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A B S T R A C T   

By monitoring the time-dependent phase modulation behavior, we demonstrate the benefits of backflow on the 
phase modulation depth of nematic liquid crystal (LC) pi-cells in comparison to the phase modulation observed 
for other nematic LC device configurations. Specifically, results are presented for the time-resolved phase 
modulation of three different nematic LC device configurations under a range of electric field conditions: pi-cell 
(parallel-rubbed alignment layers), Fréedericksz cell (anti-parallel rubbed alignment layers), and a hybrid 
aligned nematic (HAN) device. The time-dependent behavior is obtained experimentally with a Michelson 
interferometer with a piezoelectric scanning mirror in the reference arm, which provides a continuous phase 
ramp in the reference signal. By recording the interference signal intensity, it is then possible to extract the 
change in optical phase as a function of time. It is shown that both the pi-cell and Fréedericksz cell exhibit a 
modulation that is greater than π radians for a double-pass configuration (2π radians for a four-pass configu
ration), with the lowest voltage amplitude corresponding to π phase modulation being observed for the pi-cell. 
Through the time-resolved response, it is shown that the presence of backflow hinders the dynamic phase 
response of the Fréedericksz device but does not negatively impact the behavior of the pi-cell. These results are 
found to be in good agreement with simulations of the phase modulation for the three nematic devices when 
backflow is taken into consideration.   

1. Introduction 

Liquid crystal (LC) spatial light modulators (SLMs) have become an 
enabling technology for shaping the wavefront of light in a range of 
different applications including laser micromachining [1], optical 
communications [2], and biomedical imaging [3]. Phase-only optical 
modulation, in particular, is found to be important for augmented reality 
(AR) near-eye displays [4–7] and free-space optical beam steering 
[8–10]. A key reason why LC-SLM technology is of significant value is 
that it enables direct control over the structure of the optical illumina
tion through the application of a voltage to a thin pixelated LC layer. 
When considering which LC phase to use in SLMs, the choice has his
torically been between nematic [11] and ferroelectric [12] materials, 
although other LC phases have been considered in recent years [13]. 

In terms of the technology requirements for current commercial 
applications, both the nematic and ferroelectric phases have their ad
vantages and disadvantages, such as depth of modulation versus speed, 

and the trade-off between these properties depends upon the nature of 
the application. Ferroelectric LC (FLC) devices can be operated in a 
number of different modes, but it is common in SLM applications to use 
them in a bistable configuration. Depending on the choice of input and 
output optical polarisation states this then allows either amplitude 
modulation or phase modulation or a combination of the two to be 
realised. For example, early work on the development of FLC devices for 
optical modulation demonstrated that they can switch between two 
states using a surface stabilised FLC arrangement [14]. Alternatively, a 
more recent report has demonstrated free space adaptive optical in
terconnects operating at 1.25 Gb/s using a bistable FLC-SLM that can 
provide a retardation of approximately 0.8π at 850 nm [15]. A critical 
feature that is essential for AR display applications as well as for optical 
communications is the switching speed, which is determined by both the 
LC phase that is used and the fundamental configuration of the LC layer 
(e.g., the alignment of the director in the case of a nematic LC). In the 
case of nematic LC devices that consist of anti-parallel rubbed planar 
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alignment layers (e.g., rubbed polyimide), the result is a uniformly- 
aligned nematic LC layer with the director aligned approximately par
allel to the device substrates. When an electric field is applied, and for a 
positive dielectric anisotropy nematic LC, the director rotates to align 
with the electric field. The threshold voltage above which the LC di
rector reorients is known as the Fréedericksz transition. Due to the two 
different principal refractive indices along and perpendicular to the di
rector, the result is a modification in the effective birefringence, which 
in turn alters the difference in the optical path length and consequently 
the phase difference, thus making optical phase modulation possible. 

In a practical device application, analogue phase modulation is 
generally much more useful than bi-state modulation, which in turn 
requires a continuous rotation of the LC director under an applied 
electric field. The detailed device behavior is complicated by the various 
physical processes that take place during switching, which are influ
enced by both the material and device behavioral properties such as the 
elasticity, viscosity, and backflow. Combined with the initial device 
configuration, these properties determine the speed of the phase mod
ulation and thus have significant impact on the switching speed of the 
LC-SLMs [16]. For example, flow-reorientation coupling in nematic di
rector switching (commonly referred to as backflow) tends to slow down 
the switch-off process in nematic LC based device technology. This is 
because during switch-off the director reorientation-induced flow of the 
LC tends to work against the required reorientation process, slowing 
down the behavior. This is unfortunate because slow modulation im
pedes access to higher information bandwidths and limits high-speed 
applications – for example, this can result in breakup in field sequen
tial color operation [17]. Understanding the time-resolved response of 
the phase modulation is therefore of crucial importance in terms of 
improving the response time and selecting the best-performing config
urations. This, in turn, requires a direct measurement of the time- 
resolved response of the optical phase modulation of these LC phase 
modulators. 

Whilst in many of the practical applications involving LC phase 
modulation, such as in SLMs, it is the relative phase of the propagating 
wavefront between different pixels which is important, in order to study 
phase modulation behavior directly it is beneficial to measure the 
induced phase change relative to a reference wave. A convenient way to 
do this is, for example, to use a Michelson interferometer whereby the LC 
device to be investigated is placed in one “arm” of the interferometer. 
Other methods that have been explored include Young’s double slit 
configuration [18] or by introducing a Ronchi grating in the object plane 
and observing the variation in the diffraction pattern in the imaging 
plane so as to infer the phase modulation depth [19]. Another approach 
is to use a Twyman-Green interferometer, which can provide quantita
tive information about the phase shift [20,21]. In our previous work, we 
have tracked the changes in the phase by imaging the interference 
fringes [22]. However, this method is not ideal because for LC devices 
that reorient at millisecond timescales it is necessary to use either high 
speed imaging of the fringes or else to use a stroboscopic imaging 
approach. Additionally, the process of phase modulation extraction from 
the data, through image processing and fitting of line samples from 
images, adds additional complexity and potential sources of error, 
particularly as highly uniform images of the fringes are required. 

To address these issues a measurement of the phase as a function of 
time is needed. We recently developed a heterodyne interferometer to 
measure optical phase over time [23]. In this paper we use a variation on 
this approach, such that a piezoelectric scanning mirror is placed in the 
reference arm of a Michelson interferometer to provide a continuous 
phase ramp in the reference signal. The interference signal intensity is 
then recorded and the phase modulation can be extracted directly. We 
then use this technique to investigate the time-dependent phase modu
lation behavior for three technologically-important nematic LC align
ments which are shown in Fig. 1. In Fig. 1 (a) we illustrate anti-parallel 
rubbed planar aligned nematic LC (we refer to this as the Fréedericksz 
cell) [24] - this is actually the most commonly used nematic alignment in 
phase modulation nematic SLMs. In Fig. 1 (b) we illustrate parallel- 
rubbed planar alignment (the pi-cell configuration) [24] – this has 
been shown to exhibit fast switching. Early work on this operating mode 
showed that the relaxation time from the switched state to the bend state 
(shown as the E→ on and E→ off states in Fig. 1 (b)) could take place on 
millisecond time scales [25]. Further investigations showed that the 
unique geometry of the pi-cell configuration allows more favourable 
nematic director switching dynamics (flow-reorientation coupling) than 
other switching modes, enhancing the switching speed and making the 
mode potentially useful for high-speed applications such as field- 
sequential color displays [26,27]. This mode is therefore also inter
esting for current and future optical phase modulation technologies. In 
Fig. 1 (c) a hybrid aligned nematic (HAN) [28] cell arrangement is 
shown. 

In this work, we compare our experimental findings with simulations 
of the phase modulation behavior when backflow is considered and 
combine the effect of backflow with the elasticity and viscosity prop
erties that are typically discussed in the context of response time studies. 
By modelling the influence of backflow for these three different nematic 
LC device configurations, and making comparisons with experiments, it 
is possible to identify the optimum configurations and understand their 
resultant behavior. These dynamic phase response measurements 
demonstrate that backflow hinders the response of the Fréedericksz cell 
but not the response for the pi-cell. The findings and experimental 
technique presented would be of importance for commercial LC devices 
and could, in the future, lead to the development of faster, analogue 
phase-only modulation. 

2. Experiment and simulation 

2.1. Experiment configuration 

A schematic of the Michelson interferometer that is equipped with 
the piezoelectric scan mirror arrangement used in this study is shown in 
Fig. 2. A continuous wave He-Ne laser (Thorlabs, HNL505L) operating at 
632.8 nm is passed through a 50:50 beam splitter (Thorlabs, BS016- 
50:50 Non-Polarizing Beamsplitter Cube, 400–700 nm, 20 nm) where 
the beam is split into two: one beam passes through a linear polarizer 
and then the LC device under test before being reflected back by a 
mirror. The orientation of the LC device is with the surface alignment 
direction parallel to the incident polarizer in order to lead to optimum 

Fig. 1. Illustration of the three different configurations of the LC director for the nematic LC devices considered in this work: (a) Fréedericksz device (anti-parallel 
rubbed alignment layers); (b) pi-cell (parallel-rubbed alignment layers); (c) HAN device. All configurations are shown with and without an applied electric field. It is 
considered that the director only rotates within the x-z plane. 
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phase modulation. The other beam, on the other hand, propagates to
wards a second mirror that is mounted on a piezoelectric stage (Melles 
Griot, 17 TFJ001/D) that is controlled by a waveform generator (Mul
ticomp PRO, MP750510) via a Melles Griot Piezoelectric Controller (17 
PCW002). By carefully adjusting the frequency, shape and amplitude of 
the control waveform, the piezoelectric stage that is fitted with the 
mirror can move along the optical axis back and forth smoothly. The 
piezoelectric stage is controlled by a triangular waveform with a 10 % 
symmetry, 30 mHz frequency so that the mirror travels from 30 μm to 
35 μm (the total travel distance of the piezo stage is 50 μm and has a 
good linearity between 8 μm and 45 μm) over a period of 30 s. 

The principle of this method is generally referred to as phase shifting 
interferometry. This approach can be used in a range of applications, 
such as in axial surface and position measurements and in high resolu
tion interference microscopy [29–31]. The method is generally based on 
changing the optical path length smoothly and continuously in the 
reference arm, resulting in intensity in the interference pattern which 
will continuously change. The resulting signal (or series of images in an 
imaging system) can then be analysed to extract the required phase in
formation. For example, in our system this approach leads to a sine wave 
profile being captured for a fixed signal beam phase. The frequency of 
this sine wave depends on the characteristics of the movement of the 
scanning stage. The LC phase modulator under investigation is then 
controlled by an external waveform signal. The phase shift waveform 
from the signal arm will then effectively be overlaid on top of the sine 
wave to form a new waveform with a different shape. By selecting, 
extracting, and analysing the new waveform at some key feature points, 
we can then extract the value of the phase shift, as explained in the 
analysis in the next section. The material chosen for this investigation is 
the widely studied LC nematic mixture E7 (Synthon Chemicals ltd.). The 
clearing temperature of this mixture is 58 ◦C [32] and the ordinary and 
extraordinary refractive indices are no = 1.52 and ne = 1.74 [33], 
respectively, at a wavelength of 632.8 nm and room temperature. The 
dielectric anisotropy of E7 at room temperature is reported to be Δε ≈

14 . 

2.2. Theoretical considerations 

2.2.1. Extraction of the optical phase 
In general, the single point intensity observed on an imaging plane 

resulting from the interference between two light waves can be written 
as a short-term average I = 〈{E1(t) + E2(t) }2

〉, where E1(t) and E2(t) are 
the instantaneous electric fields generated by the waves from the two 
interfering light sources, and the average is taken over a time that is 

large compared with the period of a light wave, but small compared with 
the time-scale of the signals of interest. 

The light at the detector in our system is the sum of the light prop
agating along the reference arm and the light propagating along the 
signal arm of the interferometer as presented in Fig. 2. Ignoring the 
phase change due to the propagation of the light along its path, the light 
from the reference arm can simply be expressed as. 

Eref (t) = Acos(ωt) (1)  

whereas the light for the signal arm is given by. 

Esig(t) = B(t)cos(ωt + kt + Δ + φ(t)) (2) 

where Eref and Esig represents the electric field component of the 
reference and signal arm light, respectively, t is time, A and B(t) are the 
amplitudes of the reference and signal light beam, respectively (where 
the signal is shown as time dependent because the modulator may 
introduce amplitude/intensity modulation as well as phase modulation), 
ω is the angular frequency of the light, kt is the term for the continuous 
phase change resulting from the piezoelectric scan mirror, Δ is the 
system optical path difference which results from the system construc
tion process, and φ(t) is the time dependent phase modulation induced 
by the LC device. 

Assuming that the photodiode is not responsive to the frequency of 
the light, but has a sufficient bandwidth to respond to the modulating 
signals, then based on Eq. (1) and Eq. (2), the light intensity can be 
determined by calculating the average of the square of the sum of these 
two equations, which leads to the following: 

I =
A2

2
+

B(t)2

2
+ A⋅B(t)cos(kt + Δ + φ(t)) (3)  

where the average is taken over a period that is much shorter than that 
of the modulating signals. 

First of all, let us consider the case when there is no modulation. In 
this case, the signal will simply be an offset sine wave, as can be seen in 
Fig. 3 (a). Here we choose four specific points where the phase term, kt +
Δ, is equal to nπ and π

2 + nπ, labelled as Ix, Iy, Iz, and Ik in Fig. 3 (a). 
At the corresponding four specific points labelled in Fig. 3(a), the 

intensity becomes: 

Ix(t) =
A2

2
+

B(t)2

2
+ A⋅B(t)cos(φ(t)) (4)  

Iy(t) =
A2

2
+

B(t)2

2
− A⋅B(t)sin(φ(t)) (5) 

Fig. 2. A schematic illustration of the Michelson interferometer with a piezoelectric scan mirror placed in one arm of the interferometer.  
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Iz(t) =
A2

2
+

B(t)2

2
− A⋅B(t)cos(φ(t)) (6)  

Ik(t) =
A2

2
+

B(t)2

2
+ A⋅B(t)sin(φ(t)) (7) 

Subtracting (5) from (7) and (6) from (4) separately, and then 
dividing, we can obtain the value of the phase modulation from: 

φ(t) = arctan[
Ik(t) − Iy(t)
Ix(t) − Iz(t)

] (8) 

It should also be noted that. 

A2 +B(t)2
= Ix(t)+ Iz(t) (9) 

In practice, it is necessary to identify and select the data around the 
points labelled in Fig. 3(a) when a modulating signal is applied to the 
device. In order to do this, well defined reference points are added to the 
modulating signal. In post-processing, these can then be identified, and 
the signals can then be extracted from the points labelled and can then 

be “processed” using Eq. (8). The extracted and realigned data subsets 
from around the points Ix, Iy, Iz, and Ik are shown in Fig. 3(b). The 
resulting extracted optical phase as a function of time is then of the form 
shown in Fig. 3(c), the details relating to its shape and values will be 
analysed and discussed in the following sections. The raw data was 
collected by an A/D converter with a 200000-point-per-sec sample rate, 
allowing sufficient resolution to study the LC phase modulation. 

2.2.2. Modelling of the LC director 
The number of LC molecules is enormous even in a device of a few 

microns thickness, therefore simulation at an atomistic or molecular 
level is not appropriate in this case. Thus, a macroscopic continuum 
method based on Ericksen-Leslie-Parodi’s [34–36] theory has been used 
for the simulations of the phase modulation. The LC director is thus 
treated as continuous which allows gradients to be specified. In many 
simulations that are undertaken for interpreting the switching behavior 
of nematic LC devices, the influence of backflow is not commonly dis
cussed in detail. Some literature have discussed how backflow can in
fluence the dynamics in nematic LC disclinations [37] and twist cell 
configurations [38]. However, for a rigorous understanding of the 
modulation, the backflow cannot be ignored, and the flow gradients 
have a significant impact on the dynamic behavior of the system. 
Generally, backflow has a negative impact on the switching times in a 
Fréedericksz device due to the flow-reorientation coupling but can have 
a more positive impact on the performance of a pi-cell. In their work, 
Walton and Towler make direct comparison between pi-cell switching 
times with and without the inclusion of flow-reorientation coupling in 
simulations [27] where it is shown that when the backflow is not 
included a slower switching response is observed in the pi-cell. This 
work therefore emphasises the importance and positive benefit of back- 
flow effects in pi-cell switching. Taking these findings into consider
ation, the modelling in this work simulates the Frank elastic energy 
density function(s), as well as the effects of dielectric coupling and 
backflow. A numerical approach is then employed to determine the 
phase modulation behavior. 

The director profile of a volume of LC material is defined in this work 
based on the coordinate system illustrated in Fig. 4. Here the structures 
under consideration are untwisted, and ϕ = 0 and the director remains 
in the x-z plane. The HAN cell is intrinsically untwisted due to the 
homeotropic anchoring at one surface. Therefore, in such a device, when 
using an achiral nematic LC, the director is confined to a single 
switching plane. The Fréedericksz device has a small surface tilt angle of 
4◦, but is untwisted, although in practical devices small errors in device 
assembly can lead to small twists within the device. In this work devices 
are carefully chosen that show very little residual twist. Additionally, 
relatively high amplitude electric fields are applied in this work, 
ensuring that the director is perpendicular to the substrates in the centre 
of the cell, hence effectively decoupling the top and bottom halves of the 
cell – hence the assumption that the director remains in the x-z plane is 
reasonable. The pi-cells studied in this paper also have small surface tilt 
angles of 4◦, and in these devices twisted states can occur when the 

Fig. 3. (a) Example waveforms of the interference signal and the specific points 
of interest. The black solid line depicts the sine wave obtained when an LC 
phase modulator is placed in the signal arm but not modulated by an external 
electric field and the light yellow is an example envelope of the signal modu
lated by the LC device. (b) The realigned extracted signals from around the four 
specific points highlighted in (a). The dark red solid line is the waveform 
around Ix; the orange solid line represents the waveform around Iy; the dark 
green solid line is the waveform around Iz; and the purple line is the waveform 
around Ik. (c) An example of the time-resolved modulation of the optical phase 
of a 5 μm E7 nematic pi-cell when subjected to an applied voltage of V = 10 V 
at room temperature. The device was driven with a 5 kHz square wave, which is 
itself amplitude modulated with a second lower frequency wave that results in 
1 ms duration bursts of the 5 kHz signal, followed by 1 ms spacings whereby V 
= 0 V. This data has been extracted according to Eq. (8). (The sample rate used 
for the data presented here is 200,000 per second.). 

Fig. 4. The geometry of the LC director in a glass cell. The two substrate sur
faces are in the x-y plane and are perpendicular to the z-axis. 
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electric field is removed. However, such states take time to form, and do 
not occur on the timescales of the modulation investigated here. Again, 
the top and bottom halves of the device are effectively decoupled by 
applying relative high amplitude electric fields, and the assumption that 
the director remains in the x-z plane is reasonable. The general Frank 
elastic energy density equation is then given by [39]. 

felastic =
1
2
K11[∇

→⋅ n→]
2
+

1
2
K22[ n→⋅(∇→× n→) − q ]2 +

1
2
K33[ n→× (∇

→
× n→) ]

2

(10)  

where K11, K22, K33 represent the splay, twist and bend elastic constants, 
respectively, and q is the natural twist of the material which is nonzero 
only in the chiral nematic phase and is equal to 2π

p , where p is the pitch of 
a chiral nematic LC. The materials used in this study are not chiral, so 
q = 0. The electric field is applied across the cell, parallel to the z-axis in 
Fig. 4, and perpendicular to the substrates. The size of the active elec
trodes of the cells in the x-y plane was around 2.5 cm2 whereas the cell 
gaps were under 10 μm. Therefore, because of the large aspect ratio 
between the length scale in the z-direction and the length scales in the x- 
y plane, the electric field E→ can be considered as consisting of only the 
component Ez, while Ex = Ey = 0. The electrostatic energy density of the 
device then takes the form. 

felectro = −
1
2

D→• E→= −
1
2
DzEz = −

1
2
ε0εzzEz

2 (11)  

where ε0 and εzz represent the free space permittivity and the z- 
component of the relative dielectric permittivity tensor, respectively, D→

is the electric field displacement vector and E→ is the electric field vector. 
In our system this becomes. 

felectro = −
1
2
Ez

2ε0(Δεsinθ2 + ε⊥) (12) 

With the large pixel assumption ∂Dz
∂z = ∂Ex

∂z =
∂Ey
∂z = 0. The objective of 

the simulation is to determine how the LC alignment behavior changes 
over time, so using a computational method to solve the rate of the 
change of the free energy of the system is essential. The approach is to 
describe the rate of the energy dissipation as. 

∂
∂z

(
∂L
∂θ′

)

−
∂L
∂θ

=
∂D

∂θ̇
(13)  

where L is the free energy density, and D is the dissipation function. 
Using the standard Einstein summation convention, the general form 

of the dissipation function, can be written as [40]. 

D =
(α4

4

)(
vj,ivj,i+vj,ivi,j

)
+
(α5 − α2

4

)(

ninjvk,ivk,j − 2ṅknivk,i

)

+

(
α2+2α3+α5

4

)(

ninjvi,kvj,k − 2ṅknivi,k

)

+
(α2+α5

2

)(

ninjvk,ivj,k+ṅknivk,i − ṅknjvj,k

)

+
(α1

2

)
ninjnknpvj,ivp,k 

+
(α3 − α2

2

)
ṅk

2  

where the α1 ~ α5 coefficients are the Leslie viscosities [35]. Assuming 
in a real device the LC flow is incompressible, then the only non-zero 
flow terms are the velocity of the fluid, vx,z = vx

′. Substituting for the 
nematic LC configurations introduced here we then have. 

∂D

∂θ̇
= (α3 − α2)θ̇+ vx

′(α3cos2θ − α2sin2θ) (14) 

For the right-hand side of Eq. (14) there are two unknowns (θ̇, vx
′). 

Therefore, it is necessary to introduce the Navier-Stokes equation. 

ρv̇i = Fi + σji,j (15)  

where ρ is the density of the fluid, v̇i = ∂vi
∂t , Fi is the external body force, 

and σji is the stress tensor. It is assumed that in our system the external 
body force can be neglected, as a result, Fi = 0. Additionally, for the left- 
hand side of Eq. (15), it is assumed that inertial terms only act over a 
timescale significantly shorter than the relaxation time of the LC di
rector. Thus, Eq. (15) is further reduced to σji,j = 0. In this study, the only 
non-zero dynamic portion of the stress tensor in an untwisted nematic 
system is σ̃zx, which is given as. 

σ̃zx =
∂D

∂v′

x
=

v′

x

2

[
2α1sin2θcos2θ+ α2(cos2θ − sin2θ

)

+ 2α3cos2θ+ α4 + α5]+θ̇(α3cos2θ − α2sin2θ) (16) 

Eq. (16) can now be combined with Eq. (14) to obtain a pair of 
equations for θ̇ and v′

x [41] – this system can then be solved numerically 
to determine the behavior of the LC director. Furthermore, based on the 
time dependence of the director profile, the intensity modulation can 
also be modelled along with the phase modulation using a Jones matrix 
approach to represent the light propagation through the nematic LC 
layer. The elastic, dielectric and refractive index coefficients used for the 
model here were K11 = 11.1 pN, K33 = 17.1 pN, ε⊥ = 5.4, ε‖ = 17.4, no =

1.5, ne = 1.72 and the wavelength was set to λ = 632.8 nm [42]. 

3. Results and discussion 

The devices investigated here are three different, but well-known, 
configurations of nematic LC devices: a Fréedericksz cell [24], a pi-cell 
[24], and a HAN cell. In each case, the LC modulators are placed in 
the signal arm of the Michelson interferometer arrangement illustrated 
in Fig. 2. Each device is typically driven with a 5 kHz square wave, 
which is itself amplitude modulated with a second lower frequency 
wave. In the data presented in the following, this configuration is used in 
order to provide 1 ms duration bursts of the 5 kHz signal, followed by 1 
ms “gaps” at 0 V. An example of the driving signal is shown in Fig. 5(a). 
The voltage amplitude used in this case is V = 25 V. 

Alongside the driving waveform, Fig. 5 also shows a set of data that 
demonstrates the time-resolved phase modulation behavior of a 5 μm 
nematic pi-cell at room temperature. The phase modulation response 
shown in Fig. 5(b) is a result of the on–off external electric field which is 
shown in Fig. 5(a). It can be seen in Fig. 5(b) that a phase depth of 
around 3.7 rad is achieved over a timescale of 1 ms. Following the switch 
on state is a 1 ms period when the LC device is switched off (this is 
represented by the black line parts in Fig. 5(b)) where the LC device 
modulates the phase of the incident light from 0 to 3.7 rads in 1 ms (see, 
for example, the response over the time period from 1.5 ms to 2.5 ms in 
Fig. 5(b)), before rapidly dropping back to 0 rad when the electric field is 
re-applied. This behavior would easily lead to a phase modulation that 
was greater than 2π with a sub-millisecond timescale using the four-pass 
configuration that was presented in a previous paper [22]. 

Because the nematic pi-cell behaves as a capacitor, which is driven 
through the resistance of the indium tin oxide (ITO) electrodes, when 
the electric field reverses at 5 kHz between 25 V and − 25 V, the 
capacitor charging time leads to a ripple in the signal which is the red 
line in Fig. 5(b). It is more noticeable in Fig. 5(c) when the voltage 
driving conditions were set to a square wave of V = 25 V, f = 5 kHz, but 
without the 500 Hz amplitude modulation. Fig. 5(d) shows the residual 
intensity modulation. The data shown in Fig. 5(d) was extracted using 
Eq. (9). 

To investigate the behavior of the three different nematic LC devices, 
a series of experimental tests were carried out and the measurements 
were then compared with the results from simulations. In the simula
tions, the surface anchoring conditions are “strong”, with a no-slip 
condition in the flow at the surfaces and infinity strength surface tilt 
anchoring with a small surface pretilt angle of 4◦. The Leslie coefficients 
used in the model were α1 = − 21 mPa⋅s, α2 = − 282 mPa⋅s, α3 = − 1 
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Fig. 5. An example of the experimental data for the time dependence of the phase modulation for a nematic LC pi-cell with a thickness of 5 µm. (a) An example of the 
modulated square wave, the square wave frequency is 5 kHz and the amplitude modulated (AM) frequency is 500 Hz. Note that the voltage amplitude is varied 
depending on the experiment and the value is specified in each case. (b) The extracted phase modulation using Eq. (8) as a function of time for the electric field 
conditions: V = 25 V and f = 5 kHz, AM frequency 500 Hz and (c) V = 25 V, f = 5 kHz without the application of the AM square wave. (d) corresponding intensity 
modulation as a function of time for a modulated square wave, V = 25 V, AM frequency 500 Hz. The value of the intensity has been normalized to the maximum 
intensity value. 

Fig. 6. Experimental measurements (blue solid lines) and simulations (red dashed lines) of the phase modulation as a function of time for the three different nematic 
LC configurations considered in this study: nematic pi cell (parallel rubbed alignment layers), Fréedericksz device (anti-parallel rubbed alignment layers), and a 
hybrid aligned nematic (HAN). The cell gap used in the simulation for the pi and Fréedericksz cells were 5.78 µm and 5.12 µm, respectively, whereas for the HAN cell, 
the thickness was 7.44 µm. Each cell was filled with the nematic LC, E7. The time when the modulating signal is applied and when the voltage is zero in (a), (b) & (c) 
were 1 ms, but were 10 ms in (d), (e) & (f). The amplitude of the applied voltage in all cases was V = 25 V. Measurements were carried out at room temperature. 
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mPa⋅s, α4 = 225 mPa⋅s and α5 = 92 mPa⋅s, taken from Ref. [43]. Fig. 6 
shows direct comparisons between the experimentally determined 
phase modulation and the phase modulation predicted from simula
tions. Two sets of results are shown, one with an AM modulating fre
quency of 500 Hz (i.e., with the 5 kHz signal on for 1 ms, and off for 1 
ms) (Fig. 6(a) – (c)), and one with an AM frequency of 50 Hz (i.e., with 
the 5 kHz signal on for 10 ms, and off for 10 ms) (Fig. 6(d) – (f)). The 
behavior for 1 ms bursts illustrates the available phase modulation over 
a target time scale of 1 ms, whereas the response for the 10 ms bursts 
serves to illustrate the impact of backflow on the resulting device 
behavior. 

The results from simulations are found to be in good agreement with 
the experimental results for the different switching conditions. It can be 
seen that the shapes of the phase modulation response are very similar 
for all three devices when driven with 1 ms bursts. Furthermore, the 
nematic pi-cell (parallel rubbed) and the Fréedericksz device (anti-par
allel rubbed) show similar phase modulation over a timescale of 1 ms 
(Fig. 6(a) and 6(b)), with the Fréedericksz device being just slightly less 
responsive. In contrast, the HAN device shows somewhat less phase 
modulation (Fig. 6(c)), and is thus less promising for commercial phase 
modulation technology. 

The behavior observed can be understood in terms of the high 
voltage response of nematic LC devices. When high voltages are applied, 
the LC director in the bulk of the device is switched to a near homeo
tropic alignment. When the voltage is removed, however, the device 
returns towards the corresponding pi, planar or HAN states, depending 
upon the original configuration of the nematic LC. Initially, this relax
ation occurs as boundary layer regions growing from planar-aligned 
surfaces [22]. In the nematic pi-cell and the Fréedericksz device these 
boundary layers grow from both surfaces, but in the HAN device, this 
only occurs at one surface, the corollary of which is that the level of 
phase modulation obtained is lower (compare Fig. 6(c) with Fig. 6(a) 
and 6(b)). This behavior is largely independent of the device thickness. 

At longer time scales, however, the backflow becomes important, as 
is evident in the response of the devices when driven with 10 ms bursts 
(Fig. 6(d) – (f)). In these cases, we see substantially different responses 
between the pi-cell (Fig. 6(d)) and the Fréedericksz (Fig. 6(e)) devices. 
For the Fréedericksz device, it can be seen that the phase modulation 
increases rapidly when the field is removed before increasing at a slower 
rate up until approximately 5 ms when the phase modulation increases 
at a greater rate. This behavior is also reproduced in the simulations and 
is an effect that is caused by backflow, which tends to hinder the switch- 
off response in Fréedericksz devices. This behavior is not apparent in the 
pi-cells because in these devices the backflow tends to work with the 
switch-off response (i.e., with the reorientation of the director) rather 
than against it. As noted above, this concept has been demonstrated 
previously in the work of Walton and Towler where direct comparison 
was made between the flow influenced pi-cell director relaxation and 
the behavior observed when ignoring flow [27]. 

It is clear that the limiting effect in terms of the available phase 
modulation depth is the phase change that occurs during the switch-off 
period after the device has been driven on. Therefore, we further 
investigated the available phase modulation depth of the devices under 
different applied voltages. Five experimental points were chosen, with 
the driving voltages varying from V = 5 V to V =25 V in increments of 5 
V. The magnitude of the deviation between the theory and the mea
surement was 0.14 rads for the HAN cell and 0.09 rads for pi and 
Fréedericksz cells. 

Fig. 7 presents both experimental and modelling results of the 
achievable phase modulation depth as a function of the applied voltage 
amplitude. The waveform that was applied was the same shape as that 
illustrated in Fig. 5(a) and here the black squares represent the results 
from simulations while the red dots represent the experimental results at 
the five different voltages. The results also show that for the same 
applied voltage amplitude, the nematic pi cell performs best in terms of 
the available phase modulation compared with both the Fréedericksz 

cell and the HAN cell. Similarly, and as shown here, the pi-cell can 
achieve more than a π (ϕ = 3.14 rads) phase modulation (or 2π phase 
modulation if the device is implemented in a four-pass configuration of 
the type discussed in Ref.[22]) at a lower voltage amplitude (V = 6.9 V) 
and can achieve the largest phase modulation of all three devices (ϕ =

3.7 rads). For the nematic pi-cell and the Fréedericksz device, the dashed 

Fig. 7. The available phase modulation as a function of voltage when driven 
with voltage waveforms of the same shape as that shown in Fig. 5(a). The black 
squares represent the simulation results and the red dots represent the experi
mental results recorded at five different voltage amplitudes for the switching on 
state. (a) a nematic pi cell, (b) a Fréedericksz cell, and (c) a HAN cell. The 
experimental results were obtained at room temperature. 
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blue lines in the plot indicate the voltage that corresponds to a π phase 
modulation. It can also be seen that the HAN cell used here cannot reach 
a full π phase modulation in a timescale of 1 ms, even though the cell 
thickness is more than that of the pi-cell and Fréedericksz cell. For each 
configuration, as the drive voltage is increased, the phase modulation 
increases, but above a certain level the increase is only very small. This is 
because once the applied voltage reaches a level such that the boundary 
layer between the bulk homeotropic state and the planar surface state is 
substantially less than the wavelength of light, a further voltage increase 
does not substantially increase the change in the phase. 

Finally, we illustrate experimental measurements of the time- 
dependent behavior of the phase modulation when switching between 
arbitrary phase modulation depths for the nematic LC pi-cell. In this 
case, the applied 5 kHz square wave is modulated by a pseudo-random 
pattern, and the resulting time-dependent phase was extracted. This is 
shown in Fig. 8. The electric field was set such that the waveform was 
the same form as that shown in Fig. 5(a), and the amplitude of the 
applied voltage was varied every 1 ms, which can be seen in the yellow 
plane in Fig. 8. A voltage sequence was then applied as follows: the 
voltage is switched on (the dark red areas), a lower voltage that behaves 
as a switch off voltage (the lightest red areas) and then a hold voltage 
(the red color bar in between). The director will remain at a certain 
orientation that results in a specific, steady phase modulation for 1 ms 
when subjected to the voltage sequence. By adjusting the relative value 
of voltage amplitude during the three periods, the phase modulation can 
be varied on demand. Fig. 8 clearly shows that for a practical phase 
modulation application scenario, the phase can still be modulated by up 
to 3.7 rads within a sub-millisecond timescale. Therefore, it is seen that 
the available pseudo-random phase modulation is consistent with the 
range observed above. 

4. Conclusion 

In this paper, we have presented a method to experimentally mea
sure the time-dependent phase modulation of liquid crystal (LC) devices. 
This method was then used to study and characterise the response of 
three different nematic LC devices: pi-cell (parallel-rubbed alignment 
layers), Fréedericksz cell (anti-parallel rubbed alignment layers), and a 
hybrid aligned nematic (HAN) LC. The results presented have shown 
that both the intensity and phase properties can be determined by 
simply recording and analysing the signal captured by the photodiode in 
a Michelson interferometer when the reference arm is modified to pro
vide a phase ramp. In order to understand fully how the alignment 
configuration and the initial director orientation of the LC can affect the 
phase modulation behavior, simulations were conducted based upon the 
Frank elastic energy density, effects of dielectric coupling, and impor
tantly, the impact of backflow. 

In this study, a range of device driving voltages have been explored, 
with driving voltages up to 25 V. For the nematic LC E7 in each of the 
three different configurations, the “useful” range of driving voltages was 
determined, defined here as when a π phase modulation is achieved in 
the test arrangement discussed above. A π phase modulation was ach
ieved at a driving voltage of 6.8 V for the nematic pi-cell, compared with 
11.3 V for the Fréedericksz device. However, a π phase modulation was 
not achieved in the HAN cell. These results would lead to full 2π phase 
modulation in a four-pass configuration [22] for the pi and Fréedericksz 
devices at reasonable driving voltages (less than 10 V in the case of the 
pi-cell). In contrast, the HAN cell did not reach a π phase modulation 
despite the LC layer being somewhat thicker. It was also shown that 
when backflow was prevalent there was a negative impact on the dy
namic phase response of the Fréedericksz device but not the pi-cell. The 
experimental results and simulations both suggest that the pi-cell is 
potentially better suited for phase modulation when fast switching 
speeds and a wide phase change are required. 
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