, ) = H,(r, ¢) * F.,(r, ¢) = exp(ipp — i2n/if).
3

The phase structure of formulas (1), (2), and (3) can
modulate the light field with phase delay elements, which
are shown in Figs. 1(a)-1(c), respectively. In Fig. 1(a), the
phase change around center is 27, which is decided by
parameter p in formula (1). The focal length f and wave-
length A are 160 um and 0.633 um, respectively. The phase
structure of SZP, the product of the radial Hilbert phase and
the FZP phase, is shown in Fig. 1(c). Considering the proc-
essing accuracy and feasibility of production, the phase
structure shown in Fig. 1(c) was two order quantized into the
form of Fig. 1(d). There are only two kinds of phase values
in the figure, 0 and =. The optical element can be realized by
processing the dark red region with a phase value of 7.

The buried optical element was fabricated with FsSLDW,
which is widely known as a high precision micro-machining
technology. A laser source (Light-Conversion Pharos) was
delivering less than 290-fs pulses of 1030-nm wavelength at a
repetition rate of 200kHz. A third harmonic generation sys-
tem integrated in laser was used to get 343-nm laser light for
improving machining accuracy and realizing two-photon-
absorption at laser focus. In the z-cut lithium niobate crystal
wafer without ion doping, femtosecond laser pulses were
tightly focused through a high numerical aperture (NA = 1.35,
40x) objective lens and scanned by a two-galvano-mirror
setup. Pulse energy was 0.45 uJ measured in front of the

+TT

FIG. 1. Calculation process of two order SZP phase distribution. (a)—(c) The
radial Hilbert phase structure, Fresnel zone plate phase structure, and spiral
zone plate phase structure corresponding formulas (1)—(3), respectively. (d)
Phase structure of the spiral zone plate after two order quantization.
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objective. The sample was fixed on a piezo stage with 1-nm
precision (PI P-622ZCD), which controlled the scanning
depth of the laser focus. The three-dimensional relative
motion of the laser focus and the sample was realized by the
cooperation of the piezo stage and the two-galvano-mirror
setup. The whole process was completed at room temperature.

In order to reduce the influence of the change of the
external environment on the optical properties, the SZP was
processed under the surface of a lithium niobate crystal. The
refractive index changed after laser scanning. Phase delay
occurs when light passes through the scanned and unscanned
regions. In this way, the incident light field is modulated to
realize the desired optical function. Optical images of the
MBSZP with topological charge of one are shown in Fig. 2.
The diameter, height, and focal length are 80 um, 15 um, and
160 um, respectively. The smallest out zone with a width of
0.8 um can be observed clearly in Fig. 2(b). Four small right
angles were fabricated on the crystal surface for comparing
the buried properties of the MBSZP. Figs. 2(a) and 2(b) were
taken at the surface and under the surface at a depth of
20 um. In Fig. 2(a), the four black right angles surrounded
the MBSZP are clearly seen, but the MBSZP is more diffi-
cult to be identified. However, under the surface at a depth
of 20 um, shown in Fig. 2(b), the MBSZP can be seen clearly
with the right angles becoming blurred.

The refractive index of the environment has an important
influence on the optical properties of diffractive elements.
Here, the MBSZP were buried in the substrate materials,
which can reduce the above effect and protect the micro size
diffractive structures. The optical performances of imaging
and focusing in different refractive index environments were
evaluated by a microscope imaging system shown in Fig. 3,
where an MBSZP with topological number of one was used.
A letter “F,” used as the imaging object, was fixed on a three-
dimensional, movable sample stage and placed in front of the
MBSZP, which was irradiated by a focused sodium lamp. An
objective and a CCD camera were placed on the other side of
the MBSZP and fixed on a movable stage. By adjusting the
positions of the “F” and the objective, imaging results were
detected. In the experiment, the imaging performance was
tested in four different environments, air, water, (CH,OH),,
and cedar oil, whose refractive indices are 1, 1.33, 1.43, and
1.52, respectively [Figs. 3(a)-3(d)]. In the process of image
acquisition, the relative position of the object, MBSZP, and

FIG. 2. Optical microscope images of the MBSZP. (a) Taken at the surface
of sample. (b) Under the surface at a depth of 20 um. Notice that the
MBSZP and small right angles cannot be clearly imaged at the same time as
they have different depths.
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FIG. 3. Imaging and focusing properties demonstration in different environ-
ment. Imaging of the letter “F” in air (a), water (b), (CH,OH), (c), and cedar
oil (d). The hollow rings at focal plane in air (e), water (f), (CH,OH), (g),
and cedar oil (h). An MBSZP with topological number of one was used.

camera remains unchanged. The imaging quality of the
MBSZP is independent of the different environments. This is
because the diffractive structures were buried under the sur-
face and the phase delay process was finished without the
influence of the external environment.

A significant feature of the MBSZP, compared to a nor-
mal Fresnel zone plate, is the focusing property of light.
When light passes through the MBSZP, a hollow light ring is
obtained at the focal plane instead of a solid light spot. This is
a unique and important property of OV beams. Compared
with a solid light spot, the hollow light ring has a lower possi-
bility of ablation, especially in the manipulation of biological
tissue and cells. At present, particle manipulation is almost
always performed in solution.***> The refractive index of the
solution has an important influence on the optical field. The
MBSZP, buried under the surface of a crystal, does not
directly contact the solution and can therefore circumvent the
above problems. The focusing performances in environments
with different refractive indices are shown in Fig. 3. For this
experiment, the imaging object and sodium lamp were
replaced with a collimated He-Ne laser. The hollow rings
were obtained in the focal plane in air, water, (CH,OH),, and
cedar oil as shown in Figs. 3(e)-3(h), respectively. It can be
seen from the images that there is no significant difference in
size and brightness of hollow rings in different environments.
The impact of the external environment has been suppressed.

When manipulating particles using vortex beams, the size
of hollow ring is an important parameter, which determines
the shear force strength. The size is decided by topological
number of vortex beams. Vortex beams with different topo-
logical numbers have different angular momentum, which
contribute differently to the rotation rate of particles. The hol-
low rings of focused light in air with different topological
numbers are shown in Fig. 4. In Figs. 4(a)—4(c), the hollow
rings were generated by the MBSZP with topological numbers
of 1, 2, and 3. The corresponding theoretical simulation
results are shown in Figs. 4(d)—4(f). In a simulation, a
Gaussian light beam was used as a light source, and the phase
delay was 7 at the zone position of the MBSZP. The shape of
the experimental light spot and the intensity distribution of the
simulation show no qualitative difference. With increasing
topological number, the ring’s size also gradually increases in
both experiment and simulation. The morphology of the quan-
titative characterization of the light spot is shown in Figs. 4(g)
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FIG. 4. Energy distribution of hollow rings with different topological num-
bers. (a)—(c) Theoretical simulation results. (d)—(f) Experimental results. (a)
and (d), (b) and (e), and (c) and (f) Topological number are one, two, and
three, respectively. (g) and (h) Theoretical and experimental normalized
energy distribution in the cross section of hollow rings.

and 4(h), which were extracted from the energy distribution
of light spot cross section. It clearly shows that the hollow
ring diameters of simulation and experiment are 3.2 yum and
3.0 um, which are in good agreement with each other. It is
noteworthy that the mode purity of OV beams limited by the
order of phase diffractive element.'®® The theoretical con-
version efficiency of two level diffractive element is about
42%. The other energy diffuses on image plane, which
reduces the mode purity. Fortunately, the problem can be
solved by increasing the levels of MBSZP. The normalized
energy distributions in horizontal and vertical directions are
shown in Fig. 4(h) with red and blue lines. There is no obvi-
ous difference between the two curves, which shows that the
hollow spot has a good symmetry.

The sizes of the light spots in the experiment and simu-
lation are shown in Fig. 5. The topological numbers of the
MBSZP are 1, 2, and 3. The diameters of the light spots in
the experiment are 1.6 um, 2.6 um, 3.0 um, respectively, and
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FIG. 5. Simulation and experimental results (in air) of hollow ring size with
changing topological number.
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1.5 ym, 2.5 ym, and 3.2 um, respectively, in the simulation.
The difference is less than 10%, which indicates that the
MBSZP has the expected optical properties. The orbital
angular momentum of the light beam also changes with the
topological number. By changing the topological number of
the MBSZP and incident laser power, the rotational speed of
various sizes of particles can be controlled continuously.

In conclusion, we present an MBSZP, a micro OV beam
generator. The MBSZP was buried under the surface of a
crystal and demonstrated stable optical performance in vari-
ous environments with different refractive indices. The
focusing properties of the MBSZP with different topological
numbers were investigated and showed a good agreement
with the simulation results. Because the MBSZP is not sensi-
tive to the refractive index of the external environment, it
will have important applications in the manipulation of bio-
logical particles and coupling interfaces in complex liquid
environments. In addition, the MBSZP will improve the inte-
gration and simplification of OV beam generation systems. It
will fulfill important applications in optical manipulation,
multistate information encoding, quantum communication,
and computation.
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61590930, and 61435005.
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