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Hybrid Refractive—Diffractive
Optical Vortex Microlens

Zhen-Nan Tian, Xiao-Wen Cao, Wen-Gang Yao, Pei-Xin Li, Yan-Hao Yu,
Gen Li, Qi-Dai Chen, and Hong-Bo Sun, Member, IEEE

Abstract—We report a novel hybrid refractive-diffractive
microlens combined with spiral phase for the generation of
optical vortex, which is fabricated via femtosecond laser direct
writing technology. The unique optical performance of focusing
capability is demonstrated. At the focus position, the hollow
focus with different integer topological charges is investigated.
Moreover, experimental results are supported by finite-element
calculation. The novel microlens generating an optical vortex
will fulfill important applications in optical manipulation,
multistate information encoding, quantum communication, and
computation, particularly in the compaction, integration, and
simplification of optical vortex generation system.

Index Terms— Femtosecond laser, hybrid refractive-diffractive,
optical vortex, microlens.

I. INTRODUCTION

IGHT beams with a helical phase front which pos-

sess an orbital angular momentum (OAM) along their
direction of propagation, can induce optical vortex (OV) as
focused [1], [2]. As a novel optical phenomenon, OV beams
hold the promise in various physical mechanical [3], [4],
and technological applications, such as optical manipula-
tion [5], [6], optical communication [7], quantum informa-
tion, and astronomy [8], [9]. Over the past decades, efforts
have been made to fabricate and design OV beams, includ-
ing the geometric method [10], hologram fork dislocation
grating [11], [12], spiral phase plate [13], [14], hollow
optical fiber [15], [16], and changing optical parametric
oscillator [17].

The above-mentioned methods are typical approaches to
obtain OV beams and greatly broaden their applications.
K. T. Gahagan and G. A. Swartzlander have demonstrated
threedimensional radiation pressure trapping spherical parti-
cle in water using an OV beams twenty years ago [18].

Manuscript received May 26, 2016; revised July 5, 2016; accepted
July 11, 2016. Date of publication July 13, 2016; date of current version
September 28, 2016. This work was supported by the National Natural
Science Foundation of China under Grant 61137001, Grant 91423102,
Grant 91323301, Grant 61590930 and Grant 61435005.

Z.-N. Tian, W.-G. Yao, P.-X. Li, Y.-H. Yu, G. Li, and Q.-D. Chen are
with the State Key Laboratory on Integrated Optoelectronics, College of
Electronic Science and Engineering, Jilin University, Changchun 130012,
China (e-mail: chenqd@jlu.edu.cn).

X.-W. Cao is with Department of Mechanical Science and Engineering, Jilin
University, Changchun 130025, China.

H.-B. Sun is with the State Key Laboratory on Integrated Optoelec-
tronics, College of Electronic Science and Engineering, Jilin University,
Changchun 130012, China, and also with the College of Physics, Jilin
University, Changchun 130012, China.

Color versions of one or more of the figures in this letter are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/LPT.2016.2591238

Yuan et al. have recently achieved total data capacities on the
order of sub-Pbit s~! (~10'* bit s~!') in high-speed optical
communications by designing Dammann OV grating [19].
Scherer et al. have demonstrated that the OAM of photons in
the OV beams can induce rotation of single silver nanowires
with an overall length of 10 mm that lie on a dielectric
surface [6]. The wide variety of applications propose a higher
requirement for OV beams generator. However, these methods
may be bulky, strongly dependent on incident light and low-
integration, which restricts their better utilization in integrated
optics. Specifically, the geometric method depends on the orig-
inal parameters of the incident light, the methods based on the
diffraction theory show limits with low diffraction efficiency
and twin images, the spiral phase plate requires converging
beam or an additional focus element, while the adjustment of
the laser parameters is cumbersome. As a promising solution
to above dilemmas, femtosecond laser direct writing (FsSLDW)
is a simple and rapid-writing approach with the arbitrary
designability, and reasonably high spatial resolution [20]-[23].

Here, we propose a miniature and simple OV beams
generator, called hybrid refractive-diffractive optical vortex
microlens (HOVML). The HOVML integrates spiral phase
plate on the surface of a normal microlens using femtosecond
laser direct writing (FsSLDW). The unique optical performance
has also been simulated in far field and show consistent results
with the experiments. Compared to the existing methods, our
highly integrated HOVML can produce OV beams with only
a single hybrid refractive-diffractive microlens. Furthermore,
on account to the continuous surface structures, it possesses
higher theoretical transformation efficiency than multi-levels
and amplitude type diffractive element.

II. EXPERIMENTS

The OAM of photons was first demonstrated by
Allen et al. [2]. The angular momentum is associated with
the spatial distribution of the electromagnetic field. An OV
beam is a typical optical field with OAM, which has helical

mode y; (7),
vii (F) = u(, e e

Here, k = kZ is the beam wave vector, u(z z) is the field
radial profile at position z, [ is the eigenvalue of the OAM
or the so-called topological charge, and 6 is the polar angle
around the beam propagation axis. The OV beam has a helical
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Fig. 1. (a) Helical-phase structure with topological number of three;
(b) Schematic diagram of HOVML,; (c) ~ (d) the difference of focus situations
of focal plane of common microlens and HOVML.

phase front, while the shape is decided by the topological
charge number, which can take any integer value, positive
or negative. Fig. 1(a) shows the helical-phase structure with
a topological number of three. The yellow arrow represents
the light propagation direction. The phase fronts are helical
surfaces, instead of a flat one perpendicular to the propagation
direction as a plane wave, which is a significant difference
compared to a normal light beam. Here, the novel optical field
is generated using the HOVML, whose schematic diagram
is shown in Fig. 1(b). For geometric morphology, a spiral
phase plate is directly integrated on the surface of a microlens,
whose phase delay function can be described as ¢/ . In the
schematic diagram, the microlens height is described as
R-sqrt(R"2-r"2), where R is the curvature radius of the lens.
The spiral phase plate has a suitable curvature designed with
the microlens. For the integrated components, a mojarity of the
height changes continuously throughout the HOVML, while
at positions of ¢ = 0°, 120°, and 240°, the height changes
are abrupt. They are marked by the red lines in Fig. 1(b).
The difference is that the light beams with helical wave
fronts focus to rings rather than points. The focus situations
of a traditional microlens and the HOVML are illustrated
in Figs. 1(c) and 1(d), respectively. If a plane wave passes
through the common microlens, a solid light spot could be
obtained at the focal plane, as demonstrated in Fig. 1(c).
However, a hollow light ring instead of a solid spot is observed
on the HOVML, as shown in Fig. 1(d).

The HOVML was fabricated using femtosecond laser-
induced two-photon polymerization of commercial negative
photoresist SU-8 (2025, MicroChem Corp.). The photoresist
has been widely used for the fabrication of high-quality
photonic devices and complicated micro-optical elements
owing to its high transmittance from the visible to the near-
infrared wavelengths, good mechanical properties, and high
thermal stability [24], [25]. FsSLDW is a technology that has
been successfully employed in producing micromechanical
and optical microstructures resulting from its unique, high-
precision, three-dimensional prototyping capability [26]-[28].
In the experiment, a Ti: sapphire femtosecond oscillator
(Tsunami, Spectra Physics) was used as a laser source
whose pulse width, wavelength and repetition rate is 120 fs,
780 nm and 80MHz, respectively. The laser beam was tightly
focused via an objective lens of NA = 1.4 into the photoresist,
whose power was 6 mW measured before the objective lens.
The photoresist samples were prepared by spin-coating with
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Fig. 2. SEM images of HOVML with topological charge number
of (a) 1, (b) 3, (c) 16. (al) ~ (cl) and (a2) ~ (c2) were taken from top
and 60° direction. Scale bar is 10 gm.

a thickness of 20 um on coverslips which were cleaned by
acetone and absolute ethanol. After pre-baking of 3 min at
the temperature of 65 °C and 30 min at 95 °C, the focal spot
was scanned laterally in the SU-8 film by manipulating a two-
galvano-mirror set and along the optical axis by a piezo stage.
After scanning, the slide was placed on the hotplate again
for 1 min at 65 °C and 10 min at 95 °C for the post-baking.
Then the coverslip was immersed in SU-8 developer for
10 min and a solid skeleton was left. Their surfaces were
smooth with the roughness less than 10 nm according to an
atomic force microscopy measurement [25].

The appearance of the experimentally produced HOVMLs
is shown in Fig. 2. The scanning electron microscopic
(SEM, JSM-7500F, JEOL) images of the HOVMLs with
topological charge numbers of 1, 3, and 16 are demonstrated in
Fig. 2, which are obtained at the top and 60° directions. The
diameter, height, and focal length of the lenses are 40 um,
10 um, and 92 um, respectively. In contrast to typical
microlens, the curved spiral phase plate was directly integrated
on the surface of each lens with one-step via FSLDW. The
height of curved spiral phase plate with topological charge
number of 1 has one abrupt change in the angular direction
marked with the read dotted line [Fig. 2(al), 2(b1)]. The height
difference of the two sides is 2.4 xm, considering the refractive
index of the environment in the design process. An abrupt
phase change of 27 occurs between the two sides of the height
change line. While at other locations, the phase and height
changes are continuous. From the beginning of the green arrow
to the end of the yellow arrow, the phase gradually reduces
by 2z [Fig. 2(al)]. The difference of HOVMLs with topo-
logical charge numbers of 3 and 16 is that the abrupt height
changes lines are 3 and 16 [Fig. 2(bl), 2(c1)]. The curved
spiral phase plate and microlens provide the phase delay in
the angle and radius direction, respectively. Finally, with the
double-phase modulations, an OV is formed in the rear of the
HOVML without converged incident light or additional focus
element.

III. RESULTS AND DISCUSSION

A significant feature of the HOVML, compared to a normal
microlens, is the focusing property of light, which is not
limited to a completely coherent laser. When light passes
through the HOVML, a hollow light ring is obtained instead
of a solid light spot at the focal plane. This unique focusing
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Fig. 3. Experimental energy distribution at different positions behind
HOVML. The distance between each picture is 10 xm. (a) ~ (g), (h) and (i)
were taken before, on and behind the focal plane, respectively. Scale bar is
10 pm.

characteristics were demonstrated using HOVML with the
topology charge number of 16, as shown in Fig. 3. The
HOVMLs were illustrated using a quasi-monochromatic beam
with the wavelength about 600 nm, which was obtained from
a collimated sodium lamp with absorption type cutoff filters.
At the ear of the HOVML, an objective (60x, OLYMPUS) and
a CCD camera (2.2 um square pixel size, Huaheng Crop.)
were fixed on the translational stage as a detection system.
By adjusting the position of the objective lens, the focusing
results at different positions were detected, as shown in Fig. 3.
As can be seen in Figs. 3(a)-3(i), the detector moved away
from the HOVMLs, and the distance from the surface of
the HOVMLs increased from 22 gm to 102 um at intervals
of 10 um. The diameter of the hollow light ring decreased
gradually until arriving at the focal plane, as can be seen
in Fig. 3(h). During the moving process, the dark region in
the center of the light spot did not disappear and attained a
minimum size on the focal plane. When the detector from
the HOVMLs was moved far away, the diameter of the light
ring increased [Fig. 3(i)]. On the focal plane, the light spot
morphology was a hollow ring instead of a solid point, which
is the most intuitive attribute of a vortex light field compared
to an ordinary light filed. The optical focusing properties were
in accord with the theoretical simulation results, which reflect
a high processing accuracy.

The OV carrying an OAM is dissimilar to the spin angular
momentum, which has only two values of £7 (Planck’s
constant divided by 2z) per photon. A vortex field with a
helical phase can carry an intrinsic and eigen OAM of (/i per
photon [1], [2]. In principle, the topological charge ¢ provides
unlimited states for the OAM, which makes it possible to
carry a large number signals in both classical and quantum
communication systems. For different topological charges, the
size of the hollow ring on the focal plane is different. The
relationship between £ and the light size was investigated
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Fig. 4. The focusing properties of HOVML with different topological number.
(al) ~ (cl) Experimental measurement; (a2) ~ (c2) Theoretical simulation
result. Scale bar is 10 #m. (d) and (e) Theoretical and experimental normalized
energy distribution in the cross section of focal spot.

qualitatively, as demonstrated in Fig. 4. The morphology of
the experimental light rings with topological charge numbers
of 1, 3, and 16 are demonstrated in Figs. 4(al)—4(cl). The
diameters of the light ring are 4.6 ym, 6.4 ym and 9.3 um.
The morphology light rings with diameters of 2.4 ym, 4.6 um,
and 16.4 um obtained by simulation are demonstrated in
Figs. 4(a2)-4(c2). The regularity of the diameter increase is
consistent with the experimental result. The normalized energy
distribution of simulation and experiment in the cross section
of focal spot are demonstrated in Figs. 4(d) and 4(e), where the
focal spot with topological charge number of 3 are used. The
red and blue lines in Fig. 4(e) represent the energy distribution
in the transverse and longitudinal directions, respectively. The
experimental results consist well with the theory.

For more accurate and comprehensive description of the
HOVML optical properties, the optical field distribution on
the focal plane was simulated using a commercial simulation
software, COMSOL Multiphysics (COMSOL Inc.), which was
based on the finite element method. An HOVML with a
topology number of 16 was utilized in the simulation. The
optical field perpendicular to the direction of optical axis was
calculated [Fig. 5(a-b)]. The normalized amplitude is a hollow
ring with several higher-order diffraction rings [Fig. 5(a)].
However, these higher-order diffraction rings are too weak to
be observed in the experiment. The real part of optical field
is in the shape of a vortex [Fig. 5(b)]. At the central and
the distant position, the real part is zero, representing that the
intensity of the light is zero. At other position, along the ring
of center point, the real part periodically changes between
positive and negative. Light intensity distribution along the
optical axis is shown in Fig. 5(c). It was obtained by arranging
light intensity distribution over the center at different positions,
which ranged from 22 um to 122 um on the surface of
the lens. Light beam dose not converge into a solid light point
at the focal plane marked by red dashed lines.
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Fig. 5. (a) The normalized amplitude distribution at focal plane; (b) The
normalized real part distribution at focal plane; (c) Light intensity distribution
along the optical axis. Scale bar is (a) ~ (b) 20 um, (c¢) 10 gm.

IV. CONCLUSIONS

In summary, we report a novel hybrid refractive—diffractive
element, called the HOVML. It consists of a spiral phase plate
and a microlens, generating an optical vortex independently
without any other optical components. The unique optical
properties were demonstrated in the experiment, which is
consistent with the theoretical simulation. This HOVML can
greatly simplify the OV generation and improve the integration
of optical systems. In addition, the novel microlens can be
easily integrated on the end facet of optical fiber, which is of
significance in optical manipulation and quantum communi-
cation. Our findings open up a new avenue to realize highly
integrated optical element and offer great convenience to their
practical applications.
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