| 4362 Vol. 43, No. 18 / 15 September 2018 / Optics Letters

Optics Letters

Flexoelectro-optic liquid crystal analog phase-only
modulator with a 2n range and 1 kHz switching
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We present a flexoelectro-optic liquid crystal (LC) analog
phase modulator with >27 phase range at a 1 kHz switch-
ing frequency. The chiral nematic LC mixture consists
of the bimesogen CBC7CB with chiral dopant R5011,
aligned in the uniform lying helix mode. The mixture
exhibits > + 7 /4 rotation of the optic axis for a drive volt-
age of +£21.5V (E = £4.5 Vum™!). The rotation of the
optic axis is converted into a phase modulation with the
aid of a reflective device configuration incorporating a
~5 pm LC cell, a polarizer, two quarter-wave plates, and
a mirror. The residual amplitude modulation is found to
be <23%. This flexoelectro-optic phase modulator combi-
nation has the potential to enable analog spatial light mod-
ulators with very fast frame rates suitable for a range of
applications.
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Devices that allow an optical phase to be manipulated over a
two-dimensional area have applications in holography [1], bio-
medical imaging [2], laser micromachining [3], free-space op-
tical communication [4], and many other fields. Liquid crystal
(LC) spatial light modulators (SLMs) are attractive components
to perform this function because they can be relatively low in
cost and offer high spatial resolution. SLMs are typically used in
a reflective configuration, the reflector being divided up into an
array of pixels, each one independently electrically controlled
via a silicon backplane. For many applications, it is necessary
to have full analog control over a 27 phase range for each pixel.
Existing planar-aligned nematic LC SLMs are able to provide
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multi-level phase modulation; however, they are restricted to
frame rates below 100 Hz. An SLM that can simultaneously
deliver 0—27 analog phase-only modulation and a fast frame
rate would have the potential to enhance the performance of
existing applications, as well as provide new opportunities.

Ferroelectric LC devices give much faster frame rates than
nematic devices, but they have other unwanted side effects.
Typically, they are bistable and, therefore, only suitable for
binary phase modulation [5]. Alternatively, they can be driven
in the deformed helix mode [6], but the helix deformation re-
sults in a large birefringence change, which would manifest as a
large unwanted amplitude modulation. A chiral smectic ferro-
electric LC device has shown a 1.96z phase range at 1 kHz but,
with high nonlinearity, a steep transition with voltage and no
information on amplitude modulation [7]. Recently, an anti-
ferroelectric LC phase modulator was demonstrated to be
capable of 2z phase modulation with <300 pis response time
[8]. However, this required a thick device of the order of
50 pm. In practice, such a thick device would limit the mini-
mum pixel pitch, restricting the spatial resolution achievable.
LC phase modulators based on other LC mesophases such
as the blue phase, as well as the uniform standing helix and
uniform lying helix (ULH) in the chiral nematic LC phase have
been investigated [9], but not found to fulfill all the desired
specifications simultaneously.

LC phase modulators based on the flexoelectro-optic effect
[10] in chiral nematic LCs in the ULH mode have been pro-
posed previously and demonstrated to give a phase modulation
range of 0.717 at 500 Hz and 0.527 at 1 kHz [11]. While fast,
the low phase modulation range will be insufficient for many
applications. The lack of a suitable technology for stable, fast,
analog phase-only SLMs is a severe limitation for dynamic op-
tical systems. In this Letter, we present a solution to this prob-
lem and demonstrate a new ULH device configuration which
allows a full 27 analog phase modulation range, fast switching
speeds, no unwanted residual amplitude modulation, and a
thin device for good spatial resolution.

To enhance the phase modulation performance of flexoelec-
tro-optic LC phase modulators, different optical configurations
(I)-(IT) have been investigated, shown in Fig. 1(a). The basic
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Fig. 1. (a) Three device configurations (I)—(III) of the optical phase
modulator. P, polarizer; G, glass; E, transparent electrode; LC, liquid
crystal; R, reflective electrode; S, silicon backplane; Q1, Q2, quarter-
wave plates. The alignment layers on each side of the LC are omitted
for clarity. The LC retardance is as follows: (I) 0.25-0.54, (II) 0.254,
and (IIT) 0.5A. (b) Illustration of the flexoelectro-optic effect (i) under
no applied electric field and (ii) with an electric field applied into the

page.

configuration (I) has a ULH LC layer in a reflective configu-
ration. This is similar to that employed by Chen ez /. [11], but
with an additional polarizer at the front to preserve the polari-
zation state. An electric field is applied independently to each
pixel between the reflective electrode (driven by the silicon
backplane) and the transparent electrode on the inside surface
of the glass cover. Rather than make the rear electrode reflective,
it is also possible to use a dielectric mirror in front of it.
Configuration (II) is similar to configuration (I), except that
there is an additional quarter-wave plate after the polarizer,
and the LC layer has a retardance of 1/4. Configuration (III)
has, in addition, a second quarter-wave plate between the LC
and the reflector and, in this case, the LC retardance is set to
A/2. This is similar to that of Stockley ¢t a/. [7]. Alternatively, a
polymer cholesteric LC reflector may be used in place of the
mirror and quarter-wave plate combination, which may be
more manufacturable.

Figure 1(b) shows a diagrammatic illustration of the
flexoelectro-optic effect. In the ULH mode, the LC forms a
macroscopic helical structure, which is birefringent with an op-
tic axis in a plane parallel to the substrates of the device. When
an electric field is applied to the device, the coupling between
the applied field and the field-induced flexoelectric polarization
leads to a splay-bend distortion. This results in a macroscopic
rotation (tilt) in the optic axis within the plane of the device.
The LC may be modeled as a wave plate with an optic axis in
a plane normal to the incident beam, whereby this angle
changes with the amplitude of the applied field (and, hence,
voltage). An expression for the output optical field, E,, for
configuration (III) is given by

£.=2Q,(-5)pC01es (-5 )mes (§) e () £
O

where D(¢) is the Jones matrix of an LC device having retard-
ance § at an orientation of angle ¢ to the horizontal [12], Q; (%)
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Fig. 2. Simulation of the optical phase modulator (a) phase shift
and (b) transmission. (- blue) configuration (I) with LC retardance
0.3754; (= blue) configuration (I) with LC retardance 0.324; (— —
red) configuration (II) with LC retardance 0.31 (1/20 error); (—
black) configuration (III) with LC retardance 0.551 (1/20 error).

and Q, (%) are the Jones Matrices for quarter-wave plates at 7/4
to the horizontal, M is the Jones matrix of a mirror, E; is the
Jones vector for horizontally polarized light, and P is a horizon-
tally aligned polarizer. Configuration (II) has the same output
field as Eq. (1), but with Q, omitted. Configuration (I) also has
the same output field as Eq. (1), but with both Q; and Q,
omitted and the angle ¢ is offset by 7 /4.

Figures 2(a) and 2(b) show the theoretical phase shift and
transmission, respectively, for the three configurations (I)—(I1I)
presented in Fig. 1, using Eq. (1). Configuration (I) has an LC
thickness chosen to give a retardance between 0.25 and 0.54.
(Values above this give degenerate results.) At the upper end of
this range, it is found that there is very little phase change
whereas, at the lower end, there is a large amplitude modula-
tion, so there is clearly a trade-off. Figure 2 shows that for a
retardance of 0.3754, the phase modulation range is 0.57,
but with 50% amplitude variation over this range (- blue).
Reducing the retardance to 0.324 increases the phase modula-
tion to 0.727 (similar to Ref. [11]) but, at the same time, the
amplitude modulation increases to 81.9% (—- blue). The limit
of phase modulation possible for configuration (I) is  for 0.251
retardance. However, as this limit is approached, the phase ex-
hibits a sharp step change, and the transmission tends to zero in
the transition region.

Figure 2 shows for comparison results from configuration
(II) with a retardance error chosen to be 1/20, in addition
to the nominal LC retardance of A1/4. These results show a
marked improvement in the device performance compared
to (I) by giving a larger, linear phase change and no amplitude
modulation (- — red). A tlt-angle variation of £z/4 results
in a 7 phase range. As the phase change is linear over all
angles, no pre-biasing of the optic axis is required. However,
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the retardance error does introduce a small loss of 9.5%, but
this loss does not change with the phase setting.

Figure 2 also shows results for configuration (III) with a
chosen retardance error of 1/20 in addition to the nominal
LC retardance of 4/2. Figure 2 shows that a full 2z phase
modulation range is achievable with a flexoelectro-optic device
capable of only £ /4 change in the tilt angle. In addition, the
dependence of the phase on the tilt angle of the optic axis is
linear. The chosen retardance error introduces a small ampli-
tude modulation of 9.5%. Recently, chiral nematic LCs con-
sisting of the bimesogen CBC7CB have been shown to exhibit
tlt angles > £7/4 with switching speeds of ~1 kHz [13].
Therefore, using a chiral nematic LC mixture composed of
bimesogen compounds in configuration (III) has the potential
to enable a full 27 analog phase range at switching speeds of
>1 kHz. Furthermore, SLMs can potentially be fabricated
using this combination, enabling markedly higher switching
rates than are currently attainable.

A bench-top implementation of configuration (III) with a
bimesogen-based chiral nematic LC was constructed, and its
phase response was measured using a Michelson interferometer,
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Fig. 3. Experimental arrangement to measure the phase of the
proof-of-concept LC optical phase modulator: SH, shutter; NDx, neu-
tral density filter of optical density x; PC, personal computer; AFG,
arbitrary function generator; AMP, amplifier; TC, temperature con-
troller; CAM, camera; DUT, device under test; P, polarizer; Q15 Q2,
quarter-wave plates; L1; L2, lenses; M, mirror; BS, non-polarizing
beam splitter.
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shown in Fig. 3. Light from a helium—neon laser at 632.8 nm
(Uniphase 1125P) passes through a shutter, neutral density fil-
ter, and polarizer to a non-polarizing beam splitter (Newport
05BC16NP). One output port is directed to the reflective device
under test (DUT). The other output port has two mirrors to
reflect the light back with an angle offset to generate interference
fringes at the CCD camera (Thorlabs DCU224C, 1280 x 1024,
8-bit color). The interferometer was calibrated by using a nem-
atic LC cell (E7) and mirror as the DUT to provide a known
phase shift as a function of the applied electric field.

The LC DUT was then set up as per Fig. 3. The polarizer
and quarter-wave plates were placed on rotation mounts. Q1
was then rotated to obtain right circular polarization, which was
confirmed using a polarization analyzer (Schifter + Kirchhoff
SKO010PA-VIS). Lenses L1 and L2 (respectively, Thorlabs
LA1131A and LA1608) were used to focus the beam through
the LC cell, which was mounted on a hot stage (Linkam
LTS350 with TP93 controller). The LC was driven by a 1 kHz
square-wave signal from an arbitrary function generator (AFG)
(Wavetek 395) coupled to an amplifier (FLC Electronics
F10AD). The camera was triggered from the AFG to record
a 100 ps exposure towards the end of each half-cycle of the
square wave.

The LC mixture used consisted of the bimesogen CBC7CB
dispersed with 3 wt. % R5011 (Merck Ltd.), which is a high
twisting power chiral dopant. A nominally 5 pm thick cell with
antiparallel rubbed polyimide alignment layers and indium tin
oxide electrodes was used. The thickness of the empty cell was
measured to be 4.73 pm from the Fabry—Perot fringes observed
in the white-light transmission spectrum recorded on a UV-
visible spectrometer (Agilent 8454). The cell was capillary
filled with the LC mixture. The LC mixture exhibited a right-
handed, chiral nematic phase between 102°C and 118°C. To
align the cell in the ULH mode, the cell was heated above the
clearing temperature of 118°C and allowed to cool in the pres-
ence of a 1 kHz £ 20 V signal applied to the cell. All sub-
sequent measurements were carried out at 108°C. From
Ref. [14], the extraordinary and ordinary refractive indices
for CBC7CB at this temperature and a 633 nm wavelength
are 1.69 and 1.555, respectively. Using an expression for the
birefringence of the ULH structure [15], this translates into
a retardance of 0.514. The pitch was estimated to be 245 nm
by measuring the optical rotation with a polarizing microscope
and using an expression in [16].

Figure 4 shows the interference fringes recorded on the cam-
era in response to different applied peak voltage levels up to
+21.5 V (£ = £4.5 Vpm™). It can be seen that the fringes
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Fig. 4. Experimentally captured interference fringes for different voltages applied to the LC optical phase modulator. A 1 kHz amplitude signal
was applied to the LC and the camera triggered on one half-cycle of the square wave to record the instantaneous fringe intensity pattern at each

voltage level. The red line provides a reference phase.
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Fig. 5. Experimentally measured data: (a) optical transmission of
LC through crossed polarizers (with no other components) under
an applied 1 kHz square-wave drive of =11 V. The device optic axis
at zero electric field was at an orientation of 7/8 from the transmission
axis of one of the polarizers. (b) (x blue) fringe data recorded from the
camera, (— red) fit to fringe data.
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Fig. 6. Experimentally extracted phase (left axis) and transmission
(right axis) for the LC optical phase modulator. (x red) phase, (-
blue) amplitude. Inset: tilt angle of the optic axis (T'A) versus voltage
for the LC mixture (without any additional components).

move relative to the reference line as the voltage is increased, all
the way to the point that the next fringe reaches the line, dem-
onstrating a 27 phase range. The 8-bit spatial data recorded
from the camera were fitted to an interference pattern from
two Gaussian beam profiles to determine the amplitude and
relative phase at each voltage level. Figure 5(a) shows the optical
transmission of the LC through crossed polarizers for an exem-
plar case of an applied 1 kHz square wave at =11 V. The
change in the tilt angle at this drive voltage is approximately
+7/8 rad, and it can be seen that the device permits 1 kHz
switching. Figure 5(b) shows typical fitted data extracted from
the fringe intensity data shown in Fig. 4.

Figure 6 shows the phase shift and amplitude variation for
the bench-top phase modulator as a function of the applied
voltage. The tilt angle and retardance were measured against
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the voltage for the LC mixture, using a time-resolved technique
described in Ref. [17]. The tilt angle of the optic axis is shown
as an inset in Fig. 6, showing > /4 angle change. The retard-
ance was measured to vary between 0.51 and 0.544 with volt-
age, which is within the chosen 4/20 tolerance for the
simulation results. The phase range exceeds 27 and is approx-
imately linear, as expected from Fig. 2. The amplitude variation
is also low at less than 23%. However, this variation also in-
cludes noise from the experimental measurement system. It is
possible that this amplitude fluctuation could be improved fur-
ther by ensuring that the retardance is closer to a half-wave plate
by adjusting the cell thickness and/or mixture composition.

In conclusion, we have demonstrated a new flexoelectro-
optic LC phase modulator. The device uses a high tilt angle
chiral nematic LC (CBC7CB with 3% R5011), a polarizer,
two quarter-wave plates and a mirror. This configuration ex-
tends the reported modulation range of flexoelectro-optic phase
modulators from 0.7 17 to >27. The resulting LC optical phase
modulator simultaneously achieves a full 0—27z analog phase
range and a fast frame rate of 1 kHz, with low residual ampli-
tude modulation of <23% in a thin ~5 pm device. We believe
that the device presented in this Letter has the potential to
be scaled up to a full high spatial resolution SLM using an
LC-on-silicon fabrication process.

The research materials supporting this paper may be
accessed in Dataset 1, Ref. [18].
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