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Abstract 

Liquid Crystal Phase-Only Modulator and Optical Beam Steering System 

 

By Xiuze Wang 

 

This thesis describes the development of a new analogue, phase-only liquid crystal 

(LC) modulator and an LC-based optical beam steering configuration. To begin with, 

a new and simple method for the rapid and precise measurement of the flexoelectro-

optic performance of large tilt-angle chiral nematic LC is presented. These large tilt-

angle LCs are then employed in the development and demonstration of a flexoelectro-

optic LC phase modulator with >2π phase range and sub-millisecond response. It is 

shown that the voltage-induced rotation of the optic axis is converted into a phase 

modulation with the aid of a reflective device configuration incorporating 

a ∼5 μm LC cell, a polarizer, two quarter-wave plates, and a mirror. It is then 

demonstrated that the mirror and quarter-wave plate can be replaced with a chiral 

reflector, which improves the robustness of the system.  

Based on the reflective phase modulator, two different transmissive phase 

modulators are considered, which consist of either adding a half-wave plate in 

between two LC layers when the electric field applied to the two layers is the same or 

by applying electric fields of opposite polarity, avoiding the need for an additional 

half-wave plate. Even though those phase modulators can generate 2π phase 

modulation with sub-millisecond response time, a key disadvantage is that numerous 

optical components are required. In order to solve this, a LC phase modulator that 

combines a flexoelectro-optic LC layer, a polymerized reactive mesogen layer and a 
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mirrored substrate is presented, which demonstrates the potential for making next-

generation LC on silicon spatial light modulators. In the final part of this thesis, LC 

phase modulators are combined with LC polarisation gratings to form a novel beam 

steering for optical communications.  
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Chapter 1 Introduction 

Phase modulation devices based on liquid crystals have found widespread application 

in beam shaping for photolithography [1], adaptive optics for wavefront corrections [2], 

telecom as a wavelength selective switch [3], and multifocal displays for augmented 

reality and head-up displays [4-6], because of its unique light modulating properties, 

high resolution, small size, low driving voltage and low power consumption [6-9]. A 

large phase modulation depth (≥2π) with a fast response time is required for most 

applications. However, most of these electrically controlled phase modulation devices 

that employ nematic LCs confront one of the fundamental limits of slow response 

(several tens of milliseconds) [10]. Although the rise time can be effectively minimized 

by increasing the voltage amplitude, the fall time cannot be reduced due to the fact that 

it mainly depends on the viscosity and elastic of LC material, cell gap and anchoring 

strength [11]. In addition, increasing the voltage amplitude is not a desirable solution 

as a large voltage is not suitable for many applications [10]. To improve the response 

time, many researchers proposed different approaches to overcome the limit, such as 

using dual-frequency liquid crystal materials to develop a liquid crystal phase 

modulator that can provide 2π phase modulation with 0.5ms response time. However, 

the driving voltage for this phase modulator is approximately 10V/μm which is out of 

satisfaction [12]. YH Lin demonstrated a polarisation independent polymer network 

liquid crystal light modulator by using a double-layered structure. A 2π phase shift is 

achieved with submillisecond response time, but the driving voltage is about 10V/μm 

and it can only be used in transmissive configuration [13]. Ferroelectric liquid crystals 
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can provide sub-millisecond response time with relatively low driving voltage. 

However, due to their nature, they can only provide binary phase modulation [14-15]. 

Recently, a low viscosity and negative dielectric anisotropy (Δε) LC mixture has been 

developed which can achieve 2π phase change with a thin cell gap (d ≈ 2.4 μm) [16]. 

However, to achieve 2π phase modulation, its response time would increase by 4 times 

which is about 4ms. Each technology has its own advantages and disadvantages, and it 

is still quite challenging to satisfy all the above-mentioned requirements. 

 

Hence, in this thesis, we have described the development of a novel liquid crystal (LC) 

phase modulator based upon the flexoelectro-optic effect in short-pitch chiral nematic 

LCs. It is shown that this phase modulator can exhibit analogue modulation with 

appropriate voltage at frame rates of the order of 1 kHz. The new phase modulator 

technology is combined with polarisation gratings to create a high efficiency beam 

steering system for optical communications. The following describes the structure and 

content of the thesis. 

 

 Chapter 2 provides the relevant background on LC materials needed for the 

experimental and theoretical studies presented in this thesis. In particular, this chapter 

describes the LC properties such as the dielectric permittivity and the optical anisotropy. 

In addition, information about LC spatial light modulators and beam steering systems 

are also briefly introduced and discussed in this chapter. 
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Chapter 3-6 present results on a novel phase modulator that can provide 2 phase 

modulation with sub-millisecond response time. In Chapter 3, a new method for 

characterising the flexoelectro-optic effect in chiral nematic LCs with a large tilt angle 

is presented. It is shown that this new method is more appropriate for the 

characterisation of liquid crystalline devices that exhibit a large tilt-angle of the optical 

axis in flexoelectro-optic switching. In addition, it has been found that the flexoelectro-

optic performance of chiral nematic LC devices can be quickly determined by simply 

recording the electric field amplitude at the point whereby the transmission properties 

become equivalent. This property is quite useful and will be used in the following 

chapters to characterize the flexoelectro-optic performance. The work presented in 

Chapter 3 has been published in Liquid Crystals 46, 408-414 (2018). 

 

In the following Chapter (Chapter 4), a flexoelectro-optic phase modulator is 

demonstrated in a reflection configuration where it is shown to exhibit full 2π phase 

modulation with sub-millisecond response time by applying an appropriate electric 

field at a suitable temperature. In the future, this configuration can be integrated into a 

compact device design which will be demonstrated in Chapter 6. In addition, in this 

chapter, it has also been demonstrated that the system can be improved by replacing the 

mirror and quarter waveplate with a chiral nematic reflector, which will ensure that the 

system is less sensitive to the nonideality of the LC phase modulation element. The 

work shown in this chapter has been published in Optics Letters 43, 4362-4365 (2018) 

and Scientific Reports 9, 7016 (2019). 
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Chapter 5 presents how the flexoelectro-optic phase modulator can be made to work 

in a transmission configuration. In this work, three different transmissive modes LC 

optical phase modulators based on the flexoelectro-optic effect of a chiral nematic LC 

aligned in the ULH geometry are considered. A basic configuration consisting of a 

single LC layer between quarter-wave retarders is found to exhibit a phase modulation 

 corresponding to a ±45° switching angle of the flexoelectro-optic effect. The other 

two configurations can achieve full 2 modulation by introducing an additional LC 

layer and a half-wave plate in between two LC layers when the electric field applied to 

the two layers is the same or by applying electric fields of opposite polarity, avoiding 

the need for an additional half-wave plate. This work has been published in AIP 

Advances 10, 055011 (2020). 

 

Finally, in Chapter 6 the optical components are combined to form an integrated LC 

phase modulator based on the flexoelectro-optic effect. The integrated device contains 

an LC layer consisting of chiral nematic LC and a birefringent polymer film to work as 

a quarter waveplate and a silver film to function as a mirror. This integrated device has 

also exhibited a 2π phase range with a frame rate of 1 kHz. The successful development 

of this phase modulator has led to a paper published in Adv. Mater. Tech. 5, 2000589 

(2020). 

 

Chapter 7 illustrates one of the scenarios in which the new phase modulator could 
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be applied. Here an LC phase modulator is combined with LC polarisation gratings to 

make a novel, high efficiency beam steering system for optical communications. This 

work was limited due to the COVID pandemic. As a result, the system has been 

demonstrated using a nematic pi-cell LC device rather than a chiral nematic 

flexoelectro-optic phase modulator. Originally, it had been intended that the use of the 

pi-cell would serve as a proof-of-concept before the implementation of the new 

flexoelectro-optic LC phase modulator. This is discussed further in Chapter 8, which 

summarises the work presented in the thesis and provides some examples of possible 

future work.    
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Chapter 2 Background on Liquid Crystals and Phase Modulators 

2.1 Liquid crystals 

A liquid crystal (LC) is a thermodynamically stable mesophase (a mesophase is a 

state of matter that is in between the isotropic liquid and crystalline solid states, as 

shown in Figure 2.1) which was first discovered by the Austrian botanist Friedrich 

Reinitzer in 1888 [17]. It possesses some of the properties of a liquid, such as fluidity 

as well as certain crystalline properties, such as anisotropy in the electrical, magnetic 

and optical properties and a periodic arrangement of the molecules in certain spatial 

directions [18]. Many thousands of compounds have been found to exhibit liquid 

crystalline behaviour, and many of these compounds are rod-like or lath-like, which 

means that the molecules usually have one axis that is longer than the other [18-20]. 

The inherently prolate nature of the molecules also gives rise to molecular anisotropy. 

From a chemical point of view, the anisotropic shape of an LC molecule usually 

possesses a rigid molecular core that forms the long axis of the molecule. Hence, the 

LC phase is more likely to occur if there are flat segments in the molecule such as 

benzene rings [20-22].  

 

Figure 2.1 Illustration of the solid state, liquid crystal state and isotropic liquid state. 

Liquid crystals are ordered like a solid, but they flow like a liquid. 
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Depending on the arrangement of the molecules, LCs can be subdivided into a 

range of mesophases including nematic, smectics, cholesterics, and columnar 

mesophases [18,23,24]. The last one (the columnar mesophase) is beyond the scope of 

this thesis and will not be discussed here. The molecular arrangements for the first three 

mesophases are presented in Figure 2.2. 

 

Figure 2.2 Molecular arrangements for different liquid crystalline mesophases.  

 

Nematic LC Phase 

Molecules in a nematic mesophase have a high degree of long-range orientational order 

without any long-range translational order. This is similar to an isotropic liquid, except 

that all of the molecules are approximately aligned along a preferred direction which is 

called the director, 𝐧̂ [18,24]. The director, shown in Figure 2.2, is a unit vector, and 

its orientation can be represented by a unit vector, n(r). The director and the molecular 

arrangement in a nematic mesophase are illustrated in Figure 2.2(a), where the 

anisotropic shape of the molecules is depicted by a cylinder. 
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An important parameter in considering the orientational order in a nematic LC phase is 

the scalar order parameter S, which is an average of the second Legendre polynomial 

[25]:  

                                   𝑆 = 〈𝑃2(cos 𝜃)〉 = 〈
3

2
(cos2 𝜃 −

1

2
)〉.      (2.1) 

where 𝜃  is the angle between the long axis of a molecule and the director 𝐧̂. The 

average is taken over a large number of molecules. For a perfectly ordered crystalline 

solid material, S = 1, whereas for an isotropic liquid whereby the axes of the molecules 

are randomly pointing in all directions S = 0 [25]. Typically, the value of S for a nematic 

LC is around 0.6. Figure 2.3 illustrates how the order parameter S varies with 

temperature for a typical nematic LC. 

 

Figure 2.3 The dependence of the scalar order parameter S (Equation 2.1) on 

temperature for a typical nematic LC. The clearing temperature, TC, is the phase 

transition temperature to the isotropic liquid phase. 

 

Smectic LC Phase 

Stratification is the most important feature that distinguishes the smectic LC mesophase 

from the nematic LC mesophase. Compared with the nematic LC mesophase, the 

molecules in a smectic LC phase are placed in layers and show some correlation in 

terms of their positions in addition to the long-range orientational ordering [24,26]. 
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Depending on the arrangement of the molecules in the layers, various smectic 

mesophases have been observed. This thesis introduces the most common two smectic 

LC mesophases: the smectic A and smectic C LC phase. In the smectic A phase, the 

molecules are approximately aligned perpendicular to the layers [27], as shown in 

Figure 2.2(b). Unlike the smectic A phase, the molecules in the smectic C phase are not 

perpendicular to the layers but are tilted at an angle, 𝜃 , which leads to a biaxial 

symmetry for the smectic C phase [27]. Many compounds can exhibit both nematic and 

smectic LC mesophases and the smectic mesophases generally have a greater degree of 

crystalline order [28]. Hence, for those materials, the nematic mesophase can be 

obtained by heating the material to above the smectic-nematic transition temperature. 

 

Chiral nematic (Cholesteric) LC Phase 

One way that the chiral nematic (Cholesteric) LC phase can be generated is by adding 

chiral dopant into a nematic LC host, thus breaking the mirror symmetry inherent in the 

nematic phase. As for the nematic LC phase, the chiral nematic LC phase also exhibits 

long-range orientational order without any long-range positional order [18]. However, 

the director in the chiral nematic LC phase varies throughout the medium which differs 

from nematic phase. In this case, the director distribution is obtained by twisting a 

nematic aligned along the y-axis about the x-axis (here the y-axis is defined as being 

perpendicular to the device substrate and the x-axis is parallel to the device substrate). 

The long axes of molecules in each plane are aligned to a single direction which is 

always perpendicular to the twist axis and rotates uniformly, as illustrated in Figure 2.2 
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(c). The distance measured along the twist axis over which the director rotates through 

a full circle is called the pitch of the chiral nematic, p. The pitch can be of the order of 

several hundred nanometers, which is comparable to the wavelength of visible light [18, 

26]. The pitch can be measured experimentally or calculated from the helical twisting 

power (HTP) that controls the concentration of chiral additive required for a desired 

pitch [29]:  

𝑃 =
1

HTP×concentration
.       (2.2) 

From the equation, it can be seen that the pitch is not fixed. It can be adjusted by 

increasing or decreasing the concentration of the chiral dopant. In fact, the pitch is not 

only sensitive to the concentration of chiral additive but can also be affected by the 

temperature, external forces and magnetic/electric fields [23, 24].  

The pitch is an important property for chiral nematic LCs as it influences the 

wavelength of the light that it can reflect. A nematic LC can be regarded as a chiral 

nematic LC with an infinite pitch. As a result, it is not possible to change the nematic 

phase into a chiral nematic phase by simply heating or cooling the material. Instead, the 

chiral nematic LC mesophase can be obtained by adding chiral dopants (as discussed) 

or through the use of inherently chiral molecules. In addition, the helix in the chiral 

nematic LC mesophase can be either right- or left-handed, which determines the 

handedness of the polarisation of the light that it can reflect [20, 26]. 

 

2.2 Anisotropic Physical Properties 
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As mentioned in the previous section, the anisotropic shape of the LC molecules 

causes their anisotropic physical properties. Therefore, each molecule will possess 

different physical properties depending on the measurement direction e.g., parallel or 

perpendicular to the director. In this section, we will focus on introducing dielectric 

anisotropy and optical anisotropy. 

 

2.2.1 Dielectric anisotropy 

Due to the anisotropic properties of nematic LCs (the vast majority of LC materials 

exhibit some dielectric anisotropy because one molecular axis is longer than the other 

and generally, the molecule possess a permanent dipole), LCs normally possess two 

different values of the relative dielectric permittivity: 𝜀⊥ for an electric field that is 

perpendicular to the director and 𝜀∥  for the electric field that lies parallel with the 

director [30,31] (as shown in Figure 2.4). The overall relative dielectric permittivity 𝜀𝑟 

can take the form of a tensor 

                                               𝜀𝑟 = [

𝜀⊥ 0 0
0 𝜀⊥ 0
0 0 𝜀∥

]        (2.3) 

and the dielectric anisotropy then is written as [32] 

∆𝜀 = 𝜀∥ − 𝜀⊥            (2.4) 

Nematic LCs with positive dielectric anisotropy (𝜀∥ > 𝜀⊥) have greater polarisation 

along the long axis of the molecule, while negative dielectric anisotropy molecules have 

greater polarisation along the short axis. The sign of the dielectric anisotropy 

determines the reorientation of the LC director in the presence of an electric field. For 
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example, whether the LC director lies along the direction of the applied electric field or 

perpendicular to it (as shown in Figure 2.5) [30-32].  

 

Figure 2.4 Parallel and perpendicular components of the relative dielectric permittivity 

for anisotropic LC molecules. 

 

Figure 2.5 Reorientation of the director for positive and negative dielectric anisotropy 

nematic LCs in response to an applied electric field. 

 

2.2.2 Optical anisotropy 

The refractive index is a crucial parameter that defines the phase velocity vph 

relative to the speed of light in a vacuum [33]: 

                    𝑣𝑝ℎ =
𝑐

𝑛
                             (2.5) 

In addition, the refractive index can also be calculated from the relative permittivity ε 

and the relative permeability μ of an optical material [32]: 

                                                                 𝑛 = √μ𝜀𝑟         (2.6) 
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For most materials at optical frequencies [32] 

                                                                  𝑛 = √𝜀𝑟         (2.7) 

Many phenomena such as refraction, reflection and diffraction are determined by 

the refractive index. LCs are generally optically birefringent materials due to their 

anisotropic properties. Polarised components of light propagate through a liquid 

crystalline material at different speeds as they experience a different refractive index 

parallel (extraordinary) (𝑛𝑒) and perpendicular (ordinary) (𝑛𝑜) to the LC optic axis. 

The resultant phase delay between the two orthogonal polarisations can be described 

by the birefringence of the medium as [20, 24, 32]  

  ∆𝑛 = 𝑛𝑒 − 𝑛𝑜         (2.8) 

When the incident wave propagates at an angle to the optical axis, the ordinary 

refractive index remains the same, but the extraordinary refractive index will have a 

new effective value, 𝑛𝑒𝑓𝑓, 

𝑛𝑒𝑓𝑓 =
𝑛𝑒𝑛𝑜

√𝑛𝑒 cos 𝜃+𝑛𝑜 sin 𝜃
       (2.9) 

where 𝜃 is the angle between the optical axis and the direction of the light propagation.  

In this situation, the birefringence ∆𝑛 becomes [20, 24, 32]: 

∆𝑛 = 𝑛𝑒𝑓𝑓 − 𝑛𝑜       (2.10) 

For nematic LCs, ∆n varies in the range between 0.05 and 0.5 [18,26]. When a light 

beam enters a nematic LC, it splits into two rays which travel at different speeds due to 

the different refractive indices, resulting in a phase delay between the components. 

After passing through the material these rays recombine, and the polarisation state of 
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the light beam is the function of the phase difference. Any polarisation state can be 

produced with the right control of the birefringence. 

As mentioned in the above section, the chiral nematic LC phase is different to the 

nematic phase because the director rotates around a specific axis to form a helical 

structure. The distance for the director to rotate through a full circle (the periodicity of 

the helix) is called the pitch. Depending on the relationship between the pitch and 

wavelength of the incident light, a chiral nematic LC will interact with the input light 

in different ways.  

For example, when the wavelength of light is λ « nP, the chiral nematic LC acts as 

a waveguide. The regime under this condition is referred to as the Mauguin regime [34]. 

A long pitch chiral nematic behaves as a twisted nematic (TN) LC cell when the 

incident light is polarised along with the director, the transmitted light is still linearly 

polarised, but the direction of the polarisation is rotated at an angle which is the distance 

between the director at the two substrates.  

If noP < λ < neP, selective Bragg reflection takes place (which causes a chiral 

nematic LC to appear coloured) whereby the light will be reflected within a photonic 

bandgap (PBG). The PBG, analogous to the electronic bandgaps in semiconductors, 

forms due to the constructive interference of reflected components of light by the 

periodicity of the dielectric material. The spectral width of the PBG can be calculated 

by [34] 

∆𝜆 = ∆𝑛𝑃.         (2.11) 
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Figure 2.6 shows the transmission spectrum for white light of a chiral nematic LC 

obtained using a UV-Visible spectrometer. From the Figure, it can be seen that the short 

and long edge wavelengths are at ≈530 nm and ≈610 nm, respectively. Hence the 

sample will appear green in colour (in reflection). If the refractive index of the sample 

is known, then the pitch of the sample can be estimated. In addition, due to the 

handedness of chiral nematic LCs, only ~50% of the light can be reflected as only 

circularly polarised light of the same handedness is transmitted. 

 

Figure 2.6 The transmission spectrum for the white light of a chiral nematic LC, 

E7+S811. The thickness of the device is 4.98 μm and the cell is measured at room 

temperature. The bandgap is between ≈530 nm and ≈610 nm. 

 

Finally, for short pitch chiral nematic LCs λ » nP, the LC behaves as an optically 

active medium with huge rotatory power. For light polarised perpendicular to the helical 

axis, the refractive index becomes [32, 34]: 
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𝑛eff = √𝜀eff = √
1

2
(𝑛∥

2 + 𝑛⊥
2 ).          (2.12) 

∆𝑛 = 𝑛⊥ − √
1

2
(𝑛∥

2 + 𝑛⊥
2 ).       (2.13) 

Alternatively, for light polarised parallel to the helical axis, the refractive index is 

𝑛 = 𝑛⊥. 

 

2.3 Free-energy Characteristics 

The free-energy of a nematic LC has attracted lots of interest [18,35]. In Section 

2.1, the different LC phases have been introduced. This section gives a brief 

introduction to the various contributions to the free-energy: elastic, dielectric and 

flexoelectric. All of which are considered in this thesis. 

 

2.3.1 Dielectric energy 

The dielectric properties are related to the response of the LC director to an applied 

electric field. For non-polar LC molecules, besides the electric polarisation, there also 

exists an ionic polarisation. For polar LC molecules, in addition to the above two 

polarisations, there is also an orientation polarisation, owing to the tendency of the 

permanent dipole moments to orient themselves parallel to the electric field [36]. In this 

thesis, only electric polarisation is considered. The other two forms of polarisation are 

outside the scope of this thesis.  

When an electric field is applied to a nematic LC, it generates an electric 

polarisation, P, which is proportional to the electric field but not necessarily parallel to 

it. For a uniaxial material, the resultant electric displacement is defined as [35]: 
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                                𝐃 = 𝜀0𝐄 + 𝐏 = 𝜀0(1 + 𝜒𝑒)𝐄 = 𝜀0𝜀𝑟𝐄,      (2.14) 

where 𝜀0  is the vacuum permittivity, 𝜀𝑟  the relative dielectric permittivity of the 

material and the polarizability of a material is defined by the susceptibility, 𝜒𝑒.  

                                           𝐃 = 𝜀0𝜀⊥𝐄 + 𝜀0Δ𝜀(𝐧̂ ∙ 𝐄)𝐧̂.       (2.15) 

The free dielectric energy term can then be derived as [35]: 

𝑓dielectric(𝐧̂) = −
1

2
𝐃 ∙ 𝐄 = −

1

2
𝜀0𝜀⊥𝐸2 −

1

2
𝜀0Δ𝜀(𝐧̂ ∙ 𝐄)𝟐    (2.16) 

As mentioned previously, the sign of the dielectric anisotropy can be either positive 

or negative, depending on the polarizability or permanent dipole orientation of the 

director. Applying an electric field to a positive dielectric anisotropy LC will reorient 

the director in the LC layer with the applied electric field. Similarly, the LC director 

will reorient perpendicular to the externally applied electric field when the dielectric 

anisotropy is negative [21]  

The dielectric energy mainly depends on the angle between the director and the 

applied electric field due to the LC anisotropy. Thus, any terms independent of the 

director orientation can be neglected. The free dielectric energy from (2.16) can 

therefore be reformed to [35]: 

                                            𝑓dielectric(𝐧̂) = −
1

2
𝜀0Δ𝜀(𝐧̂ ∙ 𝐄)𝟐.       (2.17) 
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Figure 2.7 Dielectric helix unwinding. The helix distortion in a chiral nematic LC with 

Δ𝜀 > 0 when an electric field E is applied perpendicular to the helical axis.  

 

From Equation 2.17, it can be found that the dielectric free-energy is negative as it 

represents the energy the molecules used to change the director profile. For chiral 

nematic LCs, the helical structure can be unwound if the electric field is sufficiently 

large to overcome the twist component k2 of the elastic distortion. This situation can 

only happen for a positive permittivity material whereby the director in bulk aligns 

parallel to the applied electric field. Figure 2.7 shows helix unwinding as the applied 

electric field tends towards the value of Ec. The helical structure vanishes at E > Ec. The 

critical unwinding field Ec can be obtained according to the approach presented by de 

Gennes and Prost [37] 

                                                                     𝐸𝑐 =
𝜋2

𝑝
√

𝑘2

∆𝜀𝜀0
       (2.18) 
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2.3.2 Elastic energy 

When there are external factors applied to an LC cell (for example, different alignment 

layers on the cell-substrates, external electric or magnetic fields), the orientation of the 

LC director will no longer be constant. Instead, the director orientation will 

continuously change across the LC device. This continuous change is termed as an 

elastic deformation and causes a deviation of the LC director from the uniform 

equilibrium state (where the director is almost uniform through the medium and the LC 

system has the lowest energy). In addition, this change will also lead to an increase in 

the total energy of the system. There are three fundamental types of elastic distortion: 

splay, twist, and bend (as shown in Figure 2.8); the corresponding elastic constants are 

denoted by k1, k2, and k3 and are called the Frank elastic constants [35, 37].  

Frank elastic constants have been widely used to describe the elastic properties of 

the medium and, in this case, they have been used to show the stiffness of the LC 

response to any distortion. Typical magnitudes of the elastic coefficients are ~ 10 pN, 

although they vary for different liquid crystalline materials. The total frank elastic 

energy density is given by a splayed elastic distortion (the divergence of the 

director (∇ ∙ 𝐧̂) ), a twist elastic distortion (the curl of the director dotted with the 

director (𝐧̂ ∙ ∇ × 𝐧̂)) and a bend elastic distortion (a cross-product of the director with 

the curl of the director field (𝐧̂ × ∇ × 𝐧̂)) [35, 38].  

 𝑓elastic(𝐧̂) = 𝑓splay(𝐧̂) + 𝑓twist(𝐧̂) + 𝑓bend(𝐧̂)          (2.19) 

         =
1

2
{𝑘1[∇ ∙ 𝐧̂]2 + 𝑘2[𝐧̂ ∙ (∇ × 𝐧̂)]2 + 𝑘3[𝐧̂ × (∇ × 𝐧̂)]2}, 
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when the mirror asymmetry is considered, the twist free energy term for the chiral 

nematic phase has to be slightly modified [35,38].  

                                          𝑓twist(𝐧̂) =
1

2
𝑘2[𝐧̂ ∙ (𝛁 × 𝐧̂) + 𝑞]2        (2.20) 

where 𝑞 =
2𝜋

𝑃
 is the helix wavenumber. The reason why the q term is added into the 

twist free energy term is that the chiral system has two different handedness. For chiral 

nematic LCs, the helical axis is set along the z-direction. The gradient operator, therefore, 

acts along the z-axis on the director field defined as a function of the tilt angle θ (z) = qz 

which generates energy components in the z-dimension. Through simplifying the term 

in (2.20), the lowest energy state for the chiral nematic LC system to exist in can be 

obtained: 𝑓twist(𝐧̂) = −𝑞. 

The elastic properties of LCs play an essential role in various applications such as 

switchable diffraction gratings and LC displays [38]. The Frank elastic energy equation 

in (2.19) relates different distortions to their elastic potential energy and has proven 

highly successful in terms of modelling the behaviour of LCs on a macroscopic scale. 

 

Figure 2.8 Three different elastic distortions. Illustrations of the splay  (∇ ∙ 𝐧̂) , 

twist (𝐧̂ ∙ ∇ × 𝐧̂) and bend (𝐧̂ × ∇ × 𝐧̂) elastic distortions of the nematic director field. 

2.4 Jones Matrices 

[𝛁 ∙ 𝐧̂ ] [𝐧̂ ∙ (𝛁 × 𝐧̂)] [𝐧̂ × (𝛁 × 𝐧̂)] 
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The 2 × 2 Jones matrix is a useful approach to model different polarisations of light 

propagating through birefringent media. For Jones calculus, the Jones matrix, M, 

represents the effect each optical component has on the polarisation state and J 

describes the polarisation state of the light. Therefore, multiplying the optical 

component M with the polarisation state J yields the polarisation state of the output 

light [39,40]. For example, let’s assume that an LC sample is placed between crossed 

polarisers in an experiment. Here the first polariser forms an angle 𝜃 with respect to the 

director, as depicted in Figure 2.9. 

 

Figure 2.9 Light travelling through an LC layer between crossed polarisers. The LC 

material will change the polarisation state of the input light and the output polarisation 

state can be calculated using Jones calculus.  

 

The output light after the polariser takes the form, 

𝐸𝑖𝑛 = (𝐸𝑥
𝐸𝑦

) = (𝐸0 cos 𝜃
𝐸0 sin 𝜃

)           (2.21) 

Light changes its polarisation after passing through the LC sample, 



22 

 

𝐸𝑙𝑐 = (
𝐸𝑥𝑒𝑗𝑘1𝑧

𝐸𝑦𝑒𝑗𝑘2𝑧)         (2.22) 

where 𝑘1 =
2𝜋𝑛𝑒

𝜆
 and 𝑘2 =

2𝜋𝑛0

𝜆
. Finally, the output light after transmitting through the 

second polariser can be written as 

𝐸𝑜𝑢𝑡 = 𝐸0 sin(2𝜃) sin (
∆𝑘𝑑

2
) 𝑒

𝑖(𝑘1+𝑘2)𝑑

2 (sin 𝜃
cos 𝜃

)    (2.23) 

where ∆𝑘 = 𝑘1 − 𝑘2. The output light intensity after the analyser 

|𝐸𝑜𝑢𝑡|2 = 𝐸0
2 sin2(2𝜃) sin2 (

∆𝑘𝑑

2
) = 𝐼 sin2(2𝜃) sin2 (

𝜋∆𝑛𝑑

𝜆
)   (2.24) 

From equation (2.24), it can be found that the intensity of the output light is dependent 

upon the phase shift, which is determined by 
𝜋∆𝑛𝑑

𝜆
 where d is the thickness of the LC 

cell and ∆𝑛 is the birefringence of the material. For a certain LC between crossed 

polarisers, if the cell is quite thin, the ordinary and extraordinary components do not 

become significantly out of phase. However, if the phase difference equals 𝜋, then all 

of the incident light will be blocked by the second polariser. In addition, if equals 0, 
𝜋

2
 

or 𝜋, there is also no transmitted component and the cell will appear dark. 

2.5 Surface alignment of LCs 

Uniform alignment of the LC director is crucial for almost all LC device applications. 

The permanence of the alignment is necessary for the lifetime of the device. In general, 

the alignment of the LC director is formed by the substrate surface and the direction of 

the alignment is determined by the balance between the LC surface tension and the 

substrate surface tension. If the LC surface tension is bigger than the substrate surface 

tension, the LC director tends to order themselves perpendicular to the device substrate 

as the intermolecular forces between the LC molecules dominate. The LC director will 

reorient parallel to the device substrate if the value of substrate surface tension is bigger 
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than the LC surface tension. When the LC surface tension is approximately equal to the 

substrate surface tension, the director tends to adopt a tilted alignment and the tilt angle 

is determined by the difference between those two forces [41].  

 

According to the orientation of the director, the LC alignment can be classified into 

three main configurations (Figure 2.10): homeotropic (vertical) alignment where the 

director is approximately perpendicular to the device substrate; homogeneous (planar) 

alignment where the direction of the director tends to be parallel to the device substrate; 

and tilted alignment where the angle between the director and device substrate is 

between 0 and 
𝜋

2
 [21]. 

 

Figure 2.10: Liquid crystal alignments on substrates with different surface alignment 

conditions: (a) homeotropic, (b) homogeneous, and (c) tilted. 

 

There are various substrate surface treatment methods to generate different alignment 

conditions to orient the LC director. Each of these methods has its merits and demerits 

and it is important for all LC applications to have a reliable control on the LC alignment. 

 

Mechanical Rubbing 

One of the most commonly used methods for creating alignment of the LC director 

is mechanical rubbing of the device substrate [42]. In general, the glass substrate is 
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simply rubbed by a rubbing machine which contains: 1) a roller covered by a cloth; 2) 

an adjustable platform that can adjust the height of glass substrate; 3) a motor to drive 

the platform and roller; and 4) a controller to control the speed of the roller and 

movement of the platform (Figure 2.11). Before being exposed to the rubbing process, 

the glass substrate is first coated with an alignment material such as polyvinyl alcohol 

or polyimide using a technique such as spin coating.  

The treated substrate is then placed on the rubbing machine platform and rubbed 

by the roller. The speed of the roller and platform needs to be controlled carefully as 

the alignment layer might be destroyed if the speed is too fast. In addition, it is also 

important to ensure the distance between the roller and the stage is suitable so that the 

rubbing strength can be controlled carefully to obtain a fine quality LC alignment layer. 

The rubbing process causes local heating and stretching of the alignment layer, which 

results in the alignment of the main chain of the polyimide layer and the generation of 

grooves in the direction of the rubbing. LC molecules tend to lie into those grooves to 

reduce surface energy which results in reorienting the director parallel to the rubbing 

direction. Normally, rubbing is used to obtain planar or tilted alignment depending on 

the properties of the alignment material [43-45]. 
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Figure 2.11. A rubbing machine that contains a roller, an adjustable platform, a motor 

and a controller. 

 

Physico-chemical Technique  

Alignment of LCs, especially homeotropic alignment, is often achieved by using a 

physico-chemical technique. For example, silane surface coupling agents are mostly 

used which normally contains two or more different kinds of molecular groups. At least 

one of the groups react with the substrate to form a stable bond, and at least one of the 

groups must be an orienting group that interacts with the LC molecules in such a way 

as to produce the desired orientation [46]. Basically, there are two methods to use 

surface coupling agents, one is to directly deposit them on top of the glass substrate, for 

instance, depositing N,N-Dimethyl-N-octadecyl-3-aminopropyltrimethoxysilyl 

chloride (DMOAP) (as shown in Figure 2.12) on the glass substrate to create alignment 
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layer to form planar alignment. Another one is to mix them with the LC material, for 

example, mixing surfactant lecithin (as shown in Figure 2.13) with LC to form 

homeotropic alignment [47-49].  

 

Figure 2.12 Chemical structure of DMOAP. 

 

Figure 2.13 Chemical structure of lecithin. 

 

Photoalignment technique 

Recently, the photoalignment technique has attracted lots of interest as it is a non-

contact process and can achieve high-quality LC alignment [46-51]. For the 

photoalignment technique, the alignment effect can be realised by illuminating a layer 

of photoresponsive material with linear polarised UV light [46]. The process of 

photoalignment is shown in Figure 2.14. In general, a thin layer of photoresponsive 

material is first coated on a clean glass substrate using spin coating. The thickness of 

the photoalignment layer needs to be carefully controlled by controlling the speed of 

the spin coater and the concentration of the photoresponsive material solution. After 
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that, the coated layer is exposed to linear polarised light where the spectrum of the light 

source lies in the near-ultraviolet or visible range. The linearly polarised UV light 

induces an anisotropic chemical reaction and hence causes the alignment material’s 

surface orientational ordering. Following that, the processed substrates are combined 

together to form a cell where the LC material is injected into it.  

 

Due to the ordering of the alignment material and intermolecular interactions, such 

as dipole-dipole, Van der Waals, hydrogen bonding, π stacking and steric interactions 

between the alignment material and the LC molecules, the direction of the fast axis of 

the LC director will be oriented either parallel or perpendicular to the direction of the 

polarisation of the UV light source, depending on the nature of the photoalignment 

material (whether the strongest absorption direction of the photoalignment material is 

along or perpendicular to their long molecular axis) [40, 41]. In work in this thesis, the 

photoalignment process is carried out using the sulphonic azo-benzene dye (SD1), 

which is able to orient the LC director perpendicular to the direction of the polarisation 

of UV light. The chemical structure is shown in Figure 2.14. 
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Figure 2.14 The photoalignment process: a) a clean glass substrate is prepared. b) the 

photoalignment material is coated onto the glass substrate. c) The alignment layer is 

illuminated by a linear polarised UV light source with a sufficient power density. d) 

Two substrates with coated alignment layers that orient the LC director perpendicular 

to the direction of polarisation of the UV light source. 

 

 

Figure 2.15 Chemical structure of SD1. 

 

2.6 Liquid crystal spatial light modulators (SLMs) 

Electrically controllable optical phase modulation is becoming increasingly 

desirable in a range of applications including holography [52], biomedical imaging [53], 

aberration correction [54], laser machining [55] and free-space optical communications 

[56]. Currently, there are a number of technologies available that can be used to 

modulate the phase of light, this includes optical micro-electromechanical systems 

(MEMS) and LC-based spatial light modulators (SLMs). Optical MEMS-based phase 
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modulators contain actuators and micro-mirrors. The most commonly used micro-

mirror SLMs are the Texas Instruments’ Digital Light Processing (DLP) line of Digital 

Micromirror Devices (DMDs) which can provide phase modulation and steering a large 

number of optical beams by driving the micromirrors vertically in a piston motion [57, 

58].  

Compared with other phase modulation technology, Optical MEMS-based phase 

modulators have several advantages: 1) the speed of the movement of the mirrors is 

only limited by the frequency of the micro-mirror, hence, their response can reach tens 

of kHz. 2) Optical MEMS-based phase modulators will not suffer from crosstalk 

between adjacent pixels and are polarization-independent which means they do not 

require control of the polarisation of the input light as is required for LC phase 

modulators [58]. However, because of the low wavefront quality control and the 

complexity of the fabrication for a large number of micromirror pixels, MEMS-based 

phase modulator devices have limited practical use compared with other rival 

technology [59]. 

Various incarnations of LC SLMs have been developed over many years 

combining the merits of high-performance complementary metal oxide semiconductor 

(CMOS) technology with the unique electro-optical properties of LC materials [60]. In 

those devices, optical phase modulation is achieved by applying an electric field across 

a thin LC layer which results in a corresponding change in the refractive index of the 

material. Such devices are usually called Liquid Crystal on Silicon (LCOS) SLMs. The 

structure of an LCOS device is similar to conventional LC devices except that a silicon 
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backplane is added into the system (Figure 2.16). The silicon CMOS backplane 

contains electronic circuitry that is buried underneath pixel arrays to provide a high ‘fill 

factor’. Each pixel is made of aluminium mirrors deposited on top of the silicon 

backplane. By applying different voltages to each pixel, the phase retardance of each 

incident wavefront can be altered [60]. Currently, there are two kinds of modulation for 

LCOS devices: phase modulation and amplitude modulation. As mentioned previously, 

the output light intensity is proportional to the phase shift which is determined by 
𝜋∆𝑛𝑑

𝜆
 

where d is the thickness of the LC layer and ∆𝑛 is the birefringence of the material. 

However, amplitude modulation is not the focus of this thesis and hence will not be 

discussed here. For phase modulation, the phase shift is accomplished by electrically 

adjusting the optical refractive index along the light path which is possible because of 

the birefringence of the LC. For phase modulators, it is important to make sure that no 

amplitude modulation is included in the system.  

 
Figure 2.16 The architecture of an LCoS. It involves a glass substrate with transparent 

indium tin oxide (ITO) electrode, two alignment layers, LC material and a silicon 

backplane.  

 

Depending on the LC mesophase that is used as the active layer inside of the device, 

LC-SLMs can be divided into two main categories: nematic LC and ferroelectric LC. 

Planar aligned nematic LC-SLMs are of interest as they can provide multi-level phase 
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modulation. However, due to the limited switching speeds available with standard 

nematic materials their frame rate is restricted to frequencies less than 1 kHz [61]. A 

fast response time is often highly sought after because it means that the device can 

transmit more information at relatively short timescales. Since most nematic LC 

devices consist of a relatively thick LC layer, which is required in order to achieve a 2𝜋 

phase modulation, this results in an increase in the response time. The conventional 

approach to reducing the response time is to increase the electric field amplitude applied 

across the LC layer, but this comes at the expense of a high driving voltage, which is 

generally not desirable [62-65]. Various types of nematic LC electro-optic structures 

have been tested and investigated in LCoS devices, such as the twisted nematic and 

vertically aligned nematic (VAN). 

The twisted nematic electro-optic effect has been widely used in various LC 

applications. In the twisted nematic LC device, the direction of alignment of the two 

glass substrates are perpendicular to each other so that the LC director completes a 
𝜋

2
 

degree rotation across the LC cell, as shown in Figure 2.17. The LC director in the 

middle of the LC cell can be controlled by the strong interaction between the LC 

director and the substrate, which is referred to as anchoring. In a twisted nematic LC 

cell, the device is switched between “on” and “off” states by changing the electric field 

[66]. When there is no voltage applied between the substrates, the LC director remains 

in its original state. The polarised light incident on the device undergoes a polarisation 

transformation where the polarisation of output light changes from linear to elliptic 

polarisation. In the ‘on’ state, the LC director is reoriented to align with the electric 
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field so that there is only one refractive index for all of the incident lights. Therefore, 

the light will not change its polarisation and be blocked by the analyser after passing 

through the LC layer. Through controlling the amplitude of applied voltage, the 

polarisation state of output light can be chosen [67].  

 

Figure 2.17 A schematic of the twisted nematic LC device in the (a) off state and (b) 

on state when an external electric field is applied normal to the LC layer. The arrow in 

red represents the direction of the analyser, whereas the green one represents the 

direction of the polariser.  

 

Twisted nematic LCs have been considered for phase modulators, however, in 

order to generate phase modulation, the analyser and polariser must be removed as an 

incoming linear polarised beam may split into two beams (extraordinary beam and 

ordinary beam) when entering the LC device. Then each beam will suffer a different 

phase delay which is not desirable for making a phase modulator. Although this 

problem can be improved by adding a polarising filter that removes one polarisation 

state of the output light; however, in general, this process seriously reduces the 

efficiency. The polarisation crossover leads to the modulation in both the phase and the 
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polarisation, which makes the twisted nematic electro-optic effect undesirable for a 

phase-only modulator. 

VAN device has also been used in making phase modulators [70]. The direction of 

the polariser is set to 
𝜋

4
 degree with respect to the director and is also perpendicular to 

the analyser. The LC director forms a homeotropic alignment where the LC director is 

aligned perpendicular to the device substrate as shown in Figure 2.18. Different from 

twisting nematic LC, when no external electric field is applied (off state), the 

polarisation of the incident light will not be changed and hence be blocked by the 

analyser. The LC director will reorient when an electric field is applied, and the 

polarisation of the incident light will be altered. Although VAN has been widely used 

in displays as the crossed polarisers can block most of the light leading to high contrast 

ratio, it has many issues when this structure is used for making phase-only LCoS 

devices since the value of the dielectric anisotropy should be negative, which is usually 

smaller than that of positive dielectric anisotropy [20]. Hence, a phase-only LCoS 

device using a VAN configuration normally has a high threshold voltage and long 

response time.  
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a          b 

Figure 2.18 A schematic of the LC VAN under (a) off state and (b) on state when an 

external electric field is applied normal to the LC layer. The arrow in red represents the 

direction of the analyser, whereas the blue arrow represents the direction of the polariser. 

 

More recently, various incarnations of nematic LC SLMs have been developed. 

For example, Huang has demonstrated a novel phase modulator with three new LC 

mixtures which exhibit a relatively high birefringence (Δn) and modest dielectric 

anisotropy (Δε). The phase modulator can achieve 2π phase change with ~3 ms response 

time at 40°C. The working electric field for this device is about 3 V/μm [68]. Besides, 

Lee has designed a multilayer (2 or 3 layers) LC cells by using direct laser writing 

technology which can achieve 4 times or 7 times faster response time (15 ms or 9 ms) 

than that of conventional single-layer LC phase modulator of equivalent thickness [69]. 

Although people have used different methods to develop fast response nematic LC 

phase modulator, they still cannot achieve sub-millisecond response times, the reason 

why this happens is because the response time of the nematic LC cell is determined by 

[70] 

𝜏 =
𝛾𝑑2

𝜋2𝑘1
         (2.25) 
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where γ is the rotational viscosity, 𝜏  is the response time, k1 is the splay elastic 

coefficient of the employed LC and d is the cell thickness. From the equation, it can be 

found that the response time is proportional to the cell thickness. The thickness of the 

cell is normally a few micrometres which causes difficulty in reducing the response 

time to sub-millisecond. As mentioned previously, researchers have tried to use 

multilayer structures to decrease the response time, but this approach increases the cell 

thickness which results in a large driving voltage which is also not desirable. In addition, 

the relationship between driving voltage and phase change is nonlinear which means it 

is not easy to characterise the phase behaviour of the system. 

Ferroelectric LC (FLC) SLMs, on the other hand, can offer much faster frame rates, 

overcoming the slower switching speeds of nematic LC technology (as shown in Figure 

2.19). Unfortunately, due to the bi-stable nature of the switching mechanism in standard 

ferroelectric LC material device configurations, they are commonly only suitable for 

binary phase modulation and are typically not able to provide analogue phase 

modulation. Although the subframe sequential technique is used to achieve multi-level 

modulation, this technique loses at least half of the incident light which results in very 

low efficiency [71, 72].  
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Figure 2.19 Schematic of the ferroelectric liquid crystal (FLC) device for phase 

modulation. 

 

For nematic LCs and FLC, there are several issues that exist, such as slow response 

time and binary phase modulation, respectively. Hence, in this thesis, we demonstrate 

a flexoelectro-optic LC phase-only device that uses a chiral nematic reflector to achieve 

full 2π phase modulation [73-74]. This configuration is found to be very tolerant to 

imperfections in the chiral nematic reflector provided that the flexoelectro-optic LC 

layer fulfils the half-wave condition. Encouragingly, the modulation in the phase, which 

operates at kHz frame rates, is also accompanied by low amplitude modulation. In 

addition, we have also successfully combined these optical components into a cell to 

make an integrated device, which is particularly promising for the development of next-

generation LCoS-SLMs.  

 

2.7 Beam steering system 

There has been a growing demand for increased data rates while the available radio 

spectrum has reached its limit. The spectral efficiency of radio frequency 

communication is saturating. Thus, research has shifted to alternative communication 
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technology such as visible light communication which is believed to be a potentially 

disruptive form of wireless communication [75]. Compared with traditional wireless 

communication, visible light communication takes advantage of the fast-growing light 

emitting diode technology and has the potential to reach speeds that are around 100 

times faster than Wi-Fi implementations [75]. However, due to the much greater 

attenuation during transmission (the reflected energy is extremely low) and low 

mobility, visible light communication has not been widely accepted for daily usage [75]. 

Hence, in order to improve the reception of this technology, an appropriate beam 

steering system is crucial which can enhance the efficiency and mobility of the system. 

Beam steering is crucial for many technological applications, such as optical 

communications [76], VR/AR displays [77], LiDAR [78], microscopy [79], and laser 

micro-machining [80]. Currently, there are a number of beam steering methods that 

have been demonstrated. Generally, these can be divided into two categories: 

mechanical and non-mechanical methods. Mechanical approaches include rotating 

prisms, Gimbal, fast steering mirror (FSM), rotating polygon scanning mirror, piezo 

actuators, lenslet array and micro-electromechanical systems (MEMS) [81, 82] (as 

shown in Figure 2.20). Compared with the non-mechanical approach, mechanical-

based approaches are widely adopted due to the fact that they can provide fast, reliable, 

and inexpensive beam steering, but mechanical approaches generally suffer from 

problems such as relatively short lifetimes, large power consumption, high cost and 

their biggest issue is that the size: if they are small, they require magnification after the 

beam is steered. However, the steering angle is decreased with magnification. Therefore, 
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in order to obtain a sufficient steering angle, the magnification needs to be small which 

is not desirable for most applications [83]. 

 

Figure 2.20 Mechanical Approaches to Beam Steering, a) rotating prisms b) Gimbal c) 

Fast Steering Mirror (FSM) d) Rotating polygon scanning mirror e) piezo actuators f) 

Lenslet Array and d) MEMs. 

 

On the other hand, non-mechanical beam steering methods have attracted a lot of 

interest due to the fact that they are lightweight and inexpensive [84, 85]. For example, 

steering an optical beam with an SLM can be understood from the Huygens principle, 

where a plane wave can be divided into a series of spherical waves. By considering 

each pixel of the SLM as an individual wave source, the direction of the wavefront can 

be changed by adjusting the phase of the individual pixels as shown in Figure 2.21. As 

each pixel’s phase has been changed, there is a phase ramp across the SLM (as shown 
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in the figure). This phase ramp leads to the wavefront being tilted by an angle, 𝜃. In 

practice, in order to generate enough steering angle, a large phase ramp is required 

which is beyond the capability of current SLM technology [85]. In fact, most 

nonmechanical beam steering methods face similar problems such as slow response 

times, low efficiency and small diffraction angles. In order to solve these issues, many 

approaches have been proposed, for example, a ‘modulo 2π’ architecture has been 

proposed. For any sine wave, 0, 2π, 4π and 2nπ phase shift will not affect the final result. 

Therefore, as one moves across the width of the prism, one can 2πn of phase every time 

when phase reaches 2πn, resulting in a saw tooth phase profile [85]. This phase profile 

can be regarded as propagation from a full prism and steers light in the same 

manner. Through this method, we can maximise the beam steering angle. However, this 

method increases the size and cost of the system which is still not desirable [85]. 
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Figure 2.21 Illustration of beamsteering with an SLM. 

 

Recently, there has been considerable interest in the use of polarisation optics 

(typical elements include lenses, gratings and deflectors) in combination with variable 

retarders to engineer new photonics technologies [86, 87]. In this thesis, a new optical 

phase shift technique is presented that combines switchable flexoelectro-optic LC 

layers, aligned in the so-called uniform lying helix configuration, together with quarter-

wave plates to achieve sub-millisecond full 2π phase modulation. This new technology 

could also potentially be configured as a dynamic switch to control the polarisation 
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state. By combining commercial off-the-shelf polarisation-gratings with recently 

developed LC technology, this thesis describes the development of a new type of optical 

beam-steering device which has substantial potential in Optical Communications and 

Holographic projection. The details of this device configuration are presented in chapter 

7. 

 

2.8 Conclusion 

The fundamental concepts of LC materials have been introduced in this chapter. The 

key principles regarding the free-energy and the physical properties have also been 

discussed, which will be used later in the thesis when analysing the flexoelectro-optic 

effect that has been employed in the SLM technology. Besides, the conventional 

techniques for aligning LCs have also been discussed in this chapter, which is quite 

important for the application presented in the following chapters. Finally, this chapter 

also contains information about LC SLM technologies and beam steering devices, 

which will be considered further in the following chapters. The next chapter presents a 

new approach to characterising the flexoelectro-optic effect in chiral nematic LCs. The 

following chapters then employ the use of the flexoelectro-optic effect to develop a new 

SLM technology. 
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Chapter 3 Characterisation of large tilt-angle flexoelectro-optic 

switching in chiral nematic liquid crystal devices 

 

3.1 Introduction 

Electro-optic phenomena in liquid crystal (LC) materials are crucial for optoelectronic 

devices and switchable photonic technologies [88-91]. LCs have been widely used in 

high-performance light modulators such as spatial light modulators (SLM) and displays 

[88]. However, traditional electro-optic effects based upon dielectric coupling typically 

exhibit a slow response time, which cannot satisfy the needs of next-generation SLM 

technology. Therefore, there is interest in considering alternative fast-switching electro-

optic effects such as the flexoelectro-optic effect, which reduces the response time to a 

sub-millisecond range. This opens up the potential for developing the next-generation 

of LC on silicon (LCoS) SLMs. In this chapter, a new and straightforward method for 

characterizing the flexoelecto-optic effect is presented. 

 

3.2 Material Preparation 

As mentioned in the previous chapter, LC materials, such as 4′-pentyl-4-cyanobiphenyl 

(5CB), contain rigid rod-like molecules that normally form the nematic phase with 

long-range orientational order and no positional order. In this chapter, the LC dimer 

1,7-bis-4-(4′-cyanobiphenyl) heptane (CB7CB), is considered which consists of two 

rigid cyanobiphenyl segments connected by a flexible aliphatic link with seven methyl 

groups. The chemical structure of CB7CB is shown in Figure 3.1. This LC exhibits the 
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twist-bend nematic phase, whereby the density of the material is uniform but its director 

rotates helically around a cone to form a spatially modulated director field with an 

extremely small pitch. In addition to the twist-bend nematic phase, this dimer also 

exhibits another twist-bend state called the oblique helicoidal phase. This normally 

occurs when the CB7CB is doped with a small percentage by weight of chiral additive 

and subjected to an externally applied electric or magnetic field at a specific 

temperature [89]. This phase is out of the scope of this thesis and will not be discussed 

here. 

 

Figure 3.1 The chemical structure of CB7CB. 

 

3.2 Flexoelectricity 

Flexoelectricity was first proposed by Meyer in 1969 which is analogous to 

piezoelectricity in crystalline solids. The phenomenon involves the direct coupling 

between the electric polarisation and director curvature distortions [90, 91]. 

Flexoelectricity is attributed to the shape asymmetry and permanent dipole moments of 

LC molecules. Flexoelectricity is usually discussed with reference to molecules that are 

either pear shape with a longitudinal dipole or banana-shaped with a transverse dipole. 
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As shown in Figure 3.2, the molecules are arranged in the absence of an external electric 

field with their long axes and dipoles aligned randomly so that there is no net polarisation. 

However, when an external electric field is applied, the dipoles of the LC molecules tend 

to change to the direction parallel to the electric field. For pear-shaped molecules, the 

field induces a splay deformation in the LC director profile whereas for the banana-

shaped molecules, it causes a bend deformation of the director profile [92]. 

Mathematically, the flexoelectric polarisation can be described in magnitude and 

direction by the splay (e1) and bend (e3) flexoelectric coefficients as 

                                       𝐏𝐟 = 𝑒1𝐧̂ (∇ ∙ 𝐧̂ ) + 𝑒3(∇ × 𝐧̂ ) × 𝐧.̂      (3.1) 

where 𝐧̂ represents the director, and 𝑒1  and 𝑒3  are the splay and bend flexoelectric 

coefficients, respectively. 

 

 

Figure 3.2. The flexoelectric polarisation. The schematic shows “pear” and “banana” 

shaped molecules (a) with no net polarisation and (b) constrained to bend and splay 

geometries, respectively, which result in the generation of a net flexoelectric polarisation. 
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When considering the free energy of the system, a term needs to be included to describe 

the coupling between the flexoelectric polarisation and an applied field that takes the 

form 𝑓flexo(𝐧̂) = −𝐏f ∙ 𝐄. The free energy due to the flexoelectric effect is therefore 

given by [92] 

                    𝑓flexo(𝐧̂) = −𝐏f ∙ 𝐄 = −[𝑒1𝐧̂(∇ ∙ 𝐧̂) + 𝑒3(∇ × 𝐧̂) × 𝐧̂] ∙ 𝐄       (3.2) 

The full expression for the bulk free energy density of an LC in an external field E 

becomes 

 𝑓bulk(𝐧̂) = 𝑓elastic(𝐧̂) + 𝑓dielectric(𝐧̂) + 𝑓flexo(𝐧̂)         (3.3) 

 =
1

2
{𝑘1[∇ ∙ 𝐧̂]2 + 𝑘2[𝐧̂ ∙ (∇ × 𝐧̂) + 𝑞]2 + 𝑘3[𝐧̂ × (∇ × 𝐧̂)]2} −

1

2
𝜀0𝜀⊥𝐸2

−
1

2
𝜀0Δ𝜀(𝐧̂ ∙ 𝐄)𝟐 − [𝑒1𝐧̂(∇ ∙ 𝐧̂) + 𝑒3(∇ × 𝐧̂) × 𝐧̂] 

In chiral nematic LCs, the coupling between electric fields and flexoelectricity can lead 

to a macroscopic rotation of the optic axis, which may be as fast as 100 s for short 

pitch (<300 nm) chiral nematic LCs [93-95]. This electro-optic behaviour is typically 

referred to as the flexoelectro-optic effect and is observed when an electric field is 

applied orthogonal to the helical axis of the chiral nematic LC. The rotation of the optic 

axis is about the electric field direction which is shown in Figure 3.3. The most 

commonly studied configuration involves a Uniform Lying Helix (ULH) alignment of 

the chiral nematic LC whereby the helical axis is aligned parallel to the device 

substrates [93-103], as shown in Figure 3.4.  
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Figure 3.3. The flexoelectric effect in chiral nematic LCs. (a) Left: the helical structure 

in the absence of an applied electric field. Right: Bouligand plane reveals no splay or 

bend distortion. (b) Left: The flexoelectric tilt of a chiral nematic LC under the 

application of an electric field perpendicular to the helical axis. Right: Bouligand plane 

of the director tilted with respect to the helix reveals the splay-bend distortion that 

induces the flexoelectric polarisation. 
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3.3 ULH Alignment 

The ULH configuration has attracted lots of attention for short pitch (<500 nm) chiral 

nematic LCs as it provides a route towards fast in-plane switching for display 

technology [92, 93, 98]. Unfortunately, the ULH structure is intrinsically unstable as it 

is not a minimum energy state and is incompatible with planar and homeotropic 

alignments. Hence, in order to generate ULH configuration, large periodic distortions 

or defect lines are necessary to be introduced close to the surface [92, 93] which are 

normally generated by an electric field. Hence, it is impossible for negative dielectric 

anisotropy materials to form a ULH structure.  

For positive dielectric anisotropy materials, the ULH configuration can be created by 

cooling down the sample from the isotropic phase while applying an electric field, but 

the ULH alignment generated by this method is quite poor. When the electric field is 

removed, the system will relax back to the lower energy Grandjean state where the 

helical axis is perpendicular to the confining surfaces. There have been many attempts 

to stabilise the ULH structure by using specially engineered devices or polymerisation 

[92,93,104]. However, both methods still require an electric field for the initial 

alignment. In addition, the switching angle is confined by the polymer network. For 

most applications, an appropriate concentration of polymer is essential for generating a 

stable ULH alignment so that suitable switching angles can be achieved at the same 

time [92, 93]. 
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Figure 3.4. The geometry of a chiral nematic LC in the ULH alignment. The helical axis 

is along the x-axis and parallel to the substrate. The ULH is formed by applying an 

electric field. 

 

3.4 Flexoelectro-optic effect 

To understand the flexoelectro-optic behaviour, it is necessary to consider the total 

flexoelastic energy density for a chiral nematic LC, which can be expressed as a sum of 

the Frank elastic energy terms and the terms that describe the coupling between the 

flexoelectric polarisation and the electric field, which is applied perpendicular to the 

helical axis [96-98]. When the applied electric field Ex is perpendicular to the plane of 

the director in a nematic LC results in coupling to the difference between the 

flexoelectric coefficients (e1 - e3). The tilt angle, 𝜙, defines the orientation of the director 

field in the 𝑦𝑧-plane. Applying the electric field along the y-axis induces a twist, 𝜃, in 

the 𝑥𝑧-plane 
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𝐧̂ = (

𝑛𝑥

𝑛𝑦

𝑛𝑧

) = (
cos θ

0
sin θ

)       (3.4) 

Under the application of an electric field along the y-axis, Ey, the components of the 

director field along the x, y and z- axes can be written in spherical polar coordinates as 

𝐧̂ = (

𝑛𝑥

𝑛𝑦

𝑛𝑧

) = (
cos θ

sin θ cos 𝜙 
sin θ sin 𝜙 

)       (3.5) 

where θ = 𝑞𝑧, The gradient operator can be written as 

∇= (
0
0

∂ ∂z⁄
)         (3.6) 

 Once the director field has been defined in this way, then the free-energies due to 

elastic and flexoelectric contributions can be derived. Through substituting (3.5) and 

(3.6) into expression (3.2), the flexoelectric free energy density can be written as 

𝑒1[𝐧̂(∇ ∙ 𝐧̂)] = 𝑒1𝑞 sin 𝜙 cos2θ      (3.7) 

𝑒3[(∇ × 𝐧̂) × 𝐧̂] = −𝑞𝑒3 sin 𝜙 sin2 θ     (3.8) 

Hence, the free energy due to flexoelectricity is given by, 

𝑓flexo(𝐧̂) = −𝑷𝑓 ∙ 𝑬 = −𝐸𝑥𝑞[𝑒1 sin 𝜙 cos2θ − 𝑒3 sin 𝜙 sin2 θ] (3.9) 

The free elastic energy components are given by (assuming that there is no dielectric 

anisotropy): 

1

2
𝑘1[∇ ∙ 𝐧̂]2 =

1

2
𝑞2𝑘1[sin2 𝜙 cos2θ]    (3.10) 

1

2
𝑘2[𝐧̂ ∙ (𝛁 × 𝐧̂) + 𝑞0]2 =

1

2
𝑘2[𝑞0

2cos2 𝜙 − 2𝑞𝑞0 cos 𝜙 + 𝑞0
2]  (3.11) 

1

2
𝑘3[𝐧̂ × (∇ × 𝐧̂)]2 =

1

2
𝑘3[sin2 θ sin2 𝜙 𝑞2]    (3.12) 
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The total free elastic energy is therefore written as 

𝑓elastic(𝐧̂) =
1

2
𝑘1 sin2 𝜙 cos2θ 𝑞2 +

1

2
𝑘2[cos2 𝜙 𝑞0

2 − 2𝑞𝑞0 cos 𝜙 + 𝑞0
2] +

1

2
𝑘3 sin2 θ sin2 𝜙 𝑞2               (3.13) 

Averaging the energies in (3.10) and (3.13) over the length of one whole pitch by 

integrating with respect to z gives (∫ cos2θ
𝑃

0
𝑑𝑧 = ∫ sin2 θ

𝑃

0
𝑑𝑧 = 𝑃/2)： 

1

𝑃
∫ 𝑓flexo(𝐧̂)

𝑃

0
∙ 𝑑𝑧 = −

1

2
𝐸𝑥(𝑒1 − 𝑒3) sin 𝜙 𝑞    (3.14) 

1

𝑃
∫ 𝑓elastic(𝐧̂)

𝑃

0
∙ 𝑑𝑧 =

𝑘1

4
sin2 ϕ 𝑞2 +

𝑘2

2
[𝑞0 − 𝑞 cos 𝜙]2 +

𝑘3

4
sin2 𝜙 𝑞2       (3.15) 

Hence, in equilibrium, the average free energy density is 

sin2 𝜙𝑞2

4
(𝑘1 + 𝑘3) +

𝑘2

2
[𝑞0 − 𝑞 cos 𝜙]2 −

𝐸𝑥

2
(𝑒1 − 𝑒3) sin 𝜙 𝑞 = 0    (3.16) 

Minimising Eq. 3.16 with respect to 𝜙 we get, 

sin 𝜙 [
(𝑘1−2𝑘2+𝑘3)

2𝑘2
] + tan 𝜙 −

𝐸𝑥(𝑒1−𝑒3)

2𝑘2𝑞0
= 0           (3.17) 

For small tilt angles, the relationship between 𝑘2, 𝑘1and 𝑘3 can be approximated to 

2𝑘2 = 𝑘1 + 𝑘3, hence, (3.16) becomes [93-95] 

tan ϕ =  (
𝑒1−𝑒3

𝑘1+𝑘3
)

E

𝑞
           (3.18) 

where 

𝑞 =
𝑞0

cos 𝜙
           (3.19) 

In this case  is the flexoelectric tilt angle, 𝑘1 and 𝑘3 are the splay and bend elastic 

coefficients of the LC, respectively, 𝑞0 is the natural wavenumber (𝑞0 =
2𝜋

𝑃0
 where 𝑃0 
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is the natural pitch), q is the actual (field-dependent) wavenumber, and E is the applied 

electric field [93]. 

Equation (3.18) is often quoted as the relationship for the flexoelectro-optic tilt angle 

in terms of the flexoelastic ratio, 1 3

1 3

e e

k k

−

+
, which is considered to be an important 

parameter as it represents a figure-of-merit in terms of the performance of the device. 

The tilt angle, 𝜙, changes sign on reversal of the applied electric field and for small tilt 

angles (tan 𝜙 ≈ 𝜙) its magnitude increases linearly with the applied field. By virtue of 

this linear dependence, the flexoelastic ratio is commonly determined by measuring the 

electro-optic tilt angle, , over a range of applied electric field amplitudes and then 

extracting the gradient (in accordance with Equation (3.18)). Importantly, it can also be 

seen from Equation (3.19) that as the tilt angle increases, the field-induced wavenumber, 

q, of the helix increases corresponding to a decrease in the helical pitch. Therefore, this 

model is only relevant when the pitch is free to change (short pitch) on the application 

of an electric field.  

 Chiral nematic LCs with short pitch allows fast changes in the optical state leading 

to microsecond response times given by 

𝜏 =
𝛾𝑞2

𝑘1+𝑘3
,          (3.20) 

where γ is the rotational viscosity [104]. The response time of conventional nematic 

LCDs is limited by the material viscosity (which causes different ‘on’ and ‘off’ state 

times). The ULH response time in Equation 3.20 is the characteristic time it takes for 

𝜙 to relax to its equilibrium value in both directions (‘on’ and ‘off’ time). In addition, 
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from Equation 3.20, it can be found that the response time is independent of the device 

thickness, which is not the case for the characteristic timescale of an anti-parallel planar 

aligned nematic LC (Fréedericksz) cell. Instead, it is governed by the pitch of the chiral 

nematic. This is the reason why the flexoelectro-optic effect has attracted lots of 

attention as it has the potential to reduce the response times from milliseconds down to 

sub-milliseconds for next-generation displays and optoelectronic devices.  

 Even though it is possible for the pitch to change, it is quite common for the pitch 

to be fixed in practice. For example, a polymer network may be included to ‘lock-in’ a 

chosen alignment and prevent the helix from unwinding under high electric field 

amplitudes. In addition, for the ULH alignment, surface interactions, imperfections in 

the alignment, and trapped defects also tend to inhibit changes in the pitch when an 

electric field is applied. Therefore, it is perhaps more realistic to consider the case where 

the pitch is fixed by boundary conditions. To deal with a fixed pitch, a different model 

was proposed by Lee et al [23]. by constraining the wavevector to be 𝑞 = 𝑞0 when 

minimising the flexoelastic energy when subjected to an electric field to give the result 

[100, 105, 106] 

tan 𝜙 =
(𝑒1−𝑒3)𝐸

2𝑞𝑘2
−

(𝑘1−2𝑘2+𝑘3)𝑠𝑖𝑛𝜙

2𝑘2
                          (3.21) 

where 𝑘2  is the twist elastic coefficient. Equations (3.18) and (3.21) are identical 

provided that 𝑘1 + 𝑘3 = 2𝑘2 or when the tilt angle is small so that sin 𝜙 ≈ tan 𝜙 ≈ 𝜙. 

However,  for  a given value 𝑒1 − 𝑒3, for typical monomesogenic nematic mixtures, 

the two characteristic parameter combinations are given in Equations (3.18) and (3.21) 
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can differ by around 15%-20%. The two parameter combinations can differ 

substantially if 2𝑘2 differs substantially from 𝑘1 + 𝑘3. However, for certain potentially 

useful cases the two sets of parameters are similar. 

For example, 𝑘1 is typically around twice 𝑘2. Therefore, for a material with a low value 

of 𝑘3, which may be the case for certain bent-core or bimesogenic materials, 𝑘1 + 𝑘3 

may be similar to 2𝑘2 and the two parameters combinations would be similar. 

One reason why the simple free pitch formula is commonly used even in cases where 

the helix  pitch is not clearly free to vary is its simplicity. The formula for fixed pitch 

cannot be conveniently solved to determine 𝜙  as a function of the applied field. 

However, some progress can be made if we consider the series expansions for sine and 

tan.  

 Substituting series expansions for sine and tan into Equation (3.21) and expanding 

up to quintic terms we can write 

[𝜙 −
𝜙3

6
+

𝜙5

120
] [

𝑘1−2𝑘2+𝑘3

2𝑘2
] + [𝜙 +

𝜙3

3
+

2𝜙5

15
] =

(𝑒1−𝑒3)𝐸

2𝑞𝑘2
     (3.22) 

which can be rearranged to give 

𝜙(𝑘1 + 𝑘3) + 𝜙3 [
−𝑘1+6𝑘2−𝑘3

6
] + 𝜙5 [

𝑘1+30𝑘2+𝑘3

120
] =

(𝑒1−𝑒3)𝐸

𝑞
    (3.23) 

Whether or not this can be used depends on how quickly the terms in the series converge. 

For example, if we consider the nematic LC, E7, and the tilt angle 𝜙 is 45°, then at this 

point, 𝜙 = 0.785, 𝜙3 = 0.484 and 𝜙5 = 0.299. For E7, 𝑘1, 𝑘2 and 𝑘3 are 11 pN, 6.5 
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pN and 11 pN, respectively. Hence the coefficients in the series expansion for 𝜙, 𝜙3 

and 𝜙5 are 28 pN, 1.83 pN and 1.86 pN, respectively. In comparison with the leading 

linear term, the cubic term is 4% and the quintic term is 2.5% of the leading term. In 

this case, higher order terms are substantially smaller.  

For most LC materials, the quintic term value is quite small. Hence, Equation (3.23) 

can be simplified to: 

𝜙(𝑘1 + 𝑘3) + 𝜙3 [
−𝑘1+6𝑘2−𝑘3

6
] =

(𝑒1−𝑒3)𝐸

𝑞
        

(3.24) 

This can be rearranged to give an analytic solution for  

𝜙 =
√√3√4𝑎3𝑏3+27𝑏4𝑐2+9𝑏2𝑐

3

√2
3

 3
2
3 𝑏

−
√

2

3

3
𝑎

√√3√4𝑎3𝑏3+27𝑏4𝑐2+9𝑏2𝑐
3

        

(3.25) 

where 

𝑎 = 𝑘1 + 𝑘3 

𝑏 =
−𝑘1 + 6𝑘2 − 𝑘3

6
 

𝑐 =
(𝑒1 − 𝑒3)𝐸

𝑞
 

Here we show plots of (for E7 elastic parameters) the cubic expansion, the linear 

approximation, the tan/sin and tan 𝜙 (Figure 3.5). As can be seen in Figure 3.5, for a 

small electric field, the tilt angle values obtained from all the equations are 
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approximately the same. However, these values are quite different when a large electric 

field is applied on the device, especially for the tan approximation where the 𝜙 value is 

significantly smaller than values calculated by other equations. Hence, it is important 

to choose the appropriate Equation for large tilt angle calculation. 

 

Figure 3.5. Tilt angles are calculated with different approximations. The blue line is 

based on a linear approximation of equation 3.23, the orange line is based on cubic 

approximation as shown in equation 3.24, the grey line is based on equation 3.21 and 

the yellow line is based on equation 3.18. 

 

3.5 Experimental results 

To investigate the above difference experimentally, it would be useful to observe 

the behaviour of a large switching angle material under applied electric fields. This can 

be most easily done by forming a ULH alignment and then observing the electric field 
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dependent transmission behaviour of the device placed between crossed polarisers. The 

configuration of the experimental setup is shown in Figure 3.6. 

 

Figure 3.6. Experimental setup used for characterising the large tilt angle material. The 

sample is observed by using a photodiode installed on the polarization microscope. The 

light source of the microscope is replaced by a strobe light source so that the 

flexoelectro-optic switching can be seen. The strobe light source and sample are driven 

by signals generated by the signal generator. In the microscope, the polariser and 

analyser are set to be perpendicular to each other. 

 

Before filling the mixture, the thickness of the empty cell was first determined by 

measuring the white-light transmission spectrum on a UV-Vis spectrometer (Agilent 

8454). Thickness measurement is usually measured by measuring the interaction of the 

film with light. When light enters an empty cell, both the top and bottom surfaces of the 
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cell will partially reflect light. The total amount of reflected light is dependent upon the 

sum of these two reflections which can be constructively (add together) or destructively 

(subtract) depending upon their phase relationship. This phenomenon results from the 

wave-like nature of light, with the phase relationship determined by the difference in 

optical path lengths of the two reflections. The cell thickness can then be determined 

from the resulting interference pattern, assuming that the refractive index and angle of 

incidence are both known. Alternatively, the refractive index can also be obtained if the 

film thickness is known. The equation for determining the cell thickness is  

𝑑 =
𝑚

2𝑁√𝑛2−sin 𝜃2
       (3.26) 

where d is film thickness, m is the number of fringes in the wavenumber region used, n 

is the refractive index, 𝜃 is the angle of incident and N is the wavenumber region used.  

In this experiment, the cell thickness measurement is conducted using an ultraviolet 

visible (UV-Vis) spectrophotometer shown in Figure 3.7. UV-Vis Spectroscopy (or 

Spectrophotometry) is widely used to determine how much light of a given wavelength 

passes through a sample and how much is absorbed.  

 

Figure 3.7 A schematic illustration of a UV-vis spectrometer. 
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A typical cell thickness measurement can be seen in Figure 3.8. Peaks in the figure 

are caused by the interference between the top and bottom substrate of the cell. By 

counting the number of the peaks in the image, the value of m can be determined (there 

are 13 peaks in the figure, hence the value of m is 13). In this experiment, the thickness 

of the cell is measured to be 4.93 μm. 

 

Figure 3.8 Interference fringes recorded between 350 and 860 nm using the UV-vis 

spectrometer. 

 

After the cell thickness measurement, the empty cell is filled with LC mixture as 

shown in Figure 3.9. The LC mixture used in the device contained the bimesogen (dimer) 

CBC7CB [4′,4′-(heptane-1,7-diyl)bis(([1′,1″-biphenyl]-4″-carbo-nitrile))] dispersed 

with 3 wt% of the high twisting power chiral dopant, R5011 (Merck Ltd). The LC 

mixture was found to exhibit a right-handed, chiral nematic phase between 102 °C and 
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118 °C (on heating). This mixture was also found to possess a pitch of ~230 nm, which 

was determined from a combination of the reflection band and the refractive indices 

through the relation. All subsequent experiments were performed at a temperature of 

108℃ in the chiral nematic phase. The device was placed on a polarisation microscope 

where the transmission axes of the analyser and polariser were perpendicular to one 

another.  

To obtain a ULH configuration, the cell was first heated to 120 °C (above the 

clearing temperature) and then cooled down in the presence of a 1 kHz, ±20 V square-

wave signal (applied to the cell electrodes). A small shear-flow was also induced within 

the device to promote the formation of a ULH configuration. The reason why a square 

wave is used in this experiment is to avoid using a DC signal. The performance of the 

device is observed and measured by using the CCD camera and a photodiode which are 

attached to the microscope. In order to directly observe the electro-optic behaviour of 

the device under different applied electric fields, a home-made strobe light source (a 

stroboscopic light is a device used to produce regular flashes of light), as shown in 

Figure 3.10, is used to replace the original microscope light source so that only the 

switched state can be captured.  

The orange curve in Figure 3.11 represents the signal to drive the strobe light source. 

By synchronising the strobe light source (orange curve) with the electric field (blue 

curve) and adjusting the duty cycle of the light source to make sure that the “on” state 

of the strobe is within the interesting period, the performance of the device for specific 
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switching angles can be observed and recorded by a camera. All subsequent 

measurements were carried out with the device in the chiral nematic phase at a 

temperature of 106 °C. At this temperature, the switching time (10–90% response time) 

of the device was found to be approximately 120 μs. 

 

Figure 3.9 Instec cell with 4.93 μm cell gap. 
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Figure 3.10 Homemade stroboscopic light source. 

 

Figure 3.11. Signal for driving the chiral nematic LC sample (blue line) and 

stroboscopic light source (orange line). 
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As discussed, the flexoelastic ratio in Equation (3.18), which is determined using 

an unconstrained pitch model, may not be suitable for characterising most devices, 

especially those that exhibit large tilt angles (where Equations (3.18) and (3.21) can 

significantly diverge as shown in Section 3.4) [99, 105]. If we consider the case when 

the tilt angle, , of the optic axis is 45° then Equation (3.18) can be re-written to give 

the flexoelastic ratio as: 

(𝑒1−𝑒3)

(𝑘1+𝑘3)
=

𝑞0

𝐸
|

𝜙=45°
                                                       (3.27) 

Equation (3.27) shows that determining the electric field amplitude at which the tilt 

angle is   = 45° directly yields the flexoelastic ratio, provided that the pitch of the 

chiral nematic LC is known. Alternatively, Equation (3.21) under the same conditions 

(i.e.  = 45°) becomes 

√2(𝑒1−𝑒3)

(𝑘1+2(√2−1)𝑘2+𝑘3)
=

𝑞0

𝐸
|

𝜙=45°
                                     (3.28) 

From Equation (3.28), we can see that a new flexoelastic ratio has been introduced and 

is given by 
√2(𝑒1−𝑒3)

(𝑘1+2(√2−1)𝑘2+𝑘3)
. This new flexoelastic ratio is more appropriate for 

characterising and optimising materials that exhibit large tilt angles in devices for which 

the helical pitch is constrained. Comparing the two flexoelastic ratios, we see that they 

are identical provided that 𝑘1 + 𝑘3 = 2𝑘2 . However, for the same flexoelectric 

coefficients, the two ratios can differ substantially if the sum 𝑘1 + 𝑘3 is different from 

2𝑘2. 

 In order to investigate the behaviour further we now consider the response of a 

ULH device to an applied electric field in the form of a square wave. The induced 
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flexoelectric tilt angle can be studied through simulations [107], and exemplar results 

are shown in Figure 3.12 for the case where the values of the elastic coefficients, 𝑘1, 𝑘2, 

𝑘3, are the same as those of the nematic LC mixture, E7, at a temperature of 20°C [108]. 

The transmission through a birefringent layer placed between crossed polarisers is 

given by 

T = sin2(2𝜒) sin2(
𝜋∆𝑛𝑑

𝜆
)        (3.29) 

where 𝜒 is the tile angle, ∆𝑛 is the birefringence, 𝑑 is the distance between the device 

substrates and 𝜆 is the wavelength of incident light. The figure shows three separate 

plots for values of (𝑒1 − 𝑒3)𝐸 that have been adjusted to give tilt angles of ±10°, ±22.5° 

and ±45°. The corresponding optical transmissions are shown in Figure 3.13, where 

the flexoelectro-optic LC device is placed between crossed polarisers such that the helix 

axis is at 22.5° to the input polarisation, and the maximum transmission is normalised 

to unity. In Figure 3.12, we can see that the flexoelectro-optic tilt angle results in a 

change in the transmission around an equilibrium level of T = 0.5. Interestingly, 

according to the transmission plots in Figure 3.13, it can also be seen that when the 

electric field amplitude is sufficient to induce a tilt in the angle of the optic axis of ±45°, 

the transmissions for the two switched states are equivalent to one another, with both 

transmissions reaching T = 0.5. This too is reflected in Equation (3.29) because when 𝜒 

=22.5+45° = 67.5° and  𝜒  = 22.5-45° = -22.5°, then 2 𝜒  =135° and 2 𝜒  = -45°, 

respectively, which are 180° apart. Consequently, the values of sin2(2𝜒) are the same 

for both cases. 
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Figure 3.12. Simulations of the tilt angle of the optic axis as a function of time for 

values of (𝑒1 − 𝑒3)𝐸 set to give tilt angles,  of ±10°, ±22.5° and ±45°.  

 

Figure 3.13. Simulations of the normalised transmission at a fixed wavelength of light 

as a function of time for tilt angles, , of ±10°, ±22.5° and ±45° with the helix axis 

aligned at 45° to the input polarisation.  

 

 Figure 3.14 shows transmission plots for flexoelectro-optic switching when  = 

±45° and when the device is aligned such that the helical axis is at three different, 
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arbitrary orientations (A, B, C) in the plane of the device. In each case, it is shown that 

for the  = ±45° switched states they approach the same transmission level after some 

initial response. Furthermore, we can see from Figures 3.13 and 3.14 that when the tilt 

angle is at ±45°, the transmission levels corresponding to these states will always tend 

to the same value irrespective of the orientation of the helical axis with respect to the 

input polarisation. 

 

Figure 3.14 Simulation of transmission plots as a function of time for the case when 

 = ±45° for three arbitrary orientations (A, B, and C) of the mean optic axis in the 

plane of the device. 

  

 The equivalence in the transmission plots for the case when  = ±45° as seen in the 

simulations presented in Figure 3.14 is interesting to investigate experimentally. For a 

flexoelectro-optic device aligned in the ULH configuration, adjusting the amplitude of 

an applied square wave electric field until the transmission of the device placed between 

crossed polarisers for the positive and negative polarities are the same allows for the 
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direct determination of the electric field amplitude required for a tilt angle of ±45°. This 

observation does not require: 1) any knowledge of the precise orientation of the helix 

axis, 2) any prior knowledge of the birefringence of the device under study, and 3) the 

measured transmission does not need to be normalised. Provided that the pitch of the 

helix is known, observation of the point at which the transmissions for positive and 

negative polarity electric fields are equal leads to the direct determination of the 

combination of coefficients in Equation 3.28, which is the more appropriate flexoelastic 

ratio for large switching angle materials. 

 

Figure 3.15. Experimental results of the normalised transmission of white light through 

the flexoelectro-optic device between crossed polarisers as a function of time for 

flexoelectro-optic tilt angles, , of approximately ±10°, ±22.5° and ±45°. Results are 

presented for a chiral nematic mixture consisting of CBC7CB and 3 wt% chiral dopant 

(R5011, Merck) in a 5 m-thick planar-aligned device. 

 

Figure 3.15 shows the experimentally-measured transmission of light as a function 

of time for the LC device placed between the crossed polarisers of an optical polarising 
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microscope with the helical axis oriented at 22.5° with respect to the polariser axis. The 

applied signal was a square wave with frequency 1 kHz and the electric field amplitudes 

required were found to be ±1.3 Vμm-1, ±3.1 Vμm-1 and ±6.12 Vμm-1 to give tilt angles 

of approximately ±10°, ±22.5° and ±45°, respectively. Some relaxation in the tilt angle 

over the duration of one polarity of the applied electric field is noticeable, especially 

for the case of the ±45°. It is believed that this behaviour is due to the presence of ions 

in the LC material used in the experiment.  

  

Figure 3.16 Theoretical results of the transmission as a function of time for tilt angles 

of approximately  = ±10°, ±22.5° and ±45° with the inclusion of a voltage-dependent 

decay term that has been added to the internal electric field. 

 

The relaxation behaviour seen in Figure 3.15 was not reproduced in the model 

used to obtain the theoretical results shown in Figure 3.13. However, if a voltage-

dependent decay term is added to the internal electric field to represent the effect of the 

movement and internal field-screening effect of ions within the LC device, it is then 
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possible to model more realistically the experimental results, as shown in Figure 3.16. 

The parameters used in the inset have been adjusted to ensure that the model better 

represents the experimental situation. 

 

Figure 3.17 Experimental results of the transmission as a function of time for the  = 

±45° switched states for a range of orientations of the helical axis (mean optic axis). 

 

 Even though the relaxation in the tilt angle caused by the ionic content inevitably 

influences the resulting flexoelectro-optic behaviour, the  = ±45° switching point is 

still apparent in Figures 3.15 and 3.16 in both the experimental and the theoretical 

results, respectively. The expected equivalence in the transmission levels for the  = 

±45° switched states for all orientations of the helical axis (shown in the model in 

Figure 3.14) can also be investigated experimentally. Figure 3.17 shows the 

transmission data obtained for a range of device orientations. It is evident that, in each 
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case, the response to the positive and negative electric field polarities are equivalent, as 

expected. This point is relatively easy and convenient to identify as it does not require 

any calibration/normalisation of the transmission measurement, as explained 

previously, and does not require precise knowledge of the device orientation. For the 

device used here, this point was found to occur at an applied voltage of ±30.7 V, which 

is equivalent to an electric field strength of ±6.12 Vμm-1. 

 

 The behaviour observed in Figure 3.15 is also illustrated in the sequence of optical 

polarising microscope images of the responses to the positive and negative electric field 

polarities of the square wave as its amplitude is increased. These results are shown in 

Figure 3.18, where the device is oriented with the helical axis at 22.5° to the polariser 

axis and the images are obtained stroboscopically, with the illumination synchronised 

with either the positive or negative switching voltage. The sequence starts from the un-

switched (0V) state and is followed by a series of pairs of images for the responses to 

both positive and negative voltage polarities, where the tilt angles correspond to  ≈ 

±10°, ±22.5°, ±39°, and ±45°.  

 

In Figure 3.18(a), for the un-switched (0V) state, the pair of images are of course 

identical to each other as no electric field is applied to the sample. As the voltage is 

increased, differences between the positive and negative switched states appear in the 

pairs of images. The contrast between the images for the positive and negative electric 

field polarities increases with the amplitude as the tilt angle of the optic axis increases, 



70 

 

and becomes largest when  = ±22.5° (Figure 3.18(c)), which corresponds to maximum 

intensity modulation. However, a further increase in the field amplitude, and 

consequently the tilt angle, results in a decrease in the contrast between the pairs of 

images (Figure 3.18(d)). At the point where the electric field amplitude is such that the 

tilt angle reaches  = ±45°, the contrast in the images between the positive and negative 

polarity electric fields vanishes and the two images are again identical (Figure 3.18(e)). 

This is exactly as expected from the transmission data presented in Figure 3.15, 

because the transmission through the positive and negative switched states are 

equivalent to one another when  = ±45°. 
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Figure 3.18 Microscope images for the positive and negative electric field polarities 

for (a) the unswitched (0V) state, and with tilt angles of (approximately) (b) ±10°, (c) 

±22.5° degrees, (d) ±39°, and (e) ±45°. The changes in brightness are caused by the 

different electric field amplitudes. P, A and OA represent the orientations of the 

transmission axes of the polariser, analyser and helix axis, respectively. 
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 For the LC mixture used in this study, the pitch was found to be of the order of 230 

nm [90, 108]. Using Equation 3.21 along with the value of the electric field amplitude 

required to obtain a tilt angle of  = ±45°, the new large tilt angle flexoelastic ratio is 

then determined to be, 

√2(𝑒1−𝑒3)

{𝐾1+2(√2−1)𝐾2+𝐾3}
= 4.13 𝑉−1.                                      (3.29) 

This value for the ratio can be compared to the result obtained for small tilt angles, 

where a tilt angle of  = ±10° is observed at an applied voltage of ±6.5 V (equivalent 

to an electric field strength of ±1.3Vμm-1), leading to a value for the more commonly-

applied, unconstrained-pitch flexoelastic ratio (Equation (3.18)) of 

𝑒1−𝑒3

𝐾1+𝐾3
= 3.64 𝑉−1.                                                             (3.30) 

As demonstrated, the new flexoelastic ratio given by Equation 3.29, with a value here 

of 4.13 𝑉−1 , is the more useful characteristic for large tilt-angle flexoelectro-optic 

switching and that the conventional flexoelastic ratio described by Equation (3.30) is 

only suitable for describing small tilt angle flexoelectro-optic switching. 

 

3.6 Conclusion 

In summary, we propose that the flexoelastic ratio, which is commonly used to 

characterise the electro-optic behaviour of chiral nematic liquid crystal (LC) devices 

that exhibit flexoelectro-optic switching, can be given by the combination of 

coefficients in Equation 3.29, which is regarded as a more appropriate expression for 

the characterisation of liquid crystalline devices that exhibit a large tilt-angle of the 

optical axis in flexoelectro-optic switching. Moreover, a simple method for determining 
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this ratio has been proposed by simply recording the electric field amplitude at the point 

whereby the transmission properties become equivalent [109] allowing for a rapid, and 

precise measurement of the flexoelectro-optic performance of chiral nematic LC 

devices. This method is quite important as we are going to use it to characterise phase 

modulators shown in chapters 4-6. 
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CHAPTER 4 Fast Response Analogue Phase-Only Modulator 

 

4.1 Introduction 

In the previous chapter, a rapid and precise method has been proposed for 

determining when the tilt angle reaches ±𝜋/4 by simply recording the electric field 

amplitude at the point whereby the transmission properties become equivalent. In this 

chapter, using chiral nematic LCs that exhibit a flexoelectro-optic tilt angle of ±𝜋/4, an 

analogue phase modulator with >2π phase range is demonstrated with a 1 kHz 

switching frequency.  

The chiral nematic LC mixture consists of the bimesogen CB7CB doped with a 

high twisting power chiral dopant (R5011, Merck), aligned in the uniform lying helix 

mode. The mixture exhibits >±π/4 rotation of the optic axis for a drive voltage 

of ±21.5 V (E = ±4.5 V μm−1). The rotation of the optic axis is converted into a phase 

modulation with the aid of a reflective device configuration incorporating a ≈5 μm LC 

cell, a polariser, two quarter-wave plates, and a mirror. The residual amplitude 

modulation is found to be <23%. In addition, experiments have been carried out 

whereby the mirror is replaced with a chiral nematic reflector, which is found to be very 

tolerant to imperfections in the chiral nematic reflector provided that the flexoelectro-

optic LC layer fulfils the half-wave condition. Encouragingly, the modulation in the 

phase, which operates at kHz frame rates, is accompanied by even lower amplitude 

modulation. The phase modulator configuration demonstrated in this chapter is 

particularly promising for the development of next-generation LC on silicon spatial 
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light modulators (SLM). 

 

4.2 Application of SLMs 

As mentioned in Chapter 2, SLMs have been used in various applications, among 

which are microscopy [110-116], telecommunication [117-123] and holography [124-

134]. For application in microscopy, LCOS SLMs were used in building a phase 

contrast microscope [113,135,136] where phase contrast, dark field images and 

differential interference contrast can be generated by addressing different phase patterns 

to the SLM located in the Fourier plane. In addition, Auksorius et al. [137] has proposed 

to use phase SLMs in the super-resolution microscopy where phase SLMs have been 

used in generating and controlling the point spread function of a stimulated emission 

depletion (STED) beam. Compared with the standard confocal technique, this new 

configuration showed correction of aberrations and rapid switching between different 

modes of STED imaging which results in significant improvement in resolution. The 

compensation of aberrations caused by the introduction of phase SLMs is especially 

important which enhance the stability of the system [137,139,140].  

Another attractive application for SLM is telecommunication, Frumker and 

Silberberg [119] have demonstrated amplitude and phase shaping of femtosecond laser 

pulse using an LCOS phase modulator. In the system, a grating is used to split the 

femtosecond pulses into a spectrum and each wavelength component is focused onto 

the SLM in a single direction with the help of a cylindrical Fourier lens. The amplitude 

and phase modulation are generated by writing corresponding gratings. In addition to 
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telecommunication, Meeser et al. [125] and their team have used an SLM to develop a 

holographic sensor that is able to adapt the reference wave for objects in different 

positions. The accurate phase distribution in the CCD plane and rapid switching 

between Fresnel and Fourier holograms are all realised by using an SLM. Light Blue 

Optics developed a full colour 2D holographic projection unit by using SLMs based on 

ferroelectric effect [131]. The fast response ferroelectric SLMs enable a good quality 

of reconstruction and low speckle noise [71]. The availability of SLMs has helped 

researchers to explore a wide range of potential applications. High-resolution devices 

were made possible, but for phase modulators, a high frame rate with analogue phase 

modulation is still a challenge. In this work, a fast response analogue phase modulator 

has been developed, which will be explained in the following sections [73,74,138]. 

 

4.3 Phase modulation simulation 

LC SLMs are attractive optical components to manipulate an optical phase over a 

two-dimensional area because they can be relatively low in cost and offer a high spatial 

resolution [52, 141]. SLMs are typically used in a reflective configuration, the reflector 

is divided up into an array of pixels, each independently electrically controlled via a 

silicon backplane. As a result, there is an increasing need for providing a sub-

millisecond analogue 2π phase modulation. However, as mentioned in Chapter 2, 

current SLMs based on nematic LC or ferroelectric LC cannot satisfy this need [68-72]. 

Hence, this thesis presents the development of a new phase modulation configuration 
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based on the flexoelectro-optic effect, which is able to meet this requirement [138].  

In the previous chapter, we have investigated the electro-optic behaviour in a 

material that shows a large tilt angle of the optic axis when subjected to an electric field 

[109]. The behaviour of this electro-optic effect (referred to as the flexoelectro-optic 

effect) is illustrated in Figure 4.1, where the applied signal presented in Figure 4.1(a) 

leads to the tilt angle response shown in Figure 4.1(b).  

 

Figure 4.1 Results of the flexoelectro-optic effect (a) An exemplar case of an electric 

field applied to a ULH-aligned flexoelectro-optic device. The electric field and time are 

normalised to be dimensionless quantities. (b) The resulting tilt angle (in radians) as a 

function of time. 

 

LC phase modulators based on the flexoelectro-optic effect in chiral nematic LCs 

in the ULH mode have been proposed previously and demonstrated to give a phase 

modulation range of 0.71π at 500 Hz and 0.52π at 1 kHz [142]. While fast, the low 

phase modulation range will be insufficient for many applications. The lack of suitable 

technology for stable, fast, analogue phase-only SLMs is a severe limitation for 

dynamic optical systems. Here, a solution to this problem is presented and a new ULH 

device configuration is presented that allows a full 2π analogue phase modulation range, 
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fast switching speeds, no unwanted residual amplitude modulation, and a thin device 

for good spatial resolution. 

To enhance the phase modulation performance of flexoelectro-optic LC phase 

modulators, three different configurations have been investigated which are shown in 

Figure 4.2. The basic configuration (I) has a ULH LC layer in a reflective configuration. 

This is similar to that employed by Chen et al. [142], but with an additional polarizer 

at the front to preserve the polarization state. 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 𝜆/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 𝜆/2 which is similar to that of Stockley et al. [143].  

 

Figure 4.2 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) 0.25–0.5𝜆 

(II) 0.25𝜆 and (III) 0.5𝜆. 

 

In order to understand the phase performance of each configuration, the three 

configurations are first simulated by using Jones Calculus in Matlab. In the Jones 
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matrices, the LC may be modelled as a waveplate 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). Expressions for the output optical field, Eout, for three 

configurations are given by: 

(𝐼𝐼𝐼)  𝐸𝑜𝑢𝑡 = 𝑷𝑫(−𝜑, ){𝑴}𝑫(𝜑, )𝑷𝐸𝑖𝑛     (4.1) 

(𝐼𝐼)  𝐸𝑜𝑢𝑡 = 𝑷𝑸𝟏 (−
𝜋

4
) 𝑫(−𝜑, ){𝑴}𝑫(𝜑, )𝑸𝟏 (

𝜋

4
) 𝑷𝐸𝑖𝑛   (4.2) 

(𝐼𝐼𝐼)  𝐸𝑜𝑢𝑡 = 𝑷𝑸𝟏 (−
𝜋

4
) 𝑫(−𝜑, ) {𝑸𝟐 (−

𝜋

4
) 𝑴𝑸𝟐 (

𝜋

4
)} 𝑫(𝜑, )𝑸𝟏 (

𝜋

4
) 𝑷𝐸𝑖𝑛  (4.3) 

Taking Eq. (4.3) as an example, reading this equation from right-to-left, the input light 

𝑬𝒊𝒏 is first passed through the vertical linear polariser represented by matrix 𝑷. The 

quarter-wave plate, the axis of which is at 45 to the vertical, is represented by a matrix 

𝑸𝟏 (
𝜋

4
). 𝑫(𝜑, ) is then the Jones matrix of an LC device having retardance  at an 

orientation of angle  to the horizontal [144]. The term in curly-brackets is the Jones 

matrices for mirror 𝑴 and the second quarter-wave plate, 𝑸𝟐 (
𝜋

4
).  

Note that in the terms after the mirror (terms to the left of 𝑴 in Equation (4.3)), the 

orientation angles of the waveplates are reversed because these angles are measured 

from the horizontal and the light is now propagating in the opposite direction. The terms 

to the left of the curly brackets represent the light passing back through the LC device, 

quarter-wave plate, and vertical linear polariser after being reflected from the mirror. 

Multiplying out the terms in Equation (4.3), and assuming that all components are ideal 

(with the LC device forming a perfect half-wave plate) and that the input and output 
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light is vertically polarised, leads to the simple but informative result that: 

 𝐸𝑜𝑢𝑡 = 𝐸𝑖𝑛𝑒+4𝑖𝜑           (4.4) 

The Matlab simulation code for configuration (III) is shown in Figure 4.3. 

Assuming that all the components are ideal and thus every optical component can be 

represented by Jones matrices. The horizontal and vertical linear polarizer can be 

represented by [1,0;0,0] and [0,0;0,1], as shown in Line 10,11 in Figure 4.3. The 

matrices for the quarter waveplate in the transmission path and reflected path are similar 

except the second and third term in the matrix of the transmission path (1-j) is replaced 

with –(1-j) in the reflection path. As mentioned above, in order to simulate the phase 

performance of the LC device, the LC device is treated as a quarter or half waveplate 

(Jlc=[exp(j*delta/2),0;0,exp(-j*delta/2)]) and the rotation of the optical axis due to the 

flexoelectro-optic effect is represented by the rotation matrix (line 18,19). In this case, 

the retardance of the LC device is 0.5𝜆, which means that the LC device is regarded as 

a half waveplate where the retardance in the Matlab code is set to 0.5 and delta is 

2*𝜋*retard = 𝜋. Using Jones matrices, the phase and amplitude performance of three 

different configurations can be successfully simulated, as shown in Figure 4.4. 
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Figure 4.3 Matlab code for simulating the amplitude and phase performance of the 

three device configurations presented in Figure 4.2. In the simulations, the optical losses 

due to the scattering in the LC and nonideality in the optical components are ignored. 
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Figure 4.4 Simulation results of the three different optical phase modulation 

configurations presented in Figure 4.2. For each plot, the upper part shows the intensity 

change while the lower part illustrates the phase change as a function of the absolute 

angle of the optic-axis of the ULH-aligned flexoelectro-optic device relative to the 

horizontal. The LC device is regarded as a quarter (I), half-waveplate (II), and half 

waveplate (III). The optical losses due to the nonideality in the LC and optical 

components are ignored.  
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From Figure 4.4, it can be seen that for the ideal case, all of the configurations are 

lossless (the intensity is unity, indicating that all of the incident light is returned and 

therefore the amplitude of the reflected light is constant regardless of the angle of the 

optic-axis). For an angle ϕ that is within the range of ±π/4 (i.e., a tilt angle of the optic 

axis in the ULH device of ±45°, with a total switching angle range of 90°), a phase 

modulation range of 2π can only be obtained from configuration (III) (configuration (I) 

only gives binary phase modulation and configuration (II) produce a π phase 

modulation for ±45° switching angle), which means that configuration (III) has the 

potential to enable a full 2π analogue phase range at switching speeds of >1 kHz. Hence, 

in the following, this combination is chosen for the development of a new LC phase 

modulator. 

 

4.4 Michelson Interferometer 

 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, shown in Figure 4.5. The LC mixture used in the flexoelectro-optic 

device contained the bimesogen (dimer) CBC7CB [4′,4′-(heptane-1,7-diyl)bis(([1′,1″-

biphenyl]-4″-carbo-nitrile))] dispersed with 3 wt% of the high twisting power chiral 

dopant, BDH1281 (Merck Ltd). The mixture was then filled into a nominally 5 μm-

thick Instec cell that contained antiparallel rubbed polyimide alignment layers and 

indium tin oxide electrodes. The thickness of the empty cell was determined to be 

4.73 μm by measuring the white-light transmission spectrum on a UV-Vis spectrometer 
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(Agilent 8454).  

 

Figure 4.5 Experimental arrangement to measure the phase of the proof-of-concept LC 

optical phase modulator: SH, shutter; NDx, neutral density filter of optical density 𝑥; 

PC, personal computer; AFG, arbitrary function generator; AMP, amplifier; TC, 

temperature controller; CAM, camera; DUT, device under test; P, polarizer; Q1; Q2, 

quarter-wave plates; L1; L2, lenses; M, mirror; BS, non-polarizing beam splitter. 

 

As described in Chapter 3, the LC mixture was found to exhibit a chiral nematic 

phase between 102 °C and 118 °C (on heating). To obtain a ULH configuration, the cell 

was first heated to 120 °C (above the clearing temperature) and then cooled down in 

the presence of a 1 kHz, ±20 V square-wave signal (applied to the cell electrodes) which 

is generated by a combination of arbitrary function generator (Wavetek 395) and 

voltage amplifier (FLC Electronics F10AD) to meet the voltage requirement. The ULH 

structure is then checked with optical polarisation microscope (Olympus BX51) to find 

out whether a suitable ULH alignment has been formed. The OPM images in Figure 
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4.6 show the bright (45°) and dark (0°) states of the ULH device. The images were 

taken once the device had been cooled to 108 °C whilst under the application of the 

external electric field. A fairly uniform ULH alignment can be seen on a local scale and 

defects are visible across larger regions of the device due to the spacer bead and 

discontinuous in the helical axis. However, good contrast can still be seen between the 

bright and dark states. 

Under the ULH structure, taking the ordinary and extraordinary refractive indices 

for the nematic LC, CBC7CB, at a wavelength of 633 nm and using a standard 

expression for the effective optical anisotropy of a ULH structure [101,102], the 

retardance for the device used here was estimated to be 0.51λ. Since the retardance of 

the LC device is approximately 0.5λ, we consider it to behave as a near-ideal half-wave 

plate, which reverses the hand of circularly polarised light passing through it. All 

subsequent measurements were carried out with the device in the chiral nematic phase 

at a temperature of 106 °C. At this temperature, the switching time (10–90% response 

time) of the device was found to be approximately 120 μs.  

 The light source used in this setup was a continuous wave Helium-Neon (He-Ne) 

laser (Uniphase 1125P) that generates light at a wavelength of 632.8 nm. As illustrated 

in Figure 4.5), the input light is arranged to be vertically polarized and then passes via 

the aid of mirrors through a non-polarising beam-splitter (Newport 05BC16NP). One 

of the output beams (the signal beam) passes through the ULH flexoelectro-optic device 

and is reflected by the mirror through the same system. The other output beam (the 

reference beam) is directed by two mirrors to reflect the light with a small angle offset 
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so as to generate clear interference fringes. The flexoelectro-optic-based phase 

modulator is also shown in Figure 4.5. The polarizer and quarter-wave plates were 

placed on rotation mounts. Q1 was then rotated to obtain the right circular polarization, 

which was confirmed using a polarization analyzer (Schäfter + Kirchhoff SK010PA-

VIS). Lenses L1 and L2 (respectively, Thorlabs LA1131A and LA1608) were used to 

focus the beam through the LC cell, mounted on a hot stage (Linkam LTS350 with TP93 

controller). 

 

Figure 4.6. Optical polarisation microscope images showing the bright (left) and dark 

(right) states of a ULH texture. Defects shown in the image are mainly caused by the 

spacer bead and discontinuous in the helical axis. A fairly uniform ULH alignment can 

be seen locally, with good contrast between the bright and dark states. The direction of 

the polarizer and analyser are indicated by the white and black arrows for different 

images and the optical axis is represented by the red colour arrow.  

 

The fringes were captured using a collection lens to directly image onto a CCD 

camera (Thorlabs DCU224C, 1280 × 1024, 8-bit colour). The arbitrary function 

generator (Wavetek 395) is used to trigger the acquisition of images from the CCD 

camera. For all measurements, the device drive signal was a 1 kHz square-wave with a 

controllable amplitude level, and the camera was triggered on one half-cycle of the 

square-wave in order to record the instantaneous fringe intensity pattern at any desired 
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drive voltage level. In addition, the CCD camera was set to record a 100 μs exposure 

towards the end of a half-cycle of the square-wave.  

 

4.5 Phase Modulation Results 

 Figure 4.7 shows the interference fringes recorded on the camera in response to 

different applied peak voltage levels up to ±21.5 V (𝐸 = ±4.5 V μm−1). It can be seen 

that the fringes move relative to the reference line as the voltage is increased, all the 

way to the point that the next fringe reaches the line, demonstrating a 2π 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 4.8(a) shows the optical transmission of the LC through crossed 

polarizers for an exemplar case of an applied 1 kHz square wave at ±11 V. The change 

in the tilt angle at this drive voltage is approximately ±π/8 rad, and it can be seen that 

the device permits 1 kHz switching. Figure 4.8(b) shows typical fitted data extracted 

from the fringe intensity data shown in Figure 4.7.  

 

Figure 4.7 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 was 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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Figure 4.8 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 fields was at an orientation 

of π/8 from the transmission axis of one of the polarizers. (b) (  blue) fringe data 

recorded from the camera, (  red) fit to fringe data. 

 

 Figure 4.9 shows the phase shift and amplitude variation for the bench-top phase 

modulator as a function of the applied voltage. The tilt angles were measured against 

the voltage for the LC mixture by using a time-resolved technique [145] and is shown 

as an inset in Figure 4.9, with >π/4 angle change. From the figure, it can be found that 

the phase range exceeds 2π and the relationship between voltage and phase change is 

approximately linear, as expected from Figure 4.4. Compared with a standard nematic 

LC phase modulator, which is also able to provide multi-level phase modulation, the 

linear property is quite favourable as it means the characterisation of a phase modulator 

based on flexoelectro-optic effect will be much easier. In addition, it has been noticed 

that the amplitude variation is also low at less than 23% which might be caused by noise 

from the experimental measurement system and nonideality in the optical components 

and LC cell. For noises that come from the environment, it is impossible to get rid of 
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them. However, it is possible to improve the setup to make the system less sensitive to 

the nonideality in the LC phase modulation element. The method replaces the mirror 

and the second quarter waveplate with a chiral reflector which will be explained in the 

next section. 

 

Figure 4.9 Experimentally extracted phase (left axis) and transmission (right axis) for 

the LC optical phase modulator. (  red) phase, (  blue) amplitude. Inset: tilt angle of 

the optic axis (TA) versus voltage for the LC mixture (without any additional 

components). 

 

4.6 Simulations of a phase modulator with a chiral reflector 

The Jones Matrix method [40] has also been used to model the optical behaviour of a 

chiral reflector-based phase modulator so as to make comparisons with the previous 

arrangement [138]. The configuration of the device (See Figure 4.10) is quite similar 

to the previous configuration which also consists of a vertical polariser, a quarter-wave 

plate and the flexoelectro-optic chiral nematic LC device, which aligned in the ULH 

geometry and, ideally, corresponds to a half-wave plate in terms of thickness. However, 

in this case, the light is reflected from a chiral nematic reflector instead of the 
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combination of quarter waveplate and mirror.  

 

Figure 4.10 Illustration of the low-loss LC phase modulator comprising a flexoelectro-

optic chiral nematic LC cell in the uniform lying helix configuration and a reflective 

chiral nematic LC glass cell in the uniform standing helix alignment. 

 

The incident polariser, quarter-wave plate and LC device still can be modelled 

using the previous way. On the other hand, the chiral nematic reflector is less commonly 

modelled using the Jones Matrix technique. Here this element is modelled by 

combining the well-established Jones Matrices of three standard optical components – 

a quarter-wave plate, a linear polariser and a mirror. This is equivalent to a chiral 

nematic reflector because the quarter-wave plate converts the incident circular 

polarisation of each handedness into two linear polarisation states, the linear polariser 

then rejects one of these states and the transmitted linear component is subsequently 

reflected by the mirror. It then passes back through the linear polariser, and then through 
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the quarter-wave plate which converts it back to the circular polarisation of one 

handedness only. The net effect is a component that reflects circularly polarised light 

of one handedness and rejects the other. Bringing all of the components together we 

can then get the optical output field for this new configuration, 𝑬𝒐𝒖𝒕 as 

𝐸𝑜𝑢𝑡 = 𝑷𝑸𝟏 (−
𝜋

4
) 𝑫(−𝜑, ) {𝑸𝟐 (−

𝜋

4
) 𝑷𝑴𝑷𝑸𝟐 (

𝜋

4
)} 𝑫(𝜑, )𝑸𝟏 (

𝜋

4
) 𝑷𝐸𝑖𝑛   (4.5) 

 

Figure 4.11 Matlab code for simulating the chiral reflector-based phase modulator. 
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Equation (4.7) is quite similar to Equation (4.5) except the term in curly-brackets here 

represents the chiral nematic reflector which includes 𝑴 : Jones matrix of a mirror, 

𝑸𝟐 (
𝜋

4
): quarter-wave plate and 𝑷: polariser. The Matlab code for this system is shown 

in the following Figure 4.11, it has been noticed that this time there is a vertical 

polariser Jv between the Jquarter and Jmirror. 

 Figure 4.12 shows the performance of the ideal and non-ideal optical phase 

modulator. In this case, we mainly consider the non-ideal properties caused by two 

components, the LC cell and the chiral nematic reflector. In this simulation, when the 

LC layer is ideal, the retardance of the device is set to be 0.5λ (i.e. a half-wave plate). 

As explained previously, this is expected to lead to pure phase modulation of light 

propagating through the device. The non-ideal case is considered to be a possible error 

in the thickness of the ULH LC layer and is represented by setting the LC device 

retardance to be 0.4λ (i.e., it deviates from the half-wave condition). To represent an 

imperfection in the chiral nematic reflector, we “modify” the quarter-wave plate which 

is adjusted to have a retardance of 0.2λ (instead of the ideal quarter-wave condition (i.e., 

0.25λ), and its orientation is adjusted to be at an angle of π/5 from the vertical (instead 

of the ideal π/4). The net result is that the reflected light from the chiral nematic 

“reflector” becomes slightly elliptical. 
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Figure 4.12. Simulations of ideal and non-ideal optical phase modulators based on the 

chiral nematic reflector configuration. (a) intensity and (b) phase change are shown as 

a function of the absolute angle of the optic-axis of the ULH-aligned flexoelectro-optic 

device relative to the horizontal. The four plots shown in each case are as follows: the 

ideal case with LC retardance of 0.5𝜆  and ideal chiral nematic reflector (blue line 

dashed line); imperfect reflector and ideal LC retardance (purple dashed line); non-ideal 

LC retardance of 0.4𝜆 and ideal chiral nematic reflector (red dotted line); non-ideal LC 

retardance of 0.4𝜆 and imperfect reflector (yellow line).  

 

It is worth commenting on some interesting effects seen in Figure 4.12. Firstly, as 

expected, for the ideal configuration consisting of both an ideal retardance and reflector, 

we have full 2π phase modulation for an optic-axis tilt angle range of π/2 of the 
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flexoelectro-optic device (a phase modulation range of 4π for the optic-axis tilt range 

of π/2). Additionally, similar to the previous simulation results, for the ideal case, the 

system is lossless. From the figure, it can also be seen that a full 2π phase modulation 

range can always be realised even when one or both components is/are not ideal. 

Furthermore, from the intensity plots it can be seen that even if one or the other of the 

components are individually not perfect, the intensity change is still zero (as indicated 

by the red dashed and purple dashed plots in the figure). Thus, although there is now a 

loss in the system, the variation in loss for both cases is zero, indicating no modulation 

in the intensity. Consequently, pure phase modulation is again obtained, which is 

essential for many technological applications.  

 

 Substantial intensity changes (loss variation) only happens when both components 

are not ideal (as indicated by the yellow curve). The intensity now varies between a 

maximum of unity and a minimum of around 0.5 (an amplitude minimum of √0.5) for 

the illustrative case considered here. Hence, to minimise the intensity modulation, the 

required condition is that one of the components (but not both) should be “ideal”. This 

is an encouraging result since in practice it can be difficult to ensure that the ULH 

device forms an exact half-wave plate, whereas it might be possible to engineer a chiral 

nematic LC reflector such that the polarisation of the reflected light is close to ideal 

circular polarisation (by ensuring that the device is operating in the middle of the 

reflection band), thus providing greater flexibility and tolerance in the construction of 

the device. 
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4.7 Experimental results of the phase modulator with chiral reflector 

 

Figure 4.13 Experimental arrangement to measure the phase and intensity response of 

the LC optical phase modulator. (M, mirror; BS, beam-splitter; P, polariser; Q quarter-

wave plate; L1, L2, lenses; LC, modulation device; CF, chiral reflector; CAM, CCD 

camera; PD, photodiode.) The device is placed in one arm of a Michelson interferometer. 

Light is focused through the device to ensure that it passes through a mono-domain of 

ULH alignment. An extra mirror was introduced into the reference arm so that the light 

from both arms will intersect to generate clear fringes. The reflecting component in the 

device arm is formed from a chiral nematic LC reflector to reproduce the system 

outlined in the text. To measure the intensity, the CCD is replaced with a photodiode, 

together with a pin-hole to ensure that only the signal beam is admitted. The modulation 

device is a ULH flexoelectro-optic chiral nematic LC as shown. 

 

 The implementation of the chiral nematic reflector-based phase modulator is shown 

in Figure 4.13, which is quite similar to the previous configuration except that the 

mirror and quarter waveplate is replaced by a chiral reflector. The chiral nematic 

reflector, in this experiment, is made by mixing the nematic LC, HTW114200-100, 
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(Fusol) with 22.2 wt% of the left-handed chiral dopant, S811 (Merck). This mixture 

was then filled into a cell and was found to form a Grandjean texture (whereby the helix 

axis is aligned parallel to the normal of the glass substrates) on a polarising optical 

microscope. Measurements on a UV-Vis spectrometer confirmed that the centre of the 

reflection band was close to the wavelength of the He-Ne laser (632.8 nm) as shown in 

Figure 4.14.  

 

Figure 4.14. The transmission spectrum of a chiral nematic LC, E7+S811. The 

thickness of the device is 4.93 μm and the cell is measured at room temperature. The 

bandgap is between 575nm and 650nm. 

 

 Figure 4.15 shows the experimental results for the optical phase shift and intensity 

variation of the new configuration. The applied voltage was varied up to 21 V, at which 

point the phase range was found to be almost 2π (actually measured to be 361.4). The 

phase change as a function of voltage follows an almost linear behaviour, as expected 

400 500 600 700 800 900 1000

0

20

40

60

80

100

T
ra

n
s
m

is
s
io

n
 (

a
.b

.u
)

Wavelength (nm)

 B

570nm

650nm



97 

 

from the model results shown in Figure 4.4. The slight nonlinearities seen in the optical 

phase behaviour have two origins: (i) the flexoelectro-optic tilt angle in the ULH device 

is not precisely linear with voltage; (ii) small drifts in environmental temperature and 

corresponding air currents (caused principally by the hot-stage stabilising the device 

temperature) lead to small drift errors in the fringe phase. It can also be seen in the inset 

shown in Figure 4.15 that there is very little modulation in the intensity (and hence the 

amplitude) of the light. So, as anticipated this device configuration with a chiral nematic 

reflector operates well as a pure phase modulation system. The small changes in 

intensity that are observed are likely to be due to the electric field-dependence of the 

birefringence of the chiral nematic LC in the ULH alignment.  

 

Figure 4.15 Experimentally determined phase and intensity for the LC optical phase 

modulator presented in this work (measured using the system presented in Figure 4.14 

with a CCD camera and photodiode). The main plot shows the optical phase shift as a 

function of voltage. The lower right inset shows the intensity variation as a function of 

the measured optical phase angle. The variation in intensity is seen to be minimal. The 

unit used in the inset is the arbitrary unit, the actual efficiency of this configuration is 

about 44.8%. 
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4.8 Conclusion 

 In summary, this chapter has demonstrated a new LC optical phase modulator 

based on the flexoelectro-optic behaviour of a ULH-aligned chiral nematic LC. This 

configuration has substantial potential in spatial light modulator technology which can 

exhibit full 2π phase modulation with sub-millisecond response time by applying a 4 

V/μm electric field at a temperature of 106C. In addition, through this research, it has 

been shown that an ideal chiral nematic reflector can be used to replace the mirror and 

quarter waveplate combination to ensure that the system is less sensitive to the 

nonideality in the LC phase modulation element. Based on this reflective mode phase 

modulator, in the next chapter, a new phase modulator in a transmissive configuration 

is presented, which can be used in applications where a reflective mode is not desirable. 

While a 4V/μm electric field and an operating temperature of 106C are still not yet 

suitable for commercial SLM devices, these limitations can be addressed through the 

development and refinement of the liquid crystalline materials and mixtures to obtain 

larger e/K ratios and larger ∆n. 
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Chapter 5 Transmissive liquid crystal optical phase modulator with 

2 phase modulation and 1 kHz switching 

 

5.1 Introduction  

Following the demonstration of a reflective-mode phase modulator in the 

previous chapter, the purpose of this chapter is to demonstrate an analogue phase 

modulator in a transmissive configuration using the flexoelectro-optic effect in short-

pitch chiral nematic liquid crystal (LC) devices. Two different modes are considered, 

both of which generate full 2π phase modulation at 1 kHz switching frequency. The 

first configuration that is considered consists of a half-wave plate placed between two 

flexoelectro-optic LC devices subjected to electric fields that are applied in phase. 

Secondly, we demonstrate that a similar phase modulation response can be observed by 

removing the half-wave plate and subjecting the two flexoelectro-optic LC devices to 

electric fields whereby the polarities are out of phase. Both configurations demonstrated 

herein are promising for developing next-generation LC spatial light modulators, 

particularly when reflective geometries are challenging or impractical. 

 

5.2 Comparison of transmissive and reflective spatial light modulators 

As mentioned in the previous chapter, LC SLMs have been widely used in 

various optical manipulation applications. The devices come in different pixel formats 

but basically can be divided into two types: reflective and transmissive mode [146-157] 
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(Figure 5.1). Due to the pixelated nature of the LC SLMs, light that enters an LC SLM 

and hits these dead areas (the non-functional areas between pixels) are not modulated 

by the SLM which leads to a zero-order diffracted beam [147, 148]. The ratio of the 

intensity of the zero-order diffracted light to the intensity of the total incident light is 

called the zero-order diffraction efficiency, which is an essential parameter for 

characterising the LC SLMs. Usually, low zero-order diffraction is desirable as zero-

order diffraction will distort the light profile and undermine the reconstruction quality.   

Assuming that the SLM is flat, for a reflective mode LC SLM, the zero-order 

diffraction efficiency can be approximated by multiplying the square of the fill factor 

(the ratio of the size of the dead area to the pixel area) with the reflectivity of the 

backplane. The zero-order diffraction efficiency for a transmissive LC SLM, on the 

other hand, is equal to the fill factor squared times the transmission of the SLM. 

Typically, the zero-order diffraction efficiency of reflective SLMs is higher than that 

of transmissive SLMs [148]. However, in reality, the overall efficiency of transmissive 

SLMs is lower than that of reflective SLMs due to the presence of electronics in the 

backplane that blocks the light, which reduces the system's overall efficiency. In 

addition, for the same applied voltage, pre-tilt angle and LC material, the thickness of 

the device for a transmissive SLM is two times higher than that of a reflective SLM. 

Hence, the response time of a reflective phase modulator is about four times faster than 

that of a transmissive modulator [149]. Despite the slow response time and system 

efficiency of transmissive devices, transmissive LC SLMs normally have advantages 

such as small size, low weight and simple to fabricate [149-151,157] due to the fact 
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they are in the transmissive configuration which is quite useful, especially when the 

reflective configuration is challenging.  

 

Figure 5.1 Different types of phase modulators. (a) Reflective phase modulator (b) 

Transmissive phase modulator. 

 

In the previous chapter, a reflective phase modulator based upon the 

flexoelectro-optic effect in chiral nematic LCs has been demonstrated that exhibits a 

complete 2π phase range and a fast switching frame rate of 1 kHz and low residual 

amplitude modulation and drive voltage [73,138]. As a reminder, the concept is based 

on the effect of passing circularly polarised light through a rotatable half waveplate. In 

practice, this can be realised using our proposed technology by passing linearly 

polarised light through a chiral nematic LC, aligned in the uniform lying helix (ULH) 

geometry, placed between a pair of quarter-wave plates. The range of phase modulation 

available, p, depends on the angle through which the optic axis of the LC layer can be 

rotated electrically and is found to be equal to twice the switching angle.  Accordingly, 

flexoelectro-optic devices that can exhibit ±45° degree switching result in phase 

modulation of ±/2 (i.e. a p =  phase range).  
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In the work presented in this chapter, two different transmissive phase 

modulation schemes are presented that could be used to generate a 2π phase range with 

kHz frame rates by placing two flexoelectro-optic LC devices in series. The first 

configuration consists of a half waveplate that is placed in between two LC devices that 

are switched in the same direction by applying the same bipolar electric field to both 

devices. The second configuration demonstrated comprises two flexoelectro-optic LC 

devices for which the optic axes are switched in the opposite direction to one another 

by applying electric fields to each layer that are of the opposite polarity. 

 

5.3 Simulation results of the transmissive phase modulator 

Jones calculus [39, 40] has also been used in this work to model the optical 

behaviour of the two different configurations of transmissive phase modulators. A 

schematic of the primary device configuration is shown in Figure 5.2. The incident 

light is converted into circularly polarised light through the combination of a polariser 

and a quarter-wave plate, which then passes through a flexoelectro-optic chiral nematic 

LC device that is aligned in the ULH geometry. The thickness of the LC layer was 

chosen to provide a half-wave retardance at the wavelength of interest (i.e.  = 633 nm). 

Finally, the transmitted light then passes through a second-quarter waveplate. 

Assuming that all the components are ideal, the phase modulation that could be 

achieved using this configuration ranges from 0 to π, depending upon the tilt of the 

optic axis and the magnitude of the applied electric field.  
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Figure 5.2 Illustration of the LC phase modulator configuration containing a linear 

polariser, flexoelectro-optic chiral nematic LC layer in the ULH mode (an electrically 

tunable half-wave plate) and two quarter-wave plates. The optic axis of the LC layer is 

parallel to the substrates (horizontal). 

 

In this experiment, the linear polariser, quarter-wave plate and the LC device 

can be modelled using the concepts mentioned in the previous chapter. The optical field 

at the output of the device, 𝑬𝐨𝐮𝐭  for the basic configuration (i.e. polariser, quarter-

waveplate, LC layer, quarter-wave plate), is given by 

                                     𝐸out = 𝐐2 (
𝜋

4
) 𝐃(𝜑)𝐐1 (

𝜋

4
) 𝐏𝐸in                                               (5.1) 

where 𝐃(𝜑) is the Jones matrix of an LC layer with a retardance, , and an optic axis 

that is oriented at an angle, 𝜑, to the horizontal in the plane of the device. 𝐐𝟏 (
𝝅

𝟒
) and 

𝑸2 (
𝝅

𝟒
) are the Jones Matrices for quarter-wave plates at π/4 to the vertical direction in 

the lab frame, Ein is the Jones vector for linearly (vertical) polarised light at the input 

and P is a vertically aligned linear polariser. Multiplying out the terms in Equation 5.1, 
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assuming that all components are ideal (with the LC layer forming a perfect half-wave 

plate), leads to 

                                                                        𝐸out = 𝐸in𝑒±2𝑖𝜑                                           (5.2) 

which demonstrates the dependence of the phase on the switching angle of the optic 

axis of the LC layer. 

 

Figure 5.3 Simulation results for the single transmissive device (consisting of a single 

LC layer) are shown in Figure 5.2. When all of the components in the system are 

assumed to be ideal, the single device configuration is limited to a π phase range for a 

switching angle of π/4. No amplitude variation is observed when all the components 

in each system are considered to be ideal.  

 

Figure 5.3 (which has been generated using Matlab) shows the performance of 

the “basic” phase modulator. In this simulation, the LC cell and the quarter waveplate 

are assumed ideal i.e. the retardance of the LC device is set to be 0.5λ (i.e. a half-wave 
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plate) and the retardance of the quarter waveplate is 0.25λ. This is expected to lead to 

pure phase modulation of light propagating through the device. As mentioned above, if 

every component in the system is ideal, the system will generate a π phase change and 

there is no amplitude modulation. 

Figures 5.4(a) and (b) show the configurations of the two transmissive phase 

modulators based on the fundamental device configuration shown in Figure 5.2. Both 

systems include two LC devices, two quarter-wave plates and a polariser, but as 

mentioned previously a half waveplate is placed in between the two LC cells in 

Configuration I (Figure 5.4(a)) and the electric field applied to the two LC layers are in 

the same direction. For Configuration II, the need for an additional half-waveplate is 

negated as the electric fields are applied in opposite directions. The optical output fields, 

𝑬𝐨𝐮𝐭 for the two different transmissive phase modulator configurations are given by 

                                         𝐸out = 𝐐2 (
𝜋

4
) 𝐃(𝜑)𝑯1 (

𝜋

2
) 𝐃(𝜑)𝐐1 (

𝜋

4
) 𝐏𝐸in          (5.3) 

                                        𝐸out = 𝐐2 (
𝜋

4
) 𝐃(−𝜑)𝐃(𝜑)𝐐𝟏 (

𝜋

4
) 𝐏𝐸in           (5.4) 

Note that in Equation (5.4) the angles of the optic axis in the LC layers are of opposite 

signs because the electric fields are of the opposite polarity and there is no half-

waveplate in the middle of the two LC devices. Multiplying out the terms in Equations 

(5.3) and (5.4) and (assuming that all components are ideal) leads to the result  

                                                    𝐸out = 𝐸in𝑒+4𝑖𝜑                                         (5.5) 
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Figure 5.4 Illustration of the two configurations of transmissive LC phase modulators 

considered in this work. (a) Configuration I comprises two flexoelectro-optic chiral 

nematic LC cells in the ULH geometry, two quarter-wave plates, a half-wave plate and 

electric fields applied to both LC cells that are in-phase. (b) Configuration II consists 

of two flexoelectro-optic chiral nematic LC cells in the ULH geometry and two quarter-

wave plates. The electric fields on both LC cells are of the opposite polarity. 

From Equation (5.5) it can be seen that a switching angle of 𝜑 will result in a 

4𝜑 phase modulation. For this study, the switching angle of our LC layer is within the 

range of 90° (i.e. a tilt angle of the optic axis in the ULH device of 45°), hence a phase 

modulation of  can be obtained (i.e. a 2 phase range). 

Figure 5.5 illustrates the results from simulations based on Equations (5.3) and 

(5.4). For the simulations, the LC and quarter-wave plates are assumed to be ideal (e.g., 

the LC behaves as an ideal half-wave plate). When all the components are ideal, 

Configurations I and II lead to a phase modulation that is a multiple of four of the 

switching angle of the flexoelectro-optic LC layers as expected which means 

Configurations I and II generate a 2 phase range for a switching angle of °. As 

shown, no amplitude variation is observed when all the components in each system are 
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considered to be ideal. 

 

Figure 5.5 Results from simulations using Equation (5.3) and Equation (5.4). (a) is the 

result from Configuration I and (b) is the result from Configuration II. Both the loss 

change and the phase change are presented as a function of the tilt angle of the optic 

axis of the flexoelectro-optic LC layers.  

5.4 Experimental results for transmissive phase modulators 
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The device configurations in Figures 5.2 and 5.4 were investigated experimentally 

using a Michelson interferometer arranged as shown in Figure 5.6. In this case, the 

device under test (DUT) corresponds to either the basic single flexoelectro-optic device 

configuration or Configurations I or II. Light from a helium-neon laser at 632.8 nm 

(Uniphase 1125P) was passed through a linear polariser (vertical in the lab frame) to a 

50:50 non-polarising beam splitter (Newport 05BC16NP) in order to divide the beam 

into separate arms. For the first arm, 50% of the light was directed to a mirror before it 

was incident on the second beam splitter (BS2, Thorlabs CM13) where it combined 

with the light that had propagated through the second arm of the interferometer (which 

contained one of the LC phase modulator configurations). After passing through the 

first beamsplitter (BS1), the light propagating along the second arm of the 

interferometer passed through a quarter waveplate, which generated either left or right 

circularly polarised light, before entering the chiral nematic LC layer. The LC layer was 

pre-aligned in the ULH geometry and exhibited flexoelectro-optic switching when 

subjected to an electric field that was oriented orthogonal to the helix axis. The 

thickness of the LC layer was set as close as possible to that corresponding to a half 

waveplate condition.  

The LC mixture used in this study is similar to the material used in the reflective 

phase modulator. The mixture consists of the bimesogen (dimer) CBC7CB dispersed 

with 3 wt% of the high twisting power chiral dopant, BDH1281 (Merck KGaA). The 

chiral nematic mixture was filled into a nominally 5 m-thick Instec cell with 

antiparallel rubbed polyimide alignment layers and indium tin oxide electrodes. The 
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LC mixture was found to exhibit a right-handed chiral nematic phase between 106°C 

and 113°C (on heating). At this temperature, the device is placed under the microscope 

to check the flexoelectro-optic effect as shown in Figure 5.7. A fairly uniform ULH 

alignment can be observed on a local scale and defects in the Figure are mainly caused 

by spacer beads. Good contrast can be found between the bright and dark states which 

indicates a strong flexoelectro-optic effect. In addition, at this temperature, the 

switching time (10-90% response time) of the device was found to be ≈160 s. 

 

Figure 5.6 The Michelson interferometer used to measure each device under test (DUT), 

which represents either the basic single LC device (Figure 5.2) or the two LC device 

configurations (Figure 5.4). The remaining components are M, mirror; BS1, BS2, 

beam-splitters; CCD camera; PD, photodiode. 
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Figure 5.7. shows the polarizing optical microscope images of the bright (left) and dark 

(right) state of the chiral nematic LC device used to illustrate the flexoelectro-optic 

effect. The device is under the ULH structure by applying a 1 kHz square-wave at 

106°C. The device consists of 3 wt% chiral dopant (BDH1281) in the nematic host 

CB7CB. The thickness of the device was 4.82 µm. The discontinuities in the structure 

are due to the presence of spacer beads. A fairly uniform ULH alignment can be seen 

locally, with good contrast between the bright and dark states. The direction of the 

polarizer and analyser are indicated by the white and black arrows for different images 

and the optical axis is represented by the red colour arrow. 

 

Each LC device was mounted on a temperature-controlled hot stage and an 

electric field was applied using an arbitrary function generator (Wavetek 395) and a 

voltage amplifier (FLC Electronics F10AD). The configurations for each DUT are 

shown explicitly in Figure 5.8. In all three cases, the outer components of the DUT are 

the quarter-wave plates. For the basic, single flexoelectro-optic device (Figure 5.8(a)), 

a pair of focal lenses (L1 and L2) were used to ensure that the light only passed through 

a mono-domain region of the LC device (which were typically 50-100 μm2 in size). 

Figure 5.8(b) shows the arrangement for experimentally testing Configuration I 

(Figure 5.4(a)), which is similar to the basic configuration except with the addition of 



111 

 

the extra LC device and half-wave plate (H), which are introduced into the modulation 

arm to produce a 0-2 phase modulation range in accordance with the results obtained 

from simulations. In this case, instead of using just a pair of lenses, an additional lens 

(L3) is added between the two LC devices to form a three lens (2f-f-2f) system so that 

the light can be appropriately focused onto mono-domain regions within the two LC 

layers. Similarly, Figure 5.8(c) shows the arrangement for testing Configuration II 

(Figure 5.4(b)). Here the electric field applied to the second LC layer is of the opposite 

polarity to the electric field applied to the first LC layer, which negates the use of the 

half-wave plate (H).  

After passing through the DUT, light from both arms of the interferometer is 

combined at the beam splitter to generate an interference pattern. The phase and 

amplitude response were subsequently recorded by a CCD camera (Thorlabs DCU224C, 

1280 × 1024, 8-bit colour) and a photodiode, respectively. The drive signal for the LC 

device was set as a 1 kHz square-wave with a controllable amplitude level, and the 

camera was set to an exposure time of 100 s so as to record the change observed in 

the interference fringes when the amplitude of the electric field applied across the LC 

device was altered.  
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Figure 5.8 Experimental arrangement of the three different DUT inserted in the 

Michelson interferometer presented in Figure 5.6. (a) basic configuration with one LC 

layer, (b) Configuration I and (c) Configuration II. (H, half-wave plate; Q1, Q2 quarter-

wave plates; L1, L2, L3 - lenses; LC1, LC2, LC – phase modulation devices). 

 

Images of the interference fringes recorded by the CCD camera of the 

interferometer for the basic configuration, Configuration I and Configuration II, are 

shown in Figure 5.9. Figure 5.9(a) shows five different images of the interference 

fringes, each representing a phase modulation state corresponding to a specific voltage 

applied to the single LC layer. For this configuration, the shift in the fringes 

corresponding to a  phase change is found to occur for 34V (6.9 V/μm). Alternatively, 

for Configuration I and II, shown in Figures 5.9(b) and 5.9(c), respectively, a 2 phase 

shift is observed for an applied voltage of 34V. 
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Figure 5.9 Images recorded on the CCD of the Michelson interferometer for the basic 

device and the two configurations I and II. (a) Results for the basic, single LC device 

configuration. Nine images for (b) Configuration I and (c) Configuration II. These are 

shown for modulated phase angles at  intervals. 

 

Figure 5.10 shows the results for the optical phase modulation of three 

configurations as a function of the voltage applied to the LC layer(s). These are found 

to be in good agreement with the simulations in Figure 5.3 and Figure 5.5 in that both 

Configurations I and II exhibit full 2 phase modulation whereas the basic single LC 

device shows a phase modulation that is about  for a switching angle of °. In order 

to show that some of the configurations can provide greater than 2 ( rads) phase 

range, the applied voltage was varied up to ±37.5 V (7.6 V/μm) and the range was found 

to be almost 2.2π (6.9 rads). From the figure, it can be seen that in all cases the phase 

change as a function of voltage appears to follow a roughly linear behaviour across the 
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voltage range considered here, which again is in good agreement with the simulation 

results shown in Figure 5.3 and Figure 5.5. It should be noted that the intensity 

variation measured by the photodiode was found to be very small in each case. 

 

Figure 5.10 Phase modulation extracted from the interference fringes plotted as a 

function of the applied voltage for (a) the basic (single LC layer) configuration, (b) 

Configuration I and (c) Configuration II. Lines of best fit to the experimental data 

(shown in blue) are also presented.  

 

For the basic configuration (Figure 5.10(a)), the slight deviation from the linear 

dependence seen in the optical phase behaviour is believed to come from: (i) the 

flexoelectro-optic tilt angle in the ULH device not being perfectly linear with applied 

voltage; and (ii) small drifts in the environmental temperature and corresponding air 

currents (caused principally by the hot-stage stabilising the device temperature) leading 

to small drift errors in the phase extracted from the fringes. For the other two 

configurations, it can be observed that the deviation from linear dependence is slightly 

larger than that recorded for the basic configuration: this is because two LC layers are 

used which increases the drift errors described previously. Compared with the results 
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presented in the previous chapter, which achieve a 2 phase modulation with a 

reflective geometry, the transmissive configurations presented here exhibit a greater 

deviation from linear dependence. It is expected that the drift caused by the 

environment is small compared with the nonlinearities introduced by the LC layers. 

 

5.5 Conclusion 

In summary, three different transmissive mode LC optical phase modulators have 

been presented based on the flexoelectro-optic effect of a chiral nematic LC aligned in 

the ULH geometry. A basic configuration consisting of a single LC layer between 

quarter-wave retarders is found to exhibit a phase modulation  corresponding to a ±45° 

switching angle of the flexoelectro-optic effect. To achieve full 2 modulation in 

transmission with flexoelectro-optic devices that exhibit a switching angle of ±45°, an 

additional LC layer is required. It has been shown that this can be achieved by either 

adding a half-wave plate in between two LC layers when the electric field applied to 

the two layers is the same or by applying electric fields of opposite polarity, avoiding 

the need for an additional half-wave plate.  

Both configurations are investigated using simulations involving Jones matrices 

and are consistent with our experimental results when the chiral nematic LC layers 

exhibit ±45° switching angles. This is achieved using LC layers consisting of the 

bimesogen CBC7CB doped with 3 wt% chiral dopant and subjected to an applied 

electric field of 6 V/μm at a temperature of 106 °C. These configurations have potential 
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in terms of the development of spatial light modulator technology, enabling full 2π 

phase modulation with low-intensity modulation to be achieved when transmissive 

devices and geometries are required.  

Even though the transmissive configuration is desirable in some applications, the 

system still contains numerous components, which increases the footprint of the 

modulator. Therefore, in the next chapter, an integrated phase modulator will be 

presented. 
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Chapter 6 A compact full 2 flexoelectro-optic liquid crystal phase 

modulator 

 

6.1 Introduction 

In Chapter 4, it has been shown that the flexoelectro-optic effect can be used to 

achieve full 2 phase modulation when chiral nematic LCs with large tilt angles (>45°) 

of the optic axis are combined with a /4 waveplate and a reflector that both preserves 

the handedness of circularly polarized light and creates a double-pass geometry; this 

reflector can either be a combination of a /4 waveplate and a mirror or a chiral nematic 

reflector [73, 138]. The previous chapter, Chapter 5, has demonstrated an analogue 

phase modulator in a transmissive configuration using the flexoelectro-optic effect. The 

transmissive phase modulator can be set in two different configurations. The first 

configuration that was considered consisted of a half-wave plate that is placed between 

two flexoelectro-optic LC devices that are subjected to electric fields that are applied 

in phase. The phase modulation for the second one can be obtained by removing the 

half-wave plate and subjecting the two flexoelectro-optic LC devices to electric fields 

whereby the polarities are out of phase [160].  

For both reflective and transmissive phase modulators presented in the preceding 

chapters, achieving full 2 phase modulation experimentally has been made possible 

by the development of large tilt-angle LC compounds such as 4′,4′-(heptane-1,7-

diyl)bis(([1′,1″-biphenyl]-4″-carbo-nitrile)) (CB7CB), which exhibits switching angles 

in excess of ±45° when it is doped with a small concentration of high twisting power 
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chiral dopant [73,100,104,109,139,159,160]. Even though the phase modulators can 

generate 2 phase modulation with sub-millisecond response time, there are still several 

drawbacks with those configurations such as high operating temperature and unstable 

LC alignment [73,138]. Besides, one of the essential disadvantages is that numerous 

optical components were required for building the phase modulator, which makes the 

current arrangement impractical for many device applications as the overall thickness 

is rather large and bulky. For example, for the reflective phase modulator in Chapter 4, 

an LC cell with a nominal gap of 5 μm was used as the tunable /2 waveplate and 

standard bench-top optical components in the form of /4 waveplates and mirrors were 

needed to build the phase modulation system. Furthermore, the numerous free-space 

components result in multiple interfaces and therefore unwanted reflection losses. 

Consequently, before this technology can be deployed into real systems, the optical 

components need to be integrated into a compact package so that the overall device 

thickness is comparable with existing SLM devices. 

This chapter presents the first integrated LC phase modulator that combines a 

flexoelectro-optic LC layer that behaves as a switchable /2 waveplate with a 

polymerized reactive mesogen layer, which acts as a /4 waveplate, and a mirrored 

substrate that creates a double-pass geometry. For a flexoelectro-optic LC layer that 

exhibits switching angles of ±45º at a voltage of ±85 V we observe full 2 phase 

modulation when driven by a 1 kHz waveform. Finally, experimental results are 

compared with modelling using Jones calculus of the amplitude and phase variation 

when the LC and the polymer layer deviate from their desired waveplate conditions. 
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The reduction of the individual components into a single device represents an important 

step forward in terms of development towards the realization of a flexoelectro-optic 

optical phase modulator, which is particularly significant for applications where size 

and cost are critical factors such as in LiDAR for the Space [84,85,162-164] and 

Automotive industries [84, 85,165-169]. 

 

6.2 Device fabrication 

The concept and basic structure of the integrated device that was fabricated and 

studied in this work are illustrated in Figure 6.1. Briefly, the device consists of a 100-

nm thick silver layer that is coated onto a glass substrate, a reactive mesogen polymer 

film (PF) that acts as a /4 polymer retarder, a tunable /2 flexoelectro-optic LC layer 

that is sandwiched between alignment layers, and a top glass substrate that is coated 

with the transparent conductor, ITO. The total thickness of the device was not precisely 

measured, but the thickness of the region where the device shows the appropriate phase 

modulation has been estimated from the results presented in this chapter. The silver 

layer on the bottom substrate has two functions in the device: 1) it acts as a reflector for 

the incoming light so as to increase the modulation depth by creating a double-pass 

through the LC layer, and 2) it acts as the bottom electrode, which together with the top 

ITO electrode, facilitates the application of an electric field across the chiral nematic 

LC layer so as to initiate flexoelectro-optic switching.
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Figure 6.1 Device architecture of the ‘integrated’ flexoelectro-optic LC modulator.  

  

One experimental challenge that is encountered when fabricating the device 

presented in Figure 6.1 is the necessity for the polymer and LC layers to form /4 and 

/2 waveplates, respectively, at the desired wavelength. In turn, this requires precise 

control of the thickness of the layers, which is non-trivial. To relax the constraints on 

the thickness, the polymer and LC layers were fabricated so that the thickness of each 

layer varied across the cell: in other words, each layer formed a wedge shape. The 

subsequent orientations of the wedged polymer and LC layers were orthogonal to each 

other, allowing us to find a region where the polymer and LC layers function as a /4 

waveplate and a /2 waveplate, respectively.  

In addition, several issues have been encountered when fabricating the polymer 

layer that functions as a /4 waveplate. The initial idea is to develop a free-standing 

film that can be transferred onto the silver film at a later stage. For the polymer film, 

the alignment is created by using mechanical rubbing. Although precise alignment can 

be obtained by using this method, a problem is encountered when we separate the cell. 
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It is impossible to get a complete film using this method as it is very thin and fragile, 

which is easy to break during the cell separation process (Figure 6.2). A complete 

polymer film is important for this experiment because a region that functions as a /4 

waveplate must be found. A damaged polymer film may result in the loss of a region 

that works as a /4 waveplate. Besides, it was not easy to attach the free-standing film 

directly onto the silver surface and the film could be easily broken during the process. 

Hence, in order to maintain the completeness of the polymer film, an alternative plan 

was developed to separate the cell but keep the film attached to the silvered side. To 

achieve this, the material for making the alignment layer had to be chosen carefully. 

The original plan was to use PVA to form the alignment layer, but this was unsuitable 

as the film may remain on either substrate. Alternatively, the sulphuric azo-dye (SD1), 

which is a photoalignment material, is easy to dissolve into water whereas polyvinyl 

alcohol (PVA) is not readily soluble into water. By using the different water solubility, 

in principle, the cell will automatically separate by placing it into the water and the 

polymer film will stay at the substrate where the PVA is used as an alignment material 

(Figure 6.3). After several attempts, a complete polymer film was prepared as shown 

in Figure 6.4.  

The next step was to ensure that the polymer film sticks to the substrate where the 

silver has been deposited. This was challenging because the reactive mesogen will 

normally first polymerize at the substrate that faces the UV source, which in this case 

is the substrate without the silver layer. It has been found that in order to ensure that the 

polymer film will stick to the substrate where the silver has been coated, the intensity 
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of the UV light had to be carefully controlled so that UV light passed through the 

polymer film to ensure that the polymerization process takes place on both sides. 

During the experiment, it was found that to ensure the polymer film adhered to the 

silver layer, the UV light intensity had to be greater than 20 mW/cm2 and the distance 

between the device and the UV source was smaller than 5 cm. Using this approach, a 

complete and uniform polymer film was successfully generated, which is shown in the 

following sections. 

 

 

Figure 6.2 An example photograph of the polymer film that was damaged during the 

cell separation process. The alignment of the LC polymer is achieved by PVA. During 

the cell separation, some parts of the polymer film stick onto the glass substrate and 

some parts are damaged due to the film being quite fragile. The mixture used for making 

the polymer film is RM257+IRG819. The thickness of the homemade cell is controlled 

by using 6 μm spacer beads on one side of the glass substrate and no spacer beads on 

the other side. In order to form the polymer film, the cell was exposed to a polarized 

UV light source ( = 365 nm, power density = 10 mW/cm2) for 40 minutes. 
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Figure 6.3. Schematic illustrating the process for making the polymer film. In order to 

ensure the completeness of the polymer film, the alignment layer for one substrate is 

SD1 and for the one is PVA. Due to their different water solubility, a complete polymer 

film can be easily obtained which will stick on the substrate that has been coated with 

PVA.  

 

 

Figure 6.4 Glass substrate with a polymer film coated which works as a /4 waveplate, 

the film is attached to the substrate where the PVA and SD1 were used as the alignment 

material. The mixture used for making the polymer film is RM257+IRG819. The 

thickness of the homemade cell is controlled by using 6 μm spacer beads on one side 

of the glass substrate and no spacer beads on the other side. In order to form the polymer 

film, the cell was exposed to a polarized UV light source ( = 365 nm, power density 

= 10 mW/cm2) for 40 minutes. 
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The procedures employed to fabricate the device are presented schematically in 

Figure 6.5. To begin with, a glass substrate (1 mm-thick) was first cleaned using 

acetone and a UV Ozone Cleaner (Ossila Corp.) (Step 1), which was then coated with 

a silver film that was approximately 100 nm-thick using thermal evaporation (Syskey 

Technology Corp.) (Step 2). Thermal evaporation is a well-known method for coating 

a thin layer of material onto the substrate. This method is particularly useful for 

materials with a low melting temperature [167-173]. In this method, the material, which 

is normally in powder form or as a solid ball (in my case), is first placed on a resistive 

coil or a charge holding boat (in my case).  

In order to support the evaporation of the metal and protect it from oxidization, 

the system is then set to a high vacuum (normally below 10−5 Pa) by using a pump to 

exhaust the air. After that, the resistive coil or charge boat is exposed to a large current 

to reach the melting temperature. The high temperature and vacuum environment 

facilitate the movement of the vapour particles to the rotating substrate (which is held 

by the substrate holder) where these vapours again change to a solid-state. A schematic 

of the thermal evaporation system and thermal evaporator utilized in this experiment is 

shown in Figure 6.6. In this experiment, the silver was in the form of a solid ball and 

the system temperature was set to 1000℃  in order to melt the silver. The thermal 

evaporator was situated in a glove box (MBERAUN Labstar) and subjected to a 

nitrogen atmosphere and an internal pressure of 2 × 10−6  Torr. The deposition was 

performed at a rate of 0.1 nm/s, which was monitored using a quartz-oscillation 

thickness monitor. The silver was deposited through a shadow mask resulting in an 



125 

 

active area of approximately 21 mm × 23 mm (Step 3).  

 

 

 

 

 

Figure 6.5. Schematic illustrating all steps in the procedure for fabricating the 

integrated device and the formation of wedge-shaped geometries for the polymer 

retarder (orange layer) and flexoelectro-optic LC (purple layer) layers to achieve /4 

and /2 waveplate behaviour, respectively.  
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After deposition of the silver coating, a thin poly-vinyl alcohol (PVA) layer was 

deposited on top of the silver film using a spin-coating process at a rate of 1000 rpm 

for 2 minutes (Step 4) before being mechanically rubbed with a rubbing machine to 

form the first of two uniaxial alignment layers for the polymer /4 retarder (Step 5). 

For the other alignment layer, a second glass substrate was prepared which was also 

cleaned using acetone and a UV Ozone Cleaner (Step 6) and a thin film of the 

azobenzene-based photoalignment material, SD1 [164-176], was deposited onto the 

bare glass substrate using spin-coating (2000 rpm, 1 minute) (Step 7). As mentioned in 

Chapter 2, in order to generate alignment on the SD layer, the SD1 coated substrate is 

required to be exposed to a polarized UV light source ( = 365 nm, power density = 

5 mW/cm2 and the curing time was 10 mins) which will generate alignment that is 

perpendicular to the direction of the polarization of the UV light (Step 8). 

 

Figure 6.6. (a) A schematic of the thermal evaporation system and (b) thermal 

evaporator used in this experiment. 

 

 The two substrates were then assembled to form a wedge-cell by using 6 μm spacer 
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beads on one side of the glass substrate and no spacer beads on the other side. For the 

/4 polymer retarder, we opted for a reactive mesogen (RM) LC mixture (98 wt% 

RM257 and 2wt% IRG819), which was capillary filled into the glass cell (Step 9) 

before being placed on a hot-stage that was set to a temperature of 80 °C. Following 

this, the sample was exposed to UV light for 40 minutes at a power density of 

100 mW/cm2 to cross-link the RM layer (Step 10); this power density and duration of 

exposure was chosen as it was found that in this case the RM film would grow primarily 

on top of the PVA layer, allowing the cell to be readily delaminated. The device was 

then soaked in water for one day to dissolve the SD1 layer (Step 11) so that the upper 

substrate could be removed, leaving a reflective substrate coated with a /4 waveplate 

(Step 12). The finished coated substrate is shown in Figure 6.7.  

In order to investigate whether a wedge has been formed, the substrate was placed 

on an optical polarising microscope in the reflective configuration. As can be seen from 

Figure 6.8 (a)-(d), a continuous colour change have been observed by using the 

microscope when moving the sample from top to bottom which proves the thickness of 

the polymer film varies from position to position (for the same material, different 

thicknesses of polymer film will exhibit different colours under the illumination of the 

white light source). In addition, from Figure 6.8 (e) and (f), a good dark state can also 

be observed when the substrate was rotated by a 45°. The nice contrast between the 

bright (Figure 6.8 (e)) and dark states (Figure 6.8 (f)) indicate the good alignment of 

the LC polymer. From the above observations, it can be concluded that a wedge 

geometry has been successfully developed. 



128 

 

 

Figure 6.7 (a) Glass substrate with a polymer film coated which functions as a /4 

waveplate. The size of the glass substrate is 24mm × 24mm. The grey layer represents 

the silver film. The structure of the device is shown in (b) which contains a glass 

substrate, a silver film, a layer of PVA and polymer film and spacer.  

 

An ITO glass substrate with a photo-aligned SD1 film was prepared (Step 13), 

while a layer of SD1 was also coated on the top of the polymer film on the mirrored 

substrate to promote the alignment of the chiral nematic LC (Step 14). During the 

process, it was found that the SD1 does not easily spread on top of the polymer film. In 

order to improve its wettability for SD1, the top surface of the polymer film was treated 

in a UV Ozone Cleaner (Ossila E511) for 5 min, which ensured that the SD1 could be 

coated onto it. The two substrates (the mirrored substrate with the RM layer and the 

SD1-coated ITO substrate) were then assembled to form a cell with a wedge geometry 

in two orthogonal directions: one axis consisted of a wedge in the polymer layer (y-

axis) and the glass substrates were assembled in such a way as to form a wedge along 

the x-axis. Once constructed, the cell was then filled with the chiral nematic LC mixture, 

CBC7CB + 3wt% BDH1281 (high twisting power chiral dopant supplied from Merck 

Ltd.) to form the integrated device (Step 15). The LC mixture was found to exhibit a 



129 

 

right-handed chiral nematic phase between 106 and 113 °C (on heating). The pitch (p) 

of the mixture was found to be approximately p ≈ 210 nm, which was estimated from 

the spectral position of the reflection band, measured using a UV–vis spectrometer 

(Agilent 8454), and the refractive indices quoted in Ref. 89 at the measurement 

temperature. The quality of the ULH texture was investigated using polarizing optical 

microscopy and was found to be similar to that reported in previously published work 

[73,138,160]. The complete integrated device is shown in Figure 6.9. 
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Figure 6.8 Substrate in Figure 6.7 was observed on an optical polarizing microscope 

that was set to a reflective configuration. Due to the existence of silver film (underneath 

the polymer film), the film cannot be observed in transmission. The mixture used for 

making the polymer film was RM257+IRG819. (a)-(d) shows the microscope images 

of different positions of the polymer film (top to bottom). The continuous colour change 

indicates a wedge has been formed. (e) bright state and (f) dark state of the polymer 

film. The black holes in each image are cracks on the polymer film. 

 

After filling with the chiral nematic LC mixture, CB7CB, the device was inspected 

on a polarising optical microscope in reflection mode. At this stage, the LC layer was 

aligned in the ULH geometry by cooling from the isotropic phase in the presence of an 

electric field (≈2 V/m) and, where necessary, mechanically rubbing the device with a 

blunt instrument to promote the lying helix alignment. Once the ULH alignment had 
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been obtained, the device was subjected to an applied electric field to confirm 

flexoelectro-optic switching using a combination of a waveform generator (Tektronix 

AFG 3022), a fast Si photodiode, and an oscilloscope (Tektronix TBS1154).  

 

Figure 6.9. Integrated phase modulator device containing a silver film, a layer of /4 

polymer retarder and a tunable /2 flexoelectro-optic LC layer. The thickness of the 

silver film is about 100 nm. The polymer and LC layers were fabricated so that the 

thickness of each layer varied across the cell which allowed us to find a region where 

the polymer and LC layers function as a /4 waveplate and a /2 waveplate, respectively.  

 

6.3 Measurements of the Phase Modulation 

After fabrication, as in the previous chapters, the phase modulator device was 

placed in a Michelson interferometer to measure the optical phase shift as shown in 

Figure 6.10. The setup is similar to the setup in chapter 4 except the LC device, quarter 

waveplate and mirror are replaced by an integrated device and the driving voltage is 

±85V. 
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Figure 6.10. Michelson interferometer arrangement to measure the phase and intensity 

response of the integrated LC optical phase modulator: (SH) shutter; (NDX) neutral 

density filter of optical density X; (VND) variable neutral density filter; (PC) personal 

computer; (PS) power supply; (AMP) voltage amplifier; (TC) temperature controller; 

(CAM) CCD camera; (DUT) device under test; (P) linear polarizer; (Q1) /4 waveplate; 

(L1) lens; (LC) liquid crystal layer; (PF) reactive mesogen polymer film; (S) silvered 

substrate; (M) mirror; (BS) non-polarizing beam splitter. The components highlighted 

by the red-dashed line represent the integrated device (ID). 

 

6.4 Experimental results for the integrated phase modulator 

The purpose of the wedge-shaped design of the RM polymer layer and the LC layer 

was to enable us to obtain the correct thicknesses required for these layers to function 

as a /4 waveplate and /2 waveplate, respectively. However, due to the wedge cell 

configuration, there are many different thickness combinations of the RM polymer film 

and LC layer. Deviation from the desired waveplate conditions results in both phase 

error and variation in the amplitude loss. To explore the effect of thickness variation, 
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the light was passed through a region of the device in which neither the thickness of the 

RM polymer layer nor the LC layer corresponds to their correct values for achieving a 

/4 and /2 waveplate, respectively. Figure 6.11 presents experimental results of the 

measured phase and normalised amplitude loss variation from this region of the device 

where the waveplate conditions are not satisfied, which were determined from the 

interference fringe images using MATLAB®.  

The simulation of the integrated device is quite similar to that presented in 

previous chapters except that the flexoelectro-optic LC layer was modelled as a random 

wave-plate instead of a half waveplate and the second quarter waveplate is also set to a 

random waveplate. The optical field at the output, 𝐸out , of the integrated system 

including the linear polarizer and quarter-wave plate shown in the experimental set-up 

in Figure 6.10, is given by 

 𝐸out = 𝐏𝐐1 (−
𝜋

4
) 𝐃(−𝜑, )𝐑2(−𝜃)𝐌𝐑2(𝜃)𝐃(𝜑, )𝐐1 (

𝜋

4
) 𝐏𝐸in (6.1) 

where Ein is the Jones vector for a vertically polarized light at the input, P is a vertically 

aligned linear polarizer, 𝐐𝟏 (
𝝅

𝟒
) is the Jones matrix for a /4 waveplate at π/4 to the 

vertical, 𝐃(𝜑) is the Jones matrix of the flexoelectro-optic LC layer with a retardance, 

, and optic axis that is oriented at an angle, 𝜑, to the vertical axis and 𝐐2(𝜃) is the 

Jones matrix for the RM polymer layer, which has a retardance of 𝜉 to allow deviation 

from the optimum /4 waveplate condition, and M is the Jones matrix for a mirror. 

Note that in the terms after the mirror (i.e., terms to the left of M in Equation (6.1)) the 

orientation angles of the waveplates are reversed because the system has a mirror 

symmetry configuration, and the light is now propagating in the opposite direction.  
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Figure 6.11 Experimental (a) and modelling (b) results for the amplitude loss variation 

and the phase error as a function of the absolute angle of the optic-axis of the 

flexoelectro-optic device relative to the vertical axis. These results are an example case 

of when the RM polymer film was not a precise /4 waveplate and the switchable LC 

layer does not fulfil the condition of a /2 waveplate. 

  

In this example of a non-optimal region of the device, we see that there is almost 

a 50% variation in the amplitude across the full range of switching angles (±45º). Figure 
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6.11(b) shows simulated results from Equation (6.1), with the retardance of the RM 

polymer layer set to  = 0.38 waves and the retardance of the LC layer set to =0.8 

waves. With these values of  and  , both the simulated phase and loss variation show 

close correlation with the experimental data. Although there is a significant deviation 

from the ideal values of  = 0.25 waves and  = 0.5 waves, the device still functions as 

a phase modulator, but at the expense of unwanted amplitude modulation and a 

reduction in linearity of the phase response. 

Figure 6.12 shows experimental results for light passing through an optimal area 

of the integrated device, where the thickness of the LC layer is close to that required 

for a /2 waveplate (nominally 5 μm) and the thickness of the RM polymer film is close 

to that required for a /4 waveplate (7 μm). Example images of the interference fringes 

captured on the CCD can be seen in the inset. In this exemplar case, the phase range 

was found to be almost 2π when the applied peak-to-peak voltage reached 170Vpp 

(±85V). The response time was not directly measured for this integrated device (it was 

faster than the frame-rate of the CCD camera). However, from the measurement of the 

switching times for the same mixture in a commercially-available glass test cell (Instec, 

5 µm-thickness), the response time was estimated to be around 500 µs. Here the voltage 

required to achieve 2 is found to be substantially larger than that observed in Chapters 

4 (it should be noted that even though the voltage is relatively large, for this switching 

range the ULH helix does not unwind, and therefore the changes in the birefringence 

are small). The primary reason for this is that the thickness of the device is considerably 

greater than that employed in previous studies as the electric field was applied not just 
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across the LC layer but also the /4 polymer retarder and the numerous alignment layers. 

To confirm that this was the case, the LC mixture was also filled into a commercially 

available glass cell (5 µm-thickness, Instec). In this case, a driving voltage of ±34 V 

was required to achieve ±45° switching. The results in the figure also show that the 

dependence of the phase modulation on the applied voltage follows an almost linear 

behaviour. Deviation from linearity is observed and is believed to be the combined 

result of a flexoelectro-optic tilt angle that is not linear with voltage at high amplitudes 

and small drifts in environmental temperature, which lead to measurement error. 

Nevertheless, the results show that by combining an RM polymer layer with a chiral 

nematic layer operated in a flexoelectro-optic mode it is possible to achieve full 2 

modulation of the optical phase when subjected to 1 kHz switching frequencies.  

 

Figure 6.12. Experimentally determined phase for the integrated LC optical phase 

modulator presented in this work (measured using the system presented in Figure 6.9). 

The main plot shows the optical phase shift as a function of the applied peak-to-peak 

voltage (Vpp). The red solid data points represent experimental measurements where 

the RM polymer and LC layers function as /4 and /2 waveplates, respectively and 
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the dashed line is a line of best fit. The inset contains an upper fringe pattern and a 

lower fringe pattern. Each fringe pattern corresponds to a specific voltage level and the 

phase difference can be obtained by comparing the position of upper and lower fringe 

patterns. 

 

There are important key characteristics of the phase modulator which we can 

comment on. One is the optical efficiency of the device, which was found to be around 

20% to 40%, depending upon the ULH alignment quality. The relatively low efficiency 

is due to scattering from non-uniformities in the lying helix alignment of the LC phase 

modulation layer, but it is anticipated that the maximum efficiency could be 

significantly improved through the use of high-quality ULH alignments such as those 

formed using solvent-assisted processes [177]. Additionally, we can consider the 

Figure-of-Merit (FoM) for the modulator, as introduced by Khoo and Wu [67]. For 

nematic-based devices this parameter can be defined as: 

   𝐹𝑜𝑀 =
𝐾11(∆𝑛)2

𝛾1
        (6.2) 

where K11 is the LC splay elastic constant, n is the optical anisotropy and 1 is the 

rotational viscosity. Unfortunately, this definition does not relate directly to the electro-

optic effect that we employ in this study. However, if we note that the switching time 

of a nematic layer of thickness d can be characterized as: 

𝜏 =
𝛾1𝑑2

𝐾11𝜋2
        (6.3) 

then we can re-write the FoM as: 

  𝐹𝑜𝑀 =
1

𝜏
∙

(∆𝑛∙𝑑)2

𝜋2
        (6.4) 
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For our device ∆𝑛 ∙ 𝑑 is close to a half-wave at  = 632.8nm. The switching 

time varies with voltage, but is typically around 0.5ms. Putting these values into Eq. (4) 

leads to an FoM of 20 m2/s, which is very encouraging. By way of comparison, for a 

standard nematic material, such as the eutectic mixture, E7, the FoM is found to be 

approximately 4 m2/s. However, care must be taken when making such a comparison 

because the electro-optic mechanisms used are fundamentally different in the two cases. 

For example, in the nematic case the “switch-on” time is controlled by γ1/(ΔεE2), where 

Δε is the dielectric anisotropy and E is the applied electric field, whereas the “switch-

off” time is controlled by γ1d
2/K11 [178], so the switch-on time is field dependent and 

the switch-off time is device thickness dependent. In contrast, for flexoelectro-optic 

switching, the response time is controlled by γ1p
2/(K11 + K33), where p is the helix pitch 

and K33 is the bend elastic constant, so the switching time is independent of the electric 

field, but strongly dependent on the helical pitch of the material. Nevertheless, in both 

cases, Equation 6.4 illustrated that the FoM depends on the ratio of the square of the 

required retardation to the switching time, and in that sense, comparing the metrics is 

useful. 

There are two key operational bandwidths which can be considered in this 

experiment. One is the optical spectral bandwidth over which the device can be 

operated, the other is the electro-optic switching speed bandwidth. The device is 

normally designed to operate at a specific wavelength (in our case  = 633 nm) where 

the LC layer with appropriate thickness will work as a half-waveplate and the RM layer 

in front of the mirror is a quarter-wave thick. Variation in the wavelength (over a 
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spectral bandwidth) will effectively result in errors in the phase modulation and 

variation in the intensity when switching. The effect of this can be seen in Figure 6.11. 

This is shown here as “non-ideal” conditions in the layer thicknesses, but is equivalent 

to changing the wavelength to around 400 nm. As noted, the electro-optic switching 

speed for the material used in this study was around 500 s, leading to a 1kHz 

bandwidth (assuming an equal duty-cycle switching waveform). 

 

6.5 Conclusion 

This work has successfully demonstrated an integrated LC optical phase 

modulator based on the flexoelectro-optic effect of a chiral nematic LC aligned in the 

ULH mode which exhibits a 2π phase range with a frame rate of 1 kHz with the 

assistance of an additional /4 waveplate placed before the integrated device, which 

comprises an LC layer consisting of chiral nematic LC and a birefringent polymer film. 

Although the precise thickness of the whole device was not determined, the 

approximate thickness of the “working” region can be estimated from the driving 

voltages. As noted above, a driving voltage of ±34 V is required to achieve ±45º 

switching across a 5 m thick layer of material. Therefore, our required driving voltage 

of ±85 V for the integrated device suggests an overall thickness for the LC layer and 

waveplate of around 12.5 μm. The operating condition for this device is currently ±85 

V at a temperature of 108 °C but could be reduced with further material optimisation, 

such as the mixtures presented in the work of Varanytsia and Chien. Additionally, the 

device we developed shows a response time that is quite fast for analogue phase 
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modulation, with potential operational speeds of more than 1kHz. This integrated 

device has substantial potential in spatial light modulator technology, enabling full 2π 

phase modulation with low-intensity modulation to be achieved. Development into a 

pixelated spatial light modulator would have a range of applications in optical wave-

front engineering and optical light-beam steering in areas such as optical 

communications. In Chapter 7, a new beam steering system is presented which can be 

used in the visible light communication. The original plan was to combine the new 

flexoelectro-optic LC phase modulator with polarisation gratings to make a new beam 

steering system. Unfortunately, this work had to be substantially delayed due to the 

COVID pandemic, which will be discussed further in Chapter 8. 
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Chapter 7: Beam-steering with Polarization Gratings and LC Phase 

Shifters 

7.1 Introduction 

As mentioned in Chapter 2, precisely positioning a laser beam or light ray is crucial 

for many technological applications, including optical communications [76], VR/AR 

displays [77], LiDAR [78], microscopy [79] and laser micro-machining [80]. Currently, 

there are a number of beam steering methods that have been demonstrated [81-85, 179-

196]. In this chapter, a new beam steering system is presented by combining 

polarization gratings with LC devices (with potential for combination with the 

flexoelectro-optic phase modulator) which is shown to have a great potential in an 

optical communication system. 

 

7.2 Light diffraction and diffraction Gratings 

Diffraction refers to the phenomenon when light waves encounter an obstacle or 

opening that is physically similar to or smaller than the wavelength of light. The light 

tends to bend around and spread out [197,198]. In classical physics, the diffraction of 

light can be understood by using the Huygens–Fresnel principle and the superposition 

of waves.  Using this approach, the propagation of light can be approximated by 

considering every position on the wavefront as a point source of a spherical wave. The 

final wave is then the sum of these point sources [198]. As mentioned in chapter 4, the 
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phase difference between two waves determines their relationship (whether they are 

added together or cancel each other out). Hence, the final diffraction pattern consists of 

a series of maxima and minima, typically depending on the phase relationship between 

different point sources. Light diffraction has been used in various applications 

[193,199], and one of the most critical applications of this is diffraction gratings.  

Diffraction gratings are an optical component that contains a periodic structure. 

These have been widely used in the spectral analysis of light. Their unique spectral 

properties rely on the fact that light with different wavelengths impinging on the 

periodic structure will be reflected or transmitted at different angles. The angles of light 

propagation can be determined by a simple expression which is termed as the grating 

equation (7.1), which is related to the wavelength of the incident light, λ, the incident 

angle, 𝜃𝑖 , and the groove spacing d [200-202]: 

sin 𝜃𝑑 = − sin 𝜃𝑖 +
𝑚𝜆

𝑑
        (7.1) 

where 𝜃𝑑 represent the angle of the diffracted light and m is an integer that describes 

the diffraction order. From the equation, it can be found that when the value of the 

diffraction order m is zero, the incident beam will be reflected by the diffraction grating 

as the diffraction angle 𝜃𝑑  is equal to 𝜃𝑖 . The diffraction grating works as a mirror 

(reflection) and does not exhibit any spectral properties. However, when the diffraction 

order  𝑚 ≠ 0, the diffraction properties appear and light with different wavelengths will 

be distinguished due to the different diffraction angles. The value of m can be positive 

or negative, hence the diffraction order can also be positive or negative. By convention, 
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the diffraction order is positive when the diffracted ray is on the left side of the position 

of the zero-order and is negative when it falls to the right side of the zero-order. For 

monochromatic light, the diffraction pattern will generate an energy distribution that 

occurs at angles corresponding to the diffraction order, as shown in Figure 7.1. If the 

light is polychromatic, light with a specific wavelength will produce a distribution 

according to equation (7.1).  

 

Figure 7.1 Output beams of possible diffraction orders at a diffraction grating. 

 

Many properties have been used to characterise diffraction gratings [200-203]. One 

of the essential traits of the diffraction grating is groove density, which measures the 

number of groves contained per unit length. The groove density determines the angular 

position of different diffraction orders and is limited by the current fabrication method. 
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Diffraction efficiency is another property that will be considered. It is the fraction of 

incident light that enters a certain diffraction order. For some applications, such as a 

pulse compressor, it is desirable to concentrate incident light into a single order, such 

as the first order, rather than distribute it across higher orders or the zero order. In 

addition, polarisation dependence also influences the performance of the diffraction 

grating, especially for a reflective diffraction grating. The polarisation of input light can 

affect the diffraction efficiency of some orders [200].  

 

7.3 Polarisation gratings 

LC gratings have attracted a lot of attention as they can modulate unpolarised light 

with high contrast and are easily integrated with other projection equipment [204-208]. 

However, LC gratings currently cannot achieve high diffraction efficiency (small 

grating period) due to the existence of random disclinations and domain boundary lines 

[204]. Some research groups have tried to use different methods to address these issues, 

but it is still challenging to fabricate a grating period of the order of 10s of μm owing 

to the binary nature of the LC gratings [209].  

A polarisation grating is a type of diffraction grating that can periodically modulate 

the state of polarisation of incident light. For this grating, incident light with different 

circular polarisations will be diffracted to different orders, especially for the first order. 

A very thin grating can obtain an approximately 100% diffraction efficiency [210]. 
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Several research groups [211-214] recognised this advantage and have used LC 

materials to generate the diffraction grating. It has been found that LC-based 

polarisation gratings have significantly high diffraction efficiency, which has overcome 

the main problem of normal gratings. 

Compared with traditional gratings such as Wollaston grating, which operate on 

linear eigenpolarisations, LC-based polarisation gratings are based on circular 

eigenpolarization [215]. Normally, this type of grating contains a thin layer of LC 

polymer aligned to form a continuous, in-plane, bend-splay pattern (as shown in Figure 

7.2). This pattern is generated using photoalignment where the LC polymer material is 

coated on a clean substrate and then aligned by a UV polarisation hologram. For 

unpolarised light, it will be diffracted evenly between the positive and negative first 

orders while circularly polarised light is diffracted entirely to one order with the 

polarisation state being changed to its opposite state (as shown in Figure 7.2). The first 

order diffraction efficiency for the structure illustrated in Figure 7.3 is [210]: 

𝑚±1 =
1±𝑉

2
sin2(

𝜋∆𝑛𝑑

𝜆
)       (7.2) 

where V is the normalised Stokes vector component of the incident light related to its 

fraction of elliptical polarisation, d is the thickness of the film, ∆𝑛 is the birefringence 

and λ is the wavelength of the incident light. The zero-order efficiency always equals 

1-𝑚−1 − 𝑚1. From equation (7.2), it can be found that in order to get a 100% diffraction 

efficiency, 
𝜋∆𝑛𝑑

𝜆
 should be equal to 

𝜆

2
 (i.e., a half waveplate). However, due to the 
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fabrication process and power loss inside the film, the diffraction efficiency cannot 

reach 100%. 

 

Figure 7.2 Basic geometry of the liquid crystal polarisation grating. 

 

Recently, there has been considerable interest in the use of polarisation gratings 

(typical elements include lenses, gratings and deflectors) in combination with variable 

retarders to engineer new photonics technologies [212, 214, 216-218]. In the previous 

chapters, a new optical phase-shifting technique that involves combining switchable 

flexoelectro-optic LC layers, aligned in the so-called uniform lying helix configuration, 

with quarter-wave plates has been shown to achieve sub-millisecond 2π phase 

modulation [72,138,160,161]. This new technology could also potentially be 

configured as a dynamic switch to control the polarisation state. By combining 

commercial off-the-shelf polarisation-gratings with this LC technology, a new optical 

beam-steering device could be developed that has substantial potential in optical 

communications and holographic projection. 
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Figure 7.3 LC polarisation grating: (a) linear polarised light splits equally into the two 

first orders. (b) right and (c) left circularly polarised light to diffract fully into only one 

of the first orders. 

 

7.4 Experimental characterisation of LC polarisation grating 

In order to first test the idea of combining polarisation gratings with variable retarders, 
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commercially-available polarisation gratings were obtained from Edmund Optics (16-

590) and have been examined on an optical polarising microscope. An example 

microscope image of the polarisation grating is shown in Figure 7.4. 

 

Figure 7.4. Polarisation Grating used in this study was observed on a polarising optical 

microscope. According to the measurement from the microscope image, the grating size 

is about 3.3 μm, which is in good agreement with the specification provided in the 

datasheet (3.5 μm). 

 

The first step of the experiment was to characterise the polarisation grating. As 

mentioned previously, the diffraction angle, efficiency, and output light polarisation are 

important properties that need to be determined for diffraction gratings. In order to 

measure these parameters, we have constructed the experiment as shown in Figure 7.5. 

The polarisation grating was tested with a 546 nm green laser. After the laser, a vertical 

polariser (P) ensures the polarisation of the light is linearly polarised. The light then 
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passes through a pinhole (PH) and polarisation grating (PG), whereupon light is 

diffracted resulting in output with multiple orders. The pinhole was included to reduce 

the reflected light coming back from the polarisation grating. The intensity of the output 

light was recorded using a photodiode and the diffraction angles were determined 

geometrically with the aid of a ruler. 

 

Figure 7.5 Experimental setup used to measure the properties of the polarisation grating. 

P is a polariser, PH is a pinhole, PG is the polarisation grating and PD is a photodiode.  

 

Diffraction angle 

In this experiment, 20 points on the polarisation gratings have been measured and 

it has been found that the diffraction angle varies from 10.4° to 11.2° (in the datasheet, 

the diffraction angle was quoted to be larger than 9°, so our results are consistent with 

the information provided by the manufacturers). However, the variation in the 

diffraction angle observed for the different points across the grating is relatively small 

and may result from errors in the measurement.  

 

Output polarisation 
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Figure 7.6. Output when linear polarised input light is fed into the PG. 

 

Polarisation gratings are used to selectively diffract light based on the polarisation 

state, with the angle of diffraction dependent on the grating film design. Linear 

polarised light is diffracted evenly between the positive and negative first orders while 

circularly polarised light is diffracted entirely to one order whilst changing to its 

opposite polarisation state. In this experiment, the input light is linearly polarised, and 

thus most of the light will diffract into the positive and negative first orders, as shown 

in Figure 7.6. In this experiment, the intensities (as recorded by the photodiode) for the 

negative and positive first orders were 4.22V and 4.5V, respectively. In principle, equal 

amounts of light should be diverted to the negative and positive first orders. However, 

from our measurement, we find a slight discrepancy. The small difference in intensity 

between the negative and positive first orders could be the result of one or a number of 

factors: 

1. The polarisation grating is designed for 540 nm. However, the wavelength of our 

laser is 546 nm. 

2. The linear polarised light that we use is not ideal, which could cause uneven light 

distribution. 

3. The polarisation grating is not as perfect as we expected. 
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The polarisation state for the negative and positive first orders was measured using 

a polariser and chiral reflector. A chiral reflector is a chiral nematic LC cell that only 

reflects the circular polarisation of one handedness. The chiral reflector that we have 

used consists of a right-handed helix reflecting light with a right circular polarisation. 

Using this chiral reflector, we found that the positive first order has a left-handed 

polarisation whereas the negative first order is right-handed, which means the 

polarisation grating works as a half waveplate. The polarisation states of both of the 

first orders were found to be quite close to circular polarised light, as shown in Figure 

7.7. 

 

Efficiency 

The polarisation efficiency was measured by using a photodiode to record the 

intensity of the output light. In this case, we have also measured 20 different points on 

the polarisation grating and the efficiencies were found to vary from approximately 95% 

to 96% (which means 96% of the input light was diffracted into the first orders). This 

is also consistent with the datasheet specification as these gratings are designed for high 

transmission and greater than 97% diffraction efficiency, resulting in a maximum of 4% 

of light leakage into the zero-order. 
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Figure 7.7 Measurement of the polarisation of the first orders. The polarisation states 

for negative and positive first orders were elliptical with opposite handedness (the state 

of the negative first order is right elliptical and the state of the positive first order is left 

elliptical). The ratio of height to width for the negative first order was 17:17.5 and the 

ratio of height to width for the positive first order was 16:15. 

 

Circularly polarised input light 

After testing the system with linearly polarised input light, we decided to 

characterise the performance of the polarisation grating for circularly polarised input 

light. Circularly polarised input light was generated by adding a nematic LC cell. By 

controlling the voltage applied to the nematic LC, we are able to make the LC behave 

as a quarter waveplate, which will change the input linearly polarised light to circularly 

polarised light. In order to determine the voltage required to make the LC device 

function as a quarter waveplate, we have set up the experiment as shown in Figure 7.8.   
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Figure 7.8 Experimental setup used to measure the output light for different voltages 

applied to the LC device (anti-parallel, planar-aligned nematic LC cell). The two 

polarisers were set so that the transmission axes were crossed (i.e., were perpendicular 

to one another) and the LC device was rotated to obtain the maximum transmission. 

This was achieved by aligning the optic axis of the LC device without an applied 

voltage at an angle of 45º to the transmission axes of the two polarisers. The intensity 

of the output light was recorded by the photodiode connected to an oscilloscope. P: 

Polariser, LC: Liquid crystal device, PD: Photodiode. 

 

 

Figure 7.9 Transmission as a function of applied voltage for an anti-parallel rubbed 

planar aligned nematic LC device at room temperature. The thickness of the device was 

4.97 μm.  

 

Figure 7.9 shows the results for the transmission of the 546 nm laser light through 

a planar aligned nematic LC device placed between linear polarisers with the 
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transmission axes crossed. The ramp signal, which was applied to the device, was 

generated using a 0.1 Hz ramp signal to modulate a 1 kHz square wave. The LC device 

can be made to function as a λ/4 waveplate and in this case the input light will change 

to circularly polarised light and only half of the light will pass through the second 

polariser. Hence, the LC device will work as a λ/4 waveplate or 3λ/4 waveplate when 

the transmission is 0.5 and we can use that level of transmission to find the 

corresponding voltages, as can be seen in the Figure. In this case, the LC material we 

used was the nematic LC, E7, and the device can be made to behave as a 3λ/4 waveplate 

or a λ/4 waveplate at voltages of approximately 3.7V and 8V, respectively. 

 

Figure 7.10 Experimental setup for circularly polarised input light. P: Polariser, LC: 

Liquid crystal device, PD: Photodiode, PG: Polarisation grating PH: Pin hole. 

 

Figure 7.10 shows the experimental setup for measuring the output light with 

circularly polarised input light. A circularly polarised light incident on the grating was 

generated by using a combination of a vertical polariser and the nematic LC device, 

operating at the correct voltage so that the latter functions as a λ/4 waveplate. The 

pinhole in the system helps to reduce the interference from reflections that arise from 

the free-space optical system.  
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As suggested in the datasheet, circularly polarised light is diffracted entirely into 

one order with the polarisation state being changed. In our experiment: 

1. when the input light is left circular polarised, about 95% of the input light will 

enter the negative first order while 5% will feed into the zeroth and positive first 

order. The polarisation state of the output light was found to be close to a circular 

polarisation with a 4º offset, which is shown in Figure 7.11(a). 

2. When the input light was quite circularly polarised, about 92% of the light was 

diffracted to the positive first order. The remaining contribution was diffracted 

into the zeroth and negative first orders. Similar to the previous situation, the 

output light was found to be slightly elliptical with a 4º offset (Figure 7.11(b)) 

 

Figure 7.11: a) The polarisation state of the negative first order when the input light 

was left circularly polarised. The ratio of height to width was found to be 1.1:1. b) The 

polarisation state of the positive first order when the input light was right circularly 

polarised. The ratio of height to width was found to be 1.08:1. 

 

In addition to the above measurement, the output intensity for the two first orders 
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has also been recorded by applying a ramp signal to the LC device as shown in Figure 

7.12 and Figure 7.13. From Figures 7.11 to 7.13, it can be seen that when the LC device 

behaves as a λ/4 waveplate (8V), we see that the transmission in Figures 7.12 and 7.13 

reach their minimum and maximum values, respectively. On the other hand, when the 

LC device was set to function as a 3λ/4 waveplate, the transmission in Figure 7.12 is 

seen to reach a maximum value while the transmission value in Figure 7.13 is close to 

zero. These results are consistent with what we have observed in that for different 

handedness of circularly polarised light, the light will diffract into either the negative 

or positive first order. 

 

Figure 7.12 Transmission recorded for the negative first order when the nematic LC 

device was subjected to the ramp signal described in the text. 
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Figure 7.13 Transmission recorded for the positive first order when the nematic LC 

device was driven by the ramp signal described in the text. 

 

The light passing through the PG was then measured for different incident angles 

to the grating. Two different methods were considered: the first one was to add a mirror 

to generate different incident angles. The second method explored in this study involved 

altering the orientation of the polarisation grating (as shown in Figure 7.14). For each 

way, two configurations with four different angles were tested. The behaviour of the 

output light using the first method was found to yield somewhat odd results. This might 

be due to reflections from the mirror altering the polarisation state of the input light. 
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Figure 7.14 Methods for measuring the dependence on the incident angle. (a) Light is 

reflected by a mirror to generate different incident angles. (b) Different incident angle 

is generated by rotating the polarisation grating. 

 

On the other hand, the results obtained using the second method were as follows: 

With linearly polarised input light and an incident angle of 90º, the diffraction angle 

was found to be 11.2º with about 50.5% of the output light going to the positive first 

order and 49.4% output of the light going to the negative first order. The handedness of 

the polarisation state in the zeroth order could not be measured accurately since the 

intensity of the light was too small. However, the light in the positive and negative first 

orders tended towards a circular polarisation (Figure 7.15). 
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Figure 7.15 (a) Output from the polarisation grating when the light was incident at an 

angle of 90º (relative to the plane of the grating). The polarisation of the input light is 

linear polarised. L1, M and R1 show the output light measured from the (a) negative 

first order, (b) zero-order and (c) positive first order. The ratios of height to width for 

L1, M and R1 are approximately (a) 1.1:1, (b) 1:1 and (c) 1.08:1. 

 

It was found that even when the incident light was perpendicular to the polarisation 

grating (the incident angle was 90º to the plane of the grating), the output light in the 

first order was not perfectly circularly polarised. Possible reasons why this might be the 

case are as follows: 

1. The polarisation grating is designed for 540 nm whereas the wavelength of our 

laser is 546 nm which also introduce errors in the system.  



160 

 

2. The input light might not be a perfect linear polarisation, or for circularly 

polarised input light, the LC device might not function as a perfect quarter 

waveplate.  

Besides a 90º incident angle, we have also considered the behaviour of the 

polarisation grating for other incident angles: 60º, 45º and 30º, the results of which are 

presented in Figure 7.16, Figure 7.17, and Figure 7.18, respectively. 
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Figure 7.16 (a) Output from the polarisation grating when the light was incident at an 

angle of 60º (relative to the plane of the grating). The polarisation of the input light is 

linear polarised. L1, M and R1 show the output light measured from the (a) negative 

first order, (b) zero-order and (c) positive first order. The ratios of height to width for 

L1, M and R1 are approximately (a) 1.15:1, (b) 1.35:1 and (c) 1.4:1. 
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Figure 7.17 (a) Output measurement with linear polarisation at an incident angle 

of 45º. The polarisation of the input light is linear polarised. L1, M and R1 show the 

output light measured from the (b) negative first order, (c) zero-order and (d) positive 

first order. The ratios of height to width for L1, M and R1 are approximately (b) 1.05:1, 

(c) 1:1 and (d) 1.7:1. 
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Figure 7.18 (a) Output measurement for linearly polarised light incident at 30º to the 

polarisation grating. The polarisation of the input light is linear polarised. L1, M and 

R1 show the output light measured from the (b) negative first order, (c) zero-order and 

(d) positive first order. The ratios of height to width for L1, M and R1 are approximately 

(b) 0.8:1, (c) 1.05:1 and (d) 2.5:1. 

 

From these collective figures, it can be seen that the diffraction angle for the left 

first order increases (the diffraction angle for the right first order decreases) when the 

incident angle (the angle between the input light and polarisation grating) decreases. 

This is because a greater proportion of the light goes into the zeroth order and is 

reflected when the incident angle changes from 90º to 30º. On the other hand, the output 

polarisation tends to become more elliptical as the incident angle decreases for the 
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polarisation state. Thus, the handedness for the left and the right first order is 

maintained but the handedness for the zeroth order appears to change from left to right 

when the incident angle is smaller than 45º.  

After measuring the behaviour for different incident angles, experiments were then 

carried out to measure the output after passing through two polarisation gratings. The 

output pattern after the two polarisation gratings, which are oriented perpendicular to 

each other, is shown in Figure 7.19. If we insert two LC devices into the system, then 

we can control the direction of the output (direct the output light to one of the four spots) 

by controlling the voltage applied to the LC devices (by changing the polarisation of 

the light after the LC cell to be either left or right circularly polarised).  

 

Figure 7.19 Experimental setup used to direct the output light to four different spatial 

positions. P: Polariser, LC: Liquid crystal device, PD: Photodiode, PG: Polarisation 

grating. 

 

7.5 Simulation results of two LC devices and polarisation gratings  

As in previous chapters, Jones matrices have been used to simulate the performance 

of the system. With Jones matrices, the polarisation grating can be modelled as a half 

Bottom-up contrast 

Left-right contrast 
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waveplate with an optic axis in a plane normal to the incident beam, whereby the angle 

of the optical axis changes with the position on the polarisation grating. Two LC devices 

are model as a quarter waveplate (the one after the linear polariser) and a half or full 

waveplate (the one after the second polarisation grating). The input optical field Ein, in 

this case, can be a linear input or circular input. Hence, a variable is required to be 

included in the expression of Ein so that the polarisation of the input light can be 

adjusted. The expression for the optical output field, Eout, after the first polarisation 

grating is given by  

𝐸𝑜𝑢𝑡 = 𝑫(𝜑, )𝑸𝟏 (
𝜋

4
) 𝑷𝐸𝑖𝑛       (7.3) 

where 𝑸𝟏 (
𝜋

4
)  is the Jones matrix for the quarter-waveplate, 𝑷  is Jones matrix for a 

linear polariser and 𝐃(𝜑, )  is the Jones matrix of the polarisation grating with a 

retardance, , and optic axis of the LC molecules oriented at an angle, 𝜑, to the vertical 

axis. In order to obtain an intensity profile, the optical output field, Eout, needs to be 

Fourier transformed and the final intensity distribution can be obtained from the 

multiplication of the absolute value of the x and y components for Eout. The Matlab code 

for getting is Eout is shown in Figure 7.20. 

 It can be seen that an ideal LC polarisation grating can be obtained by setting s (the 

symmetry property of the polarisation grating, 0.5 means that the polarisation grating 

is fully symmetric) to 0.5 (assuming a perfect period structure) and setting f equal to 𝜋 

(a perfect half waveplate). The rotation of the optical axis of the polarisation grating is 

achieved using the rotation matrix, as shown in lines 34 and 35. Results obtained from 

this Matlab code are illustrated in Figure 7.21, where linear polarised light will only 
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diffract to the first diffraction order when the polarisation state is ideal. 

 

Figure 7.20 Matlab code for determining the optical output field after the first 

polarisation grating. 
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Figure 7.21 Simulation results of the intensity profile after the first polarisation grating. 

The polarisation grating is set as ideal, and the incident light is linearly polarised.  

 

 Diffracted light after the first polarisation grating will pass through a half or full 

waveplate where the polarisation will be maintained or change to the opposite state. 

Following this, light will be diffracted by the second polarisation grating which is 

perpendicular to the previous grating. The final output field, Efout, becomes 

𝐸𝑓𝑜𝑢𝑡 = 𝑫(𝜑, )𝑾(𝜃)𝐸𝑜𝑢𝑡       (7.4) 

where  𝑾(𝜃) is the Jones matrix for the second LC-based waveplate which can be a 

half or full waveplate. The Matlab code for Equation (7.4) is quite similar to the 

previous simulation code except the waveplate is a half or full. In the simulation, the 

half or full waveplate and the second polarisation grating are all assumed to be ideal.   

The intensity profiles for all combinations are shown in Figure 7.22. From the 

Figure, it can be found that columns appear in different positions for different 

conditions, which means that light can be directed to four different spatial positions by 

using different waveplates and two polarisation gratings. This simulation result is quite 

important as we can use two polarisation gratings and different waveplates to develop 
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a beam steering system which can direct light into four spatial directions. 
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(a) 

(b) 

(c) 

(d) 

Figure 7.22 Simulation results of intensity profile generated by two polarisation 

gratings and two waveplates. (a) and (b): Quarter waveplate + full waveplate. (c) and 

(d) Quarter waveplate + half waveplate. Light after quarter waveplate in (a) and (d) is 

left circularly polarised, in (b) and (c) it is right circularly polarised. In the system, all 

components are assumed to be ideal.   
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7.6 Experimental results 

The experiment results for the system in Figure 7.19 are shown in Figure 7.23. For 

position 1, light after the quarter waveplate is left circular polarised and hence directed 

to the left. Then light changes to right circularly polarised after the first polarisation 

grating and its polarisation state is maintained after the full waveplate. The polarisation 

of the output light changes to left circularly polarised. Position 3 is similar to position 

1 except the full waveplate becomes a half waveplate and the polarisation of the final 

output light is right circular polarised. For positions 2 and 4, light after the quarter 

waveplate is right circular polarised and thus the light will be directed to the right. The 

final position of the output light depends on whether the second waveplate is a full or 

half-wave.  

In order to control the output light to switch between the four different spatial 

locations, it is important to control the first LC device to be a quarter waveplate and the 

second LC device to be either a half or full waveplate. We have found that the LC device 

works as either a half or full-wave plate when the voltage is 2.77V or 2.17V, 

respectively. However, we found that the output only showed good contrast for the left-

right positions during the experiment. The bottom-up contrast is low, which is not 

desirable. This happens because the left-right contrast is controlled by the first 

polarisation grating whereas the bottom-up contrast is controlled by the second 

polarisation grating. The polarisation of the input light for the first polarisation grating 

can be precisely controlled by using the first LC device. However, for the second 

polarisation grating, the input light polarisation state is not perfectly circular polarised. 
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There are three possible reasons for this: 

1. As shown in the previous results, the output light from the polarisation grating 

is not perfectly circular polarised due to the nonideality of the polarisation 

grating. 

2. There is an incident angle between the input light and the second LC device that 

also causes errors in the system. 

3. As the previous results show, if the incident angle between the polarisation 

grating and input light is not 90º, the output polarisation will be elliptical with 

an offset angle. 

In order to reduce the influence of these factors, the second LC cell was replaced 

with a nematic pi cell so that the incident angle would then not have a significant impact 

on the output. After several attempts, we have found that, in order to get a good contrast 

along both orientations, we need four different voltages (two sets of voltage: 2.03V, 

2.58V and 2.33V, 3.02V) to control the second LC device to make it behave as either a 

full or half waveplate for the two different input light polarisations.  

In order to better understand the results, the second polarisation grating has been 

removed and the voltage required to make the output light after the second polarisation 

grating be circularly polarised light was determined. Surprisingly, it was found that the 

voltages required to make the second LC device behave as either a half or full waveplate 

were found to be 2.17V and 2.79V, respectively, which are approximately half of the 

two sets of voltages (2.17𝑉 ≈
2.03𝑉+2.33𝑉

2
, 2.79𝑉 ≈

2.58𝑉+3.02𝑉

2
).  
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Figure 7.23 Experimental results of the optical output light intensity after the second 

polarisation grating. 1. Light after the quarter waveplate is left circularly polarised and 

the second waveplate is a full waveplate. The final output polarisation is left circular 

polarised. 2. Light after the quarter waveplate is right circularly polarised and the 

second waveplate is a half waveplate. The final output polarisation is left circularly 

polarised. 3. Light after Quarter waveplate is left circularly polarised and the second 

waveplate is a half waveplate. The final output polarisation is right circularly polarised. 

4. Light after the quarter waveplate is right circularly polarised and the second 

waveplate is a full waveplate. The final output polarisation is right circularly polarised. 

By changing the voltage on each LC-based waveplate, the polarisation after the LC 

waveplate can be altered which will diffract the light to four different spatial positions. 

In addition, due to the imperfections in the polarisation gratings, higher harmonics exist 

in the image. 

 

After verifying that light can be directed to four different spatial positions by using 

the previous setup, this system was tested to see if it could be used in an optical 
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communication testbed (visible light communication). The first aim of the experiment 

is to test whether our reflected path can be made to be parallel with the input path. First 

we have built the system as shown in Figure 7.24. For all the following experiments, 

the mirror is placed at a position that is substantially far away from the beam steering 

system. In all cases, the laser source was immediately followed by a neutral density 

filter in order to reduce the beam to be equivalent to a Class 2. 

 

Figure 7.24 System to test reflected light path (LC: liquid crystal, PG: polarisation 

grating, ND: ND filter, CCD: CCD camera). 

 

Figure 7.25 illustrates one situation whereby the light is transmitted and reflected 

between the beam steering system. The mirror is placed at the position which is 

substantially far away from the beam steering system.  
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Figure 7.25 illustrates one situation whereby the light is transmitted and reflected 

between the beam steering system, the thickness of the LC device is approximately 5µm 

and through controlling the voltage on the LC device, we can make the LC device work 

as a quarter waveplate, a half waveplate or a full waveplate. The return light from the 

mirror is near parallel to the input light because the mirror is a substantial distance away. 

 

As shown in Figure 7.25, when input light passes through the first LC device, 

which works as a quarter waveplate, the polarisation of the input light changes from 

linearly polarised light to right circular polarised light. Hence, light after the first 

polarisation grating will diffract to the right and change to left circular polarisation. The 

second LC device works as a full waveplate so that light propagating through it will not 

change its polarisation. When left circularly polarised light enters the second 

polarisation grating, it diffracts to the upper position where the polarisation state 

changes to right circularly polarised light. Light is then reflected by the mirror and its 

polarisation becomes left circular. Since the reflected light is left circularly polarised, 

the light will then be deflected downwards upon passing through the second 

polarisation grating (as shown in Figure 7.26). The reflected light will not pass through 

the second LC device, hence the polarisation will not be altered and light will be 

directed to the right and pass through the first polarisation grating. In theory, the final 
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reflected light will propagate parallel to the input light in the horizontal plane but not 

in the vertical plane. (As the propagating direction of the reflected light is from right to 

left, the light entering the first polarisation grating is not perpendicular to the substrate 

of the polarisation grating as shown in Figure 7.27). 

 

Figure 7.26 Reflected light path to the second polarisation grating 

 

 

Figure 7.27 Reflected light path to the first polarisation grating. 

Hence the reflected light path will propagate parallel to the input path in the 

Polarisation Grating 
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horizontal plane but is at an angle to the vertical plane. The experiment setup and results 

are presented in Figure 7.28 and Figure 7.29, respectively. 

 

Figure 7.28 The experimental setup for testing whether the light can be reflected back 

along the same path. 

  

Beam spiltter 

polariser 

Two LC, two polarisation gratings 
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Figure 7.29 Experimental results for the input light spot and reflected light spot with 

different measurement distances. For (a) and (b), the distances between the white 

display card and the beam splitter are 1 m and 15 cm, respectively. The input spot looks 

weaker because we have placed an ND filter in the reference beam to reduce the 

intensity so that the input spot will not look too bright in the image. From the Figures, 

it was found that the vertical distance between the input and reflected spot increases as 

the measurement distance increases. This proves that the input and reflected light are 

parallel in the horizontal direction but not in the vertical direction. 

 

The experiment results shown in Figure 7.29 demonstrate that the reflected light 

path is parallel to the input light in the vertical plane but they are not parallel in the 

horizontal plane, as we expected. In order to make the input light path and reflected 

light path parallel to each other, we have added an LC device (LC 3) to the reflected 

path between the second polarisation grating and the mirror. This LC device will 

function as a half waveplate to make the polarisation of the reflected light the same as 

the polarisation of the input light. This configuration and experimental setup is shown 

in Figure 7.30 and Figure 7.31, respectively. 
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Figure 7.30 Configuration of the experiment when an extra LC device is added in the 

reflected path. 

 

 

Figure 7.31 Revised experiment setup. 

Third LC device 
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Figure 7.32 Experimental results obtained with an additional LC device between the 

mirror and the second polarisation grating. For (a) and (b), the distances between the 

white card display card and the beam splitter are 15 cm and 1 m, respectively. From the 

Figures, we can see that the horizontal distance between the input and reflected spot 

increases as the measurement distance increases but the vertical position does not 

change as the measurement distance increase. This proves that the input and reflected 

light are parallel in the vertical direction but not in the horizontal direction. 

 

Figure 7.32 shows the experimental results obtained from the setup illustrated in 

Figure 7.31. The experiment results indicate that the reflected light path is parallel to 

that of the input light in the vertical plane but not parallel in the horizontal plane. To 

make sure the reflected light path is parallel to the input light path in both the vertical 

and horizontal planes, we need to do the following: 

1. The polarisation of the reflected light from the mirror needs to be the same as 

the polarisation of the input light to the mirror.  

2. The polarisation of the reflected light that enters the first polarisation grating 

needs to be different from the polarisation of the input light into the first 

polarisation grating (as shown in Figure 7.33). 
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Figure 7.33 Polarisation of the input and reflected light to ensure the input and reflected 

light paths are parallel. The return light from the mirror is near parallel to the input light 

because the mirror is a substantial distance away. 

 

In order to meet these conditions, we have added another LC device (LC 2) into 

the system as illustrated in Figure 7.33. Now there are two LC devices between the two 

polarisation gratings. Depending on the position we want the light to be directed to, the 

function of the two LC devices will be different.  

 

Figure 7.34 Configuration of the experimental setup. 
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Figure 7.35 Locations of the laser spots after passing through the setup. 

 

For the beam steering, when the input light to the two polarisation gratings is right 

circular polarised, the light will diffract to the right for the first polarisation grating and 

then upwards for the second polarisation grating (light spot 3 in Figure 7.35). In this 

case, the two LC devices between the two polarisation gratings will be set to function 

as a full waveplate (on the input path, LC 1) and half waveplate (on the reflected path, 

LC2). For light spots 1 and 4, both LC 1 and LC 2 are set to a half waveplate condition. 

The situation for light spot 2 is the same as light spot 4. By adding an extra LC device 

between the two polarisation gratings, we can ensure the input and reflected light paths 

are parallel in both the horizontal and vertical planes. The result of adding an extra LC 

device is shown in Figure 7.36. 



182 

 

 

Figure 7.36 Experiment result of adding an extra LC device between two polarisation 

gratings. For (a) and (b), the distances between the white display card and the beam 

splitter are 1 m and 15 cm, respectively. From the Figures, we find that both the 

horizontal and vertical distance between the input and reflected spot do not change as 

the measurement distance increases. This proves that the input and reflected light are 

parallel in both the vertical and horizontal directions. 

 

For optical communication systems, the beam radius is normally quite large. In 

order to simulate the performance of the system with a large beam spot, a diffuser was 

added into the system as shown in Figure 7.37.  

 

Figure 7.37 Revised experiment setup by adding a diffuser into the system. 
(b) 

(b) 
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Figure 7.38 The actual experiment setup, the distance between the mirror and our beam 

steering system is about 3 m and the reflected light is recorded by a digital SLR camera.  

 

During the experiment, we found that the reflected light was too weak to be seen 

by the naked eye after the addition of a diffuser. Therefore, we used a digital SLR 

camera to observe the reflected light. The images from the camera are presented in 

Figure 7.39. From these images, we can verify that system still works for a long 

distance even when we add a diffuser into the system. 

 

Mirror 

SLR Camera 

Beam steering system 
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Figure 7.39 Experiment results by using a digital SLR camera to observe the reflected 

light. Both images are magnified by 10 times to see the difference. The region inside 

the red circle shows the reflected light. The second image is taken by blocking the 

reflected light. Comparing these two images, we can identify the reflected light. 

 

In addition to the above results, we have also added a chopper into the system to 

simulate the communication system. Figure 7.40 shows the experimental setup of the 

beam steering system when a chopper was added.  

 

 

Figure 7.40 Experiment setup to simulate the communication system. A chopper is 

added after the diffuser and the frequency of the chopper is set to 203 Hz. The light is 

diffused by the diffuser and directed to two different positions through controlling the 

voltage on the LC retarder 1 and LC retarder 2. Due to the existence of the diffuser, the 

signal that reaches the photodiode will be very weak. Hence, a lens has been added 

before the photodiode to ensure enough signal will be collected by the photodiode. PG: 

polarisation grating, PD: photodiode. 
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As mentioned, the reflected light is too weak and cannot be measured by our 

photodiodes, hence we have replaced the mirror with a photodiode to show the 

performance of our system with a pulse signal. Due to the existence of the diffuser, the 

signal that reaches the photodiode will be very weak. We have added a lens before the 

photodiode to measure the signal to ensure we can successfully record the signal.  In 

this experiment, due to the space limitations, we can only measure the two upper signals 

over a relatively long distance, the two lower signals are physically blocked by the 

bench. 

Figure 7.41 shows the response recorded on an oscilloscope, channel 1 (yellow 

curve) shows the signal measured by photodiode 1 and channel 2 (blue curve) shows 

the result measured by photodiode 2. The frequency of the chopper was set to be 203 

Hz and the oscilloscope was set to AC mode so that only the pulse signal was recorded. 

By changing the voltage applied to LC 1, we can direct light to either photodiode 1 or 

photodiode 2. When the input light enters photodiode 1, a pulse signal will appear on 

channel 1 (±10mV) while channel 2 is just noise (as shown in the first image). When 

we change the voltage applied to LC 1, which causes light to go to photodiode 2, 

channel 2 (±10mV) will display a signal while channel 1 just shows noise. Through 

this method, we have successfully demonstrated that the beam steering system can work 

with a pulse signal and that we alter the voltage amplitude in order to direct light to 

different spatial positions. 
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Figure 7.41 Measurements from the two photodiodes. By changing the voltage applied 

to the LC device between the two polarisation gratings in the input path, we can change 

the input light to switch from one photodiode to another photodiode.  

 

7.7 Conclusion 

In this work, we have developed a beam steering system by combing polarisation 

gratings with an LC-based tuneable waveplate. This beam steering system can diffract 

light to four different spatial positions by controlling the voltage applied to the LC 

device in order to change the behaviour of the waveplate. In addition, it has also been 

demonstrated that light can be reflected back along the same path by adding two extra 

LC devices (functioning as half waveplates) into the system. This beam steering system 

has substantial potential in visible light communications, enabling a high efficiency 

optical communication system to be achieved. Future work would involve testing the 

system in a real communication system and also combining this with the phase 

modulation technology developed in the previous chapters with polarisation gratings to 

make an integrated beam steering system. Originally, the pi-cell work had been 

intended as a proof of concept before the implementation of the phase modulation 

system. Unfortunately, this work was impacted by the COVID pandemic. Hence the 
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original plan will be demonstrated in Chapter 8: Future work. 
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Chapter 8 Conclusions and Future work 

8.1 Concluding Remarks 

This thesis has shown a novel phase modulator that can provide full 2 phase 

modulation with the sub-millisecond response. In order to thoroughly carry out this 

study, the flexoelectro-optic behaviour of chiral nematic liquid crystal (LC) devices has 

been characterised by using a flexoelastic ratio which can be determined by recording 

the amplitude of the electric field when the transmission properties become equivalent. 

This rapid characterisation method helps us to develop a phase modulator based on the 

reflective configuration where phase modulation is generated by combing the LC 

device with a quarter waveplate and reflector. The reflector can be a combination of a 

mirror and a quarter waveplate or a chiral reflector that is more robust than the previous 

configuration. Besides, a transmissive phase modulator has been developed which is 

more useful when the reflective configuration is not desirable. A further study on the 

phase modulator led us to generate an integrated device that has the potential to 

combine with polarisation gratings to make an integrated beam steering system. The 

following sections draw conclusions for each chapter and future directions of the work 

presented 

 

8.1.1 LC Phase modulator 

Liquid crystal (LC) phase modulators have widely used as a standard class of 

instruments for the control of light. Through the field driven control of their internal 

anisotropic medium, these devices can manipulate the phase, amplitude and 
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polarization of incident beams according to user’s requirements. In order to satisfy the 

needs of various applications [219-221], LC phase modulators should exhibit a large 

phase change ( ≥ 2π), fast response time (~ 1 ms), and a low operating voltage (≤15 V). 

Although reseachers has proposed many approaches to fulfil those requirements, these 

device attributes are intrinsically tied and optimization of one performance metric often 

leads to the detriment of others. In this thesis, we have presented a phase modulator 

which can exhibits 2π phase modulation with sub millisecond response time at 4V/μm. 

Chapter 3 describes a rapid and simple method to characterise the flexoelectro-optic 

behaviour of chiral nematic liquid crystal (LC) devices that exhibit a large tilt-angle. 

This method leads us to develop a phase modulator which can be reflective (chapter 4) 

and transmissive configuration (chapter 5). For the reflective LC phase modulator, the 

system contains a LC device, a quarter waveplate and a reflector. The reflector can be 

a combination of mirror and quarter waveplate or a chiral reflector which can enhance 

the tolerance of the system. In order to provide full 2 phase modulation, in addition to 

a LC device and a quarter waveplate, the transmissive configuration also involves an 

additional LC layer and a half waveplate or an additional LC layer with the opposite 

electric field applied. Furthermore, an integrated LC optical phase modulator based on 

the reflective mode phase modulator has been successfully demonstrated (chapter 6) 

which combines a birefringent polymer film (worked as a /4 waveplate), a chiral 

nematic layer and silver film (worked as a mirror) into one cell. This phase modulators 

is believed to have substantial potential in developing into a pixelated spatial light 

modulator that would be used in a range of applications such as microscopy, optical 
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telecommunication and holography.  

 

8.1.2 Optical Beam Steering System 

In chapter 7, a beam steering system is demonstrated by combing polarisation 

gratings with two LC-based tuneable waveplates. Light can be directed into four 

different directions by controlling the voltage on the LC-based tuneable waveplates to 

make them work as a quarter waveplate and a half waveplate or a full waveplate. 

Besides, we have also shown that diffracted light can be reflected back along the same 

path by adding two extra LC devices (functioning as half waveplates) into the system. 

This beam steering system has substantial potential in visible light communication, 

enabling a high efficiency optical communication system to be achieved. In the future, 

the pi-cell work will be replaced with phase modulator developed in chapter 6 and test 

in a real communication system. 
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8.2 Future work 

8.2.1 Phase modulator 

As mentioned in the previous chapter, an analogue phase-only modulator has been 

demonstrated which can achieve full 2 phase modulation with sub-millisecond. In this 

configuration, the phase modulation is based on the flexoelectro-optic effect under 

ULH structure. The rotation of optical axis is generated by applying 4 V/μm electric 

field at a temperature of 106C. Although this configuration has substantial potential in 

spatial light modulator technology, several issues are still existed which limit the 

development of this phase modulator configuration, such as high operating temperature 

and unstable LC alignment.   

A possible topic for future work is to directly address these issues. For example, 

for high operating temperatures, even though we can reduce the working temperature 

by mixing the LC dimer CB7CB with a room temperature nematic LC mixture such as, 

E7, this method also reduces the flexoelectro-optic effect, which means that a higher 

driving voltage is required in order to obtain ±45° switching angles. A high working 

voltage is not desirable for SLM fabrication. In collaboration with the University of 

Hull, the research group has started to develop new materials that can exhibit switching 

angles in excess of ±45° with sub-millisecond switching time.  

For example, the compound CB9OCB shows a tilt angle of ±45° with sub-

millisecond switching time with a nematic LC phase at 70℃ which is much lower than 

that of the material used in this thesis. Nevertheless, 70 ℃  is still too high for 

commercial usage. In addition to the high operating temperatures, the unstable ULH 
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alignment is also an important issue which forbids further development. As mentioned 

in Chapters 4 and 6, the ULH alignment is not stable in the absence of an electric field 

or polymer stabilization. Therefore, a continuous electric field is necessary for 

maintaining this structure, which is not desirable for the fabrication of SLM 

technologies.  

In order to solve this problem, the method used in Ref. 88 to develop a surface 

polymer network so as to stabilize the ULH structure could be considered. Using a 

surface polymer network, the reduction in the flexoelectro-optic effect caused by the 

polymer network can be minimised so that a high driving voltage can be avoided. 

Towards this end, a small amount of reactive mesogen RM257 (Merck) and 

photoinitiator IRG819 (Merck) were chosen to be doped into a chiral nematic mixture 

for polymer stabilization of the non-permanent ULH alignment. The cell contained two 

substrates where one of the substrates has two regions: one region was coated with ITO 

whereas the other one was not coated with ITO. After applying an electric field, the 

mixture in the ITO-coated region forms a ULH alignment while the mixture in the non-

ITO-coated region only forms a Uniform Standing Helix (USH) alignment.  

The sample was then exposed to UV light to form a surface localized polymer 

network that stabilizes the ULH and USH alignments (Figure 8.1). During the photo-

polymerization process, an electric field is required to maintain the ULH structure. 

Figure 8.2 shows the sample after the photopolymerization process, the sample was 

kept at 108℃ but the electric field was removed. It can be found that the left region and 

right region show different colours, which is the result of the different alignments of 
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the helical structure. 

 

 

Figure 8.1 (a) unstable ULH alignment with an external electric field, and (b) the 

polymer-stabilized ULH alignment. Orange ellipses represent the LC molecules and 

green ellipses represent the surface-localized polymer network. (c) stable USH 

alignment without an external electric field and (d) the polymer-stabilized USH CLC 

texture. Blue ellipses represent the LC molecules and brown ellipses represent surface 

localized polymer. 
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Figure 8.2. Sample after the photopolymerization process without the application of an 

external electric field. The left region forms a ULH structure and the right region forms 

USH structure. 

 

As mentioned in Chapter 4, an ideal chiral nematic reflector can replace the mirror 

and quarter waveplate combination to ensure that the system is less sensitive to the 

nonideality in the LC phase modulation element. When we try to make the integrated 

device, the LC, quarter waveplate and mirror configuration are chosen to reduce the 

difficulties of developing the integrated device. However, the LC, quarter waveplate 

and chiral reflector configuration are preferable in the future as they can lead to a more 

robust integrated phase modulator.  

In addition to the above work, several directions need to be investigated: 

1. Single-pixel LC devices can be fabricated using off-the-shelf glass cells. The 

cells consist of two glass substrates which are each coated with ITO and 
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alignment layers. They adhere to each other (with the alignment layer on the 

inside), separated by spacers to give cell gaps ranging from 2 to 50 µm. The 

two substrates are typically offset so that the ITO electrodes on each side are 

exposed, such that they can be electrically contacted. The cells are relatively 

inexpensive and give thicknesses within a reasonably narrow tolerance. 

However, unfortunately, cells with patterned electrodes are not commercially 

available and a single cell device used in this thesis is not suitable for a 

commercial SLM. In the future, it would be better to test this phase modulator 

configuration using multipixels. Hence, it is important to find a way to generate 

a multipixel device. Currently, there are several technologies available for 

upgrading one pixel device to multipixels device and one of the technologies 

has been widely used is photolithography which can create extremely small 

patterns (down to a few tens of nm in size) on thin film or the bulk of a substrate. 

In addition, this method can provide precise control of the shape and size of the 

objects it creates and can create patterns over an entire surface cost-effectively. 

Through using this method, we can generate small electrodes on an integrated 

phase modulator to upscale it from one pixel device to multipixels device. In 

addition, recently, our lab has developed a new fabrication concept using a 

femtosecond laser to pattern an ITO coated glass substrate. Which can obtain 

high precision removal of the ITO from a glass substrate, whilst ensuring there 

was no electrical conductivity across the gaps. Using this technique, a 4-pixel 

electrode was fabricated by inscribing two lines across a glass substrate coated 
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in 10 nm ITO. This technique is also a option for us to choose to fabricate 

multipixels devices.  

2. It is important to measure the actual phase response of the full SLM (including 

the additional polariser, quarter-wave plates, and reflector). In a practical 

device, the additional components will deviate from the ideal, resulting in 

imperfections in the phase response of the device and causing residual 

amplitude modulation. Previously, SLM phase modulators have been measured 

using an interferometer to measure the interference fringes between the 

reflected beam and a reference beam using a camera. However, this data gives 

very limited resolution and it is very prone to environmental drift in the optical 

path lengths which means it cannot give time-resolved data and the 

measurement is time-consuming. Besides, this method can only be used for 

single cell phase response measurement, which is not desirable as commercial 

SLMs normally have multiple pixels. Hence, it would be advantageous to 

design a new experimental system to measure the phase response as a function 

of time for these fast-switching SLMs. 

3. The fabrication of a full SLM is a major undertaking as it requires a full custom 

Liquid Crystal on Silicon process. This process requires a silicon wafer 

fabrication run to produce a custom silicon substrate incorporating CMOS 

electronics. Therefore, an industrial partner with existing capability in this area 

is needed to transition from low pixel count prototypes to high pixel count 

devices suitable for the actual application. Several SLM manufacturers who 
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could potentially fabricate the devices were identified (Meadowlark Boulder, 

Holoeye and Hamamatsu Shizuoka) 

4. One of the key challenges in the fabrication of the SLM is the accurate control 

of the thickness of quarterwave plate between the LC material and the rear 

reflecting electrode on the CMOS silicon substrate. In the integrated device, 

the polymer and LC layers were fabricated so that each layer formed a wedge 

shape. However, this method cannot be used in a commercial SLM as the active 

region is not big which is not cost effectively. In order to solve this problem, 

we will actively engage with SLM fabrication companies such as Meadowlark 

and Holoeye Photonics AG. 

 

8.2.2 Optical beam steering device 

As mentioned in Chapter 7, we have developed a new beam steering system by 

combining polarization gratings with nematic LC devices, which has great potential in 

an optical communication system. The original idea is to combine the polarisation 

grating with our phase modulator to build the beam steering system. Unfortunately, this 

work was substantially delayed due to the COVID. For future work, the first step will 

be to replace the nematic pi-cells (LC1, LC2 and LC3) used in this thesis (shown in 

Figure 8.3) with our phase modulator to see whether the system can still work as 

expected.  
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Figure 8.3. Beam System that developed in the previous chapter (LC: liquid crystal, 

PG: polarisation grating, ND: ND filter, CCD: CCD camera). 

 

If the system can function as expected, then the system will be tested by replacing 

the He-Ne laser with a real communication laser and the CCD camera will be replaced 

with a high-resolution photodiode to test whether the light can be reflected back. The 

success of this experiment will lead us to the final step: to test the system in a real 

environment with a visible light communication system, as shown in Figure 8.4. 
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Figure 8.4. A proposed configuration to test our beam steering system. 
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