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Abstract—We present two liquid crystal devices specifically designed to dynamically generate optical vortices. Two different electrode geometrical shapes have been lithographically patterned into
vertical-aligned liquid crystal cells. First, we demonstrate a pieshape structure with 12 slices, which can be adjusted to produce
spiral phase plates (SPP) that generate optical vortices. Moreover,
the same device can be used to generate a pseudo-radially polarized beam, by simply adding two quarter-wave plates on each side.
A second device has been fabricated with spiral shaped electrodes,
which result from the combination of a SPP with the phase of a
diffractive lens. This device acts as a spiral diffractive lens (SDL),
thus avoiding the requirement of any additional physical external
lens to provide focusing of the generated optical vortices. In both
devices, the phase modulation can be adjusted by means of the
voltage applied to the patterned electrodes, in order to change the
properties of the generated optical vortex beams. Experimental
demonstrations are provided for different wavelengths.
Index Terms—Liquid crystal devices, optical vortices, spiral
diffractive lenses, spiral phase plates.

I. INTRODUCTION

O

PTICAL VORTICES (OV) have received much attention both for their physical insights as well as for their
possible applications, for instance as elements for particle
trapping [1], image processing [2], special phase contrast
microscopy [3], and free-space communication [4]. The essential characteristic of a field vortex is the spiral phase profile,
, where is the topological charge and denotes the
azimuth angle. The most suitable way to generate an OV is by
passing a fundamental mode
laser beam through an
external spiral phase element, such as a computer generated
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hologram (CGH) [5], or spiral phase plates (SPP) [6]–[8],
these showing improved efficiency. The ideal SPP has a continuous surface thickness topology that imposes the desired
azimuthal phase. However, due to the fabrication limitations,
SPPs usually take multilevel quantized phase values. These
kinds of multilevel SPP have been fabricated using various
methods, e.g., multi-stage vapor deposition process [2] or
direct electron-beam writing [9]. They provide in general high
efficiency, but they do not allow changing the operating wavelengths and/or topological charges. Alternatively, SPPs can be
programmed onto a liquid crystal (LC) spatial light modulator
(SLM) [10], [11]. SPPs displayed in such devices can be reprogrammed, but they suffer from a limited light efficiency due to
the SLM pixelated structure. Each pixel consists of an active region with width that transmits (or reflects) light, surrounded
by opaque areas (dead zones) that contain control electronics
and wires. There are two consequences of this structure. First,
the fraction of the incident intensity that is transmitted (or
, where
reflected) is given by the fill factor
denotes pixel spacing. Second, the main central diffraction
order has an intensity fraction proportional to the square of the
, while the rest of the intensity is spread
fill factor or
onto other higher diffraction orders [12].
In order to avoid these effects, a LC cell was demonstrated
in [13], where a specially patterned indium tin oxide (ITO) pie
slices structure was created on the front side of the cell. The pie
structure was made by laser lithography process using a chrome
mask and then the cell was filled with LC material. That work
presented the dynamic conversion of a Gaussian laser beam into
a doughnut beam of topological charges of 1 and 2, with efficiency near 100%. Larger topological charge numbers have
been achieved by stacking LC spiral phase plates [14]. Although
the generation of OV up to
was achieved, the efficiency
was reduced to 55% due to the stacking process.
Vortex beams can also be considered as circularly harmonic
modes, represented by spiraling waves that also carry angular
momentum. Indeed, light orbital angular momentum (OAM)
has been recognized as a new promising resource for classical
and quantum information applications [15], [16]. Marrucci et
al. [16] have reported a new device named -plate, made of a
liquid crystal cell specially patterned in such a way to introduce
topological charge at the transverse plane, which is able to
generate well-defined values of photons OAM. The -plate can
convert the photon spin into OAM with efficiencies up to 100%
[16].
All these previous works evidence the interest in developing
efficient and programmable devices for the generation and ma-
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nipulation of vortex beams. In this work we present the fabrication of two LC devices with specific geometrical patterned electrodes, useful to generate OV of different topological charge,
and with different illumination wavelengths. They are nematic
type LC cells with parallel homeotropic alignment, so they act as
voltage-controlled wave-plates with the phase retardance controlled via LC tilt. Two different geometrical configurations are
lithographically patterned into the LC cell. The first one reproduces the classical pie-piece structure, therefore capable to
generate SPPs when the voltages applied to each electrode are
properly selected. The second one follows the phase pattern of
the spiral diffractive lens (SDL), i.e., the phase resulting from
adding the typical SPP with the phase of a diffractive Fresnel
lens. The SDL focuses at a focal distance defined by the Fresnel
lens, but the focalization adopts the shape of a doughnut with a
size dependent on the topological charge of the SPP. SDL have
been proposed for astronomical applications to allow viewing
of a dim stellar object in the region of a much brighter object
[17], and they have been demonstrated onto LC pixelated displays [11]. However, to our knowledge, LC devices with specific SDL electrode structures have not been reported before.
Another related area that is receiving great attention is the
generation of radially polarized beams [18]. LC devices specially conceived for generating radially polarized beams have
been fabricated [19], and they have also been generated with
parallel-aligned LC-SLMs operating with special polarization
configurations including two quarter-wave plates [20]. In this
work, we apply this special configuration to convert our SPP LC
cell into a device to generate pseudo-radial beams, thus avoiding
the efficiency losses due to the pixelated device employed in
[20]. The word pseudo-radial comes from the fact that the generated beam is not a pure radially polarized beam, but it is accompanied with a spiral phase distribution. We generate pseudo-radial beams for different wavelengths by properly adjusting the
voltage to different pie sectors of the LC cell.
We organize the paper as follows: in Section 2 we analyze the
theory for generating the spiral phase masks, including the SDL.
In Section 3 we describe the fabrication process to generate the
two LC devices here presented. The experimental realization of
different vortex beams using LC SPP and LC-SDL is presented
in Section 4. Finally, in Section 5 we outline the conclusions.
II. THEORY

SPIRAL PHASE PLATES
DIFFRACTIVE LENSES

OF

AND

SPIRAL

Fig. 1. Design of SPP and SLD devices. (a), (b) Continuous SPPs with
, and
, (c), (d) Quantized SPP with
and
, and
; (e) Diffractive lens, (f) Continuous SPPs with
, (g) continuous SDL,
, except in
(h) binary SDL. Gray levels denote phase values in the range
(h) where black and white denote phases 0 and .

Fig. 2. Optical setups for the visualization of focused vortex beams: (a) with
the SPP, (b) directly with SDL, (c) using a positive lens and SDL to visualize
denote the plane of focalization of
positive and negative harmonic terms.
the SDL harmonic order .

[21]. The vortex beam created by the SPP mask, when focused
with a physical positive lens, creates the typical doughnut of
light at the back focal plane (Fig. 2(a)).
Besides, a SDL is generated by a phase-only mask defined as
[11]
(2)

The transmittance function of a conventional SPP can be represented in polar coordinates
as
(1)
where is the number of
phase changes on the closed circle
around the beam axis. Fig. 1(a) and (b) represent
for
and
. However, in general, due to the limited resolution of
the devices, only quantized values of the phase modulation can
be produced, and multilevel SPPs must be considered. Fig. 1(c)
and (d) show the quantized cases for
and
, with
levels, as considered in our device. This quantization
of the phase distribution arises other harmonic terms that create
other collinear vortex beams, with different topological charges

where denotes the focal length, and is the wavelength.
Fig. 1(e) to (g) show the phases of the standard diffractive
lens, a SPP with
and the resulting phase of
respectively. Finally, Fig. 1(h) shows the binary version of
, binarized such that phases 0 and are assigned to
phase ranges
and
respectively.
In this work we fabricated this last binary SDL. The effect
of such binarization is the generation of additional harmonic
phase terms. The binarized version
can be expanded
as a Fourier series as [21]
(3)
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being
integer numbers and
the Fourier coefficients. For
this type of binarization the relative intensities of each harmonic
tern are
for odd and zero for even . The
most efficient terms are
and
, with relative
intensities
% and
% respectively in
the most intense terms. Equation (3) shows that the binarized
version of the vortex lens produces the superposition of vortex
harmonic lenses with topological charges
and focal
lengths
.
In Fig. 2 we show the optical setups to visualize the focused
vortex beams. In Fig. 2(a) a physical positive lens is placed with
the SPP in order to focus the vortex beam at the back focal
plane of the lens. A remarkable improvement can be achieved
by using the SDL, since it substitutes both the SPP and the
physical lens (Fig. 2(b)). The different harmonic terms generated by the binary SDL produce focalizations of the different
vortex beams at different focal planes. The main focus is located at
and there the vortex beam with charge is
focused. Note that, although the lens is binary, this focalization
corresponds to a perfect continuous vortex beam. Other positive harmonic terms in (3) produce shorter focal lengths
and higher vortex charges
. Negative harmonic terms produce diverging beams and negative vortex charges. The DC
term (zeroth order) corresponds to the light beam that remains
undiffracted and shows no vortex
. These negative and
DC terms can be visualized as a real pattern by simply adding
a positive physical lens with short enough focal lens, as shown
in Fig. 2(c).
III. FABRICATION

CHARACTERIZATION
SDL DEVICES

AND

OF

SPP

AND

The SPP and the SDL were both prepared with indium
thin oxide (ITO) coated glass. A 12 pie-slices structure, each
with an individual electrical connection, was patterned in the
ITO by photolithography. A uniform ITO layer connected
to the ground made the back plane of the cell. In this work,
homeotropic aligned nematic liquid crystals with negative
dielectric anisotropy have been used. Alignment was induced
by spin-coated and rubbed alignment polyimide SE-1211
(Nissan Chemical Industries, Ltd.), specifically designed to
induce vertical alignment in nematic liquid crystals. This vertical alignment (VAN) has become very interesting since the
birefringence is null in absence of applied voltage. In display
applications, this provides a very good dark state between
crossed polarizers. For applications based on phase retardance,
the phase difference is zero under the threshold voltage. Over
the threshold, the liquid crystal director is reoriented by the
electric field and continuous phase retardation takes place.
It happens at lower voltages compared to other alignment
configurations, thus leading to more stable phase values and
faster switching times.
The coated substrates were rubbed in the same direction and
were assembled in antiparallel orientation. The cells were filled
with liquid crystal having negative dielectric anisotropy (MLC7029 from Merck). The cell thickness was fixed about 6 m
by using silica spacers, enough to induce
retardation between the two orthogonal polarization states for visible wavelengths. The initial orientation of the liquid crystals is perpen-
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Fig. 3. Pictures of the fabricated LC cells with patterned electrodes for (a) SPP,
(b) SDL.

dicular to the substrates, with a small pre-tilt to allow the molecule switching along a predefined direction. Upon application
of an electric field, the molecules tilt to a horizontal position,
parallel to the substrates. Different voltage can be distributed
for each one of the 12 slices.
This SPP device is actually quite similar to the device reported in [13], though the former has individual addressing
of each pie-slice whereas the latter uses a single pair of contacts and imposes a linear voltage distribution over the slices.
Therefore, we can achieve a better adjustment of the individual
voltage levels to produce the appropriate phase levels in each
pie sector. In addition, cell homogeneity is not so critical to us
since no voltage gradient is required.
Fig. 3 shows images of the fabricated LC cells for SPP
(Fig. 1(a)) and SDL (Fig. 1(b)) when illuminated with broadband white light and placed in between linear polarizers.
Arbitrary different voltages were applied to each electrode, in
order to clearly visualize them. The diameter of each device is
around 2.5 cm.
It is essential to apply the appropriate voltages to the electrodes in order to produce the correct phase shift for the operating wavelength and effectively create vortex beams. Therefore, we characterized the response of the LC cell for different
voltages and wavelengths using a simple technique to obtain the
phase retardance of a wave-plate [22]. The LC cells were placed
between two parallel linear polarizers oriented at 45 with respect to the LC director axis. Then, the normalized transmitted
intensity is given by
(4)
where
(5)
is the retardance introduced by the LC layers, which depends
on the wavelength
, and on the ordinary
and effective
extraordinary
refractive indices. This last is dependent on
the applied voltage
that causes the tilting of the LC director;
denotes the cell physical thickness.
In the experiments we employed monochromatic illumination with three different wavelengths from an Ar-Kr laser (
nm,
nm and
nm). We measured the intensity transmitted by the polarizer—LC cell—analyzer system
as a function of the applied voltage for these three wavelengths,
both with parallel and also with perpendicular polarizers (this
last in order to normalize the data to match the theoretical transmission in (4)). The LC cell is addressed with a square signal
voltage with zero average and 1 kHz frequency. The transmission is measured versus the peak-to-peak voltage
, in the
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Fig. 5. Experimental realization of the
and
LC SPP device with the three different wavelengths.

Fig. 4. Characterization of the phase retardance of the SPP LC cell, illuminating with wavelengths 647, 568 and 488 nm. (a) Experimental data (points)
and the corresponding numerical fitting (lines); (b) Derived phase shift versus
voltage.

range up to 10 volts. Fig. 4(a) shows the measured experimental
data and the theoretical prediction after the numerical fitting of
the LC retardance for the three selected wavelengths. These data
follow the expected oscillatory behavior in (4). In addition, the
shortest wavelength shows the fastest variation, since it produces higher values of the retardance, in agreement with (5).
Fig. 4(b) shows the corresponding retardance, in units of , obtained by fitting the data in Fig. 4(a). We imposed, in the fitting
procedure, that the ratio among the retardances for the three selected wavelengths must remain fixed for all voltages. Note that,
for
nm, the LC cell is over
radians at the maximum applied voltage. We have chosen to operate in the voltage
range between 2 and 4 volts, which produces the maximum retardance variation.
The characterization has been performed for both the SPP and
the SDL devices, leading to similar results.
IV. EXPERIMENTAL GENERATION OF VORTEX BEAMS
Experimental results were obtained using these two devices. We illuminated the LC cells with the three selected
wavelengths, and examined the generated diffraction pattern.
We used a positive lens in order to capture the diffraction
patterns at each corresponding focal plane in setups equivalent
to Fig. 2(a) and (c) respectively. Diffraction patterns were captured with a colour CCD camera (Basler, model scA1390-17fc,
1392 1040 pixels), mounted on an adjustable stage.
A. Generation of Optical Vortices Using the LC SPP
We start by analyzing the generation of optical vortices using
the pie shape distribution of the SPP device. In Fig. 5(a)–(c)

vortex beams with the

we analyze the case
according to twelve phase steps.
For each wavelength, the twelve voltage levels were selected
to produce twelve equidistant phase values between 0 and
across the incoming beam, First, in the upper part of the figure,
we visualize the correct selection of the applied voltages, by
imaging onto the camera the LC cell, placed in between the two
linear polarizers oriented both at 45 to the LC director (and
therefore selecting an intensity modulation regime, where the
normalized intensity follows (4)). Note the progressive increase
of the intensity. Second, in the lower part of the figures, we
show the focalization of the laser beam, when the polarizers are
now oriented both parallel to the LC director, in order to operate
in a phase-only modulation regime. These focalizations show
the characteristic doughnut shape corresponding to the vortex
beam. Note that the scale of the doughnut pattern increases with
wavelength, as expected.
Next, Fig. 5(d)–(f) show equivalent results to Fig. 5(a)–(c),
when voltages are readjusted to generate the case
. Now,
two phase ramps are present in the pie-distribution. Since the
LC cell does not reach
phase modulation, we apply voltage
levels corresponding to phase values modulo
. Since now
we are generating a larger vortex charge, the corresponding
doughnut focalizations show larger diameters compared to the
case
.
B. Generation of Pseudo-Radially Polarized Beams Using
the LC SPP
The same SPP device can be used to generate a pseudo-radially polarized beam. For that purpose, we follow the idea presented in [20], where a LC wave-plate with variable retardance
is sandwiched between two quarter-wave plates (QWP), the first
one oriented at
with respect to the LC director, and the
second one oriented at
. This system acts as a polarization rotator, where the rotation angle
is equal to half the
phase retardation
introduced by the LC wave-plate. Therefore, a radially polarized beam can be generated by addressing
the SPP device with
(i.e.,
), with the phase origin
at the vertical direction, and selecting the input linear polarization also in the vertical orientation. Then, the polarization is rotated for every azimuth an angle
, thus generating
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Fig. 6. Experimental realization of the (pseudo) radial polarization beam.

a (pseudo) radial polarization. As mentioned before, the radial
polarization is not perfect because there is an additional phase
term
as a consequence of the polarization system.
This term could be pre-compensated with a second SPP located
before the optical system in order to introduce an opposite spiral
phase term.
This phase term, however, is not noticeable when analyzing
the state of polarization that is being created. Fig. 6 shows a sequence resulting from imaging the SPP device onto the CCD
camera in the above configuration, and progressively rotating
the orientation of the analyzer, which is located in front of the
camera. As the analyzer rotates, the images clearly show two
opposite dark sectors, where a linear polarization perpendicular
to the analyzer axis is being created. The fact that these dark
sectors are rotating as the analyzer is rotated, verifies the generation of the (pseudo) radial polarization beam [23].
C. Generation of Vortex Beams Using the LC SDL
Finally, we also experimentally verified the generation of
optical vortices using the SDL device. From (3), this diffractive
lens generates different topological charges
and focal
lengths
corresponding to the different diffractive harmonic orders
. Thus several vortices are placed within a
single beam.
We used the optical system in Fig. 2(c) in order to visualize
all positive and negative orders. We again employed the three
wavelengths. The voltage applied to the device presented in
Fig. 3(b) was adjusted to match the phase shift at the corresponding wavelength. Then the CCD camera was placed on
the different planes where vortex beams were focused. Fig. 7
shows these experimental images. As mentioned in Section 2,
the phase binarization makes
and
the most intense orders. Since we encoded
in the lens, focalization of orders
and
reproduce vortex beams
and
, respectively. This is verified from the greater diameter of the doughnut focalization at planes
. Since
the phase retardance has been adjusted to be radians, the zero
order is absent, and the pattern on the focal plane of the physical
positive lens is mainly the interference of the defocused two
orders.
It is also interesting to note that this SDL device, in addition to
the encoded
charge can be used to generate
, simply
by assigning the same voltage to adjacent pair of electrodes.

Fig. 7. Experimental focal planes with the SDL device for the three selected
wavelengths. In each case, pictures correspond to focalizations planes of
and
.

V. CONCLUSION
In summary, we presented the fabrication of two liquid crystal
devices with specific patterned electrodes, in order to produce
vortex light beams. Although these kind of optical elements
have been generated earlier with liquid crystal SLMs, using
electrodes with specific shapes avoids other higher diffraction
orders generated by the rectangular periodic structure of pixelated devices, therefore increasing the diffraction efficiency
and preventing from other spurious beams. For instance, transmissive liquid crystal SLMs have fill factors in the range of
35%. Therefore, following the arguments indicated in the introduction, our non-pixelated devices imply an improvement of
around 500 times greater diffraction efficiency. Modern reflective liquid crystal on silicon (LCoS) displays provide excellent
fill factor values around 90%, but still a significant 1.8 factor of
improvement in the efficiency is obtained.
We fabricated both, a SPP and a SDL device, using liquid
crystal cells with homeotropic alignment. We presented a simple
method for their calibration that permits adjusting the voltage
values in order to reproduce the desired phase profiles. Experimental results demonstrate the generation of vortex beams for
three different wavelengths.
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