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ARTICLE INFO ABSTRACT

Keywords: An Adaptive Spiral Phase Plate (ASPP) based on liquid crystal (LC) and the transmission electrode technique is
Optical vortices theoretically and experimentally demonstrated. This ASPP design enables the generation of high-quality optical
Liquid crystals

vortices with topological charges ranging from +1 to +4 using a single device, with higher charges being
directly achievable by employing higher-birefringence LC or thicker cells. The continuous reconfigurability of
the optical phase shift, achieved through a simple control mechanism involving only two low voltages and
100 electrodes that distribute the voltage, sets this device as an accurate approximation to a continuous ASPP.
The measured conversion efficiency ranges between almost 100% and 95% for the first and fourth topological
charges, respectively. This device offers remarkable advantages, such as complete reconfigurability, allowing
adjustment of operating wavelengths and topological charges. The fabrication process mirrors that of a standard
LCD cell, ensuring a cost-effective and reliable solution. In summary, the proposed ASPP is a key advancement,
providing superior light conversion efficiency, simplicity, and the capability for on-the-fly reconfiguration in
various optical applications.

Orbital angular momentum

1. Introduction three years, a plethora of tunable properties of optical vortices have
been skillfully managed at the nanoscale. These include the conversion
of spin angular momentum to OAM for classical [10] and quantum
light [11], tunable wavelengths ranging from visible light [12,13]
to X-ray light [14], ultra-broadband tunable OAM [15], adaptable

chirality [16] and time-varying OAM in extreme-ultraviolet vortex

Over the last decade, helical wavefronts have been amongst the
most extensively studied complex phase-shapes of light. They are char-
acterised by an azimuthal phase dependence of ¢~//®, where [ is a
variable that represents the topological charge of the vortex, which
determines how many times the phase of the wavefront wraps around

in 360°, and @ is the azimuthal angle in polar coordinates, which
measures the angle in the plane perpendicular to the direction of
propagation of the light beam. When focused, these light beams carry
an orbital angular momentum (OAM) that forms rings rather than
points in a focal plane. The potential and applications of this phe-
nomenon have seen an exponential rise with use-cases ranging from
laser processing [1-3], beam shaping [4], optical tweezers [5], atom
manipulation [6] and free-space communications [7]. The last decade
also witnessed rapid advancements in optical vortices and OAM appli-
cations. In 2013, terabit-level optical communication was demonstrated
via OAM multiplexing in fibres [8]. In 2016, Ref. [9] demonstrated
the generation of extreme OAM states exceeding 10.0007 and ac-
complished quantum entanglement of these states. In the following

beams [17]. Also, the vortex beam enables the transfer of OAM to
particles, producing rotation and translation [18,19]. Other remarkable
applications have been high optical power lenses [20] or advanced
microprinting technology [21].

Traditionally, optical vortices are generated using spiral phase
plates (SPPs) [22] or computer-generated holograms (CGHs) [23]. SPPs
have been produced using a variety of techniques, such as multi-
stage vapour deposition processes or direct electron-beam writing and,
more recently, metasurfaces [24]. In these cases, the helical surface
is discretised into different steps of refractive index. A fixed SPP is
obtained by matching the refractive index to that of an azimuthal
phase dependence. For CGHs, they generate a spiral interference fringe.
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The number of spiral arms and their rotation direction represent the
number and sign of the topological charge. These distinct interference
patterns are commonly used to determine the topological charge of a
vortex beam [24]. Leveraging the characteristics of this interference,
a hologram plate can be created from either the spiral fringe or the
fork grating [25]. Blazed forked gratings have been instrumental in
concentrating more energy in the first diffraction order [25]. However,
fabricating CGHs remains a challenge. The use of SPPs also faces
drawbacks due to fabrication limitations and a lack of reconfigurability,
leading to fixed topological charges and operating wavelengths. Recent
years have seen attempts to resolve these issues through alternatives
like spatial light modulators (SLMs) [26]. This structure results in
two outcomes. Firstly, the portion of the incoming intensity that is
transmitted or reflected is determined by the fill factor, which is
inversely proportional to the pixel interspacing. Secondly, the primary
central diffraction order has an intensity fraction that is proportional to
the square of the fill factor, while the remaining intensity is dispersed
among other higher diffraction orders. The result is an efficiency
around 60%—85% range [27], and poor fill factors <40% [28]. Another
option is to use liquid crystal (LC) and individual pie slices of indium
tin oxide (ITO) as contact electrodes, resulting in a discretised SPP. The
first version used 16 electrodes to produce / = 2 and / = 1 [29], and
the next proposal obtained 8 topological charges by stacking several
LC cells but at the cost of reducing efficiency [29,30]. Several years
later, the use of spiral-shaped electrodes was proposed, resulting from
combining an SPP with the phase of a diffractive lens [31]. The result
is a Spiral Diffractive Lens (SDL) that generates different topological
charges (ml/) and focal lengths (f/m) corresponding to the different
diffractive harmonic orders (m). The result is that several vortices can
be found in a single beam. After that, this design has been improved
by using more electrodes of control (e.g. 24 electrodes, up to | =
12 [32,33], a comprehensive review can be found in Ref. [28]). Yet,
these solutions present their own set of challenges, such as complex
voltage control, light efficiency loss and complications due to the need
to combine the phase pattern with a blazed grating pattern.

One way to compare different technologies is through their conver-
sion efficiency. In the field of optical vortex generators, this term is
often used alongside the terms diffraction efficiency and transmission
efficiency. For instance, in the context of metasurfaces, it is used to
describe the proportion of the input power that successfully passes
through the device. This term is also referred to as transmission ef-
ficiency and primarily depends on the mismatch with the free-space
impedance, leading to back-reflection of the incident power and, to
a lesser degree, the material absorption losses. For example, a TiO,
metasurface has a conversion efficiency of around 60% at 532 nm [34],
indicating that 60% of the input power is transmitted through the
device. In the case of Silicon, the use of cylindrical nanodisks enables
a transmission efficiency of more than 70% [35]. On the other hand,
in the context of diffractive generators, conversion efficiency is also re-
ferred to as diffraction efficiency. It is important to note that typically in
optics, diffraction efficiency is defined as the ratio of the optical power,
of a given order, to the total incident light [36], while in the field of
optical vortex generators usually refers to the ratio of the optical power,
of a given order, to the total transmitted light [37]. In order to avoid
confusion, we will define absolute diffraction efficiency for the first case
and relative diffraction efficiency for the second one. For CGHs first
attempts to fabricate them produced very low efficiencies, e.g. in silica
glass by femtosecond laser pulses in the order of 5% (absolute) [38],
recorded in a cell filled with polymer-dispersed liquid crystal material
13%-17% (relative) [39], using an LC cell where one electrode was
patterned with a computer-generated hologram 27% (relative) [40] or
using a blue phase LC fork grating by applying a vertical electric field
with a forked electrode 33% (relative) [41]. In addition to the low
efficiencies, the previous methods have fixed patterns or electrodes,
so changing the topological charge is impossible. One option is to
use SLM, but as previously commented, they have serious drawbacks.
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Recently, photopatterning has been proposed on a Digital Micro-mirror
Device (DMD)-based microlithography system, with single conversion
efficiency up to 37.5% (absolute) [42]. In the case of SPP generators
based on pie slices, the first studies defined the conversion efficiency
as the ratio of the optical power in zero diffraction order to the total
transmitted light (like a relative diffraction efficiency). As expected,
very high values were demonstrated for topological charges 1 and 2
(in the order of 100%) [29] and 55% for 8 [30]. In addition, it should
be considered that there are losses mainly caused by the interface
reflections between air-glass and glass-LC and scattering at the ITO
electrode gaps (and to a lesser extent due to LC scattering) [30]. This
loss can be in the order of 10%-15% [30].

The present study introduces a breakthrough structure employing
LC and the transmission electrode technique. Previous research has
showcased the application of this method in spatial phase modulation
of several types [43,44] and in various kinds of LC lenses, e.g., cylin-
drical and Powell [45,46], axicons [43,47,48], aspherical [49-53] and
arrays [54]. In this scenario, it is feasible to attain a continuous
spiral voltage profile by leveraging a variation of the transmission
electrode technique. This innovative structure can generate an almost
continuous spiral phase profile (100 electrodes distribute the voltage)
that is completely reconfigurable using only two low voltages. This
novel adaptive spiral phase plate (ASPP) has the potential to generate
various positive and negative topological charges (up to / = +4 are here
experimentally demonstrated with a low birefringence LC), reducing
complexity and enhancing efficiency in applications, such as optical
tweezers or OAM mode division multiplexing, paving the way for the
next wave of advancements in the exciting field of optical vortices.

2. Structure and operation principle

The device comprises a pair of substrates, each coated with ITO.
Only one substrate is photolithographed using the transmission elec-
trode pattern. Fig. 1(a) illustrates a schematic of the overall structure.
The substrates are separated by a 50-pm thick spacer. The cavity formed
in between is occupied by the nematic LC 6-CHBT, with a birefringence
An = 0.16, dielectric permittivity d4e = 7 [55] and elastic constants
K, = 6.71 pN (splay), K,, = 2.93 pN (twist), and K33 = 6.1 pN
(bend) [56]. The device is designed as an adaptive phase-only mod-
ulator and does not require a molecular twist. Hence, homogeneous
alignment is achieved through a rubbing process. This is achieved by
utilising a polyimide alignment layer (Nissan SE-130), rubbed parallel
to the electrodes for the upper glass and in the opposite direction for
the lower one.

The operational principle of the device is straightforward. The key
component is a circular transmission electrode (radius r = 1 c¢cm) that
generates a continuous voltage profile from one electric contact to the
other, the grey square pads of Fig. 1(b). In this case, an electrode width
(w) of 10 pm is chosen for the transmission electrode. The voltage
values V; and V, represent the applied voltage on the top electrodes.
Subsequently, a series of ITO pie slices (N = 100 slices in this case)
that extend from the periphery to the centre distributes the voltage
throughout the active area, see Fig. 1(c). Note that drawings are not
to scale, the actual gap between slices is g = 10 pm. The broader
part of the slices has 2zr/100 — g = 618 pm, whereas it ends on a
spike. One of the advantages of the transmission electrode technique
is that the resistance from ¥V, to V, is very high. Considering the sheet
resistance (qu = 100 Q/sq) and ITO thickness (+ = 20 nm), the
theoretical resistance (based on numerical simulations) is R = 66.4 kQ.
For example, for gradient voltages of 1 Vpyg it implies a current of
only 15 pAgys- On the other hand, one challenge of this configuration
is that a certain central area is unused due to the gap between slices.
Specifically, a circumference with a radius r = Ng/2z = 159 pm. As
observed in the simulations and experimental results, this region is very
small compared to the active area. Moreover, it could be considerably
reduced by improving the resolution of the photolithography. For
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Fig. 1. (a) Schematic depiction of the LC-tunable optical vortex generator and its various constituent parts. (b) Schematic depiction of the circular transmission electrode alone
and (c) including the ITO slices evenly arranged to distribute the voltage. Note these drawings are not to scale (the space between adjacent slices is only 10 pm).

(a) (b)

Fig. 2. Voltage profile in the transmission electrode layer for (a) ¥, =1 Vyyg, V5 =2 Vyys (1 kHz) and (b) V; =2 Vgyg, V, =1 Vgys (1 kHz). (¢) Zoom of the central area.

example, a 1 pm resolution photolithography would produce only a
15.9 pm singularity region that, being considerably lower than the
thickness, would lead to a low voltage/phase step, as demonstrated
below.

The total voltage distribution is numerically calculated by numerical
methods considering a static approach of the LC (constant dielectric
anisotropy, ¢, and ¢.) and the whole structure. The results of Fig. 2(a),
corresponding to the voltage at the upper electrode plane for an AC
signal of 1 kHz with V; = 2 Vyys and V, = 1 Vpyg demonstrate a
voltage distribution that has a homogeneous transition in the active
area. As seen in Fig. 2(b), the use of inverted voltages in V; and V,
demonstrates the possible use in generating both positive and negative
topological charges. Finally, as can be seen in Fig. 2(c), a central region
remains uncovered with ITO due to the gap between slices, in this case,
a circumference of 320 um, which produces a voltage gap at the centre
with the voltage dropping to zero. This defect area is located in the
centre of the ASPP, where the electric field is zero in the generated
AOM modes, hence its influence is negligible. On the other hand, the
effect of the gap between slices (10 pm) also produces a slight voltage
drop in this region, but considerably lower than the previous effect. The
lines around the central gap observed in Fig. 2(c) reveal a maximum
drop of 5 mVyys. Consequently, this effect should not be noticeable for
LC with low birefringence and devices with low thickness (the phase
step will not be high).

The linearity of this electrical field distribution is key to maintaining
a perfect vortex generator. However, the LC birefringence curve is non-
linear, so this issue has to be carefully taken into account. A simulation
of the LC birefringence response as a function of voltage (taking into
account the 6-CHBT elastic constants and Frank-Oseen equations [57])
is presented in Fig. 3. The axis on the right represents the phase shift
considering that the phase equals ¢ = And/A(27) rad, the LC thickness
is d = 50 pm and A = 632.8 nm. Traditionally, two characteristic regions
in this curve have to be avoided. The first one is produced when the
electrical energy overcomes the elastic free energy and the molecules
start to move (just above the threshold voltage, V). The other one is
produced when the molecules start to reach the perpendicular position
(at the saturation voltage, V). In this case, the range from V}, to Vg,
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Fig. 3. Characteristic birefringence curve as a function of voltage for the nematic
6-CHBT.

is around 0.9 Vyyg to 3 Vyus, respectively. Close to these two values,
the birefringence still has a high non-linearity. Hence, a considerable
margin has to be considered in order to operate in a quasi-linear region,
in this case from 1 Vg to 1.6 Vga. As a linear phase profile
characterises an ideal SPP, this operating range has to be maintained.
Considering this range (effective birefringence 4n = 0.14-0.08 = 0.06),
the maximum linear phase shift is 4.74 (2x) rad, corresponding to a
maximum theoretical topological charge of / = 4.

3. Setup and experimental results

The optical system shown in Fig. 4 is used to simultaneously mea-
sure the azimuthal change of the optical phase retardation characteris-
tic of ASPP and the generated optical vortex beam. The light source
for this system is an expanded and collimated laser beam with a
wavelength of 632.8 nm. A non-polarising beam splitter (NPBS) is placed
after the ASPP to divide the beam into two paths. One of these paths,
reflected by the NPBS, is used to ensure the correct selection of the
applied voltages (V; and V,).
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Fig. 4. Schematic of the optical system for measuring simultaneously the azimuthal change of phase retardation and the generated optical vortex beam of the ASPP.

(h)

Fig. 5. Phase shift for different topological charges (a) / =1, V; = 1.6 Vyyg, Vo = 1.46 Vg, (b) 1 =2, ¥V} = 1.6 Vpyg, Vs = 1.34 Vs, (©) 1=3, V) = 1.61 Vg, Vo = 1.24 Viy, (d)
=4,V =161 Vpyg, V, = 1.14 Vgyg. (e)-(h) For / = -1 to / = —4 the inverted voltages in V| and V, are applied.

This beam is directed onto the ASSP, which is positioned between
two linear crossed polarisers (P1 and P2). These polarisers are oriented
at +45° and —45° with respect to the LC optical axis, respectively. This
setup allows for measuring the interference pattern between extraor-
dinary and ordinary rays. The image of the ASPP is adapted onto the
CMOS 1 camera (BASLER acA2500-60um) using two bi-convex lenses
(L3, L4). From the data captured by this camera, the topological charge
can be calculated by observing the bright-dark transitions (each tran-
sition corresponds to a 2r radian change). The other path, transmitted
through the NPBS, is focused by the lens L2 onto the CMOS 2 camera
(FLIR CM3-U3-13S2C-CS). This camera is located at the focal plane of
the L2 lens. This configuration allows for capturing the optical vortex
beam at the focal plane of the lens when the polariser P1 is parallel to
the rubbing direction of the ASPP. When a light beam passes through a
polariser whose polarisation axis is parallel to the LC optical axis, the
light is affected by the effective refractive index of the molecules.

The results of the phase shift distribution can be observed in Fig. 5.
The LC layer has the ability to generate eight distinct topological
charges, specifically from / = +1 to +4. As it was predicted in the
birefringence study, minor alterations in the applied voltage can lead
to substantial modifications in phase shifts. It is important to note
that 2z multiples are necessary for the formation of optical vortices.
Additionally, by minutely adjusting the applied voltage, the phase shift
can be sustained at 2z (or a multiple thereof). In our case, to obtain

perfect linear phase profiles one voltage is fixed around 1.6 Vyyg and
the other shifts from 1.46 Vpys (gradient of 0.14 Vg for I = +1) to
1.14 Vyys (gradient of 0.47 Vgyg for I = +4).

A phase unwrapping procedure is carried out to demonstrate the
linearity of the phase profile. The phase profile analysis was conducted
through a series of steps. A median filter was initially applied to the raw
images utilising a 15 x 15 pixel window. Subsequently, the weighted
median angular intensity was computed at eight distinct radii, ranging
from 100 to 450 pixels, with 1000 points along the circle, Fig. 6(a)-(d).
The weight of the smaller circles was scaled down according to their
radii. To ensure that the start and end points of the fitted curve matched
the raw data, weights were added to the fit for the spline fitting of
the intensity. This was crucial to ensure that we returned to the same
intensity after traversing through all 360°. Following this, peak-to-peak
normalisation of the intensities was performed. This step was necessary
as the phase between maximum and minimum intensity had to be = for
higher topological charges, and it facilitated the phase approximation.

As can be observed, for higher topological charges, there is a slight
deviation from applying positive voltage gradient or negative voltage
gradients (the absolute intensity signal is not perfectly inverted). This
can be caused by some impurities at the LC, producing an undesired
accumulation of ions and some hysteresis. Despite this, this effect does
not affect the relative phase profiles, as shown below.

Lastly, the phase change between 0 and 360° in that line was
calculated following the Jones Matrix formalism. Specifically, it has
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Fig. 6. (a)-(d) Intensity and (e)—(h) phase shift profiles for different topological charges. The applied voltages are (a), () / = £1, V; = 1.6 Vgys, V> = 1.46 Vi, inverted voltages in
red, (b), (f) I =2, V; = 1.6 Vyyg, V> = 1.14 Vg, inverted voltages in red, (c), (8) / = 3, V| = 1.61 Vpyg, Vo = 1.24 Vi, inverted voltages in red, (d), (h) / = +4, V; = 1.61 Vg,

V, = 1.24 Vs inverted voltages in red.

to be taken into account that the vertical polarisation component is
affected by the LC device and the radial linear phase deviates this
component towards the beam axis. On the contrary, the horizontal
linear polarisation component is unaffected and remains collimated.
Thus, except for a constant phase term, the Jones matrix describing
the ASPP can be written as Eq. (1).

0
eXP[idJ(r)]] ’ W
where ¢(r) is the radially dependent retardation which, ideally, should
be linear with r as ¢(r) = kASPPr being kASPP the radial wavenumber
imparted by the ASPP device. Now, considering a second polariser
(P2) oriented at 45° behind the ASPP, the two polarisation components
interfere and the Jones vector after the polariser reads

1
M pspp(r) = [O

1" = Mtwexplomn H L@

11
Jom(r):L[ ].MASPP(ryL[l 1" =3

va it il V2
where the first term corresponds to the Jones matrix of the second
polariser and the third to the normalised Jones vector standing for the
input beam (7 indicating the transpose vector). Considering this, the
output field intensity is given by

1) = I Toue = cos2[$(r)/2], 3)

where 1 indicates the Hermitian complex-conjugate vector.

A MATLAB code was designed to transform the phase signal into
a monotonically increasing sequence to unwrap the phase. This is
achieved by initialising a new array of the same length as the phase
signal, with the first element identical to the phase signal. A loop is
then executed that traverses each element of the phase signal, starting
from the second element. Within this loop, the absolute value of the
derivative of the phase signal at the previous index is computed and
added to the previous element of the new array. This process is repeated
for all elements in the phase signal, resulting in a new signal that is
monotonically increasing, regardless of the behaviour of the original
signal. The results are shown in Fig. 6(e)-(h). The phase profiles
corresponding to negative topological charges are inverted and plotted
in red. The obtained phase shifts are approximated to a linear fit (black
line), demonstrating the low deviation from the ideal response. The
minimum coefficient of determination is R = 0.989, and the maximum
R% =0.995.

The non-linearity issues, primarily observed in / = 1 and 2, are
caused by the manufacturing process of the sample. Geometrical de-
formations in thickness cause an improper distribution, resulting in

changes up to x/2 across the entire area. The maximum observed topo-
logical charge is 8, but as 1 Vyyg is required, the birefringence curve is
non-linear, producing undesired effects in the phase profile. Moreover,
the inverted voltage is going to produce a different phase profile. To
solve this issue and reach higher values of the topological charge,
a LC with a more linear birefringence curve will be required. Also,
using a higher birefringence LC can solve this, but higher resolution
lithography will be required to minimise the size of the central hole
and the gaps between slices.

Insight into the topological charge of an optical vortex can be
extracted from its point spread function (PSF), which is the impulse
response of a focused optical system, meaning that it reveals how the
light intensity is distributed at the focal spot. Fig. 7 presents the PSF
at various voltages for a wavelength of 632.8 nm. These results demon-
strate that the topological charge can be controlled with precision. A
slight variation of the voltage allows eight different topological charges
to be achieved. As demonstrated before, the negative topological charge
can be easily determined by interchanging the voltages at V; and V,.

It is important to note that while the birefringence of the 6CHBT
LC utilised in our study is 0.16, there are other LC materials available,
such as TL296 (4n = 0.215 at 546 nm) [58] or NLC1929 (4n = 0.3375
at 636 nm) [59], which offer higher birefringence values. By utilising
such alternative LC materials, the birefringence of the ASPP can be
easily doubled, thereby doubling the number of possible topological
charges achievable by the device. Furthermore, it is worth mention-
ing that increasing the thickness of the LC layer directly affects the
phase shift produced by the ASPP. As the thickness of the LC layer
is increased, the phase shift experienced by the incident light also
increases proportionally. Consequently, this leads to an increase in the
achievable topological charges by the ASPP. By further increasing the
thickness of the LC layer, we can effectively enhance the phase shift
and, consequently, expand the range of attainable topological charges

Finally, the setup for conversion efficiency measurements was simi-
lar to the one used in Fig. 4. The difference, however, was the exchange
of the CMOS2 camera for a photodetector (PD). The pipeline for
measurement included detecting the light intensity without the ASPP,
with ASPP without voltage powering of the sample and with applied
voltages that transfer to the generation of topological charges +4.
The conversion efficiency is calculated through Eq. (4), which is the
percentage ratio between the output power with voltage applied with
respect to the output power without voltage applied [60].

Vep(Q))

— PDEIP L 100%
Vpp(ASPPy /)

Effi= 4
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Fig. 7. Focal spot for different topological charges (a) I =1, V; = 1.6 Vyyg, Vo = 1.46 Vg, (B) 1=2, ¥V = 1.6 Vg, Vo = 1.34 Vyys, (€) =3, V) = 1.61 Vpyg, Vo = 1.24 Vyy, (d)
=4,V =161 Vpyg, V, = 1.14 Vgyg. (e)-(h) For / = -1 to / = —4 the inverted voltages in ¥, and V, are applied.

Table 1
Measured voltages at the photodiode for different topological charges.
Vpp (mV) Conversion efficiency (%)
Free path 881.25
ASPPy;; 743.75
Q1 743.75 100.00
Q2 725.00 97.48
Q3 712.50 95.80
Q4 706.25 94.96
-Q1 743.75 100.00
-Q2 732.00 98.42
-Q3 706.25 94.96
-Q4 706.25 94.96

As can be observed in Table 1, almost 100% of conversion efficiency
is obtained for topological charge 1. It has to be considered that the PD
resolution is 6.25 mV (~0.9%), so this value will be between 99.1% and
100%. Higher topological charges, such as Q4, often exhibit a lower
efficiency of conversion (around 95%) compared to lower topological
charges like Q1. This discrepancy can be attributed to the complexity of
phase profiles associated with higher-order topological charges. These
intricate phase profiles are characterised by abrupt variations and
defects due to the increased applied voltage and the gaps between pie
slices, which can induce scattering or diffraction phenomena, thereby
leading to efficiency losses. On the other hand, the transmittance of
the cell can be calculated as the percentage ratio between the output
power without voltage (Table 1 “ASPPy,,”) and the applied input
laser power (“Free Path”). In this case, a transmittance of 84.3% is
obtained.

4. Conclusions

In summary, a novel optical vortex generator was proposed and
experimentally demonstrated. Using this kind of ASPP, high-quality
optical vortices with topological charges from / = +1 to +4 can be
generated by only one ASPP. Due to the continuous optical phase shift,
this device has high conversion efficiencies, between 95% to 100% for
higher and lower topological charges, respectively. Moreover, the de-
vice is entirely reconfigurable (operating wavelengths and topological
charges are tunable). The fabrication process is quite similar to that
of a normal LCD cell, so it is low-cost and reliable. The device can be

used in new applications (e.g., fibre optics communications or atom
manipulation) to reduce the fabrication costs of existing devices and
generate different topological charges with improved light efficiency,
simplicity, and the possibility of reconfiguration.
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