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ABSTRACT 

The ability to dynamically reconfigure photonic components is a cornerstone of next-generation optical systems. Nematic liquid 
crystal materials enable scalable, polarization-sensitive photonic devices for tunable, multifunctional optical platforms. An 
experimental and theoretical analysis of the diffraction properties of an electrically controlled polarization liquid crystal twist 
grating is presented here, based on the optical functional concept of the element as a combination of a retarder that provides an 
optical phase shift and a rotator that determines the polarization plane rotation. Here, we show that, within the operating voltage 
range corresponding to Mauguin condition violation, the electro–optical response of our electro–optical system is governed by 
two independent electrically controlled liquid crystal sublayers located within the element. This causes the ambiguity of the 
element diffraction properties with respect to the side of the radiation input into it. The electrical switching of the diffraction 
structure period from Λ1 = 20 μm to Λ2 = 10 μm (the liquid crystal layer thickness is 10 μm ) is demonstrated. The device 
diffraction efficiency reaches 91% at a control voltage of 2.8 V. The possibility of precise electrical control of the device polarization- 
dependent diffraction properties makes it possible to simultaneously form two circularly polarized orthogonal coherent waves and 
control their intensity, which is a promising task for modern communications, lidar systems, holographic technologies, quantum 

computing and information processing. 

1

M  

t  

i  

o  

g  

f  

T  

f  

t  

 

 

 

 

 

 

 

 

 

T
o
©

L
h

 Introduction 

odern optical technologies are undergoing a revolution due
o the transition from bulky devices to miniature, flat and
ntegrated solutions. Integrated flat-optics devices are a new class
f optical systems that perform the functions of lenses, diffraction
ratings, polarizers, and other elements, but in an ultrathin
orm factor compatible with microelectronics and photonic chips.
heir key feature is the ability to dynamically control optical
unctions (focusing, beam direction, polarization) in response
o external stimuli, including electric field, temperature, light,
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
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and mechanical deformations [ 1 ]. Integrated flat optics with
controlled functions is promising not only for photonics, but also
for related fields, from robotics to biosensors, making optical
systems more accessible, universal and intelligent by simplifying
optical circuits, reducing the size, weight and cost of systems. 

Among electro–optical functional materials promising for the
creation of flat-optics devices, liquid crystals (LCs) occupy
a special place. The unique physical characteristics and the
possibility of their control using external electric fields have
predetermined the widespread practical use of liquid crystal
se, which permits use, distribution and reproduction in any medium, provided the 
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 articles are governed by the applicable C
reati
edia in modern photonics applications. The uniqueness of the
C properties is determined primarily by the relatively high
irefringence compared to other electro–optical materials. The
igh optical anisotropy has also defined the exceptional design
arameters of LC devices, whose production relies on thin-
ilm technologies ( < 10 μm ), which in turn has made these
edia the most promising electro–optical materials in terms
f low energy consumption. Low voltages (units of volts) are
equired to LC-based control the characteristics of light beams.
he tremendous progress in LC display technology has enabled
he development of numerous new optical devices for various
hotonic applications. The development of modern technologies
or establishing the initial microstructured orientation of the
C director, based on the photoorientation of polymer materials
nd azo dyes [ 2, 3 ], has enabled the fabrication of a range
f photonic LC devices with complex topologies of optical
nisotropy. Spatially structured LC components, such as coaxial
ptical attenuators, polarization controllers, and phase plates, are
lready available on the market [ 4, 5 ]. Liquid crystal devices with
 thickness of several microns can be integrated into compact
ystems such as smartphone cameras, quantum computing chips,
tc [ 6–11 ]. 

urrently, special attention is being paid to the development of
ctive diffraction optical elements based on liquid crystals that
mplement spatial control, multiplexing, polarization and phase
ransformation of light fields [ 12–22 ], which makes them promis-
ng functional photonic elements that meet the key requirements
f modern laser technologies (telecommunications, medicine,
uantum computing, defense systems, etc.). A key requirement
n these areas is the precise control of laser radiation parameters:
ntensity, phase, polarization, and spatial distribution. Tradi-
ional optical elements (e.g., static phase plates or diffraction
ratings) have fixed characteristics that limit their flexibility.
ontrolled liquid crystal elements with dynamically adjustable
arameters eliminate this limitation, enabling real-time adap-
ation of the system’s optical properties without mechanical 
otion. 

o date, various types of electrically controlled diffraction liquid
rystal elements have been developed that operate on a periodi-
ally modulated phase of a light wave determined by the topology
f a two-domain microperiodic LC director distribution [ 12–15,
7, 23–28 ]. Such elements are thin phase gratings (Raman–
ath mode), which limit the diffraction efficiency (40%). Unlike
hase diffraction LC gratings, which periodically change the
ynamic phase of light, polarization LC gratings periodically
odulate the geometric phase, or Pancharatnam–Berry phase,
y periodically spatially changing the anisotropy parameters in
he plane of the diffraction elements [ 29, 30 ]. Such gratings can
ynamically adjust the diffraction efficiency under the influ-
nce of voltage, reaching a maximum diffraction efficiency of
00 % for circularly polarized light [ 31–38 ]. Such elements have
xcellent prospects for application in laser systems, adaptive
ptics, AR/VR and telecommunications, etc. [ 34–37 ]. Moreover,
C elements have several advantages over metasurfaces [ 39 ],
ncluding a low control voltage below 5 V and low fabrication
ost. The LC technology does not require complex and expensive
ubwavelength patterning [ 40 ] that is typical for metasurfaces,
implifying its array scaling and integration into low-voltage
ynamic control systems. 
of 11
In the work, an experimental and theoretical diffraction prop-
erties analysis of the electrically controlled polarization liquid
crystal twist grating is proposed. Such an LC element is a flat, thin-
film, functionally electrically controlled system integrated into
a single liquid crystal cell, replacing several static devices in its
functionality: a polarizer, a phase plate, and a diffraction grating,
with electrically tunable optical characteristics and the ability
to switch the spatial frequency of the diffraction structure. The
boundary conditions (first proposed in [ 38 ]) for the orientation
of the LC director in the element permit the formation of a
twist structure in the liquid crystal volume, periodic in the
angle of rotation. The results provide a comprehensive ana-
lytical description of the element’s operation under electrical
control, as evidenced by the distribution of light intensity across
diffraction orders. 

The effect of the control voltage on such a LC element allows
not only to continuously change its optical phase shift, smoothly
changing the polar angle of the director, but also to change
the distribution of the nematic liquid crystal (NLC) in the
volume of the functional layer, which allows to control the
value of diffraction efficiency and to switch the period of the
diffraction structure. 

2 Results 

2.1 Electro-Optical Properties of the Twist 
Polarization Grating 

An electrically controlled diffraction grating is formed in a layer of
nematic liquid crystal in a sandwich-type element (Figure S1 ) [ 41 ].
The thickness of the homogeneous air gap 𝑑, which was sub-
sequently filled with NLC in the isotropic phase, was set by
spherical spacers with a diameter of 10 μm (Figure 1 ). During the
fabrication of the element, two glass substrates with a uniform
transparent conductive coating of indium tin oxide (ITO) were
used, on the inner surfaces of which thin (20–30 nm) orienting
layers were previously applied to provide the initial orientation
of the director of the liquid crystal layer by setting boundary
conditions. To achieve a homogeneous planar orientation, a
layer of rubbed Nylon-6 polymer was applied to one of the
substrates [ 42 ]. A layer of a photoorientant based on the azo
dye AtA-2 was applied to the second ITO glass substrate. The
formation of an azimuthal orienting LC interaction pattern on
the surface of AtA-2 thin films was carried out by photoexpos-
ing (Figure S2 ) a glued cell using the polarization-holographic
method [ 38, 43 ], implemented according to the Leith–Upatnieks
scheme [ 44 ] with orthogonal circular polarizations in beams ( 𝜆 =
450 nm) (Figure 1a ). In this case, initial boundary conditions
are formed on the surface of the photoorientant, representing a
periodic dependence of the azimuthal orientation angle of the
director Φ( 𝑥) . Under these cell boundary conditions, a periodic
twist structure with an angle of rotation of the twist 𝜑( 𝑥) is formed
in the volume of the LC layer (Figure 1b ). 

Figure 2 shows the distribution structure of the LC director in
the volume of the functional layer of the photonic element. The
period of the created twist periodic structure is determined by
rotating the azimuthal angle in the volume by the value Δ𝜑( 𝑥) =
2 𝜋 (Figure 2a ). Figure 2b presents a polarizing photograph of the
Laser & Photonics Reviews, 2026
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FIGURE 1 (a) Schematic diagram of the NLC element. The arrows indicate the topology of the boundary conditions for the director of the NLC 
layer. (b) The orientation distribution of the LC director in the polarizing diffraction structure. 

FIGURE 2 The orientation distribution of the NLC director (a) and micrographs of the polarizing diffraction LC element in crossed polarizers (b) 
without external control voltage ( U = 0 V). The inset is showing a zoomed-out pattern of the element. 
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 articles are governed by the applicable C
lement in crossed polarizers. When linearly polarized radiation
 𝑬 ∥ 𝑋) passes through the twisted regions, the polarization
ector of the light rotates after the director, which leads to a
otation of the plane of polarization of the incoming light by
n angle 𝜑 [ 41 ]. For zones with a planar orientation of the
LC director ( 𝜑 = 0 ), the polarization state remains unchanged.
hus, when the polarizer and analyzer are crossed, areas with
aser & Photonics Reviews, 2026
planar homogeneous ( 𝜑 = 0 ) and twisted by 𝜑 = ± 𝜋 director
orientations in the NLC layer appear dark in the microscope. The
bright areas correspond to twist domains with a director twisting
at an angle of 𝜑 = ± 𝜋∕2 . 

However, for the twisted structure of the LC, only the volume of
the periodic section itself is inseparable, and at each boundary
3 of 11
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FIGURE 3 (a) The orientation distribution of the NLC director when the control voltage exceeds the optical threshold value. The inset shows a 
zoomed-out pattern of the structure. Micrographs of the polarizing diffraction LC element in crossed polarizers under external control voltage U = 4.5 
V (b), U = 27.0 V (c). 
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 articles are governed by the applicable C
reati
etween neighboring sections in the volume of the LC there is a
opological disclination [ 45, 46 ] in the form of a line separating the
eriods (Figure 2b ). This line violates the orientation of the liquid
rystal, which separates and stabilizes the boundaries between
egions with opposite rotation signs, where the angle of rotation
hanges abruptly from − 𝜋 to + 𝜋. Therefore, a photonic element
ith a twisted LC structure has periodic defects, similar to those
nherent in Fresnel optics, for example, a Fresnel lens [ 47 ]. 

he transformation of the NLC director orientation topology in
he LC layer volume under the action of an electric field leads to
he diffraction structure period decrease (Figure 3 and Figure S5 ).
hen an external electric voltage is applied, the twist structure
f the LC begins to unwind due to the orientation of the
LC molecules’ dipole moments along the electric field lines
Fredericks transition [ 41, 48 ]). In this case, an LC with a positive
nisotropy of dielectric permittivity ( Δ𝜖 > 0 ) is reoriented along
he field, which is accompanied by a decrease in the phase shift
f the LC layer. When the voltage exceeds the optical threshold
alue of the twist effect ( 𝑈𝑡ℎ ≈ 2.5 V), the director in the center
f the LC layer rises orthogonally to the substrate (homeotropic
rientation), which leads to a complete unwinding of the twist
tructure and the formation of two independent sublayers in the
C element (Figure 3 ). The upper liquid crystal sublayer is char-
cterized by the uniformity of the azimuthal orientation angle
nd the dependence of the polar orientation angle of the director
of 11

v

in the plane XZ 𝜃( 𝑧) ( 𝜃 ∈ [ 𝜋/2, 0], hybrid orientation). In the
lower NLC sublayer, the director’s orientation is a periodic hybrid
director’s orientation with a varying azimuthal angle Φ( 𝑥) with a
period of 𝜋 (Figure 3a ). When linearly polarized radiation ( 𝑬 ∥ 𝑋)
passes through the lower region, birefringence will appear in the
domains Φ( 𝑥) ≠ 0 and Φ( 𝑥) ≠ ± 𝜋, while one polarization mode
will propagate in the upper layer. 

Figure 3b shows a photograph of the element in crossed polarizers
at a voltage value 4.5 V on the cell. For zones with the NLC direc-
tor initially oriented in the plane, the polarization state remains
unchanged. When the polarizer and analyzer are crossed, areas
with planar ( Φ( 𝑥) = 0 and Φ( 𝑥) = ± 𝜋) director orientations in
the NLC layer are visualized in the microscope as dark areas.
The colored areas correspond to the orientation of the director
Φ( 𝑥) ≠ 0 and Φ( 𝑥) ≠ ± 𝜋. A further increase in voltage (Figure 3c )
leads to a complete reorientation of LC molecules from a planar
position (along the surface of the substrates) to a homeotropic
position (perpendicular to the surface of the substrates). 

2.2 Description of the Element Operation 

In general, the function of any optical system is to affect the
transmitting light. If we define the light vector entering the optical
system as 𝑬𝑖𝑛 𝑝𝑢 𝑡 , and the light vector exiting the optical system
Laser & Photonics Reviews, 2026
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 articles are governed by the applicable C
reati
s 𝑬𝑜 𝑢𝑡𝑝 𝑢𝑡 , then we can write the matrix equation: 

𝑬𝑜 𝑢𝑡𝑝 𝑢𝑡 = 𝐌𝑠 𝑦𝑠 𝑡𝑒 𝑚 𝑬𝑖𝑛 𝑝𝑢 𝑡 , (1)

here 𝐌𝑠 𝑦𝑠 𝑡𝑒 𝑚 is the matrix of the optical system operator
orresponding to the functional effect of the photonic element on
he light vector [ 49 ]. 

o determine the optical function of an electrically controlled
hotonic element when polarized light propagates through its
ptical system, we use the formalism of the 2 ×2 matrix method
f Jones matrices [ 50 ]. It is convenient to represent the entering
ircularly polarized light vector in a general way as: 

𝑬𝑖𝑛 𝑝𝑢 𝑡 =
1 √
2 

[ 
1 

− 𝑖𝜎

] 
, (2)

here 𝜎 takes the values + 1 and –1 for the right and left circular
olarizations, respectively. 

t low voltage levels ( 𝑈), a twisted nematic LC cell is an
quivalent optical circuit of a photonic element, where rubbing
n the upper substrate sets the zero azimuthal direction, and the
ocal rotation angle of the LC is determined by the photoorientant
s 𝜑( 𝑥) . In the case of a periodically-continuously changing
zimuthal direction of photoorientation (obtained by exposing
rossed beams of circularly polarized laser radiation), the rotation
ngle of the LC can take values from –180 ◦ to + 180 ◦, i.e. 𝜑( 𝑥) ∈
 − 𝜋, 𝜋] , due to minimization of the volumetric energy of LC
lastic deformation and anchoring energy on the surface. The
ptical phase shift of the element 𝛿1 ( 𝑈) (Figure S6 ) depends on
he applied voltage. 

n this case, the matrix of the operator 𝐌𝑠 𝑦𝑠 𝑡𝑒 𝑚 corresponding to
he photonic element can be represented as the Jones matrix of
he twist-nematic LC cell [ 50 ]: 

𝐌𝑠 𝑦𝑠 𝑡𝑒 𝑚 ( 𝑥, 𝑈) =
[ 
𝑎( 𝑥, 𝑈) − 𝑖𝑏( 𝑥, 𝑈) − 𝑐( 𝑥, 𝑈) − 𝑖𝑑( 𝑥, 𝑈) 

𝑐( 𝑥, 𝑈) − 𝑖𝑑( 𝑥, 𝑈) 𝑎( 𝑥, 𝑈) + 𝑖𝑏( 𝑥, 𝑈) 

] 
, 

(3)
here 𝜒( 𝑥, 𝑈) =

√
𝜑( 𝑥)2 + 𝛿1 ( 𝑈)2 , 

𝑎( 𝑥, 𝑈) = cos ( 𝜒( 𝑥, 𝑈)) cos ( 𝜑( 𝑥)) +
𝜑( 𝑥) 

𝜒( 𝑥,𝑈) 
sin ( 𝜒( 𝑥, 𝑈)) sin ( 𝜑( 𝑥)) , 

𝑏( 𝑥 , 𝑈) = 𝛿1 ( 𝑈 ) 

𝜒( 𝑥,𝑈 ) 
sin ( 𝜒( 𝑥 , 𝑈)) cos ( 𝜑( 𝑥 )) , 

𝑐( 𝑥, 𝑈) = cos ( 𝜒( 𝑥, 𝑈)) sin ( 𝜑( 𝑥)) −
𝜑( 𝑥) 

𝜒( 𝑥,𝑈) 
sin ( 𝜒( 𝑥, 𝑈)) cos ( 𝜑( 𝑥)) , 

𝑑( 𝑥 , 𝑈) = 𝛿1 ( 𝑈 ) 

𝜒( 𝑥,𝑈 ) 
sin ( 𝜒( 𝑥 , 𝑈)) sin ( 𝜑( 𝑥 )) , 

𝛿1 ( 𝑈 ) = 𝜋

𝜆
Δ𝑛( 𝑈 ) 𝑑 - optical phase shift of the LC cell, 

𝜆 - wavelength, 

𝑑 - thickness of the NLC cell layer, 

Δ𝑛( 𝑈) - anisotropy of the refractive index, 
aser & Photonics Reviews, 2026
𝑈 - the value of the external applied voltage on the element. 

Then the output light vector 𝑬𝑜 𝑢𝑡𝑝 𝑢𝑡 ( 𝑥, 𝑈) is a function of the
applied voltage 𝑈 and the spatial coordinate 𝑥, and can be found
as follows: 

𝑬𝑜 𝑢𝑡𝑝 𝑢𝑡 ( 𝑥, 𝑈) = 𝐌𝑠 𝑦𝑠 𝑡𝑒 𝑚 ( 𝑥, 𝑈) 𝑬𝑖𝑛 𝑝𝑢 𝑡 

=
[ 
𝑎( 𝑥, 𝑈) − 𝑖𝑏( 𝑥, 𝑈) − 𝑐( 𝑥, 𝑈) − 𝑖𝑑( 𝑥, 𝑈) 

𝑐( 𝑥, 𝑈) − 𝑖𝑑( 𝑥, 𝑈) 𝑎( 𝑥, 𝑈) + 𝑖𝑏( 𝑥, 𝑈) 

] 
1 √
2 

×
[ 
1 

− 𝑖𝜎

] 
= 1 √

2 

[ 
1 

− 𝑖𝜎

] 
cos ( 𝛿1 ( 𝑈)) 𝑒

𝑖𝜎𝜑( 𝑥) 

+ 1 √
2 

[ 
1 

𝑖𝜎

] 
𝑒− 𝑖𝜋∕2 sin ( 𝛿1 ( 𝑈)) 𝑒

− 𝑖𝜎𝜑( 𝑥) . (4)

At the output of a photonic element with a twisted LC structure,
there are two vectors with right and left circular polarization
– the eigenvectors of the twisted LC structure (Figure 1b ). The
amplitudes of these output light vectors are determined by the
polarization of the input light and the optical phase of the twisted
nematic LC layer of the photonic element 𝛿1 ( 𝑈) , and for each
point with the spatial coordinate 𝑥, the phase of the vectors is
determined by the spatial distribution of the rotation angle of the
LC 𝜑( 𝑥) . Moreover, the local rotation angle is determined by the
azimuthal photoalignment direction, a geometric factor that sets
the multipliers of the geometric phase 𝑒𝑖𝜑( 𝑥) and 𝑒− 𝑖𝜑( 𝑥) for the
right and left circular polarization of the light vectors at the output
of the photonic element, respectively. 

It is important to note that it is the pattern of the azimuthal
photoalignment directions Φ( 𝑥) that determines the propagation
directions of the output vectors. Thus, with a linear dependence
of Φ( 𝑥) , the LC structure forms periodic sections with a period
of Λ1 , where the azimuthal angle of photoorientation experiences
a 360 ◦ rotation. Such spatially periodic regions are distinguishable
when observing the element in a polarizing microscope with
crossed polarizers (Figure 2b ). At each periodic segment, the
rotation angle of the LC increases linearly from − 𝜋 to + 𝜋, which
corresponds to a linear increase in the geometric phase by 2 𝜋.
Such a linear distribution of the geometric phase corresponds
to two phase profiles of two inclined planes type [ 29 ], where
the angle of plane inclination depends on the 𝜎-polarization of
the incident light, the wavelength of the light 𝜆 and the period
of the twisted LC structure Λ1 , and the sign “+ ” or “–” of the
angle of plane inclination depends on the phase multiplier 𝑒𝑖𝜑( 𝑥) 
or 𝑒− 𝑖𝜑( 𝑥) , respectively. The light diffraction on such a periodic
twisted LC structure of a photonic element is equivalent to the
refraction of light on an inclined flat interface; therefore, the
outgoing light vectors with right and left circular polarization
propagate, respectively, in ± 1 diffraction orders. 

It is possible to adjust the optical phase 𝛿1 ( 𝑈) when controlling
the applied voltage level, and therefore controlling the intensity
ratio of the output vectors diffracting in the + 1 and –1 orders
(Table S1 ). 

An increase in the voltage at the cell electrodes, typically more
than > 2 . 5 V, leads to an excess of the polar angle of inclination
of the director in the cell center to a critical value (vertical
5 of 11
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reat
rientation), at which the homogeneity of the twist of the LC
tructure is disrupted (Figure 3a ). This is accompanied by the
nwinding of the liquid crystal due to the loss of coupling between
he upper and lower cell substrates [ 51 ] through elastic twist
eformation of the LC material. The optical scheme of such an LC
ell is a system of two independent phase retarders [ 52 ], the axes
zimuthal directions of which are set by an orientant (Nylon-6)
nd a photoorientant (AtA-2) on the upper and lower substrates
f the cell, respectively. At the same time, both system retarders
ave the same optical phase value 𝛿( 𝑈) (Figure S7 ), determined
y the residual birefringence of the liquid crystal surface sublayer,
hich depends on the liquid crystal parameters, the LC cell gap
nd the applied voltage. 

n the Jones matrix formalism, the general view of the 𝐌𝑠 𝑦𝑠 𝑡𝑒 𝑚

atrix of a system with an untwisted LC structure (at voltage
bove > 2.5 V) is two identical phase retarders rotated at each
oint 𝑥 at angles 𝛼1 ( 𝑥) and 𝛼2 ( 𝑥) , respectively, and has the
ollowing form: 

𝐌𝑠 𝑦𝑠 𝑡𝑒 𝑚 ( 𝑥, 𝑈) 

= 𝐑 ( − 𝛼2 ( 𝑥 )) 𝐌𝛿( 𝑈 ) 𝐑 ( 𝛼2 ( 𝑥 )) 𝐑 ( − 𝛼1 ( 𝑥 )) 𝐌𝛿( 𝑈 ) 𝐑 ( 𝛼1 ( 𝑥 )) , 

(5)

here 𝐌𝛿( 𝑈) =
[ 
𝑒− 𝑖𝛿( 𝑈) 0 

0 𝑒𝑖𝛿( 𝑈) 

] 
is matrix of a phase retarder with

 𝛿( 𝑈) phase shift, 

𝐑 ( 𝛼) =
[ 
𝑐 𝑜 𝑠 ( 𝛼) 𝑠𝑖𝑛( 𝛼) 

− 𝑠𝑖𝑛( 𝛼) 𝑐 𝑜 𝑠 ( 𝛼) 

] 
is the rotation matrix. 

he diffraction-order distribution of the output light intensity
epends on the side of the element through which the input
nters (from the Nylon-6 or AtA-2 side) and on the optical phase,
et by the applied voltage. When 𝜎-circularly polarized light
nters the system from the side of the substrate with the orientant
ylon-6, its orientation is selected for the zero direction, and
he azimuthal angle of photoorientation can take values in the
ange from –90 ◦ to + 90 ◦, i.e. Φ( 𝑥) ∈ [ − 𝜋∕2 , 𝜋∕2] , its direction
ign corresponds to the rotation angle 𝜑( 𝑥) . Therefore, when
etermining the matrix of the system (Equation ( 5 )), choose
1 ( 𝑥) = 0 and 𝛼2 ( 𝑥) = Φ( 𝑥) . The light vector 𝑬𝑜 𝑢𝑡𝑝 𝑢𝑡 ( 𝑥, 𝑈) behind
he element will have the form: 

𝑬𝑜 𝑢𝑡𝑝 𝑢𝑡 ( 𝑥, 𝑈) = 𝐌𝑠 𝑦𝑠 𝑡𝑒 𝑚 ( 𝑥, 𝑈) 𝑬𝑖𝑛 𝑝𝑢 𝑡 

=
[ 
𝑐 𝑜 𝑠 (Φ( 𝑥)) − 𝑠𝑖𝑛(Φ( 𝑥)) 

𝑠𝑖𝑛(Φ( 𝑥)) 𝑐 𝑜 𝑠 (Φ( 𝑥)) 

] [ 
𝑒− 𝑖𝛿( 𝑈) 0 

0 𝑒𝑖𝛿( 𝑈) 

] 

×
[ 
𝑐 𝑜 𝑠 (Φ( 𝑥)) 𝑠𝑖𝑛(Φ( 𝑥)) 

− 𝑠𝑖𝑛(Φ( 𝑥)) 𝑐 𝑜 𝑠 (Φ( 𝑥)) 

] [ 
𝑒− 𝑖𝛿( 𝑈) 0 

0 𝑒𝑖𝛿( 𝑈) 

] 

× 1 √
2 

[ 
1 

− 𝑖𝜎

] 
= 1 √

2 

[ 
𝑒− 𝑖𝛿( 𝑈) 

− 𝑖𝜎𝑒𝑖𝛿( 𝑈) 

] 
cos ( 𝛿( 𝑈)) 

+ 1 √
2 

[ 
1 

− 𝑖𝜎

] 
𝑠 𝑖𝑛2 ( 𝛿( 𝑈)) 𝑒± 𝑖𝜋𝑒2 𝑖𝜎Φ( 𝑥) 

+ 1 

2
√
2 

[ 
1 

𝑖𝜎

] 
𝑠 𝑖𝑛(2 𝛿( 𝑈)) 𝑒− 𝑖𝜋∕2 𝑒− 2 𝑖𝜎Φ( 𝑥) . (6)
of 11

i

The outgoing light is distributed between three vectors with
geometric phase multipliers 1 ≡ 𝑒0 𝑖 , 𝑒2 𝑖Φ( 𝑥) and 𝑒− 2 𝑖Φ( 𝑥) , which
corresponds to diffraction of light in the 0 and ± 1′ orders
(Table S2 ). 

To study the diffraction properties of the fabricated LC cell,
experimental setups were used (Figure 4 ), including a He-Ne laser
generating a narrow beam of light with a wavelength of 632.8 nm,
a collimating system consisting of a 20X objective and a lens ( 𝑓 =
20 cm), a Wire Grid polarizer, a quarter-wave phase plate 𝜆/4,
and a generator of variable rectangular-shaped signals (with a fre-
quency of 1 kHz), a complementary metal-oxide-semiconductor
(CMOS) camera and a power meter that records the intensity
of radiation diffracted into the 𝑚 diffraction order. The values
of the diffraction efficiency 𝜂𝑚 (in % ), characterizing the energy
distribution of transmitted light in diffraction orders 𝑚, were
calculated using the formula 𝜂𝑚 =

𝐼𝑚 

𝐼0 
⋅ 100% , where 𝐼𝑚 is the

intensity of the light beam in the 𝑚 diffraction order; 𝐼0 is the total
intensity of light leaving the element. 

Figure 5 presents the experimental and theoretical results of
a study of the diffraction efficiencies ( 𝜂𝑚 ) dependence on the
external control voltage 𝑈 when light enters the system from the
Nylon-6 side ( 𝜆 = 632 . 8 nm). 

When 𝜎-circularly polarized light enters the system from the side
of the photoorientant AtA-2 substrate, the azimuthal photoori-
entation angle can take values in the range from –90 ◦ to + 90 ◦,
i.e. Φ( 𝑥) ∈ [ − 𝜋∕2 , 𝜋∕2] , therefore, when determining the matrix
of the system (Equation ( 5 )) choose 𝛼1 ( 𝑥) = Φ( 𝑥) , and 𝛼2 ( 𝑥) = 0 .
The light vector 𝑬𝑜 𝑢𝑡𝑝 𝑢𝑡 ( 𝑥, 𝑈) behind the element is written as: 

𝑬𝑜 𝑢𝑡𝑝 𝑢𝑡 ( 𝑥, 𝑈) = 𝐌𝑠 𝑦𝑠 𝑡𝑒 𝑚 ( 𝑥, 𝑈) 𝑬𝑖𝑛 𝑝𝑢 𝑡 

=
[ 
𝑒− 𝑖𝛿( 𝑈) 0 

0 𝑒𝑖𝛿( 𝑈) 

] [ 
𝑐 𝑜 𝑠 (Φ( 𝑥)) − 𝑠𝑖𝑛(Φ( 𝑥)) 

𝑠𝑖𝑛(Φ( 𝑥)) 𝑐 𝑜 𝑠 (Φ( 𝑥)) 

] 

×
[ 
𝑒− 𝑖𝛿( 𝑈) 0 

0 𝑒𝑖𝛿( 𝑈) 

] [ 
𝑐 𝑜 𝑠 (Φ( 𝑥)) 𝑠𝑖𝑛(Φ( 𝑥)) 

− 𝑠𝑖𝑛(Φ( 𝑥)) 𝑐 𝑜 𝑠 (Φ( 𝑥)) 

] 

× 1 √
2 

[ 
1 

− 𝑖𝜎

] 
= 1 √

2 

[ 
𝑒− 𝑖𝛿( 𝑈) 

− 𝑖𝜎𝑒𝑖𝛿( 𝑈) 

] 
cos ( 𝛿( 𝑈)) 

+ 1 √
2 

[ 
− 𝑖𝑒− 𝑖𝛿( 𝑈) 

𝜎𝑒𝑖𝛿( 𝑈) 

] 
𝑠 𝑖𝑛( 𝛿( 𝑈)) 𝑒− 2 𝑖𝜎Φ( 𝑥) . (7)

The outgoing light is distributed between two vectors with geo-
metric phase multipliers 1 ≡ 𝑒0 𝑖 and 𝑒2 𝑖𝜎𝜑( 𝑥) , which corresponds
to diffraction of light in the 0 and 1 ′𝜎 orders (Table S2 ). 

The dependences of diffraction efficiencies in the 0 and 1 ′𝜎
diffraction orders on the control voltage 𝑈 on the element when
diffraction of a circularly polarized wave for this case (entrance
from AtA-2) are shown in Figure 6 . 

Effective electrical control of the director orientation topology
within the NLC volume enables a controlled change in the
diffraction properties of the twist-planarly oriented polarization
grating. Figure 7 presents photographs of diffraction patterns of
circularly polarized He-Ne laser radiation at different control
voltage amplitude levels. Circularly polarized radiation diffracts
Laser & Photonics Reviews, 2026
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FIGURE 4 Schemes of experimental setups for recording diffraction patterns (a) and measuring the intensity (b) of a diffracted circularly polarized 
light field on the NLC element with a He-Ne laser 𝜆 = 632 . 8 nm, a 20X objective, a spherical lens, a Wire Grid polarizer (WG), a quarter-wave phase 
plate ( 𝜆∕4 ), a nematic liquid crystal cell (NLC), CMOS camera, power meter (PM) and a generator of variable signals (SG). 
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reati
symmetrically from the element in opposite directions of polar-
zation rotation (left and right). In the absence of voltage ( 𝑈 =
 V), the NLC structure operates in the twist mode of the
iffraction grating with a period of Λ1 = 20 μm . An increase in the
ontrol voltage on the element ( 𝑈 > 2 . 5 V) leads to a switching
f the period of the diffraction structure Λ2 = 10 μm (Figure 3 ).
nother feature of the proposed polarizing photonic device is
he ambiguity in the diffraction efficiency relative to the input
adiation, whether from the Nylon-6 or AtA-2 side. Experimental
iffraction patterns emphasize the high efficiency of the element,
ts sensitivity to the direction of rotation of circularly polarized
ight and to the side of the radiation entrance into the element. 

 Conclusion 

he article presents a deep understanding of the structure func-
ioning under applied voltage for an electrically controlled diffrac-
ion NLC twist element based on the geometric Pancharatnam–
erry phase. 

n electrically induced switch in the diffraction grating period
as been demonstrated experimentally and theoretically. The
olarizing photonic element, created with an initially twisted
tructure, enables electrical control of the diffraction efficiency
an experimental value of 91% has been achieved) and of
he LC structure’s period, which determines the diffraction
irection. Switching between diffraction orders is demonstrated
hen the polarization of the beam incident on the NLC cell
hanges from left-circular to right-circular and when the radi-
tion passage sequence of the NLC orienting layers (AtA-2 and
ylon-6) changes. 

he results obtained open up new possibilities for the design and
pplication of complex planar electrically controlled diffraction
aser & Photonics Reviews, 2026
NLC elements based on the geometric Pancharatnam–Berry
phase in multifunctional flat optical devices and systems. 

4 Experimental Section 

The proposed electrically switchable photonic device is a layer of
NLC 1282 (NIOPIK, Russia) with a thickness of 𝑑 = 10 μm , placed
between a lower substrate with an azimuthal angle of the planar
orientation of the NLC director periodically varying from − 𝜋∕2

to + 𝜋∕2 and an upper substrate with a uniform planar alignment
of molecules. Under the influence of hybrid director alignment,
NLC molecules form a reconfigurable topological optical phase-
diffraction structure with a controllable period. 

The corpus of the sandwich-type [ 41 ] element was made using
two 1.1 mm thick glass substrates with transparent solid ITO
electrodes with a resistance of 100 ohm sq − 1 (Integral OJSC,
Minsk, Belarus) to electrically change the distribution structure
of the mesogenic layer and, accordingly, the optical phase of the
structure. The preliminary cleaning of the inner substrate sur-
faces took place in several successive stages: ultrasonic cleaning
in an aqueous solution of a surfactant in distilled water; UV
cleaning of organic pollutants (Photo Surface Processor PL16-
110D, SEN LIGHTS Corp., JP); removal of organic pollution traces
and dust particles with compressed air (compressor Remeza
CJSC, Minsk, Belarus). Liquid deposition of ultrathin orienting
films with a thickness of about 20–30 nm on the surface of
thoroughly cleaned glass substrates was carried out using the
Mayer–Rod Coating method. 

Nylon-6 [ 53 ] was chosen as the orienting material for setting the
homogeneous planar orientation of the NLC director, the film
of which was rubbed after coating on the substrate. A film of
photosensitive azo dye AtA-2 (MTLCD lab) was applied to the
7 of 11
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FIGURE 5 Experimental (dotted lines) and theoretical (straight lines) dependences of the diffraction efficiency of the LC element on the voltage 
for circular (left and right) polarization when light enters the system from the Nylon-6 side ( 𝜆 = 632 . 8 nm). Note: The lines representing the results 
corresponding to different diffraction orders are indicated in different colors: + 1′ diffraction order is black, + 1 is red, 0 is blue, –1 is light blue, − 1′ is 
green. 

FIGURE 6 Experimental (dotted lines) and theoretical (straight lines) dependences of the diffraction efficiency of the LC element on the voltage 
for circular (left and right) polarization when light enters the system from AtA-2 ( 𝜆 = 632 . 8 nm). Note: The lines representing the results corresponding 
to different diffraction orders are indicated in different colors: + 1′ diffraction order is black, + 1 is red, 0 is blue, –1 is light blue, − 1′ is green. 
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FIGURE 7 Photographs of diffraction patterns of circularly (left and right) polarized radiation on the NLC element when the external control 
voltage on the LC cell changes and when the orientation layers are sequentially transmitted by the radiation: AtA-2 → Nylon-6 or Nylon-6 → AtA-2. 
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econd substrate, which provides a strong azimuthal anchoring
nergy (values of the azimuthal anchoring energy constant ∼
 . 4 ⋅ 10− 4 J m− 2 [ 54 ]). The ability of photoorientation by the
echanism of photoinduced hole dipoles without birefringence
nduction in a thin film of AtA-2 azo dye when exposed to
adiation with a wavelength of 450 nm makes it possible to obtain
ptically correct NLC phase distributions [ 55, 56 ], which makes
he applied photoalignment material suitable for the creation of
hotonic devices based on geometric phase (Pancharatnam-Berry
hase). The orienting properties of AtA-2 film are formed after its
xposure to linear polarization radiation. The photoexposure of
he azo dye was carried out after the assembly of the NLC cell
f the photonic device by radiation resulting from the coherent
ddition of two circularly orthogonally polarized beams with
 wavelength of 𝜆 = 450 nm (Figure S2 ). The power density
as 𝐼 = 15 mW cm 

− 2 . After exposure, the capillary gap with a
hickness of 𝑑 = 10 μm was filled with nematic LC 1282 in the
sotropic phase in a vacuum drying cabinet (Memmert VOcool
00). 

he LC Structure program [ 57 ] was used for a model approxima-
ion of the dependence of optical phases on voltage 𝛿( 𝑈) , 𝛿1 ( 𝑈)
Figures S6 and S7 ). For this purpose, the characteristic voltage
ransmission curves 𝑇( 𝑈) (Figures S3 and S4 ), were calculated
or antiparallel and twist (with 90 ◦ twist) cells with a thickness
f 𝑑 = 10 . 6 μm filled with liquid crystal LC 1282, NIOPIC ( 𝐾11 =
0 . 4 pN, 𝐾22 = 4 . 2 pN, 𝐾33 = 11 . 5 pN, Δ𝜖 = 11 . 0 , 𝜖∥ = 5 . 6 , Δ𝑛 =
 . 17 for a wavelength of 632 nm at room temperature + 20 ◦C ).
he orientation direction axes of the antiparallel LC cell and
he orientation direction on one of the twist cell substrates were
5 ◦ to the input polarizer crossed to the output analyzer. We
onsidered the normal incidence of light. In such a geometry, the
equired optical phase 𝛿( 𝑈) at a voltage > 2.5 V is equivalent
o half the phase shift of the antiparallel LC cell, and can be
aser & Photonics Reviews, 2026
estimated as: 𝛿( 𝑈 ) = 1 

2 
arcsin 

√
𝑇( 𝑈 ) . While 𝛿1 ( 𝑈 ) at a voltage

of < 2.5 V is equivalent to the phase shift of a twist cell: 𝛿1 ( 𝑈) =√ 

arcsin 
2 
√
𝑇( 𝑈) − Φ2 at the angle of rotation of the LC Φ = 𝜋∕2 .
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