
Optics & Laser Technology 181 (2025) 111849 

A
0

Contents lists available at ScienceDirect

Optics and Laser Technology

journal homepage: www.elsevier.com/locate/optlastec

Full length article

A hybrid trans-modal liquid crystal optical vortex generator
A. Walewska a, N. Bennis a, T. Jankowski a, P. Morawiak a, D.C. Zografopoulos b, M. Filipiak c,
M. Słowikowski c, A. Cobo d,e,f, J.F. Algorri d,e,f,∗

a Faculty of Advanced Technologies and Chemistry, Military University of Technology, Warsaw 00-908, Poland
b Consiglio Nazionale delle Ricerche, Istituto per la Microelettronica e Microsistemi (CNR-IMM), Rome 00133, Italy
c The Centre for Advanced Materials and Technologies CEZAMAT, Warsaw University of Technology, 19 Poleczki St., 02-822 Warsaw, Poland
d Photonics Engineering Group, University of Cantabria, 39005, Santander, Spain
e CIBER de Bioingeniería, Biomateriales y Nanomedicina, Instituto de Salud Carlos III, 28029, Madrid, Spain
f Instituto de Investigación Sanitaria Valdecilla (IDIVAL), 39011, Santander, Spain

A R T I C L E I N F O

Keywords:
Optical vortices
Liquid crystals
Orbital angular momentum

A B S T R A C T

This work experimentally validates a large-aperture optical vortex generator using a novel hybrid structure,
combining transmission electrode and modal techniques, in what we term the trans-modal technique. The
continuous transmission electrode is designed to generate a linear voltage distribution between the contact
electrodes, while the electrode stubs distribute the voltage across the active area. A high-resistivity layer of
the conducting polymer PEDOT fills the gap between the electrodes, resulting in a completely continuous
voltage distribution. A 1-cm aperture device is experimentally demonstrated, but the structure is completely
scalable. Theoretical results validate the design, and experimental results demonstrate precise control over
the topological charge for both positive and negative values of orbital angular momentum. Remarkably, the
conversion efficiency for the first topological charges is almost 100%. The reduction in efficiency of the higher-
order modes has been explained theoretically, and it is not caused by design but by the PEDOT characteristics.
The fabrication process is straightforward, as the high-resistivity layer may also be inhomogeneous. This work
contributes significantly to the field by introducing a novel method for optical vortex generation. The simplicity
of the fabrication process, high conversion efficiency, and ability to control the topological charge make this
technique a promising avenue for future research and applications.
1. Introduction

The study of light’s complex phase profiles, particularly helical
wavefronts, has gained significant attention recently. When focused,
these beams carry orbital angular momentum (OAM) that forms rings
instead of points in a focal plane, leading to a wide range of applications
spanning from laser processing [1–3], beam shaping [4], optical tweez-
ers [5], atom manipulation [6], to free-space communications [7].
Moreover, the last ten years have seen rapid advancements in the
overall field of optical vortices and OAM applications [8–21]. Several
methods exist to obtain optical vortices; one of the most common
methods is using spiral phase plates (SPPs) [22]. The helical surface
is discretized into different refractive index steps, which generates
the corresponding spatial phase profile. A fixed SPP is obtained by
matching the refractive index to that of a target azimuthal phase
dependence. They can be produced using techniques such as multi-
stage vapour deposition processes, direct electron-beam writing, or
metasurfaces [23]. Another option for obtaining optical vortices is
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using computer-generated holograms (CGHs) [24]. CGHs are computa-
tionally designed phase patterns that encode the necessary information
to generate specific optical vortex structures. These holograms are
used to manipulate the phase of the incident light, thereby creating
a beam with the desired topological charge. The versatility of CGHs
allows for the generation of various complex beam profiles, including
those with diverse intensity distributions, by simply altering the phase
pattern [25]. A computer-generated hologram can be displayed on a
Spatial Light Modulator (SLM), or it can be printed onto a mask or
film using lithography (in this case losing tunability). In the case of
SLMs, they can dynamically display CGHs, modulating the phase of the
incident light in real-time. However, SLMs do not inherently resolve all
the issues associated with CGHs, such as diffraction efficiency (around
60%–85% [26]), poor fill factors < 40% [27] and potential aberra-
tions introduced during phase modulation. For example, in [28], the
authors demonstrate the generation of vortex lattices using spatial light
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modulators (SLMs) with optimized phase patterns to produce high-
quality structured light fields. This method allows for precise control
over the lattice structure and the resulting light distribution. However,
it is limited by the inherent diffraction efficiency and response time
constraints associated with SLMs. Besides, [29] discusses the generation
of vortex beams with complex intensity distributions using advanced
holographic techniques. This approach achieves high-order vortex gen-
eration with improved control over the beam’s properties, but it also
faces challenges related to the complexity of the hologram design and
the limitations of the optical setup. To solve these problems, multiple
electrodes shaped like pie slices were proposed to generate a discretized
SPP. The first proposal used 16 electrodes of Indium Tin Oxide (ITO) to
enerate the first two topological charges [30]. Subsequent proposals
ncreased the number of devices, considerably reducing the efficiency
hough [31], or used spiral-shaped electrodes, resulting in a Spiral
iffractive Lens (SDL) [32]. Subsequently, other groups optimized the
esign by adding more control electrodes (e.g., 24 electrodes providing
p to 𝑙 = 12) [33,34]. One of the main problems with this technique is
he requirement for complex voltage controllers.

Recently, this problem was solved using the transmission electrode
echnique. This technique, which has been previously demonstrated
n several spatial light modulators [35,36] and lenses, e.g., cylindri-
al and Powell [37,38], axicons [35,39,40], aspherical [41–45], and
rrays [46], was also proven for an optical vortex generator [47].
he device generated an almost continuous spiral phase profile (100

pie-slice electrodes distributed the voltage) that was completely re-
configurable using only two low-value voltages (up to 𝑙 = ±4 were
experimentally demonstrated employing a low-birefringence LC). De-
spite this, the sought-after continuous SPP was not achieved, and the
problem of an unused central area in the middle due to the resolution
limit of the lithographic fabrication process was still present, as can be
observed in Fig. 2(c) of Ref. [47]. A continuous SPP would require a
homogeneous layer that distributes the voltage across the active area
completely and continuously from one contact to another. This was the-
oretically predicted in Ref. [48] by using two narrow stripe electrodes
and a circular high resistivity layer. Still, this configuration would
require a highly conducting ITO electrode (or a metallic electrode) for
large apertures to avoid voltage drops from the contacts to the centre
area. The PEDOT would have to be deposited only in the active area,
making the fabrication process more complex.

In this context, the Sokova group demonstrated the feasibility of a
modal spiral phase plate by adding the two narrow stripe electrodes to
an LC focusator [49,50]. The high-resistivity layer was enclosed by 4
additional rectangular electrodes (thus leading to a total of 6 voltage
sources to control the device), and the gap between stripe electrodes
was free of the high-resistivity layer. This configuration allows for
forming a phase delay similar to a phase spiral plate with an active
area of 2 mm2 [51,52]. As previously demonstrated with lenses [53,54],
the modal technique is based on a high resistivity layer to distribute
the voltage. To achieve this high resistivity, the layers are usually very
thin; for this reason, homogeneity is very difficult to achieve in large-
aperture areas. Besides, the fabrication of these devices is complex as
the thickness has to be precisely controlled.

Currently, there is no experimental proof of the feasibility of us-
ing high-resistivity layers in an optical vortex generator for the two
reasons mentioned above: the difficulty in achieving a high-resistivity
layer homogeneous over a large area (> 1 cm) with a circular shape
and the requirement of an ultra-high conducting ITO electrode or a
metallic electrode that is difficult to obtain on glass. The present work
solves these problems with a novel hybrid structure, constructively
combining features from both the modal and transmission electrode
techniques (trans-modal technique). This innovative structure can gen-
erate a continuous spiral phase profile 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 𝑙 = ±4 are experimentally demonstrated here with a

low-birefringence LC), reducing complexity and enhancing efficiency.

2 
2. Structure and operation principle

The key component is a circular transmission electrode that gener-
ates a continuous voltage profile from one electric contact to another,
as shown in the grey squares of Fig. 1(a). Subsequently, a series
of stubs that extend from the periphery to the centre distribute the
voltage throughout the active area. In Fig. 1(b), a simplification of the
structure can be observed. As with the pie-slice electrode configuration
commented before, there is a limit to the number of electrodes that
can reach the centre due to the width of the stubs and the gap between
them. To circumvent this issue, each stub has a different length, en-
suring almost complete space utilization and enabling the electrodes to
reach the centre. This is better shown in the details in Fig. 1(c), which
is the real photograph of the chrome mask used in the photolithography
process (the image has high resolution, so it can be zoomed). Each stub
electrode fills the space between two adjacent stub electrodes until the
gap between them reaches 10 μm; thanks to this, the maximum gap,
namely without being covered by ITO, is 30 μm (a zoom can be made
in Fig. 1(c) to observe this effect). As discussed, 1570 stub electrodes
fill the active area to maximum achievable coverage, maintaining a
distance of 10 μm between them (so as not to push the photolithography
to resolution limits).

The second key component is the high-resistivity layer. This allows
the electric field to be distributed continuously among the gaps with-
out abrupt steps. Another way to see it is that these stub electrodes
help the high-resistivity layer produce a continuous voltage profile
despite its potential local inhomogeneities. We have chosen PEDOT:PSS
material, a two-ionomer compound, as it is easy to deposit. PEDOT
[Poly(3,4-ethylenedioxythiophene)] is a conducting polymer mixture
that provides conductivity due to its conjugated polymer structure,
allowing electron delocalization while PSS (polystyrene sulfonate), the
second ionomer, is insulating. The core–shell structure, with conductive
PEDOT cores surrounded by insulating PSS shells, leads to varying con-
ductivity levels (10−2 to 105 S/m). The conductivity can be significantly
modified by manipulating the PEDOT to PSS ratio, e.g., by incorpo-
rating additives or dopants, and applying post-treatments like solvent
or acid treatments that remove PSS and improve PEDOT morphology,
the conductivity can be increased. Techniques such as layering and
nanocomposites can also enhance its conductivity by improving PEDOT
chain connectivity and reducing the PSS content.

The devices were fabricated by spin-coating a commercial disper-
sion of PEDOT mixed with a crosslinker to enhance film integrity
and adhesion. The solvent used in the composition is water, with a
PEDOT/PSS ratio of 1 ∶ 6 w/w. The solid content ranges from 1.3
to 1.7 wt.%, and the work function is between 5.0 and 5.2 eV. The
resistivity varies from 500 to 5000 Ω cm, while the sheet resistance
exceeds 106 Ω/sq, indicating low conductivity between 0.0002 and
0.002 S/cm. The particle size distribution shows a D90 of 100 nm and
a D50 of 80 nm. The viscosity is between 5 and 12 mPa s, and the pH
value ranges from 1.0 to 2.0. The solution is packaged in a 100 ml light-
resistant bottle with a temperature indicator and should be stored at 3
to 5 ◦C.

The device comprises a pair of substrates coated with Indium
Tin Oxide (ITO). Only one substrate is photolithographed with the
transmission electrode pattern, as in Fig. 2(a). Fig. 2(b) illustrates an
exploded-view schematic of the overall structure. The substrates are
separated by a 50 μm thick spacer. The cavity formed in-between
is occupied by a nematic liquid crystal (LC). The chosen LC is 6-
CHBT, with a birefringence 𝛥𝑛 = 0.16 [55]. The device is designed
as an adaptive phase-only modulator and, therefore, does not require
a molecular twist. Hence, a homogeneous alignment is made by a
rubbing process. This is achieved by utilizing a polyimide alignment
layer (PIA2000), rubbed parallel to the electrodes for the upper glass
and in the opposite direction for the lower one.

The denoted voltage values 𝑉1 and 𝑉2 represent the applied voltage

on the top electrodes. One of the advantages of the transmission



A. Walewska et al. Optics and Laser Technology 181 (2025) 111849 
Fig. 1. (a) Schematic depiction of the circular transmission electrode and the two principal stubs that carry the voltage to the lens centre. (b) Schematic depiction of the complete
electrode structure, where the transmission electrode and the stubs are evenly arranged to distribute the voltage. Note these drawings are not to scale. (c) Part of the chrome
mask used in the photolithographic fabrication process.
Fig. 2. Schematic depiction of the LC-tunable optical vortex generator and its constituent parts. (a) Detail of the top substrate electrode with the transmission electrode and stub
structure patterned on an ITO layer. (b) Exploded-view depiction of the different layers comprising the device.
electrode technique is that the resistance from 𝑉1 to 𝑉2 is very high.
The total voltage distribution is calculated numerically by means of
the Finite Element Method (FEM), considering a static approach of the
LC (constant dielectric anisotropy, 𝜀𝑜 and 𝜀𝑒) and the entire structure.
The first theoretical study is devoted to demonstrating the effect of
the PEDOT layer in the structure. As can be observed in Fig. 3(a),
the gaps between electrodes when no PEDOT layer is used produce a
noticeable voltage gradient between stubs. This gradient is higher in
the regions where the stubs are more separated and is produced by the
capacitive effect of the LC (it should be noted that the ground electrode
is connected in the other substrate). The lower the LC thickness, the
more pronounced the voltage gradient, causing a considerable defect.
Despite this, as demonstrated in Fig. 3(b), the PEDOT layer completely
suppresses this problem, even with the lower conductivity (𝜎 = 0.02
S/m). Moreover, using the lower conductivity produces a better voltage
distribution in the stripe electrodes region, as demonstrated in the zoom
image of Fig. 3(c). This figure reveals a negligible voltage step that
can even be reduced by decreasing the PEDOT thickness. Instead, if we
consider the higher conductivity of the PEDOT datasheet (𝜎 = 0.2 S/m),
there is a considerable voltage drop at the stripe electrode connected to
contact 𝑉2, resulting in a significant voltage step with the other stubs
emanating from the periphery, see Fig. 3(d). This voltage drop can
create a phase defect in the central area that might be observable. In
order to analyse this effect, the results in Fig. 3(e) illustrate the voltage
drop at the stub connected to 𝑉2 (the inset indicates the corresponding
position along the x-axis). The applied voltage at the contacts is an AC
signal of 1 kHz with 𝑉1 = 2 𝑉RMS and 𝑉2 = 1 𝑉RMS. Both the maximum
and minimum conductivities of the PEDOT material are considered,
along with several film thicknesses, thus spanning more than one
order of magnitude in terms of the PEDOT film sheet conductance.
As demonstrated in Ref. [56], the film thickness can be adjusted by
altering the spin speed or by applying multiple layers. An inverse
relationship between film thickness and spin speed was observed, with
3 
thicknesses ranging from 325 nm at 500 RPM to 60 nm at 5000 RPM.
However, spin speeds below 500 RPM resulted in nonuniform films,
while speeds exceeding 5000 RPM did not significantly reduce thick-
ness. The electrical conductivity remained unaffected by spin speed,
suggesting that morphological changes due to centrifugal forces did
not influence conductivity. In the investigated case, the results show
a notable difference for conductivity values varying from 0.2 S/m and
0.02 S/m. The latter case results in relatively low voltage drops, while
the higher conductivity results in a voltage drop of 0.1 𝑉RMS at the
minimum achievable thickness. This corresponds to almost a 2𝜋 radian
phase shift for a 50 μm-thick LC layer. This effect is produced by the
high resistivity layer between stripe electrodes, which produces current
conduction between electrodes. Therefore, the lower the conductivity
and thickness of the PEDOT layer, the better the device’s performance.
In this regard, maintaining the conductivity and thickness of the PEDOT
layer low is also advantageous for reducing the current consumption
and possible heating. As an example, considering the case of Fig. 3(d),
the theoretical resistance (based on numerical simulations) is 𝑅 = 55.6
kΩ, that for gradient voltages of 1 𝑉𝑅𝑀𝑆 it implies a current of only 18
μA𝑅𝑀𝑆 and negligible heating.

3. Setup and experimental results

The optical system depicted in Fig. 4(a) was employed to measure
the phase shift profile induced by the LC-ASPP. A collimated He-Ne
laser (wavelength of 632.8 nm) is used as a light source. The ASPP is
placed between crossed polarizers (+45◦and −45◦with respect to the
sample), acting as a polarizer (P) and an analyzer (A) in order to
measure the interference pattern between extraordinary and ordinary
rays.

The interference pattern images are captured on a CCD using bi-
convex lenses to resize the image. This approach reveals that the
bright-dark transitions, each marking a 2𝜋 radian change, can be used



A. Walewska et al. Optics and Laser Technology 181 (2025) 111849 
Fig. 3. (a) Structure without PEDOT: 2D voltage profile in the transmission electrode layer and gap between stubs, extracted from a numerical simulation of the whole 3D structure
(b) Structure with PEDOT: 2D voltage profile in the PEDOT layer (𝑡𝐻𝑅 = 100 nm and 𝜎 = 0.02 S/m). (c) Zoom for a PEDOT layer of 𝑡𝐻𝑅 = 100 nm and 𝜎 = 0.02 S/m. It can be
observed that the voltage gradient is negligible for the latter case, so presumably, it will not have phase defects. (d) Zoom for a PEDOT layer of 𝑡𝐻𝑅 = 100 nm and 𝜎 = 0.2 S/m;
due to the voltage drop at the electrode, there is an observable voltage gradient in this area. (e) Voltage drop at the stub that is connected to the 𝑉2 electrode (the inset indicates
the corresponding 𝑥-axis profile of the graph). Each line corresponds to a certain PEDOT layer thickness and conductivity.
Fig. 4. Schematic of the optical system for measuring phase shift profiles and focal spot (by using only P polarizer parallel to the alignment layer). A diaphragm selects only a
small region in the active central area of the device.
to calculate the topological charge. The setup for examining the ring
focal spot is identical to that in Fig. 4, but it exclusively employs the P
polarizer aligned parallel to the LC alignment layer (zero degrees). The
same collimated He-Ne laser serves as the light source. When the light
beam traverses a polarizer aligned with the liquid crystal director, it
interacts with the LC effective refractive index. A key factor to consider
is the linearity of the birefringence curve. Specifically, 6-CHBT displays
an almost linear response between 1 and 2 𝑉RMS, with optimal linearity
from 1 to 1.6 𝑉RMS, aligning with the threshold and saturation voltages,
respectively [47]. Our experiments use the maximum range, which
allows for some observable non-linearity at higher modes, thus slightly
reducing the conversion efficiency in those cases.

The phase shift distribution is depicted in Fig. 5. The LC layer
can generate eight distinct topological charges, specifically 𝑙 = ±1 to
±4. Here, 𝑙 denotes the topological charge, which is determined by
the number of phase changes per wavelength along the beam axis.
The findings indicate that slight adjustments in voltage can result in
significant changes in the phase shifts. It is crucial to note that multiples
of 2𝜋 are required to create optical vortices. Furthermore, fine-tuning
of the applied voltage allows the phase shift to be maintained at 2𝜋 (or
a multiple thereof), even when the operation wavelength varies.

The distribution of light intensity at the focal spot provides valu-
able insights into the topological charge of an optical vortex. Fig. 6
illustrates the ring focal spot at various voltages for a wavelength of
632.8 nm, demonstrating precise control over the topological charge.
Adjusting 𝑉2 slightly enables the achievement of eight distinct modes.
The diameter of the ring-shaped focal spot created by vortex light was
estimated by calculating the distance between full-width half maxi-
mums of the outer part of the ring. For topological charges from 𝑙 = +1
to 𝑙 = +4, the diameters were estimated respectively as 250 μm, 310 μm,
375 μm and 440 μm. For higher topological charges, the defect in the
stripe electrodes causes noticeable distortion in the rings. Additionally,
this distortion is influenced by the non-linearity of the birefringence
4 
curve of the LC. Further research is necessary to address these issues,
considering two potential solutions: (1) optimizing the PEDOT material
to be less conductive and have thinner layers, and (2) improving the LC
material to achieve higher birefringence with a more linear response.

The negative topological charge can be readily generated by swap-
ping the voltages at 𝑉1 and 𝑉2, as depicted in Fig. 5; the phase is
inverted. To demonstrate this effect two vortex cells are placed in
cascade in the setup with the P polarizer aligned parallel to the LC
alignment layer. One cell will generate a topological charge 𝑙1 whereas
the other 𝑙2. The experiment combines the results of Fig. 6 for positive
and negative values. The results for different combinations of topologi-
cal charge generated by two cascade cells, a vortex generator (𝑙1) and a
vortex analyser (𝑙2), are shown in Fig. 7. The vortex generator produces
a topological charge from 𝑙1 = ±1 to ±4 whereas the analyser from
𝑙2 = +1 to +4. The results are the arithmetic sum of the topological
charge in each device, which generate a double topological charge
when both are positive (𝑙𝑇 𝑜𝑡 from 2 to 8) and zero when they have
opposite signs (a Gaussian beam profile).

Finally, the setup for conversion efficiency measurements was sim-
ilar to the one used in Fig. 4 for the ring focal spot. The difference,
however, was substituting the CCD camera with a photodetector (PD).
The pipeline for measurement included detecting the light intensity
without the ASPP, with ASPP without voltage bias of the sample
and with applied voltages that result in the generation of topological
charges. The conversion efficiency for each charge 𝑙 is calculated
through Eq. (1), which expresses the percentage ratio between the
output power of the biased device with respect to that in the rest
case [47].

CE𝑙 =
𝑉PD(𝑄𝑙)

𝑉PD(ASPPOff)
⋅ 100% (1)

As can be observed in Table 1, almost 100% of conversion efficiency
is obtained for topological charges 1 and 2. Higher topological charges,



A. Walewska et al. Optics and Laser Technology 181 (2025) 111849 
Fig. 5. Phase shift corresponding to different topological charges: (a) 𝑙 = 1 ∶ 𝑉1 = 1.56 𝑉RMS, 𝑉2 = 2.00 𝑉RMS, (b) 𝑙 = 2 ∶ 𝑉1 = 1.33 𝑉RMS, 𝑉2 = 2.00 𝑉RMS, (c) 𝑙 = 3 ∶ 𝑉1 = 1.11 𝑉RMS,
𝑉2 = 2.00 𝑉RMS, (d) 𝑙 = 4 ∶ 𝑉1 = 0.93 𝑉RMS, 𝑉2 = 2.00 𝑉RMS, (e) – (h) for 𝑙 = −1 to 𝑙 = −4 inverted voltages in 𝑉1 and 𝑉2 are applied.
Fig. 6. Focal spot for different topological charges: (a) 𝑙 = 1 ∶ 𝑉1 = 1.56 𝑉RMS, 𝑉2 = 2.00 𝑉RMS, (b) 𝑙 = 2 ∶ 𝑉1 = 1.33 𝑉RMS, 𝑉2 = 2.00 𝑉RMS, (c) 𝑙 = 3 ∶ 𝑉1 = 1.11 𝑉RMS, 𝑉2 = 2.00 𝑉RMS,
(d) 𝑙 = 4 ∶ 𝑉1 = 0.93 𝑉RMS, 𝑉2 = 2.00 𝑉RMS, (e) – (h) for 𝑙 = −1 to 𝑙 = −4 inverted voltages in 𝑉1 and 𝑉2 are applied.
such as 𝑙 = 4, exhibit a lower conversion efficiency (around 98%)
than lower topological charges like 𝑙 = 1. This discrepancy can be
attributed to the defect observed in the centre, as this technique will
obtain almost 100% efficiency for all topological charges if the PEDOT
layer and LC material are optimized. Despite this, these values are
much higher than previous works [47]. It has to be noted that the
cell’s transmittance (the percentage ratio of the output power without
voltage, ‘ASPP𝑂𝑓𝑓 ’, to the applied input laser power, ‘Free Path’. This
results in a transmittance of 86.3%.

Another important consideration is that while the 6CHBT has a
birefringence of 0.16, alternative LC materials like TL296 (with 𝛥𝑛 =
0.215 at 546 nm) [57] and NLC1929 (𝛥𝑛 = 0.3375 at 636 nm) [58]
can be used. These materials offer substantially higher birefringence
values, which could effectively double the ASPP capability, thereby
doubling the potential range of topological charges the device can
handle. Additionally, the phase shift is affected by other parameters
such as the LC thickness and the wavelength of the incident light.
The relationship between the LC layer thickness and the phase shift it
produces is linear (for a fixed birefringence and operating wavelength),
meaning that increasing the LC layer thickness enhances the phase shift
encountered by incoming light. Combining these two effects, producing
a continuous range of topological charges up to 𝑙 = ±16 will be possible.
5 
Table 1
Measured voltages at the photodiode for different topological
charges. Note: The resolution of the photodiode measurements
is 0.006 V (0.38%).

VPD (mV) Conversion efficiency (%)

Free path 1,842 –
ASPPOff 1.590 –
𝑙1 1.590 100.00
𝑙2 1.584 99.6
𝑙3 1.572 98.9
𝑙4 1.566 98.5
-𝑙1 1.590 100.0
-𝑙2 1.578 99.2
-𝑙3 1.560 98.1
-𝑙4 1.554 97.7

4. Conclusions

This study has successfully demonstrated a novel hybrid struc-
ture for generating optical vortices with high precision and efficiency.
The large aperture optical vortex generator combines the modal and
transmission electrode techniques to facilitate precise control over
topological charges ranging from 𝑙 = ±1 to ±4. The device showcases
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Fig. 7. Focal spot for different combinations of topological charges generated by two cascade cells, a vortex generator (𝑙1) and a vortex analyser (𝑙2). The vortex generator produces
a topological charge from 𝑙1 = ±1 to ±4. The vortex analyser always had a positive topological charge with a value ranging from 𝑙2 = +1 to +4. The results are for topological
charges at the generator and analyser as follows: (a) 𝑙1 = +1, 𝑙2 = +1, (b) 𝑙1 = +2, 𝑙2 = +2, (c) 𝑙1 = +3, 𝑙2 = +3, (d) 𝑙1 = +4, 𝑙2 = +4, (e) 𝑙1 = −1, 𝑙2 = +1, (f) 𝑙1 = −2, 𝑙2 = +2, (g)
𝑙1 = −3, 𝑙2 = +3, (h) 𝑙1 = −4, 𝑙2 = +4. The total topological charge at the output of the two cells is the arithmetic sum.
nearly perfect conversion efficiency for lower topological charges, with
a slightly reduced efficiency for higher orders due to inherent mate-
rial characteristics, such as the non-perfect linearity of the effective
birefringence curve. Experimental results validate the theoretical pre-
dictions, confirming the device’s capability to control both positive and
negative topological charges effectively. Minor voltage adjustments re-
sult in substantial modifications in phase shifts, demonstrating the fine
control achievable with this setup. The high resistivity layer contributes
significantly to the continuous voltage distribution by mitigating abrupt
voltage steps that could otherwise distort the optical vortices. Future
work will focus on refining the PEDOT layer’s conductivity to further
enhance the device’s efficiency across all topological charges. Addition-
ally, exploring higher birefringence materials could extend the linear
operation region, broadening the application spectrum. This research
lays a solid foundation for developing more advanced optical vortex
generators, promising significant advancements in fields such as optical
tweezers, free-space communications, and beyond. For example, the
results obtained in this work can be extended to other areas of singular
optics [59,60]. The concept of the fine structure of optical vortices [61]
can be applied to the study of the properties of topological charges
in anisotropic media and optical fibres [62], which can be used to
analyse the properties of spin and orbital angular momentum in free
space, anisotropic media, and weakly turbulent atmospheric media.
The results can also be used in areas related to polarization and phase
profilometry of surfaces. Further research in this direction may lead to
the development of new types of optical devices and systems based on
the unique properties of singular beams in anisotropic and gyrotropic
media.
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