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In this work a ferroelectric liquid crystal (FLC) modulator with a non-standard large switching rotation angle,
close to 90°, is fabricated and characterized. The modulator acts as a switchable wave-plate with an in-plane
rotation of the principal axis under the action of a bipolar voltage. In the ideal situation of half-wave retardance,
the device is shown to behave as a binary = phase modulator independently of the input state of polarization.

We provide physico-chemical properties of the liquid crystalline mixture used to fabricate the FLC modulator
with such large switching angle. The characterization method of the device optical properties is presented, which
allows the localization of the two LC stable states, the unambiguous determination of the rotation angle, and the
evaluation of the spectral retardance function. We demonstrate the polarization-independent = phase shift using
an adapted Young’s type interferometer for real-time measurements, where we further analyze the operational
frequency limits of the device. This FLC operational mode can be exploited to produce binary-phase polarization-
independent diffractive optical elements.

1. Introduction

Ferroelectric liquid crystals (FLC), also known as chiral smectic or
smectic *C phase (Sm*C), have a long history and they have been used to
fabricate many different types of optical modulators [1]. In comparison
with the more common nematic LC modulators, they present bistable
faster response and low consumption. In their typical configuration as
surface stabilized ferroelectric liquid-crystals (SSFLC) they operate as a
switchable linear retarder (waveplate) with two stable in-plane orien-
tations of the LC director. These properties make them very interesting
elements for fast optical switches [2-4]. They have been employed as
achromatic phase shifters [5], optical depolarizers [6] and for design-
ing polarimetric instruments [7,8]. Recent advances include using them
to fabricate fast refocusing lenses [9] or LiDAR systems [10]. A recent
review of the state of the art of FLC modulators can be found in [11].

A major application of FLCs is on the production of liquid-crystal dis-
plays (LCD), where their fast response is especially useful to reduce mo-
tion blur and to achieve field sequential color (FSC) displays. Ferroelec-
tric LCDs (FLCDs) are typically designed with a retardance of ¢ = 180°,
i.e., as a half-wave plate (HWP), and with in-plane switching rotation
angle of # = 45°. In this situation, if the FLC modulator is illuminated

with linearly polarized light, it provides output light with two orthog-
onal linear states of polarization (SOP). These can be converted into a
maximum contrast binary light intensity modulation by setting an anal-
yser at the output, crossed to one of the two emerging states [12,13].

In this work, instead of regarding the display application, we are
more interested in FLCDs as phase-only spatial light modulators (SLM)
for diffractive and/or adaptive optics. FLC-SLMs have been used for a
long time to display binary phase diffraction gratings [14] and binary-
phase computer generated holograms [15]. Although not as popular as
nematic LC-SLMs, FLC SLMs are also commercially available [16] and
they have been applied in systems where a fast modulation response is
required, as for instance laser speckle reduction [17], microscopy with
structured illumination [18,19] or optogenetic stimulation [20]. These
FLC-SLM commercial devices, though, are fabricated with 6 ~ 45° (or
less) switching rotation angle of the FLC director. Although a binary =
phase modulation operational scheme can be obtained with these mod-
ulators by properly orienting an output analyzer to filter the modulated
beam [21], this is at the expense of losing light efficiency.

Here we analyze the properties of a FLC modulator with 6 ~ 90°
switching angle. We illustrate how this device provides, when the LC
layer is a half-wave retarder, a binary = phase modulation for any input
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Fig. 1. Ideal FLC modulator for binary = phase modulation with maximum efficiency: (a) Switching of the FLC director between stable states A and B. (b) Evolution

on the PS showing the output polarization for various input SOP.

SOP and with maximum light conversion efficiency. Since the binary
& phase modulation regime occurs for any SOP, it could be operated
even with unpolarized light. Consequently, light efficiency can be fur-
ther improved since there is no need to use polarizers. Although this
configuration was proposed many years ago [22-25], and LC materials
with high tilt angle (like the CS2005 or the CDRR8 mixture) were in-
vestigated [26], the SLM industry has not considered it. With this work
we would like to stimulate the recovery of this old idea. In addition, the
in-plane rotation of the FLC modulators can be regarded to imprint a ge-
ometric phase to the input beam, also known as the Pancharatnam-Berry
phase, thus being useful to design a new generation of geometric-phase-
based diffractive optical elements [27]. Therefore, FLC modulators can
be viewed as binary geometric phase elements as well.

After this introduction, the paper is organized as follows: in the
next section we present the theory of the ideal FLC device and pro-
vide the physical insight of the SOP transformations described within
the Poincaré sphere formalism. In Section 3, the physico-chemical prop-
erties of the LC mixture used to fabricate the FLC cell modulator are
described. In Section 4 we provide a procedure for the complete opti-
cal characterization of the device light modulation properties. The time
response is presented in Section 5. Section 6 further illustrates the bi-
nary z phase modulation for any input SOP by means of an adapted ex-
perimental Young’s type interferometer arrangement [28]. Finally, the
conclusions of the work are given in the last section.

2. Operation of a FLC modulator with 90° rotation and 180°
retardance

In this section we analyze the operation of the FLC modulator con-
sidering the ideal situation where the retardance is ¢ = 180° i.e., it is
a half wave plate (HWP), with the LC director switching between two
stable positions A and B (6,4, and 6 ), where the switching rotation angle
is 8 =05 — 0, = 90°. Note that the rotation angle is 6 = 29, twice the
so-called tilt angle 9;.

Considering the Jones matrix formalism for polarized light, and as-
suming that the FLC layer acts as a HWP, the FLC modulator at position
A is described by

_ [cos26, sin26 4 M
A7 |sin20, —cos26,]|
while for FLC position B the Jones matrix is
_ |cos20p sin20p | _ |cos26, sin20, | M @
B~ |sin20p —cos20p| ~  |[sin20, —cos26,| 4

where the relation 6 = 6,4 + 90° was used. Therefore, since Mp = —M,,
for any input polarization, the two output SOPs are identical except for
a minus sign which implies a z phase shift between them.

Fig. 1 illustrates this situation. In Fig. 1(a) two FLC director orien-
tations 6, = 45° and 6 = 135° are drawn, thus leading to 6 = 90°, cor-
responding to the two values of a bipolar addressed electrical signal.
The two output SOPs suffer a transformation with respect to the input
SOP (except for the eigenstates, i.e., the linear polarised states parallel
or crossed to the FLC director). However, since the FLC modulator is
a HWP, the two emerging SOPs are the same for the two positions A
and B. These transformations can be visualized on the Poincaré sphere
(PS) [29]. The PS is a geometrical representation of all SOPs, where the
latitude coordinate is directly related to the light ellipticity and the lon-
gitude coordinate is directly related to the polarization azimuth. The
two circularly SOPs are the poles of the PS, while the linear SOPs lie in
the equator. The interest of the PS in describing retarder elements (as
the FLC modulator) is that the action of the device on any input SOP is a
rotation of the PS around the axis defined by the two eigenstates, with an
angle equal to the retardance. In this case of a HWP FLC modulator, the
PS rotates an angle equal to ¢ = 180°. Fig. 1(b) illustrates these transfor-
mations. Given the orientations of the FLC director in Fig. 1(a), both A
and B positions share the same eigenstates; namely, the linear states ori-
ented at 45° and 135°. Therefore, the PS rotation is in both cases around
the S, axis. However, the rotation of the FLC director interchanges the
fast and slow axes of the retarder and, consequently, the PS rotates in
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the opposite direction. This is shown in Fig. 1(b) for various input SOPs
(black dots): a linear horizontal SOP (located on the +S, axis), a linear
SOP oriented at 45° (located on the +S, axis) and a right circular SOP
(RCP) (located on the +S5 axis, at the north pole). Although the final
SOP is the same for both A and B positions, the trajectory on the PS
has opposite direction, which provides an opposite geometric phase be-
tween the two emerging SOPs. Even in the case of an input linear SOP
oriented at 45°, which does not suffer any polarization transformation,
there is a = phase difference originated from the switch between the fast
and slow axes of the FLC retarder.

3. Structure and properties of the FLC mixture and fabrication of
the cell

The FLC cell was produced at the Military University of Technology
(Warsaw). Here the details on the preparation of the LC mixture and on
the device fabrication are provided.

3.1. Preparation of a multicomponent FLC mixture

The LC mixture used in this work was proposed and developed at the
Institute of Chemistry (Military University of Technology). This mixture
is intended to achieve all the properties required in FLC applications,
such as broad temperature range of the ferroelectric phase, relatively
low melting point and optimized ferroelectric electro-optical response.
The mixture was prepared according to a procedure based on mixing
selected chiral compounds with ferroelectric and antiferroelectric prop-
erties, with the scope of finding a composition which presents a frus-
trated ferroelectric phase as in [30]. The components of the obtained
W-212 mixture are made up of a rigid ring structure formed by biphenyl
benzoate or phenyl biphenylate structure (I), nonchiral partially fluori-
nated alkoxy terminal chain in one side of molecules (II) and chiral 1-
methylheptyloxy chain (III), which is connected to the rigid core using
carboxylate bridge in the other side (Fig. 2). This structure is like those
shown in [31], where homologue mixtures to W-212 with very short
helical pitch were reported. To ensure uniform alignment in the electro-
optical cell with thickness higher than 2mm, a small amount of racemic
chiral dopant was added to increase the helical pitch in the final W-212
mixture. This mixture has been synthesized according to the procedure
found in the original publication [32].

3.2. Physico-chemical properties of the W-212 mixture

We show next results of the phase transition temperatures, the direc-
tor tilt angle and spontaneous polarization measurements for the W-212
mixture. Increasing the temperature, a variety of thermodynamically
stable intermediary states between crystal (Cr) and isotropic (Iso) state
are observed. These intermediate mesophases are stable thermotropic
liquid crystalline states termed enantiotropic [33]. Using differential
scanning calorimetry (DSC) and polarizing microscopy techniques, the
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Fig. 2. Chemical structure of the components
of the W-212 mixture used in this work.
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Fig. 3. (a) Temperature dependence of the helical pitch for the W-212 mixture.
The sense of the helical twist is indicated by “+” for the right-handed helix. (b)
Tilt angle as a function of temperature.

following phase transitions were observed upon heating at 2 °C/min:

Cr - SmC* - SmA* - ISO
10°C 99.8-101.5°C 117.5-126.0°C

Bulk states in W-212 exhibit helical structures induced by the twist-
ing power due to chirality. The helical pitch P was determined in the
temperature range that covers the tilted chiral smectic phase SmC* by
measuring the transmittance spectra with a spectrophotometer of 360-
3000 nm spectral range. P is calculated with the relation P = A./n,
where A is the central wavelength of the reflection band and » is the
average refractive index. The W-212 mixture was placed on a glass plate
coated with a surfactant, thus promoting the homeotropic orientation of
the molecular director while the other surface of the specimen was left
free. More experimental details of the helical pitch and helical twist
sense measurements were reported in previous works [34-36]. Here we
present the temperature dependence of the pitch for the W-212 mixture,
which slowly increases with temperature in the SmC* phase, reaching
a maximum value about 1150 nm at 100 °C (Fig. 3(a)), just below the
transition temperature from SmC* to SmA*.

To measure the tilt angle 9, (half the switching rotation angle of
the LC director), the LC was introduced in cells aligning the molecular
director parallel to the substrate surface. In this case, the cell consists of
two ITO-coated glass that are patterned to give a 7 x 7 mm? electrode
area. The glass surface was processed with a Nylon 6 as aligning material
and unidirectionally rubbed prior to cell assembly, in order to produce
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a homogenous alignment. Then, the two-substrate glasses were joined
together with an epoxy glue containing 2.5 mm spacers. The FLC mate-
rial was placed at one of the cell’s edges. The cell was then heated until
the material was in the isotropic phase, to allow the material flow inside
the cell by capillary forces. Furthermore, the cell was cooled down at
controlled rate (0.1 °C/min) while applying an AC electric field to form
the aligned ferroelectric liquid crystal at room temperature.

The helical structure is suppressed by the surface effect resulting in a
molecular tilting plane parallel to the surface, thus obtaining the surface-
stabilized ferroelectric liquid crystal (SSFLC) configuration. The cell was
placed in a temperature and environmental control stage (Linkam THMS
600) compatible with a polarization optical microscope (Biolar PI-PZO).
When the cell is under DC electric field the material aligns in a single
direction. The tilt angle 9, = 0/2 is typically measured by placing the
FLC cell between the crossed polarizers of the microscope and orient-
ing it such that extinction is obtained. In this orientation the optical
axis of the material is parallel to one of the polarizers. By reversing the
polarity of the applied DC field, the FLC molecules reorient, and the
cell appears brighter. The FLC cell is rotated on the microscope stage
to bring the dark state of the cell back again. This rotation is thus the
switching angle 6 and 9, = 6/2 is the tilt angle. However, in the case of
a perfect value 6 = 90° the dark state would remain after reversing the
field. Nevertheless, we could apply the procedure following the temper-
ature variations and Fig. 3(b) shows the results for the measured tilt
angle. They show that the tilt angle rises rapidly into the SmC* phase
on cooling from the SmA* phase before saturating at 43° in the broad
temperature range (below 55 °C) of the ferroelectric phase. Following a
similar procedure, the retardance was measured, and the birefringence
of the material could be estimated to be An =0.11 + 0.01, with no sig-
nificant variation in the SmC* phase temperature range between 30 °C
and 80 °C.

The magnitude of the tilt angle of the LC molecules in the ferroelec-
tric phase has an influence on the value of the spontaneous polarization.
Usually, the higher the tilt angle the higher the spontaneous polarization
and the material could reorient faster in an optical modulator. Accord-
ingly, it is important to determine the magnitude de the spontaneous
polarization. This can be measured using a triangular waveform voltage,
in this case with a frequency of 50 Hz. The current through the circuit
was monitored and the polarization was determined by measuring the
charge produced upon polarization reversal (Fig. 4(a)). This was mea-
sured for different temperatures and the dependence shown in Fig. 4(b)
exhibits a behavior similar to the tilt angle, increasing its value as the
temperature is reduced, reaching about 115nC/cm? at 25 °C.

Finally, the bistable nature of the FLC cell is analyzed. The cell is
now addressed with a low frequency triangular voltage signal of 20
Vpp and 0.1 Hz. Fig. 4(c) shows the optical transmittance between
crossed polarizers as a function of the applied voltage, both for the rise
(black curve) and for the fall (brown curve) of the applied signal. As
described previously, the material employed in this work is a frustrated
ferroelectric phase [31] and the transmittance exhibits a ferroelectric
loop with anomalous hysteresis showing a W-shape, as demonstrated in
Fig. 4(c).

4. Characterizing the optical parameters of the FLC modulator

These previous experiments require the use of equipment specially
designed for the characterization of LC materials. However, it is a quite
common situation, especially when employing LC commercial devices,
that the user does not have access to the fabrication details. In these sit-
uations, it is necessary to develop reverse engineering techniques aim-
ing at determining the physical parameters that influence the optical
modulation properties. In this section we present the set of reverse engi-
neering procedures that we have performed to experimentally verify the
physical parameters of the FLC modulator described in the last section.
Namely, the orientation of the LC director, the LC layer retardance (¢)
and the switching angle (9). These experiments require relatively simple
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Fig. 5. Scheme of the optical setup. QWP: quarter-wave plate; POL: linear po-
larizer; PD: photodetector.

equipment and can be done even without knowledge whatsoever of the
fabrication parameters.

4.1. Locating the FLC director and the switching angle

We first searched for the orientation of the FLC director following
a similar procedure as in [13,21]. Fig. 5 shows a scheme of the opti-
cal setup. The system is illuminated with a He-Ne laser beam of wave-
length 632.8 nm. Since the laser is linearly polarized, a quarter-wave
plate (QWP) was added to produce circularly polarized light. Then, the
polarizer — FLC modulator — analyser system was placed behind. Both
polarizers were mounted on rotating mounts. Having generated circu-
larly polarized light ensures that the input polarizer can be rotated to
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arbitrary angles, while maintaining the input intensity on the FLC mod-
ulator. A photodetector (Newport 818-SL) captures the transmitted in-
tensity and displays it on an oscilloscope with temporal resolution. The
FLC modulator was addressed with a bipolar voltage of 10 Hz, 20Vpp
and null DC value from a wavefunction generator. The oscilloscope dis-
plays simultaneously the addressed signal and the signal detected on the
photodetector (PD).

For crossed polarizers the normalized transmitted signal (i.e., the
ratio between the intensity after POL2 and the intensity incident on the
FLC modulator) takes the form [21]:
T, rp5s = SIN*(2at)sin’ (f > , (3a)

2
where @ = ¢ — 6, denotes the difference between the input polarizer
angle (¢,) and the FLC principal axis, which takes the angles 0,5 for

the two stable positions of the FLC director. For normalization purposes,
the same experiment was performed with parallel polarizers, where the
normalized transmission is given by
T, = 1 = sin®(2a)sin (f > ) (3b)
2

According to Egs. 3(a), when the input polarizer is either parallel
(a = 0°) or perpendicular («¢ = 90°) to the LC director, the transmission
is null for crossed polarizers. Maximum transmittance for crossed polar-
izers occurs when the relative orientation between the input polarizer
and the LC director is set at a = 45°. In this latter situation, the trans-
mittance for crossed polarizers is equal to sin?(¢/2) and reaches 100%
transmission when the retardance is ¢ = 180°. Therefore, by fitting the
experimental transmittance for crossed polarizers we will retrieve the
retardance of the FLC cell.
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Fig. 7. (a) Rotation of the FLC director in
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the real situation. (b) Numerical simulation
of the normalized transmission for clockwise
and counter-clockwise (CCW) rotation of the
FLC director with the cell placed between two
crossed linear polarizers and input polarizer at
22.5°
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Fig. 6(a) presents the experimental normalized transmitted signal
of the FLC cell placed between crossed polarizers, as a function of time.
The black curves indicate the bipolar voltage signal addressed to the cell
while the green dots refer to the signal measured by the photodetector
and captured in the oscilloscope. This signal shows two stable intensity
values (I, and Ip) that correspond to the two applied voltage levels,
with short transition peaks in between. These peaks correspond to the
transient response where the LC director reorients, and they were stud-
ied in detail in the past [37,38] where they were shown to be related to
soliton type switching which occurs under fixed boundary conditions.
These transient states can be used to provide continuous amplitude or
phase modulation with FLC modulators [39]. Here, however, we con-
centrate on the standard operation as binary modulators.

In the ideal situation described in Section 2 (90° switching angle
and 180° retardance), the two stable intensity values should be iden-
tical. However, their slight difference indicates that the modulator pa-
rameters are close to the ideal conditions, although they are not perfect.
Fig. 6(a) shows four captures where the input polarizer was oriented in
the laboratory framework at angles ¢, = 0°, 22.5°, 45° and 67.5° while
the analyzer was kept crossed at angles ¢, = 90°,112.5°, 135" and 157.5°
respectively.

Similar measurements were taken for different orientations of the
input polarizer (¢,), while rotating the analyzer to always keep them
crossed. At each angle ¢,, we recorded the two stable intensity val-
ues (I, and Ip) occurring for the positive and negative level of the ap-
plied voltage. For normalization purposes, the equivalent procedure was
taken setting the FLC between parallel polarizers. Fig. 6(b) represents
the normalized transmission (in the crossed configuration) as a function
of the input polarizer angle, for the two stable FLC positions A and B.
The dots represent the experimental data while the continuous curves
were obtained from fitting these data to Eq. 3(a). The two curves display
the expected oscillating behavior, with maximum transmission close to
100%, thus verifying that the retardance is very close to the ideal value
of ¢ = 180°. Two possible retardance values were obtained from the best
fit curves: ¢ = 164° or ¢» = 196°. This ambiguity stems from the sin(¢/2)
term in Eq. (3), but it can be resolved with a spectral technique [40], as
will be shown next.

Note that the two curves in Fig. 6(b) are slightly shifted laterally:
while the red curve (A) minima lie at ¢, , = 45° and ¢, 4, = 135°, the blue
curve (B) minima are located at ¢, ; = 50° and ¢, 3 = 140°. These minima
were determined from the best fit curves, with an estimated uncertainty
of one degree. As discussed earlier, the transmission is null when the
input polarizer is aligned parallel or perpendicular to the FLC director.
Therefore, the angles of null transmission gives us the orientations of
the neutral axes of the FLC cell in the two stable positions. These sta-
ble positions of the fabricated FLC modulator are drawn in Fig. 7(a). In

Time

the ideal situation of # = 90° rotation angle, the two curves in Fig. 6(b)
should overlap. The slight shift is an indication that the ideal value was
not achieved in fabrication. From the location of the minima we obtain
a rotation angle of either 6§ = 85° or 6 = 95°, depending on the sense of
rotation. Although the previous analysis shown in Fig. 3(b) indicates
that the correct value is § = 85°, next we describe an additional experi-
ment to confirm this hypothesis and determine the sense of rotation of
the FLC director.

4.2. Determining the sense of rotation

Considering the positive voltage of the input square signal and the
negative voltage as yielding the stable states A and B respectively,
the FLC director can rotate either clockwise (CW) or counterclockwise
(CCW). The sense of rotation of the FLC director can be derived from the
transitions observed in the oscillograms in Fig. 6(a). Fig. 7(b) shows two
numerical simulations for the two possible rotation directions, where the
input polarizer is set at an angle ¢, = 22.5°. We select this configuration
since it corresponds to one of the experimental captures in Fig. 6(a)
which shows intensity transmission values around T = 0.5 for both FLC
stable states with transitions in the form of narrow peaks that transit
between zero and 100%. Simulations were run considering ¢ = 164° re-
tardance and the two possible values of 6 with both sense of rotation.
In the transitions, the peak goes first to zero and then to 100% trans-
mission, or the opposite, depending on the sense of rotation of the FLC
director. Comparing the direction of these transition peaks in the exper-
iments in Fig. 6(a), we conclude that the FLC director rotates clockwise
through an angle of 8 = +85°.

4.3. Characterization of the spectral retardance

As mentioned in Section 4.1, an ambiguity remains in the retardance,
which can take values ¢ = 164° or ¢ = 196° that equally fit the experi-
mental data. Spectral measurements can be performed to easily resolve
this ambiguity [40]. For that purpose, the He-Ne laser in the optical set-
up of Fig. 5 is replaced by a broadband light source (a quartz tungsten
halogen lamp from Oriel, model 66,882). The FLC cell is placed between
crossed and parallel linear polarizers, oriented at an angle a = 45° rela-
tive to the principal axis of the retarder. The transmitted light is captured
by a Stellar-Net spectrometer (STN-BLK-C-SR). Again, a bipolar signal
of 20 Vpp is applied to the modulator, now with a very low frequency
of only 1 Hz to make possible the capture of the output signal on the
spectrometer.

Fig. 9(a) shows the normalized transmission curves in the range from
500 to 800 nm for stable position A (equivalent curves were obtained for
position B). These curves show the typical transmission of a zero-order
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Fig. 8. (a) Normalized spectral intensity transmission of the FLC modulator
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director. (b) Spectral retardance function that best fits the experimental data.
(c) Spectral birefringence An(A).
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half-wave plate [40] with a very low transmission for crossed polarizers,
below 0.1, in a wide spectral range between 530 nm and 650 nm. From
Egs. 3(a)—3(b), the spectral retardance function can be derived from the
transmission data as

D=2 Tcrass(l) 4
@(A) = 2 arctan <T—(/1)> . 4)

par

Since the FLC modulator is composed of a single LC layer, the retar-
dance must follow a relation ¢(1) = 2Z Ap - t, where An is the LC birefrin-
gence and 7 is the LC layer thickness. Therefore, ¢(4) typically follows
a monotonically decreasing function with the A. As it was done in [40],
we employ a Cauchy equation for the spectral retardance and use it to
fit these experimental intensity curves. Fig. 8(a) shows also the best fit
obtained for the normalized intensity in crossed and parallel configu-
rations, while the function ¢(4) that best fits the experimental data is
plotted in Fig. 8(b). According to this result the retardance obtained for
the A = 633 nm wavelength is below z, thus verifying the previously ob-
tained value ¢ = 164°. The ideal HWP retardance would be obtained at
575 nm. Nevertheless, we keep considering operation at 633 nm since it
corresponds to the common wavelength of a standard He-Ne laser and
the 164° retardance is close enough to the ideal value. Finally, Fig. 8(c)
shows the wavelength variation of the birefringence An, which is cal-
culated from the previous result as An = A¢(4)/2xt, assuming the LC
thickness value of t = 2.5 microns. The value An = 0.109 is obtained for
A = 633 nm, thus confirming previous results.

5. Characterization of the time response

For purposes of its effective performance, it is important to calibrate
the frequency limit of the FLC modulator. We then apply a square signal
of 20Vpp and increasing frequency up to 200 Hz. Fig. 9 shows the effect
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Fig. 9. Measured optical intensity signal (in green) at varying frequencies of the 20 Vpp voltage signal (in black) addressed to the FLC modulator in between crossed

polarizers, with the input polarizer parallel to the first stable LC orientation.
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Fig. 11. (a)-(e) Measured optical intensity signal (in green) at varying frequencies. The Vpp value of the voltage signal (in black) is adjusted in each case to provide
aratio FWHM /T < 1/10. (e) Required Vpp versus frequency. (f) Measured switching time versus frequency.

on the output optical signal. In these experiments the FLC modulator was
placed between crossed polarizers, with the first polarizer parallel to the
first stable orientation of the LC director. In this situation the intensity
for the two stable states is very low, since the SOP that exits the FLC
cell is perpendicular to the analyzer. The change in the LC orientation
is visible in the form of transition peaks that approach the maximum
100% normalized transmission. These peaks occur when, on its transi-
tion from stable position A to B, the LC director becomes horizontally
aligned.

Fig. 9 shows the captured optical intensity signal for frequencies of
5, 10, 20, 50, 100 and 200 Hz. Here the intensity captures are not nor-
malized to better see the effect when increasing the frequency, and the
figures show the voltage signal directly measured in the photodetector
(green curves). Below 50 Hz the difference between the two stable states
is minimal and the transmission at the stable states remains very low.

The transition peaks reach the maximum value, with full width at half
maximum (FW H M) slightly less than 2 ms in all cases. For 100 Hz the
optical signal does not reach the lowest value. The optical signal shows
a significant degradation for 200 Hz, thus implying that the FLC director
does not fully switch through the expected angle of ¢ = 90° between the
two stable states. This simple procedure therefore reveals that we must
consider 50 Hz as the proper frequency limit for the effective operation
of the FLC cell when addressing a 20 Vpp signal.

However, we can overcome this degradation by increasing the ampli-
tude of the applied voltage signal. The response time or switching time
of the FLC cell is expected to lower as the amplitude increases. This is
illustrated in Fig. 10 for the frequency of 100 Hz. We show here the data
already shown in Fig. 9 (with 20 Vpp) with new captures obtained with
50 Vpp and 80 Vpp. The switching time, measured as the FW HM of
the transient peaks, is reduced below the millisecond.
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PD1 Fig. 12. Scheme of the interferometer setup for measur-

ing the phase modulation. SF: spatial filter; L1: collimat-
ing lens; L2 Fourier transform lens; BS: beam-splitter; TC:
telescope system; M: mirror; PD: photodetector.

[
|
5Hz

M
50Hz

INTERATERTARTRRINENN]

* 00
(b) oo

—5SHz Fig. 13. (a) Interference patterns for the FLC
modulator illuminated with horizontal linear
—10Hz polarization for different frequencies of the ad-
—20Hz dressed voltage signal of 20 Vpp and for the two
S50Hz stable states of the FLC. (b) Measured phase
modulation at varying frequencies. (c) Maxi-
—100Hz mum phase shift versus frequency.
—200Hz

| |
10HZ. 100 H..
(]

Therefore, operation at higher frequencies is possible by applying
larger voltages. This is demonstrated in Fig. 11, where we present results
up to 500 Hz. For each frequency, the voltage amplitude is increased
to reach approximately a ratio FW HM /T < 0.1 between the switching
time and the period (T') of the addressed signal. Figs. 11(a) to 11(e) show
transmission peaks with similar relative width with respect to their time
interval. Note that the time scale is different in every figure to display
only four peaks of each signal. Fig. 11(f) shows the Vpp value that must
be applied for each frequency to achieve this situation, and how the
switching time progressively diminishes. The result in Fig. 11(e) shows
a good optical signal with a switching time close to FWHM=0.2 ms
for an addressed voltage of 500 Hz and 196 Vpp. Although these are
too high voltage values for practical devices, which require the min-
imum switching time and must use low voltage FLC mixtures [41],
these results illustrate how the device can be operated at different
frequencies.

6. Characterization of the phase modulation

The characterization of the FLC modulator optical properties is com-
pleted in this section by verifying the expected binary = phase modu-
lation for all polarization states. Despite the fabricated FLC modulator
does not fulfill exactly the ideal parameters (¢ = 180° and 6 = 90°), we
show next that this phase modulation regime is reproduced quite well.

' =10 =
508 ¥
06 f
= b
202 ¥

' 0.0
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Frequency (Hz)
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The phase shift between the two stable states of the FLC modula-
tor was experimentally retrieved with a very versatile specially-adapted
Young’s interferometer which detects the optical interference pattern by
a bicell photo-detector in a back Fourier focal plane [28]. Fig. 12 shows
a scheme of this interferometer setup intended to provide time-resolved
measurements of the phase modulation. In addition to the ordinary
camera-based interferometry, which has limited capturing rate and long
processing time for fringe pattern, the bicell detector-based interferom-
etry technique provides enough sampling rate along the time axis. The
experimental setup uses a beam-splitter to divide the linearly polarized
and spatially filtered beam of a He-Ne laser in a reference and a probe
beam. The beam reflected in mirror M1 is the reference beam and that
reflected in mirror M2 is the probe beam. The FLC cell was placed in
the arm of the probe beam and is reflected on one side of a gold coated
right angle prism alongside the reference beam on the opposite side of
the prism. The reflected rays from both sides of the prism propagate par-
allel to each other separated by a distance dependent on the dimensions
of the prism. The beams are then combined by a converging lens (L2) to
provide the Fourier transform where the interference pattern is observed
at the back focal plane, where two photo-detectors are placed. The pho-
todetectors are separated from each other by a distance gap equivalent
to that of the two beams being reflected from the prism. For purposes
of simultaneously visualizing the interference pattern on a camera we
place a beam splitter right after the prism and lens L2.
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Fig. 14. Transformations of SOP in the PS for the FLC with real parameters ¢ = 164° and 0 = 85° for input SOPs (a) LO, (b) L45 and (c) RCP. Below each case the
experimental interference patterns are shown for the two SOP emerging from the FLC modulator.

Table 1
Stokes parameters and ellipticity and azimuth angles expected for the two emerging states of the FLC modulator for three different
input SOP.
Input SOP Output Stokes parameters State A Output Stokes parameters State B Ellipticity angle (degrees) Azimuth Angle (degrees)
S, S, S S, S, S5 A B A B
LO —-0.96 0.00 —0.28 —-0.90 -0.34 0.28 -8.0 7.9 90.0 -79.8
L45 0.00 1.00 0.00 -0.33 0.94 0.05 0.0 1.4 45.0 54.8
RCP 0.28 0.00 —0.96 -0.27 —0.05 —0.96 -37.0 -37.0 0.0 —-85.0

Fig. 13 shows a set of experiments where the FLC cell was illumi-
nated with horizontal linearly polarized light. Again, the modulator was
addressed with a bipolar square voltage signal of 20 Vpp and varying
frequency (5, 10, 20, 50, 100 and 200 Hz). Fig. 13(a) presents the in-
terference patterns captured on the camera for every frequency of the
applied voltage. For each case, two interferograms are presented, corre-
sponding to the two stable states of the FLC modulator. For low frequen-
cies, up to 50 Hz, the interference contrast clearly reverses from each
interference pattern (a red discontinuous line was drawn to clearly visu-
alize this effect), thus indicating a z-phase difference between the two
FLC states. At higher frequencies, as expected from the previous results
in Section 5, the interference pattern does not show contrast inversion.

This is further demonstrated in Fig. 13(b) through quantitative, and
time resolved measurements of the phase modulation. For frequencies
of 5, 10 and 20 Hz the phase modulation perfectly reproduces a binary
function with a r phase shift. At 50 Hz the maximum phase shift does
not recover the maximum value, reaching slightly 0.9z As the frequency
increases, the binary phase modulation regime is lost and there is a pro-
gressive reduction of the maximum phase difference, with values below
0.2z for 100 Hz and below 0.1z for 200 Hz. Fig. 13(c) shows the evolu-
tion of the maximum phase shift versus frequency.

Finally, Fig. 14 presents another set of equivalent interferograms for
three different input states of polarization: a linear horizontal state, a
linear state oriented at 45°, and the RCP state. Here we apply a square
voltage signal of 20 Vpp and 5 Hz, so the frequency limit is very far.

Fig. 14 shows first the representation on the PS of the input SOP and
the two expected emerging SOPs, where the measured FLC physical pa-
rameters ¢ = 164 and 6 = 85° were considered in the simulations. The
two emerging states have similar SOP and give two very close but dif-
ferent points on the PS. For each input SOP, Table 1 gives the expected
SOP in terms of their Stokes parameters as well as their ellipticity and
azimuth angles. The polarization ellipses of these states are drawn next
to the interferogram patterns.

Since the SOP difference is very small, the interferograms are ex-
pected with very good visibility. The second row of Fig. 14 shows, for
each input SOP, the two interference patterns captured for each stable
position (A and B) of the FLC modulator. The three cases verify the good
visibility and the contrast inversion of the interference, thus demonstrat-
ing a = phase-shift that is obtained independently of the input state.

7. Conclusions

In summary, we have fabricated a FLC modulator with a large
switching rotation angle close to 90° and retardance around 180° (HWP
regime) for a wide visible spectral range. Physico-chemical properties of
the specific LC mixture used to fabricate the FLC modulator with such
large tilt angle were provided. In addition, a reverse engineering pro-
cedure was performed for the precise and unambiguous verification of
its physical parameters (location of the liquid-crystal director, its sense
of rotation upon applying a square voltage signal, and spectral retar-
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dance function). An experimental analysis of the frequency limits of the
fabricated device has been also included. Finally, the phase modulation
properties of the modulator were experimentally probed, and the ex-
pected binary n phase-shift was verified for various input polarization
states.

Although this principle of operation was proposed years ago
[22-25], it has barely been implemented, probably due to the diffi-
cult realization of FLC modulators with such large switching rotation
angles. The application of this scheme to FLC spatial light modulators
could be very interesting, since they would be binary phase modulators
with the highest diffraction efficiency and useful for all states of po-
larization, therefore including unpolarized light, a situation that is not
possible with the common nematic LC -SLMs or with standard FLC-SLMs
of smaller rotation angles.
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