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Liquid crystals lie at the heart of many light-switching devices. Convectional devices switch as 

a result of the imposition of an external voltage, leading to an electric field inside the bulk. In 

this thesis I investigate bistable liquid crystal-based devices with switching between states 

controlled by light. Such an enhanced, photoactive response can be realised by integrating 

liquid crystals with photoalignment or photoconductive alignment layers. The resulting liquid 

crystal cells, asymmetric by design, need to be monitored for the stability and uniformity, 

especially in the regions exposed to light. In this work, I report on an integrated, versatile 

model and technique to characterise their core parameters as well as more subtle effects, such 

as the strength of anchoring energy. The snapshot method (the so-called ‘OMPA’) also provides 

two dimensional maps of the cells’ thickness, pretilt angle and uniformity. A dynamic, optically 

addressed, waveplate forming rewriteable twisted liquid crystal structures is then presented. 

The cell is bistable, with switching between states controlled by one-step illumination of a 

single PAAD azobenzene alignment layer with visible light. There is no requirement for 

electrodes or an applied field to control the dynamic behaviour. The photo-alignment 

properties of the layer enable reversible switching between two perpendicular alignment 

states at the cell surface, resulting in controllable polarization manipulation of visible and 

infrared light with an efficiency greater than 90%.  

Towards controlling longer wavelengths i.e., THz radiation exploiting the low optical 

anisotropy of liquid crystals in this range, is one of the main challenges. Although, there have 

been several solutions incorporating semiconductors or planar metamaterials, there is still the 

need to incorporate external stimulus (voltage, bulky magnets, temperature). This is a 

considerable technological challenge, since new applications impose compact, and thin devices 

with the less possible complexity in their systems and experimental setups. All-optical control 

of liquid crystals exploiting the THz itself is one of the main challenges nowadays. Enhanced 

localization of THz electric field in the vicinity of metamaterials may drive liquid crystal 

molecules and thus control their optical properties without the need of external stimulus. Here, 

I present an experimental and theoretical study of liquid crystal loaded metamaterials devices 

capable of shifting the narrowband resonant response of metamaterials by 45 GHz when 

switching between two planar liquid crystal states for both Babinet complementary patterns. 

My study suggests that this is due to the orientational optical nonlinearity of nematic liquid 

crystals induced in the vicinity of metamaterials near-field ‘hotspots’, which prompt liquid 

crystal molecules to spatially re-orient along the localized electric field lines. I envisage that 

these findings can directly lead to the increase of the efficacy of THz modulators and other 



 

 

active optical components exploiting the enhanced nonlinear light-matter interactions in liquid 

crystal-metamaterials hybrid structures.
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Introduction 

1.1 Motivation and Outline of the Thesis 

Liquid crystals (LCs) lie at the heart of many light-switching devices. Three key properties 

underlie this capacity. The first is the LC birefringence, the nature of which depends on the 

relative orientation between the LC molecules and an external electric field. The second is the 

fact that an external field can also reorient the constituent molecules of a LC. The third is the 

fact that surface effects, known as anchoring, also orient the LC molecules at the surface, and 

given orientational molecular interactions, this effect extends into the bulk [1,2].  

Therefore, LCs were arguably one of the first medium widely exploited for devices such as 

phase shifters and light modulators from the optical to terahertz (THz) regime due to their high 

optical anisotropy (birefringence). However, the THz region of the electromagnetic spectrum 

is considered to be technologically under-developed in comparison to the neighbouring 

wavelength regions due to the lack of tunable modulators. The lack of suitable materials has so 

far restricted the development of THz devices. Conventional LC devices exploit transparent 

conducting electrodes such as indium tin oxide (ITO), needed to provide voltage-controlled 

alignment to the LC molecules. Despite that ITO exhibits super transparency in the visible 

spectra, it is highly reflective in the THz region (less than 10% transmission at 0.2-1.2 THz) [3]. 

This project aims to investigate potential new THz modulators and phase shifters capable of 

being controlled remotely using only external light sources, avoiding the need of conducting 

electrodes at all.  

Chapter 1 gives an introduction regarding the nematic LCs and their optical properties upon 

application of electric field. 0 explains the experimental methods used to fabricate and 
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characterise the multi-layered LC cells. 0 reports on the optical driven bistable waveplate for 

the visible and near-infrared regimes, while 0 bridges the gap between visible and THz 

radiation. There, a brief description of the basic principles about THz radiation and time 

domain spectroscopy (THz-TDS) are presented. In addition, it contains an overview of how to 

evaluate the properties of LCs in the THz regime. 0 explores the LC-loaded metamaterials 

(MMs) devices, where experimental and theoretical results are presented. 0 includes the 

analytical calculation of the desired electric field strength capable of switching the LC 

molecules in-plane caused by the near-field enhancement in the vicinity of MMs. Finally, 0 

contains the conclusions and ongoing work.  

1.2 Liquid Crystals  

LCs are a state of matter which has a unique phase described by properties that are between 

those of liquid and solid states. In addition to the solid crystalline and liquid phases, LCs exhibit 

intermediate phases where they flow like liquids yet possess some physical properties 

characteristic of crystalline solids.  

 

Figure 1-1 An illustration of the difference of the behaviour of solid, LCs and liquid. LCs flow like a liquid, 

but its molecules are oriented in a crystalline manner. 

A true liquid is isotropic, meaning that its properties are uniform in all directions, where 

molecules are in constant random motion [1,4]. Most crystalline solids, in contrast, are 

anisotropic meaning that optical and other properties such as thermal and electrical 

conductivity vary with direction. A LC phase has many of the physical attributes of a liquid, but 
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its molecular units are sufficiently ordered to give rise to some anisotropy, most notably in 

their optical properties. Therefore, LCs can be considered crystals that have lost some or all of 

their positional order, while maintaining full orientational order (Figure 1-1) [5].  

1.2.1 Types of Liquid Crystals 

Materials that exhibit such unusual phases are often called mesogens (i.e., they are mesogenic), 

and the various phases in which they could exist are termed mesophases. A number of different 

types of molecules form LCs phases. What they all have in common is that they are anisotropic 

[4,6].  

 

Figure 1-2 Schematic representation of (a) nematic, (b) smectic and (c) cholesteric mesophases. 

The well-known ones are the thermotropics, the polymerics, and the lyotropics. The most 

widely used LCs and extensively studied for their linear as well as nonlinear optical properties 

are the thermotropics [6]. Molecules form rod-like shapes where one molecular axis is much 

longer than the other two. Thermotropic LC phases occur in a certain temperature phase. This 

type of materials has two characteristic temperatures: a temperature at which they transform 

from solid to LC, the so-called melting point, and a temperature at which they transform from 

LC to liquid, the so-called clearing point [4]. If the temperature rise is too high, thermal motion 

will destroy the delicate cooperative ordering of the LC phase, pushing the material into a 

conventional isotropic liquid phase. At too low temperature, most LC materials will form a 

conventional crystal. As a function of temperature, or depending on the constituents, 

concentration, substituents, and so on, thermotropics exist in many mesophases. These various 

mesophases can be characterised by the type of molecular ordering [1]. One can distinguish 

the positional order, that shows whether the molecules are arranged in any sort of ordered 

lattice and the orientational order (the so-called director axis, 𝑛̃), whether the molecules are 



 Chapter 1 

4 

mostly pointing in the same direction. Moreover, the order can be either short-range or long-

range depending on the distance between the molecules.   

Figure 1-2(a-c) depicts schematically the arrangement of the elongated rod like LC molecules 

in the most common mesophases, nematic, smectic and cholesteric phases respectively. 

Nematic LC phase is a well-established one (Figure 1-2 (a)), with the word nematic originating 

from the Greek νήμα (nema), which means “thread”. This term is derived by the thread-like 

topological defects observed in nematics. The molecules are positioned random like liquids,  

and have no positional order, but they self-align to have a long-range directional order with 

their long axes (roughly parallel), defined by a unit vector 𝑛̃, the director axis. Thus, the 

molecules are free to flow, but still maintain their long-range directional order. Only the 

nematic LCs are considered in this thesis [1,6]. 

Smectic LCs (Figure 1-2 (b)), unlike nematic, possess positional order and hence molecules are 

aligned in a pattern. In these phases, molecules act like liquids but in layers. There are many 

different smectic phases, all characterized by different types and degrees of positional and 

orientational order [1,7]. In the Smectic A phase, the molecules are oriented with their long 

axis normal to the plane of the layer, while in the Smectic C phase they are tilted away from it. 

Further, this phase can be reached at lower temperatures than the nematic phase and acquire 

higher viscosity (𝛾̃).  

Cholesteric, now often called chiral nematic LCs, resemble nematic LCs in all physical 

properties except that the molecules tend to align in a helical manner as depicted in Figure 

1-2(c). Here, the director, 𝑛̃, is not fixed in space as in a nematic phase but rotates throughout 

the sample. This property results from the synthesis of cholesteric LCs obtained by adding a 

chiral molecule to a nematic LC [6].  

 

Figure 1-3 Defining the director in a local region of LC. 
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1.2.2 Nematic Liquid Crystals 

Nematic is one of the most common LC phases. There exists long-range orientational order, 

where anisotropic elongated molecules (with a length between 1 and 3 nm and a width of 

approximately 0.1 to 0.5 nm), are aligned with their long axes along one common direction. 

Macroscopically a unique axis (the preferred direction) is defined in this way, the director 𝑛̂. 

Nematic molecules have the same properties in the +𝒏̂ and −𝒏̂ directions; they are 

centrosymmetric [6].  

 

Figure 1-4 A diagram of a 5-cyano-biphenyl (5CB) molecule, which is a common component of LC 

materials. Blue represents a nitrogen atom, and grey and white are carbon and hydrogen, respectively. 

The elongated shape is critical to its LC phase behaviour [8]. 

To specify the amount of orientational order in such a LC phase, an order parameter is defined. 

This can be done in many ways, but the most useful formulation is to find the average of the 

second Legendre polynomial [6], 

 𝑆 = 〈𝑃2(𝑐𝑜𝑠 𝜃)〉 = 〈
3

2
𝑐𝑜𝑠2 𝜃 −  

1

2
〉. (1.1) 

The angle brackets denote averaging over all possible directions of the long molecular axes 

within the sample volume and also temporal averaging, while angle θ is the angle between the 

molecular axis and the director. A perfectly oriented system, where θ=0 for all molecules 

(perfectly oriented solid), the order parameter S would be equal to 1 (S=1). Whereas an 

isotropic liquid would have S=0. LCs typically have value of S between 0.3 and 0.8.  

In elastic continuum theory, introduced over the last several decades by Oseen (1933) [9] and 

Frank (1958)[10], nematic LCs are described by the distribution of the order parameter tensor 

field, 𝑛(𝑟),  
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 𝑆𝛼𝛽 = 𝑄(𝑇) (𝑛𝛼𝑛𝛽 −
1

3
𝛿𝛼𝛽). (1.2) 

Here, nα, nβ are the corresponding components of the director and δαβ is the delta function. 

This theory is based on the fact that director is not perfectly uniform but varies with position. 

In fact, it is a very rare case since surface treatments and/or external fields are usually required 

to obtain uniformity. The variation of director, 𝑛(𝑟), is extremely modest on a microscopic 

level, thus any orientational or positional order parameters are neglected. the order parameter 

Sαβ(𝑟) can be defined by the director field only. Thus, the nematic state can be entirely 

described in terms of the director field, 𝑛(𝑟).   

When the director orientation is discontinuous, surface defects appear in the texture of 

nematic LC films, the so-called Schlieren texture [11]. These points correspond to disclination 

lines, as depicted in Figure 1-6. Between crossed polarizers these points are connected by dark 

brushes which are regions in which the director is either parallel or perpendicular to the plane 

of polarization of the incident light. The colors are Newton colours of thin films and depend on 

the thickness of the sample. Director, 𝑛(𝑟), changes its orientation continuously around a 

disclination. This curvature of the director costs elastic energy, thus by minimizing the free 

energy density one can obtain the actual configuration around the defects. An exception is the 

case of defects where large local spatial variations of the nematic order parameter can be 

observed.  

 

Figure 1-5 Schlieren Texture of a nematic film as obtained by [12] 
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Figure 1-6 Schlieren Texture of a Nematic Films as obtained by [12]  

As a result, the continuum theory is based on the phenomenological expressions that describe 

the free energy of a LC state. The free energy density may be expressed as a series of the order 

parameter. Any distortion from the orientation order leads to additional terms in free energy 

involving the gradient of Sαβ(𝑟). 

Upon application of an external perturbation field, nematic LCs will undergo deformation in its 

bulk. Twist, splay, and bend are the main types of director axis deformations for nematics, see 

Figure 1-8. According to the theory first developed by Frank [10], the free-energy densities 

associated with these deformations are given by, 

 Splay: 𝑓1 =
1

2
𝐾1(𝛻 ∙ 𝑛̂)2, (1.3) 

 Twist: 𝑓2 =
1

2
𝐾2(𝑛̂ ∙ 𝛻 × 𝑛̂)2, (1.4) 

 Bend: 𝑓3 =
1

2
𝐾3(𝑛̂ × 𝛻 × 𝑛̂)2, (1.5) 

where, 𝐾1, 𝐾2, and 𝐾3 are the splay, twist, and bend Frank elastic constants, respectively. The 

induced external field will create more than one forms of deformation and so the total 

distortion free-energy density is given by, 

 𝐹𝑑 =
1

2
𝐾1(𝛻 ∙ 𝑛̂)2 +

1

2
𝐾2(𝑛̂ ∙ 𝛻 × 𝑛̂)2 +

1

2
𝐾3(𝑛̂ × 𝛻 × 𝑛̂)2. (1.6) 
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This expression is the fundamental formula of continuum theory [1,6], which will be used in 

this thesis to characterise LC samples.  

 

Figure 1-7 Three types of deformations occurring in nematics. 

Phenomena such as surface alignment of nematics play an essential role in determining the 

behaviour of the bulk phase. Usually, plane surfaces are used in all experimental LC samples to 

separate the material from an external medium by some boundaries. In fact, these boundaries 

are responsible for inducing the preferential molecular orientation into the bulk (see Figure 

1-8 ). There are many ways to induce the desired molecular orientation at the boundaries 

surface, which will be discussed later in this chapter. By the curvature elasticity surface 

orientation propagates far into the bulk, leading to an overall alignment of the nematic director 

𝑛(𝑟). Put differently, the director is “anchored” along an easy axis produced by the nematic 

surface.  

In order to microscopically explain the behaviour of the easy axis at various types of nematic 

surfaces, a number of theoretical efforts have so far been made from a Continuum, statistical 

mechanical, phenomenological, and elastic standpoints. The surface anchoring has been most 

commonly treated and understood on the basis of a phenomenological formalism due to Rapini 

and Papoular [13]. Therein, the simplest form of the anchoring energy density is given by:  

 𝑓𝑠 =
1

2
𝑊𝑠𝑠𝑖𝑛2 𝛼, (1.7) 

Where, 𝛼, is the angle of the director deviation from the easy axis. In general, however, the 

anchoring energy depends on the director at the interface. The one associated with the rotation 

of the director within the plane spanned by the easy axis and the substrate normal is referred 

to as the “polar” anchoring energy. The one which corresponds to the rotation perpendicular 

to it is called the “azimuthal,” “torsional,” or “in-plane’’ anchoring energy. The surface 

Splay, K11 Twist, K22 Bend, K33
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anchoring is further classified, sometimes, into “strong” or “weak” anchoring according to 

whether or not director, 𝒏(𝒓⃗⃗), can deviate from the easy axis direction. 

 

Figure 1-8 LC geometries for observing upon application of external field. Transition that cause 

different types of nematic deformation: splay (left), twist (centre), bend (right). 

When 𝑊𝑠  → ∞ (strong anchoring) the director cannot deviate from the easy axis direction. 

Thus, the director field could be described by the bulk terms in the free energy functional only, 

and by the fixed boundary conditions. On the other hand, when 𝑊𝑠 has a finite magnitude, 

typically of the order of 10−2 erg cm−2 or less, the molecules are not strongly anchored at the 

boundaries (weak anchoring). Both bulk and surface terms in the free energy should be 

considered. Sometimes, to characterize the anchoring type, a dimensionless parameter is used 

[14]: 

 𝑤𝑖 =
𝑑 𝑊𝑠

𝐾𝑖
, (1.8) 

where 𝐾𝑖 is one of the elastic constants, depending on the sample geometry, d is the LC layer 

thickness. 𝑤𝑖 ≫ 1 and 𝑤𝑖 ≪ 1 correspond to strong and weak anchoring, respectively. 

Therefore, the orientation of the molecules on the surface is characterised by two parameters, 

i.e. an easy axis and a surface anchoring energy density, 𝑊𝑠. The easy axis shows an equilibrium 

position of the director on the surface that minimizes the surface energy. For a given nematic 

and a substrate, the easy axis assumes either perpendicular, parallel, or slanted orientation 

with respect to the substrate. These configurations are referred to as homeotropic, planar, and 

S-type transition T-type transition B-type transition

field OFF

field ON
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tilted alignments, respectively. The type of LC alignment on the plane surface is usually defined 

by an angle, θ, between the easy axis and the plane. Depending on this angle, the different 

alignment configurations could be distinguished: planar (θ ≈ 0), homeotropic (θ = π/2), and 

tilted (0 < θ < π/2).  

 

Figure 1-9 Types of LC alignment between parallel glass substrates: (a) planar, (b) homeotropic, (c) 

tilted, and (d) position of director, n, and easy axis in space. 

There are several methods to achieve a particular alignment [7,14]. Most commonly, the planar 

alignment is produced by mechanical rubbing of the surface with a brush or a cloth. The 

rubbing creates microgrooves, which promote a well-defined orientation of the molecules on 

the substrate surface. The most popular technique for the homeotropic orientation is the 

deposition of surfactant or polymer molecules with long tails. These tails extend out vertically 

to the surface, inducing alignment as demonstrated in Figure 1-9. Under the strong anchoring 

condition, the so-called hard-boundary condition, molecules are strongly anchored to the 

boundary and do not respond to the applied perturbation fields (see Figure 1-10 (a, b)). On the 

other hand, if the molecules are not strongly anchored to the boundary, that is, the so-called 

soft-boundary condition, an applied field will perturb the orientation of the molecules at the 

cell boundaries (see Figure 1-10 (c)).  
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Figure 1-10 LC cells with different boundary conditions. (a) Homeotropic LC geometry. (b) Strong-

boundary conditions affect the re-orientation of molecules caused by the applied electric field. (c) Soft-

boundary conditions allow the applied field to perturb the orientation of the molecules at the cell 

boundaries. 

1.3 Optical Properties of Liquid Crystals 

LCs are both fluidic and anisotropic. The response of a LC to an applied field arises from the 

electrical polarization of the molecules. Anisotropic materials interact with the oscillating 

electric field of light to change the light’s polarisation. LCs also interact with static electric 

fields. Under applied electric filed, molecules tend to rotate with their electric dipoles due to 

the displacement of electrons. The fluidity of LCs means that molecules are free to rotate, 

resulting in a tendency for the nematic director to align with the field. The LC director 

orientation can thus be controlled with electric fields, and in turn this can be used to control 

the polarisation state of the light passing through. These are the fundamentals of how a LC 

display (LCD) works [1,5,6].  

1.3.1 LCs in Electric Field  

LC can be characterised by the dielectric constants measured parallel, 𝜀∥ and perpendicular, 𝜀⊥ 

to the nematic director. Applying an external electric field, E, to a nematic of director n leads to 

induced electric displacement D as derived in [6], 
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 𝐷 = 𝜀⊥𝐸 + 𝜀𝛼𝑛(𝑛 ⋅ 𝐸), (1.9) 

Where 𝜀α = 𝜀∥ − 𝜀⊥is an anisotropy of dielectric permittivity. The electric contribution to the 

free energy density is: 

 𝑓𝑒𝑙 = −
1

8𝜋
𝐷 ⋅ 𝐸 = −

1

8𝜋
𝜀⊥𝐸2 −

1

8𝜋
𝜀𝛼(𝑛 ⋅ 𝐸)2. (1.10) 

Only the second term depends on the director orientation with respect to the electric field. So, 

the first term can be omitted in the modelling of the nematic director orientation.  

Equation (1.10) shows that a nematic with positive dielectric anisotropy favours alignment 

parallel to the field, while a nematic with negative 𝜀𝛼 favours perpendicular alignment. In 

nematics, the polarizability anisotropy is positive due to the rod-like shape of the molecules. 

This implies the polarizability is larger along the molecular axis than perpendicular to it. 

Therefore, the contribution of the electronic polarization to the dielectric anisotropy is also 

positive. The sign of the dielectric anisotropy depends on the chemical structure of the 

molecules. The non-polar molecules or the molecules with a relatively small angle between 

dipole moment and molecular axis are characterised by positive dielectric anisotropy. Negative 

dielectric anisotropy typically belongs to materials with a permanent dipole moment normal 

to the molecular axis. Materials used in this thesis exhibit positive dielectric anisotropy (𝜀∥ >

𝜀⊥).  

In general, the contribution of the orientation polarization depends on the magnitude of the 

dipole moment and the angle between the dipole and the molecular long axis. The sign of the 

total dielectric anisotropy is determined by the relative magnitude of the electronic and 

orientation polarization. Given that the relaxation time for a confined LC is [6], 

 𝜏 =
𝛾

𝛫
(

𝑑

𝜋
)

2

 (1.11) 

where, γ is the rotational viscosity coefficient, K is the elastic constant and d is the cell width. A 

typical LC cell containing E7 mixture with 7 μm thickness would have a relaxation time of 

~50ms. Most practical LC devices employ AC electric field and as such the permanent dipole 

has little effect on field-induced realignment as the orientation polarization cannot follow the 

variation of the field. This implies field-induced realignment from kHz electric fields is 

dominated by the induced electronic polarization. The combined dipole moment, or the 

induced polarization of the material, is related to the electric field by: 
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 𝑃 = 𝜀0𝜒𝑒𝐸 (1.12) 

where, 𝜀0 is the permittivity of free space and 𝜒𝑒 is the electric susceptibility.  

For an anisotropic medium, such as nematic LCs, the dielectric permittivity (ε), permeability 

(μ) and susceptibility (𝜒𝑒), are direction dependent and can therefore be defined with respect 

to the LC director (n). From the mathematical point of view, they become the tensor quantities. 

The propagation of light through nematics is considered  to be magnetically isotropic but 

electrically anisotropic, as the magnetic anisotropy of nematics is very small (in the order of ∼ 

10−7), while their dielectric anisotropy is greater than unity. Then, µ is a scalar and 𝜀̂ is a tensor 

in material equations. The dielectric permittivity tensor is symmetric, so it can be diagonalized 

by choosing a suitable coordinate system,  

 𝜀̂ = [

𝜀𝑥 0 0
0 𝜀𝑦 0

0 0 𝜀𝑧

] (1.13) 

where, 𝜀𝑥, 𝜀𝑦, and 𝜀𝑧 are called the principal dielectric constants. If two of the principal 

dielectric constants are equal (𝜀𝑥 = 𝜀𝑦 ≠ 𝜀𝑧) the medium is called a uniaxial crystal, and the 

principal axis z is called the optical axis. In a biaxial crystal, however, all dielectric constants 

are different  (𝜀𝑥 ≠ 𝜀𝑦 ≠ 𝜀𝑧). Most LCs belong in the class of uniaxial crystals.  

1.3.2 The Fréedericksz Transition  

LCs with positive dielectric anisotropy, as the ones studied in this thesis, tend towards an 

alignment parallel to the direction of the external electric field. This generally true for the free 

bulk of the LC [1,6]. However, if a nematic LC is aligned with hard anchoring conditions as in 

Figure 1-8, with a field applied perpendicular to the director, molecules will be realigned only 

when the field strength exceeds some critical threshold value EF. Below this critical threshold 

(𝐸 < 𝐸𝐹), there will be no effect on the director configuration, whereas above this value (𝐸 >

𝐸𝐹), a transition occurs. The applied field is sufficient to overcome elastic and anchoring forces 

opposing reorientation and the LC can begin to align with the field. This phenomenon is known 

as Fréedericksz transition, as it was first observed and studied by Fréedericksz in 1927 [15].  

The local equilibrium configuration with an applied field greater than 𝐸𝐹 , depends on the 

magnitude and direction of the field with respect to the director axis, and also the dielectric 

anisotropy. In addition, there is a competition between the orientation imposed by the field 
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and the orientation imposed by the cell boundaries. It can be easily observed in a thin LC cell 

aligned between plane glass slides in different geometries, as illustrated in Figure 1-8. In all 

cases, the electric field direction is perpendicular to the unperturbed director, forming a planar 

(a and b) and homeotropic configuration (c). Upon application of external electric field, the 

director near the boundary is dictated by the surface alignment effect and, the bulk by the 

applied field. As a result, LC molecules will respond to the electric field only when its value is 

larger than the threshold field given by [6], 

 𝐸𝐹 =
𝜋

𝑑
√

𝐾𝑖

𝜀0|𝜀𝛼|
. (1.14) 

Then, the threshold voltage can be derived as: 

 𝑉𝐹 = 𝐸𝐹𝑑 = 𝜋√
𝐾𝑖

𝜀0|𝜀𝛼|
 (1.15) 

where d is the cell thickness, Ki is an elastic constant, ε0 = 8.85 × 10−12 𝐹/𝑚 is the vacuum 

permittivity and 𝜀𝛼 is the permittivity anisotropy. It is worth noting that 𝑉𝐹 does not depend 

on the sample thickness d. So, the critical voltage only depends on the properties of the LC 

(elastic constant and dielectric anisotropy), and none of the cell parameters. On the contrary, 

the critical field 𝐸𝐹 is inversely proportional to the sample thickness d.  Further, the elastic 

constant, Ki , depends on the type of deformation (i.e. splay, twist, or bend) caused by the 

external field, see Figure 1-8. The work presented in this thesis considers only planar and 

twisted LC geometries (Figure 1-8 a and b). Complete rotation in a homeotropic cell often 

requires fields of magnitude several times 𝐸𝐹, with the field applied normal to the initial 

director orientation.  

All reorientation effects involve competition between the elastic, anchoring, and viscous 

torques opposing motion, and the torque from the applied field promoting reorientation. 

Elastic deformations, whether splay, twist, or bend, cost energy. The dynamic behaviour in a 

LC always tends towards an equilibrium state which is determined by the minimization of free 

energy in the system [7]. However, a discussion of the hydrodynamics of LCs is beyond the 

scope of this work.  
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1.3.3 Optical Anisotropy of Nematic Liquid Crystals 

An aligned nematic LC is in essence a uniaxial crystal. Hence the crystal axes are defined 

perpendicular and parallel to 𝑛. These directions experience different refractive indices due to 

the molecular structure of the LC. The effective refractive index can therefore be given by [2]: 

 𝑛2 = [

𝑛⊥
2 0 0

0 𝑛⊥
2 0

0 0 𝑛∥
2

] (1.16) 

Polarized light incident on the LC sample exhibit different refractive indices depending (i) on 

the direction of propagation and (ii) the state of polarization with respect to the director 

orientation. As a uniaxial crystal, the nematic LC can be characterised by two refractive indices: 

the ordinary, 𝑛𝑜, and the extraordinary , 𝑛𝑒 , for the light polarized perpendicular and parallel 

to the optical axis, respectively.  

 

Figure 1-11  Index ellipsoid for a plane polarized optical wave propagating along s in a uniaxial crystals. 

ne(θ) and no are the refractive indices for the extraordinary and ordinary components, respectively. 
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In typical optical experiments, a light beam often propagates at a certain angle with respect to 

the director. Let us consider the case when the light propagates in the z direction and the 

director is aligned at an angle (𝜃𝑖) with respect to it. When the refractive index is independent 

of the direction  of the propagation of light is given by, 

 𝑛 = 𝑛𝑜 . (1.17) 

When the refractive index is dependent on the direction of the propagation of light is given by 

[2], 

 𝑛 = 𝑛𝑒𝑓𝑓(𝜃𝑖) =
𝑛𝑜𝑛𝑒

√𝑛𝑒
2𝑐𝑜𝑠2𝜃𝑖 + 𝑛𝑜

2𝑠𝑖𝑛2𝜃𝑖

 . (1.18) 

As a monochromatic light with wavelength (λ), propagates through a nematic LC, with 

thickness (d), a phase lag (φ) is created between ordinary and extraordinary waves [1], which 

depends of the angle 𝜃𝑖 and is given by [2], 

 𝜑 =
2𝜋

𝜆
[𝑛𝑜 − 𝑛𝑒𝑓𝑓(𝜃𝑖)]𝑑. (1.19) 

For a layer with a variable director orientation angle, 𝜃𝑖 = 𝜃𝑖(𝑧), the total phase lag can be 

found as: 

 𝛥𝜑 =
2𝜋

𝜆
∫ [𝑛𝑜 − 𝑛𝑒𝑓𝑓((𝜃𝑖(𝑧))]𝑑𝑧

𝑑

0

. (1.20) 

The deviation of the director orientation changes the effective refractive index and the phase 

lag between ordinary and extraordinary components of the light propagating through the LC. 

This method is important for detecting the nematic reorientation, such as Fréedericksz 

transition, and is useful for determining of the birefringence of nematic LCs. 

1.3.4 Birefringence in Liquid Crystals 

Perhaps the most studied and applied property of LCs is the birefringence. With the aid of an 

externally applied field, one can control or realign the anisotropic LC axis, thereby controlling 

the effective refractive index (𝑛𝑒𝑓𝑓) and phase shift (𝛿) experienced by the light traversing the 
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LC. Such electro-optical processes form the basis for various optical transmission, reflection, 

switching, and modulation applications [7]. 

Essentially, the LC cells are placed within a stack of phase-shifting (phase retardation) wave 

plates or polarizing elements to perform various electro-optical functions, as shown in Figure 

1-12 [16]. These operations usually require a phase shift, 𝛿, on the order of π (i.e., quarter wave 

plate requires π/2 and half-wave plate requires π, and so on) [2]. Depending on the actual 

configuration, the phase shift imparted into the LC cell by, 

 𝛿 ∼ 𝑑(𝛥𝑛)
2𝜋

𝜆
 (1.21) 

where d is the path length of the light through the LC layer, Δn is the birefringence, and λ is the 

wavelength. Birefringence is quantified as the magnitude of the difference between the 

ordinary, 𝑛𝑜, and the extraordinary , 𝑛𝑒 , refractive indices: 

 𝛥𝑛 = 𝑛𝑒 − 𝑛𝑜 . (1.22) 

 

Figure 1-12 Schematic of a typical LC display pixel consisting of electronic driving circuit, polarizers, LC 

cell, colour filter, and phase plate (not shown) [16]. 
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LCs are noted for their relatively large birefringence and easy susceptibility to external field 

perturbation. To create the required phase shift for optical application in the visible to near IR 

regime, only applied voltages of a few volts and a film thickness of a few microns are required. 

As a result, LC has enjoyed widespread and an ever-increasing demand in various optical 

display, switching, information, and image processing industries. Although, the quantitative 

description of the polarised light as propagating through LCs, is quite complex. The problem 

arises from the fact that the director axis within a cell is inhomogeneous and varies spatially, 

because of the boundary anchoring effects in response to an applied electric field (see Figure 

1-8 & Figure 1-10).  

In order to determine the birefringence of a LC and detect the phase lag, a typical sample is 

usually observed between two linear polarisers, whose transmission axes are crossed. Let us 

consider a planar nematic LC cell, as this geometry will be used in most of the experiments 

presented later. Upon characterisation, LCs are usually sandwiched between two transparent 

electrodes of ITO. ITO is deposited on 1 mm thick glass substrates. The cell is placed between 

two linear polarizers and oriented in such way to that its alignment direction makes a certain 

angle, φ, with the polarizer. The light beam passes through this optical system at normal 

incidence to cell plane and a photodiode was used to monitor the intensity of the beam after 

passing through the cell [2].  

 To define cross-polarized intensity, we assume a monochromatic plane wave which can be 

specified in terms of the electric field vector as: 

 𝐸 = ℰ𝑒𝑖{(𝑘∙𝑟)−𝜔𝑡+𝛿}, (1.23) 

where |ℰ| is the electric field amplitude, 𝑘 =
𝜔

𝜐
𝑘̂ is the wave vector, ω is the angular frequency, 

and δ is the phase. This wave propagates through a medium in the direction defined by unit 

vector 𝑘̂ with a phase velocity 𝜐 = 𝑐 𝑛⁄ , where 𝑛 = √𝜀𝜇 is the refractive index of the medium. 

Accepting the Cartesian coordinate system, in which the direction of propagation is parallel to 

the z axis, and the director is aligned in the x direction,  the electric field can be expressed as: 

 𝐸 = ℰ𝑒𝑖{𝑘𝑧−𝜔𝑡}(𝑠𝑖𝑛 𝜑 𝑥̂  + 𝑐𝑜𝑠 𝜑 𝑦̂). (1.24) 

The polarization of the incident beam is defined by the angle φ with respect to the nematic 

director. The x and y components of the light experience refractive indices 𝑛𝑒𝑓𝑓 and 𝑛𝑜, 

respectively. As the beam passes through the nematic layer, it undergoes a phase lag δ between 

the x and y components, which results in a change of the polarization state. The electric 

component of the light transmitted through the cell becomes: 
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 𝐸′ = ℰ𝑒𝑖{𝑘𝑧′−𝜔𝑡′}(𝑒−𝑖𝛿𝑠𝑖𝑛 𝜑 𝑥̂  + 𝑐𝑜𝑠 𝜑 𝑦̂). (1.25) 

The change of the polarization state can be detected by a second polarizer, which is often called 

the analyser. The projection of vector 𝐸′ on the analyser transmission axis is: 

 𝐸′⊥ = −𝐸′𝑥𝑐𝑜𝑠 𝜑 + 𝐸′𝑦 𝑠𝑖𝑛 𝜑 = ℰ𝑒𝑖{𝑘𝑧′−𝜔𝑡′}𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑(1 − 𝑒−𝑖𝛿). (1.26) 

Then, the normalized intensity of the beam after transmitting through the analyser, 𝐼⊥, can be 

derived as follows: 

 |𝐸′
⊥|2 = ℰ2𝑠𝑖𝑛2𝜑 𝑐𝑜𝑠2𝜑(2 − 𝑒−𝑖𝛿 − 𝑒−𝑖𝛿) = ℰ2𝑠𝑖𝑛2 2𝜑 𝑠𝑖𝑛2 (

𝛿

2
), (1.27) 

 𝐼⊥ =
|𝐸′

⊥|2

ℰ2
= 𝑠𝑖𝑛2 2𝜑 𝑠𝑖𝑛2 (

𝛿

2
). (1.28) 

The intensity oscillates with variations of the phase lag, δ. The amplitude of oscillations 

depends on the angle φ, as 𝑠𝑖𝑛2 2𝜑. So, the intensity 𝐼⊥ has a maximum in its amplitude of 

oscillations when the cell alignment direction is rotated to an angle of 𝜑 = 45° with respect to 

the polarizers. Therefore, to detect the change in the phase lag, the experiment is usually run 

with the cell positioned at this angle with respect to the polarizers. Thus, by substituting 𝜑 =

45° into Equation (1.28), cross-polarised intensity (CPI), 𝐼⊥, is simplified to: 

 𝐼⊥ = 𝑠𝑖𝑛2 (
𝛿

2
). (1.29) 

This optical method is used in this thesis to measure the electric field-induced Fréedericksz 

transition in a LC cell with planar configuration. By applying AC electric field to the cell, the 

rotation of the nematic director inside the cell is observed as an intensity oscillation. The 

beginning of the LC reorientation happens at Fréedericksz threshold voltage when the 

intensity curve starts to oscillate. When the polarization of the incident beam is φ with respect 

to nematic director, r, the normalized intensity of the beam as detected by the photodiode 

when 𝜑 = 45° is given by Equation (1.29). CPI, 𝐼⊥, depends on the AC voltages and hence, 

Equation (1.29) is used to extract the change of the phase lag, δ. With the calculation of the 

phase lag we can determine the birefringence of LCs in the optical regime by Equation (1.21).  
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1.4 Alignment of Liquid Crystals 

Efficient control of LC alignment results in the possibility to manipulate the effective 

birefringence of the LC cell and hence its optical properties. As was shown in Section 1.3, 

because of the anisotropy in dielectric properties of LCs, their alignment can be controlled by 

external electric field. Although, in the absence of external electric field, phenomena such as 

surface alignment of nematics play the essential role in determining the behaviour of the bulk 

phase. Usually, plane surfaces, such as glass substrates, are used in all experimental LC samples 

to separate the material from an external medium by some boundaries. In fact, these 

boundaries are responsible for inducing the preferential molecular orientation into the bulk. 

There are many ways to induce the desired molecular orientation at the boundaries surface, 

such as the traditional mechanical rubbing of the surface, the deposition of a polymeric 

surfactant with long tails extending vertically to the surface (homeotropic alignment), or the 

deposition of photosensitive dyes which exhibit photo-isomerisation and orient with regards 

to the polarisation of electric field [2,17,18].  This surface orientation propagates far into the 

bulk, leading to an overall alignment of the nematic director 𝒏(𝒓⃗⃗).  

 

Figure 1-13 Structural sketch of a rubbing machine. A rubbing machine consists of a roller covered by 

rubbing cloth, and a platform to hold the substrate. The roller or the substrate stage moves at a constant 

speed while the roller is rotating at several hundreds of rpm. The gap between the roller and the stage 

is adjusted to change the pile impression. 

1.4.1 Rubbing: Mechanism and Applications 

Rubbing is a dominant LC alignment process, which has been reported by Mauguin almost 

eighty years ago. It is a well-established method to induce planar alignment to nematic LC cells, 

adopted by commercial manufacturers (LCD industries) [16] as well as academic researchers. 

The process is to rub an organic polymer coated substrate using a rotating brush or cloth with 

Gap between
roller and
stage
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short fibres. The rubbing creates microgrooves, which promote a well-defined orientation of 

LC molecules on the substrate surface. Figure 1-13 shows a typical rubbing machine consisting 

of a rotating drum and a substrate holding platform. Either the roller or the platform stage 

moves at a constant speed, while the roller  is rotating at several hundreds of rpm. The gap 

between the roller and the stage is adjusted to change the pile impression. Rubbing must take 

place prior assembling the LC cell and cannot change afterwards, unless erasing the polymeric 

film and restart the process. These are few of its disadvantages along with the generation of 

dust and static electricity. Although this process has many problems, leading LC applications 

cannot be manufactured without it because it is a short, simple alignment process, and can be 

applied to a large area at low cost. 

The rubbing controls both the polar and azimuthal angles (introduced in Section 1.2.2) of the 

LC alignment, thus it is very common to create defects and harm the optical characteristics of 

LC materials. However, not only the rubbing process, but also the alignment materials may 

affect the optical quality of LCs. For this reason, many materials have been tested as alignment 

layers (ALs) for rubbing, which span from polyvinyl alcohol, acrylic polymers, and vinyl 

polymers. Finally,  high temperature polyimide (PI) prevailed as an alignment material because 

of its stability performance over time at elevated temperatures (possibly caused by rubbing) 

and superior electric characteristics. In this thesis, we also used PI as an alignment material for 

rubbing.  

The controllable parameters of the rubbing machine are the gap between the substrate and the 

cylinder, the cylinder rotation speed, the stage movement velocity, and the number of times 

each substrate goes through the rubbing process. The most significant parameter is the gap 

between the cylinder and the substrate [2,18]. The gap controls the pressure of the buffing 

cloth on the substrate, and it affects the anchoring strength, pretilt angle, and surface 

morphology of the substrate. In addition, variations in the cylinder rotation speed and the stage 

movement velocity, may cause fluctuations in pretilt angle and unevenness in the resulted 

alignment.  Then, alignment-related defects appear, such as disclination lines, reverse twist, 

and reverse tilt (see Figure 1-14, Figure 1-15, and Figure 1-16).  Monitoring the rubbing status 

is very difficult, since evaluation of defects is possible only after assembling the substrates and 

observing the images of the finished cells.  

Furthermore, additional problems such as, accumulation of static electricity and dust particles 

are a typical issue [19]. There are several ways to eliminate or control them. When rubbing a 

high resistance material like PI, and static electricity is generated, one can neutralize the 

surface by injecting ionized N2 gas. While, to prevent possible diffusion of the dust from the 

rubbing cloth and alignment material, a cover hood and an exhaust fan are suggested [18].  
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Although, these problems are addressed, there is still the need to incorporate electrodes and 

external electric field into the cell design [20]. Thus, rubbing has become somewhat 

controversial [21,22]. Furthermore, such surfaces will not, in general, sustain bistability as new 

technologies require. This would only be possible if the surface alignment can itself be altered, 

which is completely impractical if the alignment has been achieved by rubbing [17,23,24]. 

 

Figure 1-14 Alignment disclination lines defect (Néel wall). 

 

Figure 1-15 Alignment in a twist-reverse defect. 

 

Figure 1-16 Alignment in a tilt-reverse defect. 
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1.4.2 Photoalignment  

Photoalignment of LCs is a direct consequence of the observed photoinduced optical 

anisotropy and dichroic absorption in thin amorphous films [19]. In fact, the subject of light–

molecule interactions have been a fascinating subject of research for a long time and is still 

capturing the imagination of many people. Light is responsible for the delivery of energy as 

well as phase and polarization information to materials systems. In this particular case, the 

alignment of the molecules takes place due to a partial ordering of the molecular fragments 

after a topochemical reaction of a photoselection (Weigert’s effect) [25]. It was soon shown 

that these materials could provide high-quality alignment of molecules in an LC cell [26,27].  

The first photo-patterned optical elements, based on polyvinyl-cinnamate films, appeared in 

1977 [19], the technology became an LCD one only at the beginning of the 1990s [26,28-30]. 

While, the first publication on photoalignment in LCs has been reported by Ichimura in 1988 

[31,32], which discussed the application of the reversible cis-trans isomerization of 

azobenzene molecular layers to the switching of the alignment of the LC layer from 

homeotropic to planar orientation. Ever since photoalignment has been a focus of research 

developing very rapidly. Gibbons et al. reported their photoalignment results in 1991 [27], 

where they described an azobenzene-mixed polyimide exposed to linearly polarized UV light 

that aligned the LC. In 1992, Schadt reported photoalignment by dimerization of poly (vinyl 

cinnamate) exposed to linearly polarized UV light [33]. In these projects, special photochemical 

reactions, such as dimerization or isomerization, were used, and only a few limited types of 

photoalignment materials were involved. In 1994, it was found that polyimide exposed to 

linearly polarized deep UV light showed LC alignment, and that a wider variety of materials 

could be used for photoalignment [34]. Soon after the LC photoalignment procedure was 

derived using cinnamoyl side-chain polymers and dye-doped polymer ALs. Moreover, Yuri 

Reznikov was particularly influential in developing this surface alignment technique, and his 

name appears on numerous patents and right papers. These date right from the technique’s 

invention in the 1980s (see e.g. [32]) and stretch e.g. to his more recent 2012 review with 

Yaroshchuk [19]. 

Photoalignment received a lot of attention and the vast majority of new materials, techniques, 

and LCD prototypes have appeared because it can be used to establish multiple domains easily. 

In particular, the application of photoalignment to active optical elements in optical signal 

processing and communications is currently a hot topic in photonics research [35-39]. 

Photoalignment possess obvious advantages in comparison with the traditional rubbing 

treatment of the substrates of LC cells. Some of the benefits using photoalignment are: (i) The 

elimination of electrostatic charges and impurities as well as mechanical damaging of the 
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surface. (ii) A controllable pretilt angle and anchoring energy of the LC cell, resulting from 

materials’ properties. (iii) The possibility to produce structures with the required LC director 

alignment within selected areas of the cell, and thus allowing spatial dividing (pixel) to enable 

novel LC configurations. (iv) New advanced applications in integrated photonic devices i.e. 

fibre communications, optical data processing, holography, and other fields where rubbing 

alignment is not possible due to the sophisticated geometry of the LC cell and /or high spatial 

resolution of the system. (v) The efficient LC alignment on curved and flexible substrates. (vi) 

There is no need of continual imposition of a voltage, causing the device to continually consume 

power. For static displays, in which continual updating is in principle unnecessary, this is a 

particular problem. It is a problem that can be overcome if the device is constructed so as to be 

bistable (see e.g. [40]). In this case, electric impulses alone should be sufficient to persuade a 

pixel to switch states. 

1.4.2.1 Photoalignment mechanisms 

The most common mechanism for photoalignment involves the generation of an anisotropic 

distribution of the molecules of the alignment materials by using the dependence of the 

polarization direction of the absorption of light by the molecules [19]. When the electric vector 

of the photons coincides with the transition moment of the molecule, the molecule absorbs 

light strongly, and a photochemical reaction occurs. The creation of anisotropy by using 

polarized light is called the Weigert effect [41] and has been known since 1920. However, the 

photoalignment mechanisms in some materials are not yet understood because the 

photochemical reactions are different in each photoalignment material. In some cases, the LC 

alignment direction depends on the exposure energy of the light on the photoaligning material. 

Progress in the application of LC photoaligning for new, multi-layered photonic devices has 

resulted in the development and fundamental studies of many photoalignment mechanisms. 

Four of them are distinguished and extended here. The first corresponds to the photochemical 

reversible cis-trans isomerization in azo-dyes containing polymers, monolayers, and pure dye 

films. The second mechanism is based on pure reorientation of the azo-dye chromophore 

molecules or azo-dye molecular solvates due to diffusion under the action of polarized light. 

While the third and fourth experience topochemical crosslinking in cinnamoyl side-chain 

polymers, and photodegradation in polyimide materials, respectively. Processes involving azo-

dyes present reversible transformations, while the other require irreversible photochemical 

changes [42]. In this thesis, I exploited photochemical reversible cis-trans isomerization in azo-

dyes containing pure dye films (first mechanism), the so-called photoisomerization. The 

reversible transformation of LC’s alignment along with the high purity of thin ALs suitable for 

multilayer integrated photonic devices, determined the choice of the mechanism.  
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1.4.2.2 Photoisomerization 

Photoisomerization controls the LC alignment by a conformational change between cisoid- and 

transoid-type azobenzene functional units [38]. The principle of LC alignment by 

photoisomerization is shown in Figure 1-17. Azobenzene based materials exhibit strong, 

selective photosensitivity, and undergo photochemical isomerization transforming from their 

trans-state to the cis-state under subsequent illumination by UV–visible polarized light [38,43].  

As the trans-isomers preferentially absorb UV and blue photons polarized parallel to their 

molecular axis, the conformation of the N = N bond changes at the centre of the molecules and 

transform into its cis-state [44]. The important phenomenon here is the absorption of the 

photons which depends on the angle between the molecular axis of azo-compounds and the 

polarization of electric field. Azobenzene molecules absorb photons the most when parallel to 

the electric field, and none when perpendicular to it. This results in an axis-selective 

anisotropic absorption and reorientation of the molecules. Thus, azo-molecules whose 

transition moments are parallel to the electric field of the exposed light change their 

conformation because of their anisotropic absorption. An azobenzene molecule whose 

molecular long axis is parallel to the polarization axis of the exposed light reversibly changes 

its conformation isomerizing transoid-type molecules to the cisoid-type which has a small 

absorbance for the polarized light of that orientation [45]. Cis-isomers are shorter than the 

trans-isomers [45](0:6 nm against 1 nm), and have different dipole moment and, hence, 

refractive index. Then cisoid-type molecules relax back into the more stable transoid-type with 

its molecular long axis orientation to be altered randomly, (Angular Hole Burning model 

[46,47]), through either a spontaneous relaxation or a reverse photoisomerization process 

[48]. The lifetime of the cis-state is molecule dependent, but it is, in general, relatively short 

lived (~ 1 s).  

By addressing the azobenzene molecules with linearly polarised light for a sufficiently long 

time, photoisomerization cycle from transoid, to cisoid, and then back to transoid-type, will 

continue until all the molecules are oriented perpendicular to the light polarisation and they 

do not absorb photons anymore [42]. Therefore, the number of transoid molecules whose axes 

are perpendicular to the polarization axis increases in relative terms, and the injected LC layer 

becomes aligned along the molecular axis, which is perpendicular to the polarization axis. 
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   Figure 1-17 Principle of photoisomerization in-plane LC alignment 

In fact, the probability that the trans molecules are transferred to the cis-state under 

illumination is proportional to cos2θ, where θ is the angle between the long axis of the 

molecules and the polarization axis of the incident light. This means that the highest 

probability to isomerize is when the molecules are oriented parallel and lowest when the 

molecules are oriented perpendicular to the polarization of the light.  

The axially anisotropic photoisomerization alone is sufficient to control the LC alignment in 

few seconds (<10 s) [49]. LC molecules are homogeneously aligned perpendicular to the 

direction of the laser polarization and remain aligned in the absence of the laser light. 

Furthermore, photoisomerization is a reversible process that can achieve many reproducible 

cycles, by changing the polarization of light. Figure 1-17 shows switching in-plane alignment 

of LC when the linear polarisation of light is switched from being  along the x-axis to y-axis. 

Ichimura et al. [31] have shown that the effect of cis-trans isomerization is very important in 

many cases. The application of photo-optical regulation of LC orientation in waveguide 

structures [50,51], photoaddressing [52], and photorecording [53] has been proposed.  
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Figure 1-18 In-plane reorientation of nematic LC exploiting the reversible photoisomerization of 

azobenzene dye molecules. Top schematic illustrates a planar alignment of LC towards the x axis, while 

bottom schematic shows a planar alignment towards the y axis. Alternating polarisation of incident light 

results in a reversible orientation process perpendicular to it.  

1.5 Summary 

A LC is a phase of matter that combines the properties of both liquids and crystals. There are 

different liquid crystalline phases, depending on the degree of molecular order. In this work 

only nematic LCs are considered. This is the least ordered phase in which molecules are free to 

flow but demonstrate orientational order. This produces anisotropy of their electrical, and 

optical properties. An alignment in a nematic sample can be induced either by the surfaces (by 

special treatment of the boundary substrates) or by applying an external magnetic or electric 

field. When the alignments induced by the field and surfaces are orthogonal to each other, an 

effect known as Fréedericksz transition occurs in the cell. At a low field, surface-induced 

alignment is maintained in the sample by bulk elastic forces. The alignment preferred by the 

field is induced only when the field strength is higher than a threshold value. 
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The nematic phase can be described by the continuum theory, which deals with the nematic 

director, i.e. the unit vector that describes the preferable molecular orientation in the sample. 

There are three possible deformations of the director: splay, twist, and bend. Any of these 

distortions, or the influence of the external fields, are characterized by a contribution to the 

free energy functional. An equilibrium distribution of the director field corresponds to a 

minimum in the free energy.  

An aligned nematic sample shows a birefringence effect. It is characterized by two refractive 

indices along and across the nematic director. It is possible to observe LC birefringence by 

placing a thin nematic sample between two crossed polarizers. This underlines the optical 

method of detecting LC reorientation. Any deviation of the nematic director in the sample 

causes a change in the refractive index encountered by the extraordinary polarized wave. This 

leads to a change in the phase lag between the ordinary and the extraordinary waves. Variation 

of the phase lag causes oscillations in the intensity of the laser beam that passes through the 

LC sample placed between two crossed polarizers, which can be detected experimentally. 

Moreover, the possibility to control LC alignment creates a sample with controllable optical 

properties. This has enabled LCs to find wide application in a variety of opto-electronic devices. 

The most common way to align LCs is by mechanical rubbing of the surface. Rubbing creates 

microgrooves which promote a well defined orientation of the molecules on the substrate 

surface. However, rubbing must take place prior assembling the LC cell, stays fixed neglecting 

the possibility to reorient,  and generates dust and static electricity. An alternative technique, 

photoalignment, has emerged from the appearance of the photoinduced optical anisotropy and 

dichroic absorption in thin pure dye films. Photochemical reversible cis-trans isomerization in 

azo-dyes, is the mechanism of photoalignment explored in this thesis. The method of repeated 

cis-trans photoisomerization reaction resulting in the reorientation of the backbone structure 

of azobenzene molecule, is used to introduce in-plane alignment to LCs exploiting UV and 

visible linearly polarised light. 
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Characterisation of The Optical 

Properties of Liquid Crystal Cells 

This chapter concentrates on describing experimental methods that are used in this thesis to 

fabricate LC cells and investigate their optical properties. Furthermore, it includes modelling 

and fitting methods used to obtain the optical properties of LC cells. It starts with the properties 

of LC materials mainly used in this work, however more details about each material can be 

found in the relevant chapters. The fabrication techniques for LC cells and the experimental 

methods of determining the cell characteristics, such as cell thickness and LC alignment, are 

included in Section 2.2. Part of this work has been published as: Wide area mapping of LC 

devices with passive and active command layers. Bennett, T., Proctor, M., Forster, J., 

Perivolari, E., Podoliak, N., Sugden, M., Kaczmarek, M. & D’Alessandro, G. (2017). Applied 

Optics, 56(32), 9050-9056. & Two-dimensional snapshot measurement of surface 

variation of anchoring in LC cells. Perivolari, E., D’Alessandro, G., Apostolopoulos, V., 

Brouckaert, N., Heiser, T., & Kaczmarek, M. (2021). Liquid Crystals, 1-11. The fabrication of LC 

cells, measurements, and data fitting were done by myself, I acknowledge help of Dr Nina 

Podoliak with sample fabrication in the first work. Other co-authors contributed with advice 

and/or to supervision and writing of the article. 

2.1 Properties of Liquid Crystal Materials 

A commercially available nematic LC, E7 (Merck Ltd.), is used in most in this thesis. E7 nematic 

LC is a mixture of four types of cyanobiphenyl molecules, whose content and molecular 
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structure is presented in Figure 2-1. It consists of 51% of 4-cyano-pentyl-4’-cyanobiphenyl 

molecules, 25% 4-cyano-4’-n-heptyl-bipheny, 16% of 4-cyano-4’-n-oxyoctyl-biphenyl and 8% 

4-cyano-4”n-pentyl-p-terphenyl. The main component (51%) of E7 consists of 4-pentyl-4’-

cyanobiphenyl (commercial name, 5CB) nematic LC molecules, which is a widely used material 

as mentioned earlier in Section 1.2.2 and Figure 1-4. E7 is more suitable for use in the 

experiments compared to 5CB, because it has a wider temperature range for the existence of 

the nematic phase. This extended temperature range has emerged from the addition of the 

other components. The nematic state of E7 exists at room temperature and specifically 

between -10°C and 59.8°C, while 5CB nematic phase exists between 22.5°C and 35.3°C. Below 

-10°C E7 crystalizes and reaches the crystalline (solid) phase, while over 59.8°C (the so-called 

clearing point temperature) it reaches the isotropic (liquid) phase transforming into a clear 

liquid from the milky diffractive one. At the lower temperatures (<-10°C), E7 molecules might 

inhabit one or more phases with significant anisotropic orientational structure and short-

range orientational order while still having an ability to flow. While heating over the clearing 

point, will eventually drive E7 molecules into a conventional liquid phase characterized by 

random and isotropic molecular ordering (little to no long-range order), and fluid-like flow 

behaviour. 

Table 2-1 presents some characteristics of the nematic E7, including the elastic constants, 

refractive indices, diamagnetic anisotropy, and dielectric constants. The relatively large 

anisotropy of refractive indices (𝛥𝑛 = (𝑛𝑒 − 𝑛𝑜) ~ 0.22, where 𝑛𝑒 , 𝑛𝑜 are the extraordinary 

and ordinary refractive index, respectively), is one of the key properties we exploit in this 

work.  
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Figure 2-1 Molecular structure of nematic LC mixture E7. 

Table 2-1:  Material properties of nematic E7 

  Liquid Crystal; E7 

Elastic constants, 

× 10−7 erg/cm 

K1 11.2 [54] 

K2 6.8 [54] 

K3 17.8 [55] 

Refractive indices,   

at 633 nm (𝑇 = 25°C)  

 

at 589.3 nm (𝑇 = 25°C)  

 

at 532 nm (𝑇 = 25°C)  

no 

ne 

1.5289 [56] 

1.7305 [56] 

no 

ne 
 

1.7472* 

1.5217* 

  no 

ne 

1.5268 [56] 

1.7512 [56] 

Dielectric constants, 𝜀⊥ 

𝜀∥ 

5.17    [57] 

19.54  [57] 

5.1* 

19.3* 

Diamagnetic anisotropy, 𝜒𝛼  ~10-7 [1] 

* E7 characteristics taken from Merck data sheet. 

 

In this thesis, other nematic LCs were used, namely 1825 [58] and QYTN-004 [59]. LC 1825 is 

a complex mixture that was prepared only for THz applications and provided by the Faculty of 

Advanced Technologies and Chemistry in Military University of Technology in Warsaw. The 

mixture 1825 is a complex mixture of isothiocyanate compounds with fluorine atoms 

substituted in the lateral position and phenyl rings. There are also acetylene bridge group (C 

≡ C) between benzene rings and one compound possess cyclohexane ring. For the synthesis of 

high birefringence LCs for THz applications, complex mixtures of LC molecules are required as 

suggested by Herman et al. On the other hand, the LC material under the commercial name 

QYTN-004 was produced by Qingdao QY Liquid Crystal Co and used in a side project on this 

thesis. The key optical property of QYTN-004 is its low reorientation voltage threshold which 

helped us to test our characterization methods. Characteristics of LCs 1825 and QYTN-004 will 

be discussed later in Chapters 4.5.1 and 2.4.2.2, accordingly.  
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2.2 Liquid Crystal Cells 

The LC cells used in the experimental investigations of this thesis consist of two glass or quartz 

substrates covered with an AL, and a thin layer of LC in between them, as demonstrated in 

Figure 2-2. Both glass substrates were already covered with a thin layer of conductive ITO layer 

as electrode for potential voltage application. Two LC alignment techniques were investigated 

in this work, the rubbing and photoalignment techniques. Therefore, we used two different ALs 

for each technique.  

For the rubbing we used polyimide with the commercial name Pyralin PI 2525 from HD 

Microsystems. The solution of PI 2525 was diluted in solvent 1methyl-2-pyrrolidinone with 

ratio 1:10 and then was spin coated on the glass substrate with 3000 rpm steady rotational 

speed to form a uniform film. To stabilize the polymer layer and evaporate the excess of 

solvent, the coated substrate was baked on a hot plate at 225 °C for 1 hour and left to cool down 

for another hour.  After that, PI 2525 coated glass substrates were rubbed with a velvet cloth 

using a traditional rubbing machine (as described in Section 1.4.1) which allows precise 

control of the rubbing direction with respect to the edges of the substrate. Rubbing produces 

microgrooves on the PI 2525 layer which promotes the alignment of LCs in this direction. The 

two substrates were joined together in such a way that there were antiparallel rubbing 

directions on the opposite sides of the cell, as Figure 2-3 shows. This technique ensures a 

uniform planar alignment inside the cell without defects and twist deformations. 

 

 

Figure 2-2 Schematic illustration of the LC cell structure. 
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Figure 2-3 Anti-parallel rubbing direction on the opposite sides of the LC cell to ensure a uniform planar 

alignment. 

The thickness of the LC layer is set by the size of the glass bead spacers, which was defined 

either 6 μm, 12 μm, or 20 μm. We dispersed spacers in ultra-violet (UV)-curing glue (Norland 

Optical Adhesive 61) and placed few drops on the corners of one PI 2525 coated substrate, 

which is then covered with second one. The two substrates are gently pressed together to 

obtain a monodispersed layer of spacers. The shape of the spacers is very important for the 

thickness uniformity since there is the possibility of aggregation during deposition which will 

double the thickness locally. For this reason, we used spherical spacers which are less likely to 

stuck together. Uniformity of the thickness gap can be controlled by just observing the 

interference fringes. The cell is then exposed to UV light to cure the glue. 

We offset the coated substrates, as evident from Figure 2-3, not only to attach electrodes but 

also to fill the gap with LC. The cells are filled with LC in the isotropic phase. For this, the cell 

was placed on a hot stage, heated above the clearing temperature, and then filled using 

capillary forces. When the hot stage is switched off, the cell stays on it as it slowly cools down 

to room temperature. The slow cooling process ensures that there is no redistribution of 

molecules in LC suspensions during transition to the nematic state. In some cases, the cells are 

filled at room temperature with LC materials in the nematic phase. No difference in the 

alignment and cell homogeneity is detected in cells filled either in isotropic or in nematic 

phases. Each cell is then sealed around the edges with epoxy glue to prevent the LC leaking out.  

With photoalignment we used a similar procedure. The photoaligning layers used in this study 

are based on azo-coupling of the diazonium salt of 4,4’−diaminobiphenyl−2,2−disulfonic acid 

with the derivatives of phenol and aniline having different numbers and positions of such 

pendants as -chloro, -hydroxy, -alkyl, -carboxyl groups or in the phenol ring or at the nitrogen 

atom in aniline. Specifically, we investigated the photoaligning azobenzene dyes (PAAD) either 

in powder form or in ready solutions produced by BEAM Co. Thin PAAD films were spin coated 

on ITO glass substrates and annealed on a hot stage for 10 minutes. Each coated substrate was 

then exposed to linearly polarized light to introduce the desired orientation of the PAAD 

molecules which will promote the alignment of LCs in this direction. Preparation and exposure 
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of PAAD thin films is covered in detail later in 0. The cells were assembled the same way as 

described earlier in this section.  

2.2.1 Cell Thickness Measurement 

To determine the cell thickness, I illuminate it with white light and collect the transmission 

through the cell which then is directed to a spectrometer (Ocean Optics USB4000) [2]. The 

transmission spectrum comprises fringes characteristic of a Fabry-Pérot optical cavity. Briefly, 

interference between the multiple reflections of light between the two partially reflecting 

surfaces causes transmission to vary for different wavelengths. Here, constructive interference 

occurs if the transmitted beams are in phase, and this corresponds to a high-transmission peak 

of the etalon (antinode). If the transmitted beams are out-of-phase, destructive interference 

occurs, and this corresponds to a transmission minimum (node). The transmission spectrum 

of the cell as a function of wavelength is shown in Figure 2-4. The wavelength of the spectrum 

maximum satisfies the condition [2]: 

 𝛥𝑆 = 𝑚𝑖𝜆𝑖 , (2.1) 

where 𝑚𝑖 is an integer. The difference between numbers 𝑚𝑖 and 𝑚𝑖+1 corresponds to the 

neighbouring maxima. The thickness of the cell is then related to the wavelength by [2], 

 𝑑 =
𝑚𝜆

2𝑛
⇔ 2𝑛𝑑 = 𝑚𝜆 (2.2) 

For an empty cell, 𝑛 = 𝑛𝑎𝑖𝑟 = 1, and hence from Equations (2.1) & (2.2) we derive the relation 

between the optical path and the cell thickness which is [2]: 

 𝛥𝑆 = 2𝑑. (2.3) 

From the wavelength dependent transmission maxima (say, λ1 and λ2) and number of 

interference cycles between λ1 and λ2, d can be calculated from: 

 𝑑 =  
𝑚

2𝑛

𝜆2𝜆1

𝜆2 − 𝜆1
, (2.4) 

From the example of Figure 2-4, 𝜆1 = 0.510 𝜇𝑚, 𝜆2 = 0.574 𝜇𝑚, 𝑚 = 4 and 𝑛 = 1, so that d is 

calculated to be 9.148  𝜇𝑚. The forth maxima (i.e. 𝜆2, m=4) was chosen as an example. The 

result will be equivalent for another integer.  
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Figure 2-4 Transmission spectrum of the empty cell. Transmitted beams interfere beyond the cell, which 

appears in the spectrum as maxima and minima. To calculate the cell thickness, two transmission 

maxima with the wavelength λ1 and λ2 are selected from the spectra. 

2.2.2 Quality of Liquid Crystal Alignment 

After filling the cell with the LC material, we can inspect the alignment quality by observing the 

cell between two linear, crossed polarizers. Planar alignment of LC molecules indicates that the 

image of the crossed polarizers will change from uniform bright to uniform dark. When 

director is parallel or perpendicular to the polarizer’s axis, then incident light encounters only 

one refractive index, either the extraordinary, ne, or the ordinary, no, respectively. This 

polarization will be then blocked by the second polarizer which results in a dark cell image, as 

shown in Figure 2-5.  

When the planar cell is neither parallel nor perpendicular to the polarizers but placed at some 

angle (other than 0° or 90°), the light experiences two refractive indices, the ordinary, no, and 

extraordinary, ne. Passing through the LC, the two polarizations become out of phase and in 

general emerge as elliptically polarized light. Some light can therefore pass through the second 

polarizer, creating a bright multicoloured image. Similarly, when a twisted alignment is 

introduced in the cell the image of the crossed polarizers will change when the cell is rotated 

with respect to the polarizers’ axes. In order to obtain a bright image, each alignment side of 

the cell must be parallel to the corresponding polarizer. There incident light passes through 

the first polarizer, is rotated throughout the cell, and finally passes the second crossed 
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polarizer too (see Figure 2-6). Otherwise, a dark image will occur since incident light after 

passing the first polarizer will remain unchanged after the cell and finally be blocked by the 

second polarizer [11]. Alignment defects such as non-uniformities in the nematic alignment, 

Schlieren textures (see Figure 1-5 & Figure 1-6), disclination lines, uncured glue, or dust 

particles are visible as bright, dark, or multicoloured nonuniform regions or spots on the 

crossed polarized image. 

 

Figure 2-5 Schematic of the set up for observing the quality of planar LC cell between crossed polarizers. 

Director of nematic LC is parallel to the first polarizer’s (P1) axis allowing the incident light to pass 

through the cell. After passing the first polarizer light will remain unchanged after the cell and finally be 

blocked by the second polarizer (P2).  

 

Figure 2-6 Schematic of the set up for observing the quality of a twisted LC cell between crossed 

polarizers. Director of nematic LC is parallel to the first polarizer’s (P1) axis allowing the incident light 

to pass through the cell. After passing the first polarizer light will rotate polarization triggered by the 

twisted LC molecules and finally transmit through the second polarizer (P2). 
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2.3 Optical Measurements 

Optical measurements in this work involve the Fréedericksz transition experiments with an 

AC electric field, essential when LC devices are fabricated. Furthermore, the geometry of the 

cell and its LC-related properties, e.g., the thickness, elastic constants, and the pretilt angle, can 

be characterised can be measured by several techniques. For example, it is possible to obtain 

extremely accurate measurements of the gap thickness of an empty cell using interferometric 

methods in which the cell acts as a Fabry–Perot optical cavity (see Section 2.2.2). However, this 

is bound to change during the filling process and during storage. While it is possible to measure 

variations in the LC thickness of a filled cell by simply shining white light through cross-

polarizers, this measurement is unable to separate the effect of thickness variation from other 

effects, e.g., pretilt angle, change of anchoring energy, and deposition of surface charges.  A very 

commonly used method to measure the cell thickness, elastic constants, and the pretilt angle, 

consists in measuring the Cross-Polarized Intensity (CPI) of a monochromatic light beam 

passing through the cell as a function of the voltage applied to the cell [1,6].  

2.3.1 The Fréedericksz Transition Experiment (Cross-Polarized Intensity 

Experiment) 

The response of LCs to an electric field was investigated by measuring the electric field-induced 

Fréedericksz transitions. The Fréedericksz transition is the transition from a uniform director 

configuration to a deformed director configuration due to application of a magnetic or electric 

field. As the field value is gradually increased higher than Fréedericksz transition, the director 

begins to rotate until its aligned with the field (see Section 1.3.2).  

Here, the Fréedericksz transition experiments with an applied AC electric field are performed 

on the cells with the same LC mixture(E7), but with different thicknesses, different ALs (PI 

2525, PAAD), and different wavelengths. They were carried out to determine the quality of LC 

cells with regards the thickness uniformity, the alignment uniformity, pretilt angle, and the 

anchoring energy. Determining such parameters was crucial for a complete characterization of 

LC devices used for this thesis. This will be discussed in detail in 0 . 
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Figure 2-7 Schematic representation of the experimental setup for detecting electric field-induced 

Fréedericksz transition. Arrows on the polarizers (P1 and P2) indicate their polarization axes. 

The experimental setup is presented in Figure 2-7. The LC cell is placed between two crossed 

polarizers (P1 and P2), oriented at 45° with respect to LC alignment director, where the 

monochromatic light enters at normal incidence. A light beam from a fibre coupled diode laser 

is launched through a fibre port connector which collimates the beam. Here, we show a laser 

wavelength of 642 nm, but other wavelengths can easily be selected by attaching a different 

laser to the fibre port. After propagating through the cell, the light beam is collected by a 

photodiode (PD2). For reference, we also monitor the intensity of light with another 

photodiode (PD1) just before the cell by exploiting a beam splitter (BS). The cross polarized 

intensity (CPI) is recorded depending on the AC voltage applied to the cell. For this, we used an 

Agilent 33120A waveform generator generated an AC electric field at 1kHz and with 1% 

accuracy in the measurement of the amplitude. The cell had conductive ITO layers that served 

as electrodes, so voltages at rate 1 mV/s from 0 V to 10 V were applied to the cells. An example 

of the normalized CPI curve measured in the nematic E7 cell is shown in Figure 2-8. 

An AC voltage is applied to the cell to reorient the LC. The two polarization components of the 

incident light experience different phase delays when passing through the LC cell. As a result, 

the beam output polarization may change, causing the CPI to vary as a function of the liquid 

alignment and, hence, of the voltage applied to the cell. The intensity at zero field in both curves 

depends on maximum of the phase lag induced by the planar alignment LC layer between 

ordinary and extraordinary beams: 𝛿 = 2𝜋𝑑(𝛥𝑛)/𝜆, where 𝛥𝑛 = 𝑛𝑒 − 𝑛𝑜 is the birefringence 

of LC and d is the cell thickness.  The intensity curves start to oscillate at the Fréedericksz 

threshold fields, at which the beginning of the LC reorientation happens. The threshold voltage 

in the electric field, VF, is determined by the LC properties i.e., dielectric anisotropy εα, and the 

elastic constant K1), as defined by Equations (1.15) and (2.5). 
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Figure 2-8 Crossed-polarized intensity as a function of the applied voltage for an E7 cell. Shaded areas 

indicate which parts of the curve is more sensitive to the corresponding parameters. The LC thickness 

is 12 μm.  

 𝑉𝐹 = 𝜋√
𝐾𝑖

𝜀0|𝜀𝛼|
. (2.5) 

The transition takes place at relatively low voltages of ~0.9 Volt. This is because the dielectric 

anisotropy of LC E7, which is relatively large as can be seen from Table 2-1:  

 𝜀𝛼 = 𝜀∥ − 𝜀⊥ = 14.4 (2.6) 

As the electric field is applied LC twists away from its initial planar direction towards the 

electric field and as a result the polarization of the light that exits the cell, varies allowing it to 

either get blocked by the second polarizer or passed through. Above the threshold voltage, this 

gives rise to maxima and minima intensity outputs measured and recorded by the photodiode. 

The complete reorientation requires a voltage of approximately 10 Volt. The complete 

reorientation of the LC appears as a slow reduction of the CPI to zero with increasing field.  
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The region below the Fréedericksz transition is mainly sensitive to the LC thickness d and the 

pretilt angle θ0. The splay elastic constant K1, plays a role in the region near Fréedericksz 

transition, while the bend elastic constant K3, controls the high voltage part of the curve. The 

residual intensity at high fields is also associated with the anchoring effects at the cell 

boundaries because at V ≫ VF regime, the director, except close the boundary layers, is aligned 

by the electric field. As a result, the Fréedericksz transition and CPI variation with AC filed 

experiment allows us to estimate the splay and the bend elastic constants (K1 and K3), the cell 

thickness d, and the pretilt angle θ0. K1 can be evaluated using the threshold voltage value, VF. 

K3 defines the rate of the LC reorientation towards the homeotropic state at a high field. The 

higher value of K3 results in the slower process of reorientation, which appears in the larger 

spacing between the intensity oscillations in curve 𝐼⊥ (V ) (1.28). The exact values of K1 and K3 

can be found by fitting the experimental cross-polarized intensity curve using a numerical 

model described in the next section.  

2.3.2 Modelling and Fitting the Cross-Polarized Intensity (CPI) 

In this section a numerical model and fitting procedure of electric field-induced Fréedericksz 

transition in nematic cells is described. The model is based on continuum theory which was 

introduced in Section 1.2.2.  

Briefly, upon application of an external field, nematic LCs will undergo deformation in its bulk. 

Twist, splay, and bend are the main types of director axis deformations for nematics. According 

to the theory first developed by Frank [10], the free-energy densities associated with these 

deformations are given by 𝐾1, 𝐾2, and 𝐾3 which are the splay, twist, and bend Frank elastic 

constants, respectively. The induced external field will create more than one forms of 

deformation and so the total distortion free-energy density is given by Equation (1.28), 

 𝐹𝑑 =
1

2
𝐾1(𝛻 ∙ 𝑛̂)2 +

1

2
𝐾2(𝑛̂ ∙ 𝛻 × 𝑛̂)2 +

1

2
𝐾3(𝑛̂ × 𝛻 × 𝑛̂)2. (2.7) 

This expression is the fundamental formula of continuum theory, which will be used in this 

thesis to fit the experimental cross-polarized intensity curve. 

We model the LC alignment in the planar nematic cell using the Frank-Oseen theory [9,10]. We 

neglect the LC fluid motion, since only smoothly varying high frequency voltages are applied 

to the LC when measuring the CPI [60]. The ALs are parallel to the (𝑥1, 𝑥2)-coordinate plane, 

while the 𝑥3 axis is into the cell. We assume that the cell lateral variations are large with respect 

to the LC relaxation length so that the director n is a function only of the coordinate into the 
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cell, 𝑛̂. We parameterize the LC orientation by the tilt angle θ(𝑥3), that the director field forms 

with the ALs. With this notation we can write the director field as, 

 𝑛̂ = [𝑐𝑜𝑠(𝜃), 0, 𝑠𝑖𝑛(𝜃)]. (2.8) 

The equation for the alignment of the LC cell takes the form [61]: 

 

𝛾1

𝜕𝜃

𝜕𝑡
  =  

𝜕

𝜕𝑥3
  {  [ 

𝐾1

2
 [1 + 𝑐𝑜𝑠(2𝜃)] +

𝐾3

2
[1 − 𝑐𝑜𝑠(2𝜃)]]

𝜕𝜃

𝜕𝑥3
}

+
1

2
𝑠𝑖𝑛(2𝜃) [(𝐾1 − 𝐾3) (

𝜕𝜃

𝜕𝑥3
)

2

+ 𝜀0 𝜀𝛼 (
𝜕𝜓

𝜕𝑥3
)

2

], 

(2.9) 

where, 𝛾1 is the LC rotational viscosity, 𝐾1 and 𝐾3 are the splay and bend elastic constants 

respectively , 𝜀0 is the vacuum permittivity, ε𝛼 = ε∥ − ε⊥ is the dielectric anisotropy of the 

nematic LC, with ε∥ and ε⊥ the component of dielectric permittivity tensor parallel and 

perpendicular to the director, respectively.  

The electrostatic potential 𝜓(𝑥3) is given by the first of Maxwell's equations, which, in this 

geometry, can be written as: 

 
d

d𝑥3
[(1 +

𝜖𝐴

𝜖⊥
𝑠𝑖𝑛2[𝜃(𝑥3)])

d

d𝑥3
𝜓(𝑥3)] = 0. (2.10) 

This can be solved explicitly [62,63] as:  

 𝜓(𝑥3) = ∫
𝑉

1+
𝜀𝛼
𝜀⊥

𝑠𝑖𝑛2[𝜃(𝜉3)]

𝑥3

0
 d𝜉3 [∫

1

1+
𝜀𝛼
𝜀⊥

𝑠𝑖𝑛2[𝜃(𝑥3)]

𝑑

0
 d𝑥3]

−1

, (2.11) 

where 𝑉 is the, possibly time dependent, rms voltage applied to the cell and 𝑑 is the cell 

thickness. The Rapini-Papoular [64] alignment conditions on Equation (2.9) are: 

 + [
𝐾1

2
[1 + 𝑐𝑜𝑠(2𝜃)] +

𝐾3

2
[1 − 𝑐𝑜𝑠(2𝜃)]]

𝜕𝜃

𝜕𝑥3
=

𝑊𝑑

2
𝑠𝑖𝑛[2(𝜃 − 𝜃0(0))], (2.12) 

 

− [
𝐾1

2
[1 + 𝑐𝑜𝑠(2𝜃)] +

𝐾3

2
[1 − 𝑐𝑜𝑠(2𝜃)]]

𝜕𝜃

𝜕𝑥3
=

𝑊𝑅

2
𝑠𝑖𝑛[2(𝜃 − 𝜃0(𝐿))], (2.13) 
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at 𝑥3 = 0 and 𝑥3 = 𝑑 respectively. In these equations θ0(0) and θ0(𝑑) are the AL preferred 

alignment direction at 𝑥3 = 0 and 𝑥3 = 𝑑 respectively. Similarly,  𝑊𝑑  and 𝑊𝑅 are the surface 

polar anchoring energy coefficients at 𝑥3 = 0 and 𝑥3 = 𝑑 respectively.  

Lastly, we define the CPI to be the ratio between the output and input intensity, so that it is 

normalized in the interval (0, 1). Hence, the CPI is given by: 

 𝐼(𝑉) = 𝑠𝑖𝑛2 (
𝜋

𝜆
∫ [𝑛0 − 𝑛eff(𝜃(𝑥3))] d𝑥3

𝑑

0

) (2.14) 

where 𝑛eff(θ) is the effective refractive index seen by the component of polarization in the 

plane of the director,  

 𝑛𝑒𝑓𝑓(𝜃) =
𝑛𝑒𝑛𝑜

√𝑛𝑜
2 𝑐𝑜𝑠2(𝜃) + 𝑛𝑒

2 𝑠𝑖𝑛2(𝜃)
.   (2.15) 

Here, 𝑛𝑜 and 𝑛𝑒 are the optical ordinary and extra-ordinary refractive indices, respectively.  

The model in Equation (2.9), has been integrated numerically in MATLAB using a spectral 

collocation method to discretize space [65], and an implicit variable step algorithm (MATLAB 

routine ode15s) to integrate in time. The solution of the electrostatic equation, Equation (2.11), 

and the CPI integral in Equation (2.14) were computed using a Clencurt quadrature [65]. The 

boundary conditions Equations (2.12)Error! Reference source not found. and (2.13) were 

solved using an approximate solution in the limit of very strong or very weak anchoring or 

using a Newton solver for the director at the boundary in all intermediate cases. The code was 

validated by successfully comparing its results with the output of a finite element 

implementation of the model in COMSOL Multiphysics. The alignment Equation (2.9) was 

implemented as a General Form PDE with a boundary flux source given by Equations (2.12)and 

(2.13), while the electrostatic Equation (2.10) was solved numerically using the Electrostatic 

module.  We have not used the analytical solution of this equation, given by Equation (2.11), to 

ensure that the two codes were maximally independent. 

After evaluating the profile of the director orientation inside the cell as described above, the 

optical properties of the LC are then calculated by the fitting procedure. We use the following 

fitting procedure for a single CPI trace, as the one shown in Figure 2-8. First, the algorithm 

detects all the minima and maxima and from their number obtains an approximate LC 

thickness. Then it fits the low voltage part of the curve (up to the first extremum) using the LC 

thickness and the pretilt angle as fitting parameters, while keeping the given values for elastic 

constants fixed. Refractive indices and dielectric constants of the LC are assumed known. These 
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can be either taken from the LC data sheets or measured separately. After that, we fit the whole 

CPI trace, taking the already found values for 𝑑 and θ0 and using 𝐾1 and 𝐾3 as fitting 

parameters. 

2.4 Fully-Automated Optical Systems for Large Scale 

Characterisation of Liquid Crystal Cells 

LCs are a material of choice in many optical devices such as displays, optical light modulators, 

LC light valves, diffractive waveplates and diffraction elements, waveguides, soliton channels, 

and lenses, to name a few [37,66-73]. In all these devices, it is essential that the geometry of 

the cell and its LC-related properties, e.g., the pretilt angle, are uniform across a wide area. In 

the case of the display industry, many steps are taken to ensure that this uniformity is reached, 

but in many smaller scale applications, the only viable solution is to check and monitor the 

uniformity and occasionally discard devices that do not satisfy appropriate quality 

requirements. It is therefore important to be able to easily check the wide area properties of a 

LC device and also to monitor its stability in time. This is a key issue also for more exotic and 

experimental LC devices that may include LCs doped with particles [74-77] or active ALs that 

may, for example, be light sensitive [78-80]. In this case, it is important not just to measure and 

monitor uniformity, but also to be able to do it in situ, with a minimally invasive procedure.  

There are many techniques to measure some of these properties. For example, it is possible to 

obtain extremely accurate measurements of the gap thickness of an empty cell using 

interferometric methods in which the cell acts as a Fabry–Perot cavity (see Section 2.2.1). 

However, this is bound to change during the filling process and during storage. While it is 

possible to measure variations in the LC thickness of a filled cell by simply shining white light 

through cross-polarizers (see Section 2.2.2), this measurement is unable to separate the effect 

of thickness variation from other effects, e.g., pretilt angle, change of anchoring energy, and 

deposition of surface charges. Similarly, it is possible to use the crystal rotation method [81] to 

measure the pretilt, but this procedure is rather cumbersome, and it is nontrivial to obtain 

accurate pretilt maps. Finally, it is possible to use fluorescent confocal polarizing microscopy 

to obtain reliable maps of the LC alignment throughout a cell [82,83]. This is an exquisite 

procedure but not easy to do and requires specialized equipment and powerful computational 

methods.  

For developing and optimising the performance of LC devices, it is important to determine the 

fundamental parameters of a LC material. For example, it is only through using an accurate 
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model that it is possible to separate the effect of pretilt and cell-gap thickness on the 

polarization of the light passing through a LC cell. Elastic constants have been measured and 

explored through different techniques, such as, for example, using the voltage induced 

Fréedericksz threshold in untwisted and twisted cells [84]. Another very commonly used 

method consists in measuring the cross-polarized intensity (CPI) of a monochromatic light 

beam passing through the cell as a function of the voltage applied to the cell, as discussed in 

Section 2.3.1. 

2.4.1 Wide Area Mapping of Liquid Crystal Devices 

Reliable two-dimensional maps of the device properties were obtained by a simple method 

based on CPI measurements at multiple locations on the surface of the device. The method 

provides a snapshot of device optical quality and provides a quick and precise procedure to 

monitor its reliability. The relevant experimental setup is presented below, in Figure 2-9.  

 

Figure 2-9 Experimental set-up to measure the CPI at different locations of a planar LC cell. The polarizer 

and analyser are perpendicular to each other and at 45° to the LC alignment. The motorized, computer-

controlled translation stage allows us to define the area of the cell to be examined. 

A light beam (1 mm beam spot size) emitted by a He–Ne laser with 632.8 nm wavelength passes 

through a polarizer oriented at 45° to the director alignment and enters the LC cell at normal 

incidence. After propagation through the cell, it passes through a second polarizer, at 90° to 

the first, and hits a photodiode that measures its intensity. An AC voltage is applied to the cell 

to reorient the LC. The two polarization components of the incident light experience different 
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phase delays when passing through the LC cell. As a result, the beam output polarization may 

change, causing the CPI to vary as a function of the liquid alignment and, hence, of the voltage 

applied to the cell (as described in Section 2.3.1). 

The CPI as a function of voltage is measured by applying a 10 kHz AC voltage to the LC cell and 

ramping the voltage peak-to-peak amplitude from 0 to 20 V in incremental steps of 0.1 V. At 

each voltage step, the experiment controlling software analyses any transient effects by 

monitoring the CPI, waits until the value saturates, and then takes and averages the intensity 

reading over 1 s. The average CPI is recorded as a function of the rms amplitude of the applied 

voltage.  

The cell is mounted on an assembly of two motorized translation stages from Thorlabs that 

move it with respect to the light beam in the plane of the cell, so that the same CPI measurement 

can be taken at different locations. Once the intensity has been measured for every voltage 

amplitude at one location on the cell, the cell is translated, and the measurement is repeated at 

another location in order to map the LC thickness and pretilt across the whole cell area.  

Temperature plays an important role at this stage. It is crucial to keep the temperature 

constant for the duration of the experiment in order to have accurate estimates of the LC 

parameters. Although we did not use a dedicated, temperature stabilized cell holder, we took 

some precautions to control the ambient temperature around the set-up. Using just a simple 

holder allowed us to assess how critical it was to fix the temperature very precisely. We 

concluded that because only low laser power was required, it did not change the temperature 

of the sample during a single set of measurements in any considerable way. However, we note 

that there may have been variations in temperature between measurements for different 

samples.  

The experiment is fully controlled by a specially developed software in MATLAB, which 

performs experimental apparatus control, data acquisition, and subsequent fit as described in 

Section 2.3.2. The software graphical user interface allows setting a range of AC voltages and 

coordinates on the cell surface where the measurements are taken. This technique is designed 

to be applicable to any prototype LC device consisting of a planar LC layer of sufficient 

thickness to fulfil the half-wave retardation condition for the probe wavelength. This condition, 

while not essential, makes the measurement procedure more robust because of the large 

achievable variation in the light polarization as a function of the applied voltage.  
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2.4.1.1 Multiple cross-polarised intensity traces 

A standard LC E7 cell, in anti-parallel planar alignment was used to test our setup, as the one 

illustrated in Figure 2-3. We followed the procedure outlined earlier to measure the thickness, 

the pretilt angle, splay, and bend elastic constants across the surface of E7-PI cell.  

Multiple traces are measured across the surface of the cell to obtain reliable uniformity maps 

with the aid of the translation stage. In particular, we measured CPI at 48 different location 

spots on the surface of the cell, and hence there are 48 different traces characterising the LC 

cell. Figure 2-10 presents the CPI traces for the 48 different sampling spots across the surface 

of a E7-PI cell. Although the sample size was 2 х 2 cm2, we capture a smaller central area of the 

sample to avoid fabrication imperfections i.e. epoxy glue around the edges of the cell. The 

spatial resolution emerged from the 48 sampling spots in the smaller area (17.5 х 12.5 mm2), 

is 2.2 mm along x axis and 2.1 mm along y axis. This allows us to consider each sample point in 

the cell as independent from its neighbours and, hence, to apply the model derived in Section 

2.3.2 to each of them individually. 

 

Figure 2-10 CPI as a function of the applied voltage for an E7-PI cell. Multiple traces are measured across 

the surface of the cell to obtain reliable uniformity maps. The LC thickness is ~12 μm. Colour map shows 

the variation of thickness measured at the different spots at the cell’s surface. Black colour stands for 

the thinner areas while yellow for thicker ones, usually spotted at the edges of the cell.   
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In Figure 2-10 we see that CPI goes through maxima and minima as the applied voltage 

increases and that they approach limiting values in the high voltage region. This is because LC 

molecules are reoriented by the electric field and hence causes the cell to behave as a phase 

retardation plate. For V>10 V, all molecules are reoriented parallel to the electric field’s 

polarization, thus no phase difference exists between the ordinary and extraordinary rays at 

high voltages. When applied field is reduced, partial relaxation of the molecules occur towards 

the initial planar alignment and optical anisotropy appears again. The first maximum (starting 

from the high voltage end) of the CPI curve is identified with an absolute phase retardation of 

π at a specific voltage (~5.4 V). Thereafter, the other extrema correspond to integral multiples 

of π for the phase difference of δ and consequently can be used to determine the uncertainty of 

Nπ for V < 5.4 V. Starting from high voltage side of data plotted in Figure 2-10, the extrema can 

be assigned to phase differences of π, 2π, 3π, etc.  

Following this procedure, we find that N=7 at the threshold voltage, VF ~ 0.9 V where CPI first 

begins to increase. The total phase difference produced by this cell is then given by: 

 |𝛿| = (𝛮 + 1)𝜋 −  2 𝑡𝑎𝑛−1√
𝐼⊥

𝐼∥
, (2.16) 

where, 𝐼⊥ and 𝐼∥ correspond to perpendicular and parallel orientations of the analyser  

relative to the polariser given by [85]. 

The cell thickness is already known approximately from direct measurement to be ~ 12 μm 

(see Section 2.2.1). However, for a filled cell with nematic E7 it might vary. The starting point 

of the CPI curve is determined by the initial phase lag, that is, in the zero pretilt approximation, 

𝛿𝑚𝑎𝑥 = 2𝜋𝑑(𝑛𝑒 −  𝑛𝑜)/𝜆. There, we can estimate the cell thickness variation at the different 

sampling spots from the relatively large birefringence of E7 (𝛥𝑛 = 𝑛𝑒 −  𝑛𝑜 = 0.22). Although, 

the phase lag uncertainty of about 0.7π, results in cell thickness uncertainty of 1 μm which is 

obvious for V< VF, as demonstrated in Figure 2-10 by a colour map. Colour variations show the 

change of thickness measured at the different spots at the cell’s surface. Black colour stands for 

the thinner areas while yellow for thicker ones, usually spotted at the edges of the cell.  This is 

a direct consequence of the phase lag, which is larger for thicker LC areas, as discussed above. 

Therefore, by plotting multiple CPI traces we can have a first approximation of cell thickness 

uniformity. It is clear from our data that we have a small variation since the number of extrema 

remains N=7 for all traces. 

To obtain the two-dimensional uniformity maps of thickness and pretilt angle, we performed 

statistical data analysis on the multiple CPI traces. For this we use the fitting procedure for a 

single CPI trace (see Section 2.3.2). Briefly, the program detects firstly all the minima and 
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maxima (N) and from their number obtains an approximate LC thickness. Then it fits the low 

voltage part of the curve (up to the first extremum) using the LC thickness and the pretilt angle 

as fitting parameters, while keeping the given values for elastic constants fixed. Refractive 

indices and dielectric constants of the LC are assumed known. These can be either taken from 

the LC data sheets or measured separately. After that, we fit the whole CPI trace, taking the 

already found values for d and θ0 and using K1 and K3 as fitting parameters. The fitting 

procedure for multiple traces is an extension of the single trace algorithm as described in [60].  

2.4.1.2 Results on wide area mapping of liquid crystal cells 

I have followed the procedure outlined earlier and tested it with a planar cell filled with E7 

nematic LC and PI as ALs. I have obtained reliable maps of the LC thickness and the pretilt 

angle, as well as the values of the elastic constants. Moreover, by performing a boot-strapping 

statistical analysis coupled with multiple measurements, I obtained error bars on all the 

measured parameters. This technique requires some prior information about the cell and the 

LC, for example, the type of alignment (planar, homeotropic, twisted, etc.), of LC (e.g., nematic, 

cholesteric), and its dielectric anisotropy (negative or positive) and birefringence. Its 

principles are, however, quite general and require “just” developing a new fitting model of the 

CPI. For example, here, I have used a Frank–Oseen model for the alignment of a nematic LC. A 

ferroelectric LC would require a different model, but other aspects of the methodology 

described here would remain unchanged. In particular, the statistical analysis discussed in [60] 

can be applied without any changes, provided that the temperature of the samples can be 

maintained constant. Therefore, even though the cell considered here is a planar one, there is 

no obstacle in principle to using different types of cells, e.g., twist. We will come back to this 

point in the conclusions.  

A typical thickness map is shown in Figure 2-11(a) for a PI-E7 cell. As expected from the 

multiple CPI traces graph (see Figure 2-10), the thickness is smaller in the centre of the cell, 

probably due to the squeezing of the cell when sealing it. Figure 2-11(c) presents a typical 

example of a LC cell with a pretilt of approximately 3°. At first sight, the pretilt map look less 

structured than the thickness map. However, it is important to notice that the angle variation 

is very small. In this case for the PI-E7 cell, the variation is less than 1°.  

The error maps, shown in Figure 2-11(b) and (d), indicate that the estimation error, both on 

the thickness, δd, and on the pretilt angle δθ0, are in general small and uniform: the thickness 

and pretilt variations are of the order of a few nanometres and a few tenths of degrees, 

respectively. The only glaring exception is the location at coordinates (5,2.5) mm. The much 

larger error at this location is not due to an imperfection in the cell (which is clearly absent in 

the plots on the left-hand side of this figure). It is caused, instead, by the limitation of fitting the 



Chapter 2 

51 

CPI. In the CPI trace shown in Figure 2-8, the value at V = 0 is well away from 0 and 1: a small 

perturbation of the cell or LC parameters (as in the bootstrapping procedure) will not 

qualitatively change this graph. However, in the case of the location at coordinates (5,2.5) mm 

in Figure 2-11(b) and (d), the CPI at V = 0 is very close to 1. A small perturbation can, in this 

case, create or remove a maximum from the CPI trace, thus changing the graph qualitatively. 

This perturbation significantly increases the error in the estimate, even though it remains 

small and does not affect conspicuously the mean, i.e., the thickness and pretilt plotted in 

Figure 2-11(a) and (c), respectively.  

 

 

Figure 2-11 PI planar cell filled with E7: spatial map of the LC (a) thickness and (c) pretilt angle; (b) and 

(d) are the corresponding errors. Circles are the fitted values, and the background colour map is a piece-

wise cubic interpolation between them. 

Finally, the estimates of the splay and bend elastic constants and their errors are listed in Table 

2-2. We discuss here only the case of E7, for which there is more literature material. Firstly, we 

note that the values of the E7 elastic constants are compatible with other estimates that have 

appeared in the literature, summarized in Table 2-3. The second observation is that the error 

estimates are smaller than the differences in the values of K1 and K3 that I have measured or 

that have been reported in the literature. This is caused by the fact that there are many 

systematic errors that are not included in the measurement process. Four errors are discussed 

here as examples. 
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Table 2-2: Splay and Bend Elastic Constants Measured for the E7-PI Cell 

LC cell K1 [pN] K3 [pN] 

E7-PI 10.7 ± 0.02 16.2 ± 0.03 

 

The first is temperature. Applying a standard error propagation technique to the temperature 

dependence formulas [86] for K1 and K3 shows that a 1°C temperature variation around room 

temperature induced a percentage error in K1,3 of more than 1%. Another effect is that the glass 

slides of the cell form a Fabry–Perot cavity: changing the alignment of the LC moves the light 

in and out of resonance with the cavity and, hence, modulates the CPI. Because the LC thickness 

is not uniform, the cell sides are curved: they are nearly parallel in the cell centre but more at 

an angle near the cell boundaries. Hence, the quality of the Fabry–Perot cavity and, therefore, 

the CPI modulation, are position dependent.  

The third effect to consider is more significant for the measurements of K3. As illustrated in 

Figure 2-8, this parameter is determined by the large voltage amplitude part of the CPI trace. 

For these voltage values, most of the LC in the bulk is aligned with the electric field, and the 

only significant alignment variations are near the boundaries. It is likely that surface effects, 

like surface anchoring energy, charge deposition, and dust, affect these measurements more 

significantly than those of K1, whose value is determined by the LC deflection in the bulk.  

 

Table 2-3: Some Literature Values for the E7 Splay and Bend Elastic Constants 

Reference K1 [pN] K3 [pN] 

Raynes et al. (1979) [57] 11.7 19.5 

Raynes et al. (2003) [54] 11.2 18.6 

Trabi et al. (2008) [87] 10.5 15.2 

Chen et al. (2015) [88] 10.8 17.5 

 

The fourth and last effect is the role that the thickness of the polymer AL plays on the voltage 

dropped across the LC layer. The voltage amplitude V(t) that appears in Equation (2.11) is the 

voltage applied to the LC layer. However, the value used in the parameter fitting is the voltage 

applied to the whole cell, because this is the only parameter we can measure. In general, the 

two voltages are very close one to the other, because the polymer layer is extremely thin with 

respect to the LC layer. For example, for a PI cell, the two thicknesses are approximately 20 nm 
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and 12 μm. However, this may not always be the case. For example, in P3HT (photoconductive 

polymer layers) [89] cells, the equivalent of these two layers might have thickness of 100 nm 

and 6 μm, respectively. This implies that we are slightly overestimating the voltage applied to 

the LC layer in the P3HT cells and, hence, also the magnitude of the elastic constants, as 

confirmed by the values reported in Table 2-2. 

At this point someone may ask: Why bother with the error bars reported in Table 2-2? The 

point I wish to make is that they are not an estimate of the error on the “true” value of the splay 

and bend elastic constant. They are, instead, a measurement of the reproducibility of the cell 

fabrication process, provided that the measurements are temperature controlled. If the 

fabrication process is such that the systematic errors are controlled, in the sense that they are 

the same for all cells, then we expect that the measured values of the elastic constants will fall 

within the estimated error bars. 

2.4.2 Two-Dimensional Snapshot Measurement of Surface Variation of Liquid 

Crystals 

Photoaddressable command layers for LCs with photoconductive [90-93], photoalignment 

[94-97] and, more recently photovoltaic layers [98-101], promise new application areas of LCs, 

e.g. in telecommunications and organic electronics. They also offer an increased level of 

control, such as the contactless LC alignment provided by photoalignment. This avoids the 

deposition of charge or dust on the substrates caused by rubbing. However, the 

photosensitivity of the cell command layers can also cause the pretilt and anchoring to change 

in the regions exposed to optical or electric fields [97,102,103]. This is particularly relevant for 

photoaligned LC cells, as the strength of anchoring can depend on the duration of light 

exposure [104]. There is, thus, a need for a quick and comprehensive characterisation 

technique and model to be able to map the uniformity of the cells, and their pretilts and 

anchoring energy on both surfaces, as well as monitor any changes with time or illumination. 

There are many different methods reported in the literature to measure individual properties 

of LC cells. For example, their thickness and uniformity can be obtained by the wave retarder 

rotational method [105] or by the phase compensation method (PCM) [106]. The pretilt angle 

can be characterised by spectroscopic ellipsometry [107] or the crystal rotation method [108]. 

The measurement of the anchoring energy relies on various techniques, such as the light-

scattering [109], the wedge-cell [110], the retardation vs. voltage (RV) methods [111], 

electrical measurements [112], as well as a reflective method [113]. Several of these 

experimental methods can only work if the LCs are placed in specially prepared cells and are 

not well suited to characterise more advanced LC devices, with different or multiple layers on 
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the substrates [114]. All of them address one single spot on the surface of the cell, or they 

assume that the cell has uniform properties. 

To address these issues and obtain quick and reliable estimates of a gamut of LC parameters, I 

used a single spot measurement and obtain two-dimensional maps of a range of LC and cell 

parameters. The particular strength of our method presented in this chapter, is that it can 

capture, at the same time, the parameters that strongly influence the response of LCs to 

external fields, such as elastic constants, viscosity, cell thickness, pretilt, as well as weaker and 

finer parameters, such as the strength of polar anchoring. While subtle, polar anchoring plays 

a major role in applications, for example bistable displays [115], e-books [116], and biological 

sensors [117]. It is also at the heart of the new LC physics of particle-like LC configurations, 

like skyrmions and torons [118], that can form complex topological structurers. 

In this project, I built on the previous work described in Section 2.4.1 [60,63] and extend it in 

two directions that are suitable to new LC devices and physics. First, I use the whole cell 

measurements to estimate the average polar anchoring energy. The second development 

direction addresses one of the defining features of modern photosensitive cells: they are often 

asymmetric, with different ALs on the input and output facet. Here, I restrict the consideration 

only to planar nematic LCs, but in principle, this method can be adapted to other LC alignments. 

2.4.2.1 Optical Multi-Parameter Analyser (OMPA) 

The measurements were performed with the aid of a fully packaged and bespoke optical setup 

that we call the Optical Multi-Parameter Analyser (OMPA). It performs a computer-controlled 

CPI measurements and real-time data analysis and fitting. For the fitting process, prior 

information about a set of complementary LC parameters, namely dielectric permittivities, and 

refractive indices, of the LC material is required. This is typically provided on LC specification 

sheets.  

In order to verify the validity of our method, we measured three different LC cells that cover a 

range of LCs and ALs. Two of these samples were symmetric, i.e., with the same AL on both 

substrates (ALx-LC-ALx), while the third type was asymmetric, i.e., with different ALs (ALx-LC-

ALy). In asymmetric cells in which one substrate is known, it is possible to use this method to 

estimate the pretilt and anchoring energy of the unknown substrate.  
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Figure 2-12 Sample schematics. (a) Planar symmetric E7 cell where both ALs are rubbed PI (PI-E7-PI). 

(b) Planar symmetric QYTN-004 cell, where both ALs are rubbed PEDOT: PSS (PEDOT: PSS-QYTN004-

PEDOT: PSS). (c) Planar asymmetric E7 cell, where one AL is rubbed PI while the other is photoaligned 

PAAD-22D (PI-E7-PAAD22D). 

Initially, a standard, reference LC cell was prepared consisting of the nematic E7, and two glass 

substrates coated with ITO conductive layers and with rubbed polyimide (PI), to produce an 

anti-parallel planar alignment of the LC (see Figure 2-12(a)). This technique ensures a uniform 

planar alignment inside the cell without defects and twist deformations. The substrates had 

size 2 cm x 2 cm and were held together with UV-cured glue. The thickness of LC layer was 

controlled by 6 μm spacers. The cells were filled through capillary forces with the LC in the 

isotropic phase and sealed along the perimeter of the cell. The choice of LC layer was driven by 

the availability in the literature of its physical, electrical, and optical properties so that we could 

benchmark our measurements and results.  

 

Table 2-4: Description of the samples 

Experimental 
samples 

Liquid crystal 
material 

AL 1 AL 2 
Thickness (d), 

[μm] 

Symmetric cell 1 E7 PI PI 6 

Symmetric cell 2 QYTN-004 PEDOT: PSS PEDOT: PSS 6 

Asymmetric cell 1 E7 PI PAAD22D 7 

 

As a counterpart to the standard LC nematic material and ALs (E7 and PI) used in the first test 

system that is known to have relatively strong anchoring energy, the second type of test cells 

included a less well-known LC mixture and AL. We used a LC with low reorientation voltage 

threshold, QYTN-004 from Qingdao QY Liquid Crystal Co. The two identical ALs consisted of a 

conductive polymer poly(3,4-ethylenedioxythiophene) polystyrene sulfonate, PEDOT:PSS 

(commercial name CPP105D) as AL, coated over ITO glass substrates. The sample area was 1 
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cm x 1 cm, and the thickness of LC was set by 6 μm spacers (see Figure 2-12(b)). PEDOT:PSS is 

a popular material used as an electrode in both the cells with flexible substrates [119,120] and 

in the cells with photovoltaic layers [121,122]. 

Finally, our third sample was an asymmetric LC cell. For reliability, we kept the nematic E7 as 

LC layer and PI as one of the ALs. The other was coated with a photoaligning azobenzene dye 

(PAAD-22D) provided by the Beam Co (see Figure 2-12(c)). PAAD materials were 

demonstrated as effective for LC alignment by one-step illumination with visible light [115]. 

To control the thickness of the LC layer we used 7 μm spacers. For clarity,  

Table 2-4 summarises the specifications of the experimental samples. 

 

 

Figure 2-13 Experimental setup of the OMPA instrument. A fibre coupled diode laser at 642 nm passes 

from a fibre port into two lenses L1 and L2 which expand and collimate the beam. The sample is located 

between two crossed polarizers (P1 and P2), each at 45° to the director alignment, where the light enters 

at normal incidence. Photodiodes, PD1 and PD2 monitor the power of the laser before and after the cell 

by exploiting two beam splitters (BS). Finally, the light is incident on a CCD camera, which we use as 

spatial resolution detector. The entire setup is enclosed to reduce the background noise to the detectors 

and CCD camera and reduce thermal fluctuations. 

The OMPA characterizes LC devices by measuring the CPI across the whole cell area as a 

function of the frequency and voltage amplitude applied to the cell. It provides the capability 

to capture a snapshot of the LC device with its ALs and determine its key properties. The 

experimental apparatus is shown in Figure 2-13. A light beam from a fibre coupled diode laser 

is launched through a fibre port connector which collimates the beam. Two lenses (L1 and L2) 

expand and collimate the beam in order to cover a wide area of the cell (diameter ~1 cm). Here, 

I have used a laser wavelength of 642 nm, but other wavelengths can easily be selected by 

attaching a different laser to the fibre port. The sample is located between two crossed 

polarizers, each at 45° to the director alignment, and the light enters at normal incidence. After 

propagating through the cell, the light beam is collected by a CCD camera. Data from 

neighbouring pixels are averaged so that the image collected has effective pixels of 
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approximately one millimetre in size. Over the 10 cm distance between the cell and the 

detector, diffraction expands the effective pixel diameter by less than 10%. Therefore, to a good 

approximation the CCD camera acts as a spatial resolution detector and each effective pixel 

corresponds to a single spot in the surface of the cell, allowing us to draw maps of the cell 

thickness, pretilt angle and of the anchoring energy. When the two polarization components of 

the incident light pass through the cell, they experience different phase delays that are function 

of the LC alignment. I change this by applying an AC voltage to the cell and measure the CPI as 

a function of it. I monitor the power of the laser before and after the cell using two beam 

splitters to redirect a fraction of the beam intensity to two photodiodes. Finally, the entire 

setup is enclosed to reduce the background noise to the detectors and CCD camera and thermal 

fluctuations. If needed, it is possible to enclose the LC cell in a temperature stabilised holder. 

This was not required for the measurements reported here, but it is essential when studying 

temperature effects on the LC parameters. 

The experiment is fully managed by a MATLAB code [123,124], which controls the measuring 

apparatus, data acquisition and performs the data analysis using the model described in 

Section 2.3.2 [60]. OMPA collects pointwise data across the cell and fits the elastic constants, 

the pretilt angle, the anchoring energy, and the cell thickness.  

 

Figure 2-14 CPI trace for the asymmetric PI - PAAD-22D planar cell filled with E7. Parameter values: 

𝐾1 = 11 pN, 𝐾3 = 16.4 pN, ε∥ = 19.54, ε⊥ = 5.17, 𝑑 = 7 μm, 𝜃𝑃𝐴𝐴𝐷 = 0.34∘, 𝜃𝑃𝐼 = 1.9∘, 𝑊𝑃𝐴𝐴𝐷 =

0.21 𝑚𝐽/𝑚2, 𝑊𝑃𝐼 > 1000 𝑚𝐽/𝑚2, 𝜆 =  642 nm, 𝑛𝑒 = 1.7287 and 𝑛𝑜 = 1.5182. 
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The fitting procedure is as follows. The cell thickness, pretilt, splay elastic constant and 

anchoring energy are fitted using the part of the CPI trace between 0 V and the first extremum.  

I then keep the cell thickness and pretilt fixed and fit all the other parameters using the entire 

trace. I use the MATLAB function lsqcurvefit to minimise the distance between the 

experimental and numerical CPI traces. The fitting of multiple traces is done in a similar 

manner [60,63]. 

The quality of the fit is determined by visual inspection of the traces (see Figure 2-14 for an 

example) and by estimating the error bars on the LC parameters, e.g. the elastic constants, that 

are measured at multiple locations (see Ref. [60,63]) for a detailed error analysis of the 

measurement process). I have also verified the impact of potential errors in the values of the 

LC dielectric permittivities and refractive indices. A 1% variation of any of these parameters 

produces changes in the fitted parameters by  at most, 2%. In principle the OMPA can also 

detect a set of Leslie viscosities, but we do not demonstrate this feature in this paper since it is 

included in previous work [63]. The software graphical user interface allows us also to set the 

range of AC voltages and specify the region of the cell surface where the measurements are to 

be taken. In our experiment, the CPI as a function of voltage is measured by applying a 10 kHz 

AC voltage to the LC cell and ramping the voltage peak-to-peak amplitude from 0 to 20 V in 

incremental steps of 0.1 V. OMPA experimental apparatus is straightforward. It is seamlessly 

connected to the accompanying integrated model and code (described in Section 2.3.2), which 

in spite of its complexity, outputs the fitted parameters in clear and easy to follow way. Thus, 

the monitoring for any changes can be easily achieved. 

2.4.2.2 Mapping anchoring, pretilt and thickness LC cells 

We have analysed 3.5 x 3.5 mm2, and 7 x 7 mm2  areas of the two symmetric cells, PI - E7 (see 

Figure 2-15 (a and b)) and PEDOT: PSS - QYTN-004 (Figure 2-15 (c and d)), respectively. This 

translates into 5 x 5  and 8 x 6 points measured across the cell along the x and y axis. The spatial 

resolution emerged from the 25 sampling spots, is 0.7 mm along x and y axes, while for the 48 

sampling spots, is 0.88 mm along the x axis and 1.2 mm along the y axis. These measurements 

show that the cell surface parameters, like the pretilt angle, vary over a millimetre scale, much 

larger than the LC relaxation length. This allows us to consider each sample point in the cell as 

independent from its neighbours and, hence, to apply the model derived earlier in this thesis 

to each of them individually. 

Typical maps of the thickness and the pretilt angle of the PI-E7-PI cell are shown in Figure 2-15 

(a, b). Here, we capture the edge of the cell where clearly thickness variation can be seen. The 

cell is thinner in the centre and thicker at the edges with a variation of 0.5 μm and average of 

4.9 μm. This is most likely due to the excess of pressure applied in the centre of the cell when 
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sealing the edges. The fact that the LC thickness varies, highlights not only the difficulty on 

fabricating uniform LC cells, but also the importance of mapping the thickness profile. A similar 

behaviour is displayed by the thickness map of symmetric PEDOT: PSS – QYTN-004 sample 

(Figure 2-15 (c)). The cell is thinner in the centre and thicker at the edges, with a variation 

between 5.5 - 6 μm and average of 5.7 μm. These data should be compared with the spacer size 

used in these cells which is 6 μm for both samples.  

The pretilt angle map of E7 (Figure 2-15 (b)) has an average value of 1.89° ± 0.06°, while Figure 

2-15(d) presents the pretilt map of PEDOT: PSS – QYTN-004. A visual inspection of this cell 

showed that the alignment was only correct at the central part of the cell. This is confirmed by 

this pretilt map: in the inner region the pretilt is very uniform with an average value of 1.28° ± 

0.08°. Outside this region, both the pretilt value and, more importantly, its fluctuations are 

larger, reflecting the poor visual quality of the cell there. 

 

 

Figure 2-15 Spatial maps of thickness and pretilt angle of symmetric cells: (a) thickness and (b) pretilt 

angle maps of PI – E7 cell. (c) thickness and (d) pretilt angle maps of PEDOT: PSS – QYTN-004 cell. 
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Figure 2-16 Asymmetric PI - PAAD-22D planar cell filled with E7: spatial map of the LC (a) thickness and 

(b) pretilt angle. 

The CPI trace responds only to the average alignment properties of the cell. It is however 

possible to use it in an asymmetric cell, provided that one layer has already been characterised 

with the same LC as the one used in the asymmetric cell. Briefly, for an asymmetric LC 

measurement (ALx-LC-ALy), I fix the pretilt angle and anchoring energy of the known layer ALx 

and fit those of the unknown layer ALy. This process is completely automated by the OMPA 

software. As it is ultimately a subtraction measurement, the error in this procedure is 

intrinsically higher than for a symmetric cell, but it allows the analysis of cells where one layer 

has to be different from the other, e.g. photovoltaic cells [125].  

The asymmetric cell that I tested here, is a PI – E7 – PAAD-22D (Figure 2-12 (c)) where the 

known layer ALx is a standard rubbed PI and the layer to be fitted, ALy, is a photoaligning 

azobenzene dye layer. In this example I extracted the optical parameters for PI from the 

symmetric cell PI – E7, that we measured earlier (Figure 2-15 (a, b)). In Figure 2-16, I present 

maps of the cell thickness and of the PAAD layer pretilt. Both maps are very uniform, with few 

exceptions in specific points close to the boundaries. The average thickness (Figure 2-16(a)) is 

6.55 μm ± 0.01, while average pretilt (Figure 2-16(b)) is 0.16° ± 0.02°. Essentially, the spatial 

variations (Figure 2-16(a, b)) occur due to fabrication imperfections at the right-side edge of 

the cell. PAAD-22D is aligned using a 450 nm laser [115]. In order to keep the intensity 

sufficiently high we could not expand the beam to an area larger than approximately 7 mm in 

diameter. 
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2.4.3 Anchoring Energy 

2.4.3.1 The effect of the anchoring energy 

In principle, the polar anchoring energy affects the alignment of the LC at all values of the 

voltage applied to the cell, and its strength can be deduced from the changes in LC reorientation 

with increasing electric field. Small values of the anchoring energy weaken the LC molecule 

binding to the AL, thus making it easier for the electric field to tilt the molecular axis. However, 

for intermediate values of the anchoring energy we expect that the binding to the AL layer will 

be weakened mainly at large voltage values. In this case, the LC axis is parallel to the electric 

field across most of the cell and there is a considerable bending of the director field near the 

cell sides that strains the molecular attachment to the surface thus amplifying the effect of not 

having an infinitely strong anchoring. We can verify this by comparing CPI traces computed for 

four different values of the anchoring energy, logarithmically spaced between 10 μJ/m2 and 10 

mJ/m2 a range that stretches from very weak to very strong anchoring (see Figure 2-17). The 

difference between the three largest values of the anchoring energy is insignificant at low 

voltage, while it is well visible at high voltage, especially if the anchoring is not too strong. It is 

only when the anchoring is very weak that the low voltage region is affected. 

 

Figure 2-17 CPI traces for different values of the anchoring energy in a symmetric cell. Parameter values 

Parameter values: 𝐾1 = 10.9 pN, 𝐾3 = 17.9 pN, ε∥ = 19.54, ε⊥ = 5.17, 𝑑 = 12 μm, 𝜃 = 2∘, 𝜆 =  642 nm, 

𝑛𝑒 = 1.7287 and 𝑛𝑜 = 1.5182. 
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2.4.3.2 Minimisation landscapes 

It is clear that the anchoring energy has an effect on the CPI and so, in principle, it should be 

possible to determine its value by fitting experimental CPI traces. In practice, however, its 

effect is small and so it may not be possible to determine its value accurately. For example, in 

the specific case of the traces in Figure 2-17, it is immediately clear that even a minimal amount 

of noise would make the traces that correspond to anchoring energy of 10 mJ/m2 and 1 mJ/m2 

indistinguishable. In other words, the stronger the anchoring, the harder it is to obtain an 

accurate measure [111,112]. 

Another factor that can contribute to the poor quality of a parameter measurement, even if the 

fit is excellent, is the presence of degeneracies between parameters. This is a well-known 

problem in parameter fitting. To check whether fitting the anchoring energy is possible, i.e. to 

verify that there are no quasi-degeneracies, I have inspected the minimisation landscape 

around a known solution. I have fixed a set of LC and cell parameters, indicated by a superscript 

0, as in 𝐾1
(0)

, 𝐾3
(0)

, etc., and have computed the corresponding CPI trace, 

𝐼 (Vj; 𝐾1
(0)

, 𝐾3
(0)

, 𝑑(0), θ0
(0)

, 𝑊(0)), where 𝑉𝑗 is the j-th voltage value at which the CPI trace is 

evaluated, θ0
(0)

 indicates the common value of the two pretilt angles and 𝑊(0) the common 

value of the two anchoring energies (we assume for simplicity that the cell is symmetric). I 

have then varied two parameters, for example the bend elastic constant and the anchoring 

energy, and computed the corresponding CPI trace, 𝐼 (Vj; 𝐾1
(0)

, 𝐾3, 𝑑(0), θ0
(0)

, 𝑊). Finally, I have 

computed the distance between the two traces, 

 

𝐷(𝐾3, 𝑊) = ∑ [𝐼(𝑉𝑗 , 𝐾1
(0)

, 𝐾3
(0)

, 𝑑(0), 𝜃0
(0)

, 𝑊(0))

𝑁

𝑗=1

− 𝐼(𝑉𝑗; 𝐾1
(0)

, 𝐾3, 𝑑(0), 𝜃0
(0)

, 𝑊)]
2

 

(2.17) 

where 𝑁 is the total number of voltage values used. This is the function that is minimised when 

fitting the LC parameters, in this case the bend elastic constant and the anchoring energy at the 

two sides of the symmetric cell. Parameters are independent if 𝐷 (𝐾3
(0)

, 𝑊(0)) is an isolated 

minimum. I have plotted the distance, Equation (2.17), as function of three different 

combinations of parameters in Figure 2-18, forming minimization landscapes. The anchoring 

energy (W) is along the horizontal axis and varies by +/- 30% with respect to 𝑊(0). The vertical 

axes are, from left to right, the splay and bend elastic energy, and the pretilt angle. In all cases 

there is an isolated minimum, confirming that the anchoring energy can indeed be fitted. The 
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region of the minimum in the left and in the middle of the plots is elongated, indicating that the 

estimate on the anchoring energy can be changed significantly just by a relatively small change 

in either of the elastic energies. The region of the minimum in the rightmost plot, instead, is 

more symmetric indicating that the pretilt and the anchoring energy are to a good 

approximation independent one of the other. The minimisation landscapes offer only a local 

analysis of the best fit, as is the case for the covariance matrix method to estimate correlations 

between parameters. It is always possible that there may be other local minima in the 

landscape, especially when varying all the parameters. I tried to avoid this pitfall of all high-

dimension minimisation methods by repeating the fitting of the experimental CPI traces using 

different initial guesses of the fitting parameters. 

In summary, this analysis shows that it is possible, in principle and in practice, to fit the polar 

anchoring energy values from the very weak to strong regime. The precision of the fit may be 

affected by errors in the estimates of the elastic energy coefficients; the more precisely these 

are known, the more accurate the estimate of the anchoring energy will be. If the LC system is 

in a very strong anchoring regime, the accurate value cannot be extracted, but in fact, this is 

not a significant limitation. In this regime the LC alignment is, by definition, not sensitive to the 

accurate value of the anchoring energy. 

 

Figure 2-18 Minimisation landscapes: in all cases the anchoring energy is along the horizontal axis and 

varies by +/- 30% with respect to 𝑊(0). The vertical axes are, from left to right, the splay and bend elastic 

energy, and the pretilt angle. The scale of the colour bar is in arbitrary units. Parameter values: 𝐾1
(0)

=

10.9 pN, 𝐾3
(0)

= 17.9 pN, 𝜀∥ = 19.54, ε⊥ = 5.17, 𝑑(0) = 12 μm, θ(0) = 2∘, 𝑊(0) = 100 μJ/m2. 

2.4.3.3 Polar anchoring energy experimental results 

As discussed earlier, the polar anchoring energy effects are small and, hence, sensitive to noise 

in the measurement process. Moreover, they are mostly detectable in the large voltage 

amplitude part of the CPI trace. For these voltage values, most of the LC in the bulk is aligned 

with the electric field, and the only significant alignment variations are near the boundaries. 
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Surface anomalies, like charge deposition, and dust, affect these measurements more 

significantly than those of the elastic constants, thickness and pretilt angle, whose value are 

related to the LC bulk properties, thus, adding to the noise on the measurement. To compensate 

for this, I have measured the polar anchoring energy averaged over the cell area. Our 

measurements are summarised in Table 2-5. 

 

Table 2-5: Anchoring energy values from symmetric and asymmetric LC cells 

Measured LC cells 
Average Polar Anchoring Energy on the 

photoactive layer [mJ/m2] 

Symmetric 1: PI-E7 > 1 

Symmetric 2: PEDOT: PSS-
QYTN-004 

23 ± 11 

Asymmetric 1: PI-E7-
PAAD22D 

0.26 ± 0.01 

 

The average polar anchoring energy of the standard symmetric PI-E7 cell is > 1 mJ/m2, the 

upper bound of our detection window (see Figure 2-17). While in the case of the complex LC 

mixture of QYTN-004 on PEDOT:PSS, the average polar anchoring energy is 23 ± 11 mJ/m2. In 

order to calculate the polar anchoring energy of the asymmetric PI – E7 – PAAD-22D cell, we 

exploited the optical parameters for PI from the symmetric cell PI – E7 (see Figure 2-15). The 

resulting average polar anchoring energy of E7 on PAAD-22D is 0.26 ± 0.01 mJ/m2, a weaker 

alignment that on PI.  

As the results in Table 2-5 demonstrate, the method presented here captured different 

anchoring strengths for a set of LC systems. Strong anchoring was measured for the reference 

cell (PI-E7), as expected, and a reduced anchoring was observed for the photoaddressable cells 

with photoalignment (PAAD) [104] and for a system with an organic conductor 

(PEDOT:PSS)[36]. While the anchoring is lower in those cells than in the test cell with PI, it 

nevertheless remained in the regime associated with strong anchoring. 

The selection of a PI – E7 symmetric cell for our first set of measurements was driven by the 

availability of the E7 parameter values in the literature, making it the best candidate to 

calibrate the OMPA instrument. The literature parameter values together with those fitted by 

the OMPA are listed in Table 2-6. It is evident that even for this popular LC there are relatively 

few measurements, and none as comprehensive as those provided by the OMPA. As shown in 

Table 2-6, the OMPA measurements are in line with the literature ones. We also note that the 
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spread of values for the anchoring energy is quite significant, reflecting the difficulty in 

measuring this parameter. 

 

Table 2-6: Optical parameters of symmetric planar PI - E7 cell. 

Source K1 [pN] K3 [pN] 
Pretilt 

Angle [°] 
Polar Anchoring 
Energy [mJ/m2] 

Literature 

 

11.2 [126] 18.6 [126] - - 

10.8 [127] 17.5 [127] - - 

11.7 [128] 19.5 [128] 2 [128] - 

11.5 [129] 18.2 [129] - - 

- - 1.5 [130] - 

- - - 0.3 [131] 

 - - - 0.8 [132] 

 - - - 1 [133] 

OMPA 
measurements 

11.6 ± 0.2 17.8 ± 0.1 1.9 ± 0.1 > 1 

 

The average measurements for QYTN-004 on PEDOT:PSS are summarised in Table 2-7. These 

are the first measurements that I am aware of this low threshold voltage LC. Polar anchoring 

energy revealed a weaker behaviour than E7 on PI (23 ± 11 mJ/m2). This highlights the 

importance of being able to estimate the average value and fit both strong and weak anchoring 

energy responses, especially when characterising newly synthesised LC materials. In the case 

of the PI – PAAD-22D asymmetric cell, I have used the values listed in Table 2-6 to fix the 

alignment properties of E7 on PI and have fitted the pretilt angle and anchoring energy on the 

PAAD-22D side. The most surprising feature of this measurement is the relative weakness of 

the anchoring energy of E7 on PAAD-22D, with respect to PI (0.26 ± 0.01 mJ/m2 and > 1 mJ/m2 

respectively). Usually photoaligned azo-dye layers provide comparable anchoring energy with 

the rubbed LC alignment on PI [134].  

 

Table 2-7: Experimental results of PEDOT:PSS – QYTN-004 cell. 

Source K1 [pN] K3 [pN] Pretilt Angle 
[°] 

Polar Anchoring 
Energy [mJ/m2] 

OMPA 
measurements 

10.08 ± 0.14 16.0 ± 0.4 1.28 ± 0.08 23 ± 11 
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This difference can be explained by non-optimum alignment of PAAD-22D layer, as observed 

in our earlier work [115]. The strength of anchoring at a photoalignment layer depends on the 

quality and uniformity of the film [134,135]. As shown here, the maps obtained for this cell 

indeed indicate some lack of uniformity. This is an additional, important feature of this method, 

i.e. that it is capable of detecting the lack of uniformity or stability over time, as commonly 

observed when dealing with new LC or alignment materials. 

For azobenzene based PAAD ALs, the anchoring energy can be varied considerably by changing 

the UV exposure time and irradiation dose of azo-dyes [135]. In particular, the optimum 

anchoring energy is obtained when irradiation dose of a UV pump beam (365 nm) is higher 

than 1 J/cm2 [136]. I have used a longer wavelength (450 nm) and a weaker irradiation dose 

(0.22 J/cm2). The second factor that affects the film quality is its thickness: very thin films may 

lack continuity and form islands. It is known that even very thin (e.g. 1 nm) layers of azo-dyes 

can be used to align LC, but with significantly reduced strength [15]. The thickness of the PAAD-

22D layer in the asymmetric cell was estimated to be approximately 15 ± 10 nm, while it 

normally spans from 75 to 150 nm [137]. This larger thickness is likely to lead to smoother 

films with stronger anchoring. 

2.5 Summary 

This chapter described the experimental methods I used during my thesis to fabricate and 

characterise LC cells. In these experiments, LCs are tested in planar LC cells. Cell thickness 

uniformity of empty cells was ensured by the interferometric method (Fabry-Pérot, optical 

cavity), whereas for the filled cells we exploit the cross-polarized intensity experiment 

(Fréedericksz transition experiment). The former is based on the response of LCs to the applied 

electric field. Thus, by measuring the electric field-induced as a function of the CPI transmitted 

through the cell, I characterise the optical properties of LC materials. The cell thickness, the 

pretilt angle, the polar anchoring energy and the elastic constants are some of these optical 

properties I was interested to determine.  

To obtain quick and reliable estimates of a gamut of LC parameters, I used a fully automated 

and compact optical instrument (OMPA). OMPA allows an interactive determination of a range 

of LC cell parameters, from a single spot measurement and in real time. The particular strength 

of the method presented in this chapter, is that it can capture, at the same time, the parameters 

that strongly influence the response of LCs to external fields, such as elastic constants, 
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viscosity, cell thickness, pretilt, as well as weaker and finer parameters, such as the strength of 

polar anchoring.  

Enhanced, photoactive response can be realized by integrating LCs with photoalignment or 

photoconductive ALs. Such cells, asymmetric by design, need to be monitored for the stability 

and uniformity, especially in the regions exposed to light. Here, the method adopted was fast, 

robust, reproducible, and represents an accurate model and technique for characterising 

symmetric and asymmetric LC cells based on CPI measurements. This optical method can 

capture the subtle contribution to the phase lag from anchoring on the substrates and use it to 

determine its strength when the dielectric anisotropy and birefringence of LC are known. I 

tested this approach on cells with a single photoalignment layer as well as on a system with 

organic conductors.  

In addition, the two-dimensional maps of uniformity of the cells were obtained, showing spatial 

variation of the thickness and of the pretilt angle, both important parameters for determining 

long term stability of LC devices. My measurements have focused on planar LC cells with 

voltage inactive layers. However, the technique I have presented can easily be extended to 

more complicated cell configurations. For example, including photoconductive or photovoltaic 

layers requires only to change Equation (2.11) in a relatively simple way, while modelling the 

effect of light-induced alignment changes requires only modest modifications of the boundary 

conditions, namely Equations (2.12) and (2.13). This flexibility, coupled with the ease and 

speed of measurement, make OMPA method an ideal tool for the characterisation of novel 

photoaddressable LC geometries.
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Optically Driven Bistable Liquid Crystal 

Waveplates 

In this chapter, I present the methodology  for the construction of optically controlled, dynamic 

half-wave plates, created using the photo-aligning properties of PAAD materials. The 

experimental results on the optical characteristics of the cells are interpreted within the 

framework of a simple theory. This LC system can efficiently control the transmission and 

polarisation of light in the visible and near-infrared (NIR) region. It is bistable, with state-

switching achieved by addressing the PAAD layer with visible light, a process that is reversible 

and reproducible for multiple cycles. In some of the work presented here, the realignment is 

provided by the probe beam itself.  In other experiments, the transmission of a probe beam is 

monitored, whilst the realignment is carried out by a pump beam at a different wavelength. 

This work goes beyond that on previous azo and PAAD systems, where typically, the alignment 

geometry has been fixed for the duration of the life of the cell, while here the alignment is re-

addressable. Part of this work has been published as: Optically controlled bistable 

waveplates. Perivolari, E., Gill, J. R., Podoliak, N., Apostolopoulos, V., Sluckin, T. J., D’Alessandro, 

G., & Kaczmarek, M. (2018). Journal of Molecular Liquids, 267, 484-489. The fabrication of 

photo-addressable LC samples, and measurements were done entirely by me. I acknowledge 

help from Dr Jordan Gill with data fitting and assistance of Dr Nina Podoliak with experimental 

setups. Other co-authors contributed with advice and/or to supervision and with writing of the 

article. 
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3.1 Introduction  

LCs are valuable materials for many light-switching applications [14,18]. A disadvantage, at 

least under some circumstances, of conventional (e.g., 1970s–2000) LC devices is that their 

operation requires the continual imposition of a voltage, causing the device to continually 

consume power. For static displays, in which continual updating, is in principle, unnecessary, 

this is a particular problem. It is, however, a problem that can be overcome if the device is 

constructed so as to be bistable [40]. In this case, electric impulses alone should be sufficient 

to persuade a pixel to switch states. 

Assembling a bistable device is no simple matter, though. Take, for example, the widely used 

ZBD device [40]. Its operation requires that one of the surfaces be carefully engineered to 

possess a particular kind of grooves, enabling more than one LC configuration to be stable in 

the neighbourhood of the interface. 

In simpler cases, rubbing of an AL takes place (see Section 1.4.1) which is a traditional, and 

somewhat uncontrolled technique. Disadvantages for commercial and technological 

applications, such as the accumulation of static charges, the generation of dust particles, and 

simply the need to incorporate electrodes and an external voltage into the cell design are well 

known [19]. Furthermore, such surfaces will not, in general, sustain bistability. This would only 

be possible if the surface alignment can itself be altered, which is completely impractical if the 

alignment has been achieved by rubbing. 

An alternative to the rubbing technique is photopolymerization of an AL. In this method, 

polarised light is used to align polymer molecules in the surface layer adjacent to the LC 

[26,27]. In turn, the surface LC molecules align in accordance with the molecules of the polymer 

layer. Yuri Reznikov was particularly influential in developing this surface alignment 

technique, and his name appears on numerous patents and right papers. These date right from 

the technique’s invention in the 1990s [26,28-30] and stretch e.g. to his more recent 2012 

review with Yaroshchuk [19]. Photoalignment is a much more controlled and reproducible 

procedure than rubbing, and has the important, extra advantage is the reorienting of a surface 

layer after a cell’s construction. This provides the possibility of bistability without an 

elaborately engineered surface layer, but rather by the ability to reversibly replace one surface 

orientation with another.  
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3.2 Photo-Aligning Azobenzene Dyes (PAAD) 

During my thesis, I investigated LC cells coated with an AL of PAAD-22D, a photo-aligning 

azobenzene dye (PAAD) from BEAM Co. In general, various different azo-compound materials 

form films with thickness varying from 20 nm to 500 m and have been used as photoaligning 

materials for LCs for the last 30 years. PAAD materials have demonstrated themselves to be 

capable of forming high resolution patterns, enabling their use for polarisation gratings and 

spiral phase wave-plates, and to be effective in the alignment of LCs. They also require low 

exposure energies and have an absorption spectrum extending past 400 nm.  

Like all azobenzene-based ALs, the molecules of the PAAD-22D layer are able to convert 

efficiently between their trans and cis states when subject to UV and visible light illumination 

(see Section 1.4.2). The effect of this illumination is similar to that of an electric field in a 

direction perpendicular to the incident light and its polarisation, in that the molecules tend to 

align along this axis. The mechanism is slightly different to that of an external field, however, 

which simply rotates the molecules [46,47]. Rather, according to the ‘angular hole-burning 

model’, starting in the thermally stable trans state, the azo-molecules absorb photons and 

transform into their metastable cis state. They subsequently return, with a random orientation, 

through either a spontaneous relaxation or a reverse photoisomerization process (see Figure 

1-17). The absorption of the photons depends on the angle their electric field makes with the 

PAAD molecules, with photons absorbed preferentially by molecules parallel to the electric 

field. It follows that by addressing the PAAD with linearly polarised, visible light for a 

sufficiently long period of time, the orientation of the PAAD molecules moves towards a 

population that is entirely perpendicular to the incident electric field (since these are non-

absorbing). 

3.2.1 Preparation of PAAD films 

The photoaligning layers (PAAD) used in this thesis are based on azo-coupling of the diazonium 

salt of 4,4’−diaminobiphenyl−2,2−disulfonic acid with the derivatives of phenol and aniline 

having different numbers and positions of such pendants as -chloro, -hydroxy, -alkyl, -carboxyl 

groups or in the phenol ring or at the nitrogen atom in aniline. In fact, I investigated four 

different versions of PAAD complex dyes, namely PAAD-22, 22D, 22E, and 72 either in powder 

form or in ready solutions produced by BEAM Co. All  four variations are based on the same 

chemical composition. They were developed with the aim of shifting the absorption band away 

from the ultraviolet and into the visible region of the spectrum (towards 532 nm), while 
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maintaining their stability and uniformity. In earlier works, several versions of PAAD [25], [26] 

were studied for their contact angle and photoalignment properties with LCs. They show 

different wetting properties on glass and ITO coated glass substrates which affect the films’ 

thickness and uniformity. In addition, they show differences in the wavelengths of their 

absorption spectrum, with some forming either narrow or broad and single or double peaks.  

Thin films of PAAD dyes were fabricated by dissolving the dye powder in methanol at a 

concentration of 1% g/ml and then sonicating for 5 minutes, until a clear solution was 

obtained. Previously, other solvents were tested such as water, toluene, and heptane, however 

these solvents were not able to dissolve the dye powder. Dimethylformamide (DMF) has been 

also tested, showing promising results, and hence finally used by the BEAM Co to produce 

ready solutions of PAAD in DMF (1% g/ml). Thereafter, thin films of PAAD were deposited on 

the substrate by spin coating as shown in Figure 3-1.  

 

Figure 3-1 Spin coating of thin films. 

During my experiments, I used indium titanium oxide (ITO) on glass as substrate, which is 

extensively used for LC cells. Basically, the choice of ITO coated glass substrates was based on 

the fact that they offer better adhesion for the hydrophobic PAAD materials, demonstrating 

more uniform and smooth films compared to glass [49]. Therefore, we deposited PAAD films 

on 30 nm ITO on glass (1 mm) and annealed on a hot stage at 90°C for 10 minutes. Further, in 

order to determine the thickness ranges we can achieve by spin coating, I tried different 

rotation speeds (rounds per minutes -RPM) and different concentrations of the PAAD solution 

in methanol. Specifically, I used 1500, 2000, 3000, and 4000 RPM and 1%, 2%, and 5% w/v 

concentrations. The thicknesses of all the films were measured with profilometry (KLA Tencor 

P-16 Stylus Profiler) in all the stages of the experiments. An example of thickness profile for 

the PAAD-22 material, is presented in Figure 3-2. The maximum thickness was obtained for 

the maximum concentration, 5% w/v and the minimum rotation speed, 1500 RPM which is 

280 ± 50 nm.  However, for concentration of 5% w/v, the resulting films were not uniform, and 
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roughness was very high as the large error reveals. In addition, for concentration 1% and 2% 

w/v, the differences were minor and thus we fixed our recipe to 1% w/v and 3000 RPM, where 

the film thickness was 30 ± 10 nm. Each coated substrate was then exposed to linearly 

polarised light to introduce the desired orientation of the PAAD molecules which will promote 

the alignment of LCs in this direction (see Section 1.4.2). 

 

Figure 3-2 Thickness profile of PAAD-22. The minimum thickness was 30 nm at 3000 RPM and 1% w/v 

concentration of PAAD-22 in methanol.  

3.2.2 Absorbance and light induced absorbance of PAAD materials 

Absorbance (A), also known as optical density [138], is the quantity of light absorbed by a 

solution. Therefore, spectrophotometry is a method to measure how much a chemical 

substance absorbs light by measuring the intensity of light as a beam of light passes through 

sample solution. The basic principle is that each compound absorbs or transmits light over a 

certain range of wavelength. The absorbance is defined by Beer-Lambert law [138], 

 𝐴 = −𝑙𝑜𝑔10
𝐼𝑇

𝐼0
, (3.1) 

Where 𝐼T, is the intensity of the incident light, and 𝐼0, is the intensity of that light after it passed 

through the sample. In other words, 
𝐼𝑇

𝐼0
, is the transmittance of the sample. To determine the 

absorbance the intensity between a reference and a sample need to be measured.  
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Figure 3-3 Absorbance of PAAD-22, 22D, 72, and 22E as measured with an UV/VIS/NIR JASCO 

spectrometer between 300-1500 nm. For clarity we only show the range of 300-650 nm. 

Here, I measured the absorbance of four different PAAD materials, namely PAAD-22, 22D, 22E, 

and 72. The aim was to determine the photosensitivity of these materials in order decide the 

proper wavelength for the optimum photoalignment results. Samples were measured when 

deposited on ITO coated glass substrates with a spectrometer using unpolarised light 

(UV/VIS/NIR JASCO). The error of the system is approximately 2%. The materials were 

characterised between 300-1500 nm. For clarity, we only show the range of 300-650 nm, as 

presented in Figure 3-3 above.  

Typical of azobenzene derivatives, the trans state is more stable and is the dominant isomer 

before UV and visible light irradiation. Briefly, the spectral properties of azobenzene are 

attributed to the two lowest electronic transitions of the trans states, the so-called π-π* and 

the n-π* transitions. Photoisomerization occurs when exciting the π-π* and the n-π* 

transitions, with π-π* transition exhibiting a stronger absorption band for the trans isomers. 

This mainly because of azobenzene molecular symmetry where overlap between n and π* 

orbitals is poor. To this extend n-π* transitions require less energy (ΔE) and hence the 

absorption maximum corresponds to longer wavelengths than the π-π* transition.  

In Figure 3-3, PAAD-22 and 22D show broader absorption spectra, with the latter exhibiting 

two distinct peaks, at 387 and 459 nm, and the former showing the main peak at 377 nm and 

a shoulder at ~423 nm. The main absorption peak for PAAD-22E appears at 368 nm, and for 

PAAD-72 at 461 nm showing a narrowband absorption spectra. There the main peak 

corresponds to the stronger π-π* absorption band while the second to the weaker  n-π* band. 



Chapter 3 

75 

The maximum wavelength of the π-π* absorption band is influenced by the linking 

functionality (i.e. ether or ester group) between the azobenzene and the headgroup. Thus, the 

main absorption peak for the different PAAD compounds appears to be shifted.  

 

Figure 3-4 Absorbance of PAAD-22 before (solid) and after (dash dot) illumination of 458 nm. 

 

Figure 3-5 Absorbance of PAAD-22D before (solid) and after (dash dot) illumination of 458 nm. 
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Figure 3-6 Absorbance of PAAD-72 before (solid) and after (dash dot) illumination of 458 nm. 

 

Figure 3-7 Absorbance of PAAD-22E before (solid) and after (dash dot) illumination of 458 nm. 

To determine the photosensitivity of PAAD materials we measured then the absorption spectra 

after illuminating them with a 458 nm polarised diode laser (14 mW) with 1 mm2 spot size for 

1 minute. The absorption spectra of PAAD materials after illumination is presented in Figure 

3-4, Figure 3-5, Figure 3-6, and Figure 3-7 for PAAD-22, 22D, 72, and 22E respectively. Post 

illumination a reduction in the π-π* band is expected, whereas the n-π* shall become more 

intense  [19]. In fact, the absorption of PAAD-22 is slightly reduced while a second peak appears 
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at 426 nm. For PAAD-22D there is a 4.5% absorbance decrease at 386 nm, maintaining its two 

distinct peaks while for PAAD-22E there is decrease of 16% at 368 nm. Interestingly, this is not 

the case for PAAD-72. PAAD-72 appears to be the most sensitive to light from all the PAAD 

materials, since after illumination, its absorbance has increased by 44%. In addition, a second 

peak arises at ~608 nm, thus making the absorption spectra broader for this specific material. 

These results suggest that the azobenzene molecules are converted into cis isomers in all 

solutions, allowing one to estimate the proportions of the trans and cis configurations.  

Given the above-mentioned absorption spectra measurements for the different PAAD 

materials, I conclude that PAAD-22D is the most stable material after illumination maintaining 

its initial absorption peaks with the less losses. But most importantly, it absorbs more at longer 

wavelengths in the visible regime i.e., >400 nm compared to the other PAAD materials.  

3.2.3 Radiant exposure of PAAD  

Photo-isomerisation of PAAD complex dyes is induced by their irradiation with UV or visible 

polarised light, as discussed in Section 1.4.2.2. There, anisotropy, and birefringence are 

induced in azobenzene-containing materials. Normally photoinduced birefringence increases 

with exposure time until it reaches a stable maximum value. When the illumination is 

discontinued, the maximum value may change slightly until it reaches stability due to thermal 

reorientation of azobenzene groups. The induced birefringence reduces over time, but 

depending on the material, the relaxation may be fast or slow [42]. Factors affecting the 

exposure time (t) required to reach the maximum value of birefringence include the thickness 

of the film (d), the irradiation wavelength (λ) and power (P), and the spot area of the laser 

beam (A). The exposure time can then be extracted by: 

 𝐸 [
𝐽

𝑐𝑚2
] = 𝑃 [𝑊] ∗

𝑡 [𝑠]

𝐴[𝑐𝑚2]
. (3.2) 

Information about the radiant exposure, E, were retrieved by BEAM Co materials’ 

specifications (see Table 3-1) [139]. There is information only for PAAD-22 and 72 materials, 

because PAAD-22D and 22E share the same type of the polymer backbone and the structure of 

the azo chromophore with PAAD-22 material, and hence the same specifications.   

In my experiments I was interested in blue light at 405 and 458 nm, and in green light at 532 

nm, avoiding UV irradiation sources (<400 nm). This will allow devices for real-life 

applications. The wavelength, 458 nm was chosen because there occurs the maximum 

absorption for the selected band, while 405 nm exhibits similar radiance exposure with UV 
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light yet visible. On another hand, 532 nm lies at the edge of the absorption spectra allowing 

the investigation of the photoinduced properties of PAAD-22D at longer wavelengths where 

the material absorbs the less. However, the radiant exposure information for these specific 

wavelengths was not included in the company’s specifications. Therefore, I extrapolated the 

data between 325 and 540 nm in order to calculate the exposure time needed for the specific 

wavelengths, as shown in Figure 3-8. The calculated radiant exposure values for 405 nm and 

532 nm are 0.22 J/cm2 and 7.48 J/cm2 respectively.  

 

Table 3-1: Radiant exposure specifications for PAAD materials [139]. 

Material λmax E [J/cm2] 

λ=325 nm λ=365 nm λ=458 nm λ=488 nm 

PAAD-22 366 nm 0.3 0.5 0.8 2.4 

PAAD-72 423 nm - - 0.06 0.3 

 

Figure 3-8 Extrapolation of radiant exposure (E) data for PAAD-22 material. Specifications from BEAM 

Co (black points) used to calculate E [J/cm2] at 405 and 532 nm (blue circles). 

Photo-alignment of PAAD-22D films occurred with the aid of the following optical setup, 

demonstrated in Figure 3-9. A fibre coupled diode laser at 405 nm for 14 mW passes from a 

fibre port into two lenses L1 and L2, which expand and collimate the beam to cover the surface 

across the film. The polarisation of the incident light beam was controlled through a half-wave 
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plate (HWP) and a polariser (P). Finally, the laser light beam of a diameter of 1 cm is incident 

on the PAAD film at normal incidence. The resulting alignment of PAAD molecules will be 

perpendicular to the polarisation of light (here horizontal). The exposure time is calculated by 

Equation (3.2) to be: 𝑡 = 12 𝑠, which is the recommended exposure time for PAAD ALs before 

assembling the LC cell. To ensure a uniform alignment across the PAAD coated surface, each 

area of the sample was illuminated under the same conditions.  

 

Figure 3-9 Experimental optical setup for the photo-actuation of azobenzene complex dyes before 

assembling the LC cell. A fibre coupled diode laser at 405 nm is used to address PAAD-22D thin films on 

ITO/glass substrates. The laser beam is expanded with a two lenses system (L1 & L2) to cover the surface 

across the PAAD film. The polarisation of the incident light beam was controlled through a half-wave 

plate (HWP) and a polariser (P). 

3.3 Determination of PAAD Refractive Index Using the Iterated 

Ray Method 

Here, I present the Iterated Ray Method, a highly efficient and accurate algorithm for 

computing the reflection and transmission coefficients of layered structures [140]. It is based 

on the intuitive picture of rays being partially transmitted and reflected at each interface and 

uses series sums of each reflection and transmission coefficient to build an efficient recursive 

algorithm for the total reflectance and transmittance of the multi-layered structure. The 

introduction and the more detailed information about this model is covered in the paper by 

Gill J. R. et al. in [140]. 
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Figure 3-10 Experimental setup for measuring the transmittance coefficients as a function of the angle 

of incidence of PAAD-22E isotropic thin film, T(θ1). A He–Ne laser was used at a 632.8 nm wavelength 

for 1.4 mW power as measured at the surface of the sample. The polarisation of the incident light beam 

was controlled through a half-wave plate (HWP) and a polariser (P). To remove background noise, we 

used a lock-in amplifier, where an optical chopper modulated the signal. A long wave-pass trim filter 

(LWP) helped further in cutting down the unwanted signals. 

In this thesis, I have used the Iterated Ray Method to obtain the intrinsic properties (i.e., 

refractive index and film thickness) of isotropic PAAD layers in their unaligned state. The 

material that we investigated in this work has the commercial name PAAD-22E (BEAM Co.), 

with absorbance peak at 375 nm. Thin films of PAAD-22E dyes were fabricated as described in 

section 3.2.1. PAAD-22E compound has the narrowest absorption band making the sample less 

sensitive to other wavelengths.   

To monitor the transmittance of incident light through the samples, a He–Ne laser at 632.8 nm 

and 1.4 mW was used as a probe. The choice of the probe wavelength was due to the low 

absorption of the PAAD films at 632.8 nm (see Figure 3-7), minimizing any realignment effects 

as the probe passes through the PAAD-22E films. The polarisation of the probe was controlled 

with the aid of a polariser (P) and a half-wave plate (HWP), as depicted in Figure 3-10. Finally, 

with the aid of two mirrors (M), we controlled and focused the beam on the sample. 
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The incident angle and polarisation of the probe beam were varied to monitor the 

transmittance of the s- and p-polarised outputs (see Inset  

Figure 3-11). In order to achieve this, the sample was held in a rotation stage. The stage 

consisted of a 360° rotating base with a holder to keep the sample cantered on the stage’s 

rotational axis (as depicted in Figure 3-10, the axis points out of the image). In this way, the 

incident light remained focused on the same spot of the sample as the stage was rotated, 

enabling us to monitor the transmission of the same spot of the sample for all of the different 

angles of incidence (depicted by the red dashed arrows around the sample in Figure 3-10). 

After propagating through the sample, the transmitted light was collected by a photodiode 

(PD), which measured its intensity. 

In order to remove background noise, I used a lock-in amplifier and an optical chopper. The 

amplifier increased the signal-to-noise ratio, and the chopper was used to modulate the signal 

and provide a reference frequency. Further unwanted background signals were then filtered 

with a long wave pass trim filter (LWP) placed before the PD. The experiment was fully 

controlled by MATLAB software, which performed experimental apparatus control, data 

acquisition, and subsequent data normalization with respect to the reference data. Finally, to 

reduce the experimental noise, we also averaged the data points at opposite incident angles, as 

the transmission across isotropic layers is symmetric about normal incidence.  

To form the theoretical model for comparison with the experimental results, the Iterated Ray 

Method was applied to the five-layer system (air/PAAD-22E/ITO/glass/air) to calculate the 

transmittance as a function of the angle of incidence. The refractive indices and thicknesses of 

the PAAD and ITO layers were unknown, and these are the four fitting parameters used in the 

fitting/optimization routine. This did not form the entire model, however. From standard 

Fabry–Perot theory, as well as that of the Iterated Ray Method, we see that the large thickness 

of the glass layer (approx. 1 mm) induces many rapid oscillations of the transmitted intensity 

as a function of the incidence angle. At least, this is the case for an incident plane wave.  

In the experimental data, however, the oscillations are averaged out by the filtering due to the 

finite size and coherence of the Gaussian laser beam. It was therefore also necessary to smooth 

the theoretical transmission data T(θ1) using a Gaussian filter, which was calibrated by fitting 

the transmission data of single glass slide. We note that the resonant effects of the glass are 

still evident in the narrow region near normal incidence (see the small sharp peaks in the 

experimental transmitted intensity visible in  

Figure 3-11). In this region the phase difference between neighbouring emerging rays (and 

hence the overall transmission) varies with angle of incidence on a far slower scale, and, 

consequently, the averaging is less effective.  
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Figure 3-11 Graphs showing the experimental (orange) and fitted (blue) transmission curves for an s -

polarised (top) and a p-polarised (bottom) 632.8 nm beam incident on the PAAD-22E/ITO/glass system. 
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Inset: shows the experimental geometry for s-polarised light where the electric vector points along y 

axis while for p-polarised light it lies in the x-z plane. 

The Iterated Ray Method solution plus the Gaussian averaging formed the complete theoretical 

model. This model was used in a MATLAB minimization routine to fit to the experimental data 

and obtain values for the unknown refractive indices and thicknesses. In the fitting process, we 

excluded the data points for incident angles larger than ±56° due to the steep slope of the data. 

The steep slopes meant that while the experimental and theoretical curves could be very close 

to one another, the errors between the two in the least squares sense (difference vertically) 

could lead to enormous errors and make successful fitting impossible. We also ran the fitting 

in two stages, first fitting the larger angles of incidence for the PAAD and ITO parameters and 

then fine-tuning the glass thickness to fit the centre region where the glass resonance effects 

were observable. 

The experimental and best fit curves are shown in  

Figure 3-11, and the fitted parameters are shown in  

Table 3-2. The ITO thickness given by the fitting process is consistent with the specifications 

of ITO/glass substrates offered by many manufacturers, usually in the 100–200 nm range. The 

refractive index is also in good agreement with values in the literature, e.g., 1.87  [141]and 1.78 

[142]. The thickness and refractive index of the PAAD-22E layer are consistent with the values 

of 45 ± 20 nm and 1.8 ± 0.1 found in [49], in which samples created using the same method 

were studied, and the thickness and refractive index were found using profilometry and 

ellipsometry, respectively. 

 

Table 3-2: Refractive Index and Thickness of PAAD-22E and ITO Layers 

Deposited on a Glass Slide, Obtained by Fitting the Experimental Data in  

Figure 3-11. 

Material Refractive Index, n Thickness [143] 

PAAD-22E 1.73 27 

ITO 1.85 142 

 

Before concluding this section, we would like note that the PAAD film analysed here was placed 

on a glass substrate that contributed significantly to the shape of the transmitted light 
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intensity. This is a different geometry from ellipsometry studies, which are instead based on 

detecting polarisation changes in the light reflected by the thin film. The aim of the experiment 

examined here was to analyse the PAAD film on the same type of substrate and conditions in 

which it would be used once in a liquid-crystal cell, wave plate, or other component. Our 

analysis is, thus, inspecting a more realistic and practical photo-alignment system. This 

imposed severe constraints on the fitting procedure because of the need to average over the 

multiple Fabry–Perot resonances in the glass substrate. We have used a very fine angular 

resolution of around 0.04° to capture the oscillations of the theoretical transmission and 

ensure the convergence of the averaging process. The fact that we have been able to do this on 

a standard desktop in a reasonable time is further confirmation of the computational efficiency 

of the Iterated Ray Method.  

3.4 Dynamic Half-Wave Plates Based on Photo-Aligning 

Azobenzene Dyes (PAAD) 

In this section I discuss the experimental setup and the procedure followed to measure the 

change in the transmittance of the PAAD-LC cells in both planar and twisted states. I also 

present a mathematical model and the expected results for the experiment, along with the 

fitting procedure to model the PAAD realignment dynamics. In Section 3.4.3 I present my 

results for the transmitted intensity for multiple probe beam wavelengths in the visible and 

NIR region. Finally, in Section 3.5, I provide a brief discussion of this work and draw some 

conclusions. 

3.4.1 Experimental methodology 

The LC cell was formed by two glass slides filled with the commercially available and widely 

used nematic LC E7 in the isotropic phase, as described in section 2.2. Both slides also received 

an additional coating: polyimide (PI) for one, and PAAD-22D for the other, as shown in Figure 

3-12. This was done to investigate the transition from the planar to twisted LC configurations. 

Two sets of experiments were carried out, which I will refer to as the single beam and pump-

probe experiments. The optical setups are shown in Figure 3-13 and Figure 3-14, respectively. 

In all cases, the cell was placed between parallel polarisers (P1 and P2) and a probe beam. The 

probe was used with a photodiode detector (PD) to determine the LC alignment. The cell was 

positioned with the initial LC alignment lying vertically. The PAAD-22D photoaligning layer lay 
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on the front face and the PI layer at the far face of the cell. In the single beam experiments, the 

probe beam was either green light (λ = 532 nm, E = 7.5 J/cm2) or blue  light (λ = 405 nm, E = 

0.22 J/cm2), and had diameter 1 mm. These wavelengths were suitable not only to observe 

transmission, but also to rotate the easy axis on the PAAD layer surface. The pump-probe 

experiments involved transmission by either red light (λ = 632.8 nm) or NIR (λ = 808 nm) 

beams. Light at these wavelengths is not able to rotate the PAAD molecules and the resulting 

LC surface alignment. In this case, a blue pump beam with polariser (P3) was used to switch 

between surface alignments, independently of the probe. In all experiments, the measured 

transmitted intensity was normalized by taking its ratio with respect to that transmitted 

through a second planar cell. This second cell was identical to the first in all respects, except 

for the fact that the PAAD layer had been replaced by a second PI layer. The experimental error 

of the normalized intensity is 5%. We also monitored the probe power to correct for any 

fluctuations. 

 

Figure 3-12 Schematic of a PAAD-22D – LC cell in planar and twisted states. Switching between planar 

and twist states is controlled by one-step illumination with visible light. 

In the single beam experiment, the cell was initially in the planar state, schematically shown in 

Figure 3-12. We have verified the quality of the alignment by checking the cell through cross-
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polarisers (see the top left panels of Figure 3-15 and Figure 3-16). At set times, we inserted a 

half-wave plate (as shown in Figure 3-14) in front of the laser to rotate its polarisation by π/2 

and also rotated P1 by the same amount, causing the polarisation of the single beam to likewise 

rotate. The polariser P2 followed the polariser P1 so as to remain parallel at all times. Rotating 

P1 switched the PAAD layer alignment, leading to the π/2 rotation of the surface alignment 

that the PAAD layer imposes on the LC. This realigned the LC molecules adjacent to the PAAD 

layer (hence altering the bulk alignment, also), causing the cell to switch from a planar to a 

twisted state, shown in Figure 3-12. By this same mechanism, subsequent back and forward 

rotations of P1 and P2 then switched the cell repeatedly between the planar (ON) and twisted 

(OFF) states, as demonstrated in Figure 3-17. 

 

 

Figure 3-13 Schematic of the optical setup for the single beam experiment. A fibre coupled diode laser 

at 405 nm is used to address PAAD-22D material which passes from a fibre port to collimates the beam. 

The sample is located between two parallel polarisers (P1 and P2), where the light enters at normal 

incidence. The PAAD-22D photoaligning layer lay on the front face and the PI layer at the far face of the 

cell. Photodiodes, PD1 and PD2 monitor the power of the laser before and after the cell by exploiting two 

beam splitters (BS). Here, the single beam is used also to realign the PAAD layer.  

The experiments consisted of this cycling between planar and twisted states while using the 

photodiode to observe the changing transmission characteristics of the cell as a function of 

time. In the planar state the transmission is close to unity. In the twisted state the transmission 

is close to, but not exactly, zero, except when further destructive interference between 

ordinary and extraordinary beams in the LC cell requires it. Immediately after rotating the 

polarisers, there is a relaxation process, as the transmission heads towards its new 

equilibrium. The experiments also involved measuring transmission at different points across 

the cell.  
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In the pump-probe experiments the procedure changed. This is because beams at 632.8 nm 

and 808 nm wavelengths do not realign PAAD effectively. As a result, the pump beam and 

polariser (P3) were added to the setup. The pump beam was used to address the PAAD layer, 

with the orientation of P3 dictating the PAAD alignment, and the transmission of the red (632.8 

nm) and NIR (808 nm) probe beams was then measured (in the presence of the pump beam). 

 

Figure 3-14 Schematics of the optical setup for the pump-probe experiment. A fibre coupled diode laser 

at 405 nm is used to address PAAD-22D thin films on ITO/glass substrates. The laser beam is expanded 

with a two lenses system (L1 and L2) to cover the surface across the PAAD film and. A beam splitter (BS) 

along with two mirrors (M) used to direct the beam onto the sample. The polarisation of the incident 

light beam was controlled through a half-wave plate (HWP) and a polariser (P3). A second fibre diode 

laser beam is used to probe the transmitted intensity. The sample is located between two parallel 

polarisers (P1 and P2), where the light enters at normal incidence. Photodiodes, PD1 and PD2 monitor 

the power of the laser before and after the cell by exploiting a beam splitter (BS).  

The diameters of the red at 632.8 nm and NIR at 808 nm probe beams were 1 and 5 mm, 

respectively; the corresponding blue (405 nm) pump beam diameters were 1 and 10 mm. The 

larger pump diameter ensured that the NIR (808 nm) beam probed only the centre of the pump 

beam, ensuring almost uniform alignment. We remark that expanding the pump beam 

necessarily reduced its intensity, requiring longer, but still experimentally feasible, exposure 

times for equilibration. The uniform PAAD reorientation experienced by the expanded beam 

presented procedural advantages in terms of data analysis. A final experiment returned to the 

single beam set-up discussed above, but now with the expanded blue beam. This allowed for 
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the study of the realignment dynamics for a beam with a more uniform intensity, as opposed 

to its original Gaussian profile. 

 

Figure 3-15 Co-polarised microscope images of cells aligned with green (532 nm) beam. Within each 

panel: 1) Initial planar state. 2) First twisted state. 3) Second planar state. 4) Second twisted state. 

 

 

Figure 3-16 Co-polarised microscope images of cells aligned with blue (405 nm) beam. Within each 

panel: 1) Initial planar state. 2) First twisted state. 3) Second planar state. 4) Second twisted state. 
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Figure 3-17 Realignment dynamics of PAAD-22D-LC cells by switching between planar → twist (OFF) 

and twist → planar (ON) states with one step illumination with linearly polarised blue light (405 nm).  

3.4.2 Modelling and fitting the transmitted optical contrast 

Twisted cells are normally used in the Mauguin limit [144], 2Γ/π → 0, with Γ = 2π/λ Δnd. Here 

λ is the incident light wavelength, Δn the LC birefringence, and d the LC layer thickness. In this 

limit, the twisted cell rotates the polarisation of transmitted light by π/2 and the transmitted 

intensity for parallel polarisers P1 and P2 is strictly zero. However, there are corrections to 

this null result when the ratio is merely small. The Jones matrix approach [18], yields an 

expected transmitted intensity: 

 𝐼(𝜆) = (
𝜋

2𝛩
)

2

𝑠𝑖𝑛2𝛩, (3.3) 

where, 
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𝜋2

4
+ (

𝛤

2
)

2

]

1
2

 . (3.4) 

Substituting the experimental values into Equation (3.3) yields the values shown in Table 3-3. 

From these we can see that in a perfectly twisted configuration, the cells used in our 

experiments should have an optical contrast that is larger than 99% when probed by green and 

blue light, and that is about 98% and 94% at the red and NIR wavelengths, respectively. We 

also want to be able to determine the dynamics of the PAAD alignment process. We first 
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normalize the transmitted intensity data for the cells with respect to planar and twisted 

reference cells. These cells are of the same thickness and fabricated using two PI ALs. The 

transmission I(t) is then modelled using the empirical functional form: 

 𝐼(𝑡) = 𝑏 + 𝛼1𝑒−𝑡 𝜏1⁄ + 𝛼2𝑒−𝑡 𝜏2⁄ . (3.5) 

The parameter b is the asymptotic intensity, I(t → ∞). The optical contrast is the difference 

between the intensities in the twisted and untwisted states. Experimentally this varies slightly 

from step to step, but it is fairly constant after an initial transient, see Figure 3-18(b) and (d). 

There are two time constants, τ1 and τ2 (“fast” and “slow”, respectively). In practice we find 

that with the expanded pump beam a single time constant suffices. Thus, τ1 seems to reflect the 

effect of the joint PAAD-LCs dynamics, while τ2 is a semi-empirical approximation to an average 

of a multiscale relaxation process over different points in the cell, caused by the non-uniform 

intensity of the aligning beam. The link between the time constants and the PAAD and LC 

dynamics, however, remains to be investigated more fully. 

 

Table 3-3: Theoretical transmitted intensity I(λ) for a 

d = 6.5 μm thick E7 layer in a twisted configuration, 

see Equation (3.3). The E7 birefringence data was 

taken from Ref. [56]. 

λ [143] I 

405 0.7% 

532 1.0% 

632.8 2.1% 

808 5.8% 

 

3.4.3 Transmission for multiple probe beam wavelengths in the visible and near-

infrared regimes 

Figure 3-15 and Figure 3-16, shows microscope images of a cell during two cycles of the twist 

and untwist alignments, addressed with green and blue light, respectively. Each image is taken 

at a different point in the cell. Step 1 corresponds to the initial planar state, step 2 to the first 

twisted state, step 3 to the second planar state, and step 4 to the second twisted state. The 
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images are taken with the cell between parallel polarisers; the bright regions correspond to 

the planar state and dark regions to the twisted state. The twisting and untwisting were 

achieved using a single external laser source as described in Section 3.2.3. It can clearly be seen 

that the blue beam provides a better alignment than the green, and that in both cases the 

structures formed are not completely uniform. Moreover, there is a noticeable, although not 

dramatic, change between the initial PAAD alignment through a cycle of realignment and 

subsequent alignment.  

 

Figure 3-18 Results of the single beam experiments. The top and bottom rows correspond to green and 

blue beam illumination respectively; the left column shows the transmitted intensity as a function of 

time over several cycles; the right column shows the normalized asymptotic illumination intensity 

(parameter b in Equation (3.4)) of the twisted and untwisted states in subsequent cycles. 

One can compare this qualitative analysis with the quantitative analysis in Figure 3-18. Figure 

3-18(b) and (d) shows the degree of alignment in these cycles in both the green and blue beam 

cases, respectively. The degree of alignment reached in each step seems to be rather similar, 

but not identical, especially for the first cycle, consistent with the images in Figure 3-15 and 

Figure 3-16. The transmittance of the recovered planar state is up to 70% with green light and 

up to 90% with blue light (in comparison with the reference planar cell). The contrast ratio is 
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approximately 55% and 80%, respectively. I note that the contrast ratio measurement for the 

blue beam may be affected by the normalization procedure I have followed: the PAAD layer 

absorbs part of the blue beam, while its replacement PI layer in the reference cell does not. 

Therefore, the normalized intensity curves in Figure 3-18(c) cannot reach 1 and the contrast 

ratio measured is an underestimate of the “real” ratio.  

A similar picture appears when considering the dynamics, which is presented in Figure 3-18(a) 

and (c) for the green and blue beams, respectively. There seems to be a single initial anomalous 

cycle in which the relaxation process differs from the relaxation processes in subsequent 

cycles. The relaxation processes in the later cycles repeat reproducibly. I can regard the first 

anomalous cycle as a transient. The physics of this transient is not yet understood, although I 

might regard it as being analogous to work-hardening processes in stressed defected alloys. 

Moreover, the relaxation time is much quicker for the blue beam (compare Figure 3-18(a) and 

(c) and see Table 3-4). This is to be expected because the blue beam wavelength lies closer to 

the absorption peak of PAAD-22D. I observed that the same quality of photoalignment could 

not be achieved by illuminating with a green beam even for extended periods of time. Although 

the switching times seem large occurring in several seconds (see Figure 3-18 (a) and (c)), keep 

in mind that the cells are relatively thick, ~12μm and visible pump light lies on the edge of the 

absorption band of PAAD materials. Nevertheless, large switching times may find use in large-

scale applications such as smart windows in trains and buildings.  To summarize, these devices 

are dynamic and switchable with reproducible properties, enabling the control of the 

transmission and polarisation of the probe beam using only an external light source. 

 

Table 3-4: Fitted values of the time constant τ1 for 

three different types of illumination of the PAAD layer. 

PAAD illumination τ1 [s] 

Narrow green, 532 nm 46 

Narrow blue, 405 nm 5.8 

Expanded blue, 405 nm 59 

 

The blue beam provides both faster and better quality photoalignment and was thus used as 

the photoaligning agent in the pump-probe experiments with red (632.8 nm) and NIR (808 

nm) probe beams. Two experiments were carried out, with standard and expanded blue pump 

beams, respectively. The results of this are shown in Figure 3-19. Figure 3-19(a) shows the first 

twisting step and Figure 3-19(b) the subsequent untwisting. The equivalent single green and 

blue beam data are shown for comparison. The NIR data is taken with an expanded blue pump 
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beam, as explained in Section 3.4.1. The pump intensity was consequently much reduced, and 

the NIR relaxation process is much slower.  

 

Figure 3-19 Transmitted intensity against illumination time for a green single beam, blue single beam, 

blue pump and red probe, and an expanded blue pump and NIR probe. (a) Initial twisting step; (b) 

Subsequent untwisting. The experimental error of the normalized intensity is 5%, as discussed in 

Section 3.4.1. 

The final set of experiments used the expanded blue pump beam in the single beam set up. In 

this case, again, the loss of intensity due to the increased beam size resulted in much longer 

realignment times (see Figure 3-20 and Table 3-4). Importantly, though, the expanded single 

blue beam relaxation data could be analysed using only a single exponential, as opposed to the 

two needed for the narrow beam experiments. I thus conclude that the second time constant 

was in fact the result of the difference in intensities, and hence alignment speeds, between the 

inner and outer beam, due to its Gaussian profile.  

The contrast ratio for the red beam is nearly 100% (compare the two red curves in Figure 

3-19). As the red beam twist is driven by a narrow blue pump beam, this indicates that the 

measured contrast ratio of the single blue beam experiment is indeed affected by absorption 

in the PAAD layer, as discussed above in the analysis of Figure 3-15 and Figure 3-16. In the NIR 

beam experiment, the slow time dynamics, and problems in maintaining its stability for such 

long times did not allow us to reach an asymptotic state and measure the contrast ratio.  

The slow dynamics caused by the low intensity of the expanded blue beam has left me with 

two open problems: (i) the NIR and expanded blue beam have different dynamics (compare 

Figure 3-19 and Figure 3-20); (ii) the contrast ratio of the expanded blue beam, see Figure 

3-20(b), is approximately 65%, much lower than the narrow blue beam. Both effects may be 
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due to an interplay between the LC and PAAD dynamics and may also be affected by a poorer 

realignment of the PAAD layer. Both aspects require further study. 

 

Figure 3-20 Transmitted intensity against illumination time for an expanded blue beam (a) Relaxation 

dynamics for the first few twist/untwist cycles. (b) Asymptotic intensities at subsequent twist and 

untwist steps. 

3.5 Conclusions and Future Work 

Work previously carried out on PAAD and other azo-based material systems focused on fixed 

geometries, with UV used to set the alignment [19]. In this thesis, I demonstrated the feasibility 

of using a PAAD-22D photoalignment layer to fabricate a dynamic system capable of forming 

rewritable twisted LC structures. The system is all-optically controlled and uses only visible 

light. There is no requirement for electrodes or an applied field to control the dynamic 

behaviour. In doing so, I was able to create dynamic half-wave plates for efficiently controlling 

the transmission and polarisation of light. The PAAD was addressed with green and blue light, 

with blue proving itself to provide much faster and better-quality alignments. Addressing the 

same point of the cell, the transmitted intensity of the initially planar cell was repeatedly 

recovered to approximately 90% after many twist and untwist steps. I have also demonstrated 

that, with the use of a blue pump beam, the transmission of both red and NIR probe beams can 

be modulated selectively, with greater than 90% efficiency in the case of the red beam. 

However, some questions still remain, concerning the precise physics of the relaxation process, 

the extent of the re-writability, and the anomalous nature of the early cycles of the rewriting 

process. Future work plans include the investigation of PAAD optical axis exploiting the Ray 



Chapter 3 

95 

Iterated Method [140] and the diffraction efficiency of photo-induced gratings (see Section 

7.2.2).
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Liquid Crystal Devices for Manipulating 

Terahertz Radiation 

In this chapter I give an introduction to the subject of THz and LCs. The motivation of this work 

is the lack of devices to control and manipulate the THz radiation which markedly delays the 

improvement of THz technology. This thesis aims to develop new systems for future LC-based 

devices for manipulating THz radiation. LCs were arguably one of the first materials used to 

control visible and infrared light. However, this is not the case with THz range. LCs have low 

optical anisotropy in THz frequencies and their thickness, which must be thinner than several 

hundreds of microns make them impractical as they cannot build the required phase changes 

for the THz wavelength. Here, I present alternative systems where LCs are functionalised to 

enhance their performance characteristics in the THz regime. Basic principles about THz 

radiation and TDS are also included in this chapter. Part of this work has been published as: 

Anomalous resonance frequency shift in LC-loaded THz MM. Perivolari, E.,  Fedotov, V. A., 

Kaczmarek, M, and Apostolopoulos, V.  (2021). arxiv:2106.12346. Experimental data 

characterising the profile of THz beam as well as data obtained from TDS got by me. I 

acknowledge Dr Urszula Chodorow for the data for LC material 1825 [58] (e.g. see 4.5.1, Figure 

4-15 and Figure 4-16), however graphs are created by myself.  

4.1 Introduction 

Over the past thirty years, THz technology has undergone remarkable growth with intense 

interests for applications in time-domain spectroscopy [145], imaging [146], and biomedical 
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[147,148] applications. These applications require a variety of active and passive THz optical 

elements such as polarisers, attenuators, switches, modulators, and phase shifters, which are 

rarely explored up to now [149-154]. The birefringence of LCs is well known and extensively 

utilized in optical systems for control and manipulation of visible, and infrared wave beams. 

Although, LC optical cells are unable to control the intensity of THz radiation, because they 

cannot be thicker than several hundred microns due to the difficulty to control the LC bulk 

alignment of such thickness. They also require bulky magnets [155] or a driving voltage in 

excess of 100 V [156,157]. 

To improve their optical properties, new LC mixtures have been synthesised altering the 

chemical structure of existed and well-known materials to create LCs appropriate to 

manipulate the THz regime [58,158,159]. However, refractive index does not change 

significantly. An intriguing way of improving the performance characteristics of LCs in the THz 

regime has emerged from their integration with semiconducting or MM structures [160-162]. 

Despite that semiconductors have proven to be broadband, these solutions have suffered from 

a number of drawbacks. In particular, semiconductor-based THz modulators have a very small 

active area and are able to modulate transmission by only a few percent and partly require 

cryogenic temperatures [163,164]. On the contrary, when the enhanced light-matter 

interaction of narrowband MM resonances is combined with an optically thin layer of a LC, 

which is too weak to produce any noticeable transmission effect alone, can yield a very efficient 

polarisation control of THz radiation [165,166]. This thesis aims to investigate new THz 

modulators and phase shifters based on active nano-structured plasmonic MM hybridised with 

a LC cell. 

4.2 Terahertz Radiation – Basic Principles 

THz radiation has a wavelength of 30 µm (30 THz) to 3 mm (100 GHz) sitting between 

microwaves and the long wave edge of far-infrared as shown in Figure 4-1, these frequencies 

correspond to energies from 40 meV to 0.4 meV. For many years, this frequency band has been 

remained unexplored. In fact, before the 1970’s THz radiation proved a largely inaccessible 

region between electronic and photonic technologies. The reason for this is that conventional 

electronic oscillator devices could not function efficiently above ∼300 GHz as the devices 

become unresponsive due to transistor performance above the cut-off frequency [167]. 

Semiconductor based optical devices also struggle to function efficiently as the energy band 

gap for THz is small (below 10 meV) compared to the phonon energy of the lattice, and 
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electronic transitions at room temperature cannot be defined [168]. The difficulties in reaching 

this region of the electromagnetic spectrum led scientists to coin the term ‘THz Gap’. 

Though difficult to generate and manipulate, the THz region holds a great deal of interest for 

scientific research and other practical applications. The vibrational and rotational modes of 

many atoms exist within this region and many chemical species have strong, unique absorption 

lines [169]. This has enabled the detection and study of various chemical species, which has 

made the THz region relevant to a wide breadth of scientific fields such as submillimetre 

astronomy [170], atmospheric studies [171,172] and molecular spectroscopy [173,174]. In 

recent decades many THz generation techniques have been explored and developed, 

increasing our understanding and use of these frequencies and gradually bridging the THz gap 

between optics and electronics. 

 

Figure 4-1 Schematic diagram showing the location of the THz region in the electromagnetic spectrum. 

4.2.1 The terahertz history 

THz history starts before the invention of ultrafast optical lasers, where broadband THz 

radiation was primarily generated through thermal sources, such as thermal lamps. These 

sources produce THz radiation as part of their black body spectrum, however, this emission is 

incoherent and suffers from a low signal-to-noise ratio (SNR) [175]. Other sources used for 

accessing the far-infrared spectrum included gyrotrons, klystrons and synchrotrons, which 

were capable of producing megawatts of power up to 300 GHz [176]. The use of molecular 

vapour lasers allowed access to coherent THz sources [177]. Detection was limited to devices 

such as bolometers and Golay cells, which are still used for the detection of continuous-wave 

(CW) THz. Fourier transform spectrometers were also used, however they were found to 

function best for frequencies above 5 THz [178]. 
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A significant milestone for broadband THz generation and detection was demonstrated after 

the development in nonlinear optics and semiconductors in the 1960’s due to the invention of 

the laser. New fields of photonics and optoelectronics were born, and shorter optical pulses 

were created by investigating new mode-locking mechanisms, such as the mode-locked 

Nd:glass laser. It was this laser that was used by Auston  [179] and Lee [180]  in the mid 1970’s 

for optically pumping photoconductive switches on Si and semi-insulating gallium arsenide 

(SI-GaAs). Around the same time two other groups were conducting research towards 

generating far-infrared pulses from nonlinear crystals [181,182]. As laser pulses grew shorter 

photoconductive switches could be activated faster, leading to the generation of 1.6 ps THz 

pulses by Auston et al., in 1984 [183]. The pulses generated were then detected by another 

photoconductive ‘Auston’ switch on the opposite side of a dielectric slab, thus giving birth to 

modern THz science. In the same year Auston investigated nonlinear rectification for 

generating THz [183] and soon after demonstrated its use for spectroscopy [143]. The past 20 

years have seen a significant progress in the THz regime also with the addition of THz quantum 

cascade lasers (QCLs) and frequency combs [184]. 

In the late 1980’s and early 1990’s, many advances took place in the field of THz science. De 

Fonzo demonstrated single cycle THz pulses propagating through air before detection [185]. 

Shortly afterwards van Exter et al. demonstrated a system for pump-probe spectroscopy which 

would become the typical standard for THz spectrometer design [186]. The system, based on 

a synchronous emission and detection scheme, was similar to that shown in Figure 4-2. The 

pulses from an ultrafast laser were split into a pump and probe beam. The pump beam was 

focussed between two electrodes separated by 5 µm fabricated on the surface of a 

semiconductor, acting as an ‘emitter’. An applied bias was used to accelerate the carriers 

generated by the pump pulse, creating a dipole parallel to the material surface which radiates 

on a picosecond time scale [187]. The THz pulse generated is focussed by a sapphire lens onto 

a collimating parabolic mirror. The pulse is then focussed onto a second, unbiased ‘detector’ 

antenna by another parabolic mirror and sapphire lens. The probe pulse from the laser is 

directed onto the ‘detector’ antenna in the same manner as the pump pulse is aligned onto the 

‘emitter’ antenna. The carriers produced by the probe pulse are accelerated by the THz field 

present at that moment. As the laser pulses and carrier lifetimes are much shorter than the THz 

pulse the carriers in the detector antenna see the THz as a DC field. By measuring the current 

produced in the detector antenna it is possible to deduce the strength of the THz field at that 

time. Delaying the optical pulse which excites the THz pulse by way of a mechanical delay line 

allows the THz field variation with time to be measured. Electrically gating the emitter allows 

for a lock-in amplifier to increase the SNR. By applying a Fourier transform onto the data both 

the amplitude and phase information of the pulse can be found. 
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In the succeeding years THz science and technology has developed and matured. The invention 

of the self-mode-locked Ti:sapphire laser in 1991 [184] (which could produce pulses below 

100 fs) helped the spread of THz research. Research continued towards increasing the 

detectable bandwidth range, with Wu et al. demonstrating detection with a flat frequency 

response over an ultrawide bandwidth with nonlinear crystals [188]. The work accomplished 

in these early years led to the development of the THz time domain spectrometer (THz-TDS), 

a system still commonly used for research and commercial purposes. These systems offer a 

high SNR and, as the electric field of the THz pulse is directly measured, can also provide phase 

information which gives THz-TDS a major advantage for spectroscopy. Today THz technology 

is employed in a wide and varied range of fields. 

 

Figure 4-2 THz-TDS setup incorporating PC antennas for both emitter and detector. A femtosecond laser 

beam is split into pump and probe beams. The pump beam travels via an optical delay line before exciting 

THz radiation in the emitter. In this example the emitter is electrically modulated by an external power 

supply. The THz field is collimated by a parabolic mirror before being focussed onto the detector by a 

second parabolic mirror. The probe beam excites carriers within the detector which are accelerated by 

the instantaneous THz field. The current generated by this is detected by a lock-in amplifier. 

4.2.2 Applications 

THz radiation finds uses in applications ranging from security screening and spectroscopy, to 

medicine and art conservation due to its unique properties.  Many materials that are opaque 

at visible frequencies are transparent in the THz region, such as plastics, ceramics, clothing, 
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and paper [24]. In the case of dielectrics, absorption is dominated by optical phonons with 

energies above that of THz radiation [175].  

Unlike X-Rays, THz radiation is non-ionising and does not damage DNA. This makes it useful as 

imaging technique for biological and medical applications. In fact, THz imaging has been used 

for the in–vivo study of human skin tissue, obtaining tomographic information and mapping 

the hydration content of the samples [189]. Reflection scans of human skin have shown it is 

possible to differentiate between scar tissue, healthy and diseased skin, allowing detection of 

the spread of skin cancers [190]. The use of THz in 3D dental imaging has also been studied 

[191]. This allows the measurement of enamel thickness on teeth and the identification of 

subsurface features. This method is non-destructive and negates the need for invasive drilling 

or the health risks associated with dental X-rays.  

The low absorption of several materials to THz makes it ideal for security applications. THz 

radiation can be safely used in airports and public spaces for scanning due to its non-ionising 

nature. There are now mm-wave full body scanners installed in some airports for detecting 

weapons and illicit materials, but these devices have raised concerns about privacy [192]. 

Further, THz has proved a useful tool even in the art world for the process of restoration. Many 

tools such as X-Ray fluorescence, IR spectroscopy and photographic examinations have been 

used to study paintings but either prove to be limited in detail or potentially damaging [193]. 

THz radiation has been demonstrated as a non-destructive method [194], able to reveal details 

about the paint layers, materials and can even be used for tomography of the painting through 

raster scanning. As canvas was expensive artists would often paint over previous or unfinished 

work to save money. Hidden paintings can be revealed by THz scanning techniques, as well as 

damage and forgeries [195]. 

Finally, the characterisation of an impressive range of materials in the THz regime has been an 

important component in the rapid development of THz technologies. Materials, such as LCs 

[196], nanocomposites [197], MMs [198] have been characterised in THz regime and should 

promise for THz devices for controlling and manipulating THz radiation, such as phase shifters 

and THz modulators. 

4.3 Terahertz-Time Domain Spectroscopy 

A milestone for THz science was the demonstration of the generation of freely propagating 

broadband, single cycle pulses from photoconductive antenna (PCA) by D. H. Auston et al. [183] 
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in 1984. These sources directly led to the application of THz-TDS. THz-TDS generates 

broadband THz radiation in the form of a THz pulse, it also measures the time dependent 

electric field of the THz pulse. If the THz pulse is incident on a material, then that material will 

modify the time dependent electric field of the THz pulse according to its optical constants in 

the THz region. Material parameter extraction is a method of determining the optical constants 

of the material from its modification to the THz electric field recorded by a THz-TDS. 

THz-TDS employs a synchronous detection scheme resembling a pump-probe setup with 

inherent high SNR which allows for accurate measurements. As the electric field is directly 

measured within THz-TDS it is not only possible to measure the amplitude information but 

also the phase which gives it a major advantage over other spectroscopy systems. THz emitters 

used in THz-TDS can be broadly divided into two classes. Those based on non-linear frequency 

conversion of a femtosecond laser spectrum to the THz frequency range and those based on 

semiconductor photoconductivity. In this thesis, for the generation and detection of THz 

radiation the latter technique is used. 

 

Figure 4-3 Schematic representation of a custom THz-TDS setup. An 800 nm Ti:Sapphire fs laser (60 fs, 

80 MHz repetition rate) is used to generate THz pulses of about 1-2 ps. THz-TDS utilizes a synchronous 

detection method resembling a pump-probe setup with inherent high signal to noise ratio which allows 

accurate measurements. Briefly, the beam is split into two beams with a beam splitter. One beam is sent 

to the THz emitter (GaAs photoconductive antenna, PCA), where the THz pulse is generated. The THz 

pulse illuminates the sample with aid of a four-lens system and then is collected by the detector. The 

other beam (60 fs) passes through a delay line and hits detector, where it gates it, and the detector is 

activated. Now by varying the delay line, the short 60 fs pulse can resolve in time the longer generated 

THz pulse (1-2 ps). 
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Figure  illustrates a schematic of the THz-TDS setup mainly used during this thesis. Briefly, I 

used a custom THz-TDS system based on a Ti:Sapphire near-IR, 60 fs laser with GaAs 

photoconductive (PCA) emitter and detector [199-201]. The beam of the ultrafast femtosecond 

laser is split into two beams with a beam splitter. The one beam is sent to the THz emitter, 

where the THz pulse is generated. The THz pulse then propagates through the four system 

lenses to the detector, which we use to collimate and focus the beam. These lenses are the so-

called Tsurupica lenses, which are transparent in the THz and optical regime with similar 

refractive indices. The other beam is sent to the detector, where it gates it, and the detector is 

activated and can record the THz electric field at a small point in time relative to the length of 

THz pulse. Thus, the delay stage is used to change the optical length between the beam splitter 

and the detector (either increase it or decrease it). Thereafter, the THz electric field can be 

mapped out in time by the detector. The emitter is optically (by chopper) modulated, and a 

lock-in amplifier is used for the detection of the THz electric field, which is increasing the SNR. 

With a Fourier transform the information of the phase and the amplitude can be determined. 

For spectroscopy applications the sample is placed within the THz beam path (among the four 

lenses) and a trace of the THz electric field is measured. This measurement is compared with 

a reference scan made without any sample present allowing for both amplitude and phase 

information of the materials transfer function to be measured using algorithms that model the 

system [202]. THz-TDS have been widely used for determining the complex refractive indices 

of materials and calculating the dispersion and the absorption of different materials in the THz 

regime [203,204]. 

4.3.1 Generation and detection of terahertz pulses 

In THz-TDS the most commonly used emitters and detectors consist of a photoconductive 

semiconductor (PCS) and two electrodes with some m gap in the middle [183,200,201]. 

Semiconductors such as GaAs (gallium arsenide) have been used for photoconductive THz 

generation and detection [205]. These antennas usually have a bandwidth spanning from 100 

GHz to 2-3 THz in transmission mode as GaAs absorbs above 3 THz [205]. 

A schematic of a PCA is shown in Figure 4-4, it consists of a photoconductive semiconductor 

with a gold structure deposited on the top to form the antenna. The semiconductor is excited 

by an optical pulse which is focused between the antenna gap to produce carriers. A titanium 

sapphire (Ti:S) ultrafast laser is usually used to excite carriers across the band-gap of GaAs. 

The ultrafast Ti-Sapphire pulse (800 nm), which must be focused on the semiconductor gap, is 

suitable with the band-gap of GaAs (870 nm) for the generation of THz pulse. 
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Figure 4-4 An illustration of a typical photoconductive antenna (PCA). The incident laser pulse excites 

carriers which are accelerated by the bias voltage to generate a photocurrent. The red dot is the focused 

laser beam between the two biased antenna structures fabricated on a semiconductor material (GaAs) 

with a band-gap that matches the energy of the laser. The resulting charge separation causes dipole 

emission of THz frequencies. 

The carriers are accelerated by an electric field which is provided by a bias voltage. For 

emission an electric field in the region of 100 kV cm−1 is applied to the electrodes across the 

antenna gap. The production and acceleration of the carriers within the semiconductor creates 

a rising photocurrent which decays after some time due to the recombination of the electrons 

with the holes. The rise and fall of the photocurrent produce a time varying electric dipole 

which radiates a broadband THz pulse. 

For the detection of THz radiation GaAs PCA is used, similarly to the one used as emitter. In 

principle the photoconductive detection is the reverse of the generation method [206]. The 

antenna is now unbiased and illuminated from the laser pulse which generates the 

photocarriers. These photocarriers are then accelerated by the incident THz electric field. The 

produced current can be measured across the antennas gap by a lock-in amplifier and is 

proportional to the strength of the THz electric field. Because the carrier lifetime and the laser 

pulse length are shorter than the THz pulse, the carriers see the THz field as a DC electric field. 

Therefore, by varying the delay path between the THz and optical pulses the variation of the 

THz field can be mapped out in time. The resulting pulse is the convolution of the THz electric 

field and the time dependent conductivity of the PCA detector. 
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4.4 Terahertz Time Domain Scans 

In THz-TDS time dependent measurements both the amplitude and phase of the THz electric 

field are recorded using our custom THz-TDS shown in Figure 4-3. Should a material be present 

in the THz beam path the THz electric field will be modified due to the dielectric properties of 

the material. This allows the determination of optical properties for a material over the THz 

bandwidth. Figure 4-5 shows two time dependent measurements of the THz electric field. The 

reference scan in black is a time domain scan for the electric field of a THz pulse passing 

through air and the sample scan in red is a time domain scan for the electric field of a THz pulse 

passing through a 1.17 mm fused silica sample. 

 

Figure 4-5 Time domain scans of the THz electric field of a 1.17 mm fused silica sample (red) and 

reference air scan (black) taken using our custom THz-TDS. 

By comparing the differences between the sample (i.e., silica) and reference (i.e., air) scans, it 

is possible to determine information about the sample such as the refractive index. This can be 

determined by the time difference (Δt) between the main pulse in the reference and the sample 

scan as follows: 

 𝑛𝑎 = 1 +
𝑐𝛥𝑡

𝑑
, (4.1) 



Chapter 4 

107 

where d is the sample thickness and c is the speed of light in vacuum. The time difference is 

proportional to the sample’s thickness. Here, the sample pulse is delayed by 7 ps with respect 

to the reference pulse and the amplitude of the main pulse is reduced as THz partially absorbed 

by the material. Ideally, we neglect the reflection pulses which follow the main ones, to avoid 

having oscillations in the THz scans as they complicate the data analysis. For this I use a double 

exponential window function to truncate experimental data. The window function starts after 

the main THz pulse to remove reflections as depicted in Figure 4-6. After the window function, 

the data is replaced with zeros, and the original data length is kept because consistent 

frequency resolution between scans is important to divide the two scans.  

 

Figure 4-6 Time domain scan of the THz electric field of the 1.17 mm fused silica  sample. Black colour 

stands for the initial pulses, dashed blue for the window function, and red for the resulting pulses after 

windowing. 

The etalon effect of the sample has been demonstrated as a method for frequency calibration 

of THz-TDS [89] by comparing the transmission spectra of thin sample with a Fabry-Perot 

etalon model. It is crucial for the accuracy of our results to reduce the oscillations of the etalon 

effect of the experimental data, caused by the etalon effect. This way it will be easier to observe 

the absorption peaks and dips of the amplitude. Oscillations in the frequency domain can be 

given by:  
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 𝛥𝑓 =
𝑐

2𝑛𝑎𝑑
 (4.2) 

where c is the speed of light in a vacuum, 𝑛𝑎 is the refractive index of the etalon and d is the 

etalon thickness. For an etalon with average refractive index of 2.0 (quartz) [207], thickness 

1.17 mm, the free spectral range is 64 GHz which is the same frequency as the oscillations 

observed in Figure 4-8. 

Thereafter, the amplitude and the phase of the spectra is found by first taking the Fourier 

transform of the individual THz scans and then taking the natural logarithm of the Fourier 

transforms, which separates the amplitude and phase of the spectra into real and imaginary 

components. The amplitude and phase of the spectra are shown in Figure 4-9 and Figure 4-10 

respectively.  

 

 

Figure 4-7 THz electric field of a 1.17 mm silica sample (red) and a reference air scan (black) after 

windowing. 
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Figure 4-8 THz spectra of a reference, air (black) and a sample, silica before (blue) and after (red) 

windowing.  

 

Figure 4-9 THz spectra of a reference, silica (black) and a sample, metallic resonator (red). 

In the transmitted frequency there are peaks and dips in the amplitude which indicate 

absorption within the system. To observe visually these changes in absorption it is more 
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practical to normalise the sample’s amplitude with respect to the reference. Although, silica 

does not exhibit any resonances in the frequency range of the spectrometer to observe and 

hence Figure 4-9 and Figure 4-10 present the results of a resonator, i.e., sample, and silica is 

used as a reference. Finally, by dividing the amplitude of the reference from the sample and by 

subtracting the phase information about transmission and phase can be extracted (see Figure 

4-11). This is a standard analysis process I used to obtain THz properties. 

 

Figure 4-10 Phase of a reference, silica (black) and a sample, metallic resonator (red). 

 

Figure 4-11 Normalised THz spectra of the sample i.e. metallic resonator. Transmission (left) and phase 

(right). 
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4.4.1 Terahertz spot size 

The knife-edge experiment is a measurement of the waist of a laser beam near the focus of a 

lens. In particular, this technique is a beam profiling method that allows for quick, inexpensive, 

and accurate determination of beam parameters. Briefly, a knife-edge moves perpendicular to 

the direction of propagation of the laser beam, and the total transmitted power is measured as 

a function of the knife-edge position [208]. A schematic of the experimental setup is shown in  

Figure 4-12. 

 

Figure 4-12 Knife-edge experiment: The THz pulse is generated with the aid of GaAs photoconductive 

antenna, PCA, and then propagate through a four-lens system collected by the detector. Knife edge 

measurements are made along the THz beam at the focal point by varying the position of the knife edge.  

To define the beam profile, multiple time dependent measurements of the THz-TDS took place 

(see Figure 4-13). Knife edge measurements were made at 3 mm intervals along the THz beam 

among the Tsurupica lenses using a blade mounted on an x-y translation stage. The transmitted 

THz amplitude was read from a lock-in amplifier and the position of the knife edge was 

recorded from the x-y stage. 

The normalised transmitted power as measured during one knife-edge scan in the x direction 

is presented in Figure 4-14. The experimental data appear in the red dash dot line while the fit 

in the black solid line. When the knife-edge located at 0 mm, is where I cut the power in half, 

which means I reached the centre of the beam. As a consequence, this is the exact position I 

should locate my sample in order to achieve the higher response. To fit the data, I used the 

following expression [209]: 

 𝑃 = 𝑃0 +
𝑃𝑚𝑎𝑥

2
 𝑒𝑟𝑓 (

√2(𝑥 − 𝑥0)

𝑤
 ) (4.3) 
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where P0, is the background power, P𝑚𝑎𝑥, the maximum power, x0 the centre position of the 

Gaussian intensity profile, and 𝑒𝑟𝑓 is a standard error function. The beam radius w, is obtained 

by the fitting procedure at 5.1 mm, precisely.  

 

Figure 4-13 Time scan of detected THz signal as a function of knife edge position. Black colour stands for 

knife edge blocking completely the THz signal. 

 

Figure 4-14 Knife-edge profile of the focused THz beam against the knife edge position: experiment 

(dash dot red line) and fit according to the expression of P (solid black line). 
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4.5 Terahertz Properties of Nematic Liquid Crystals 

In recent decades, THz applications ranging from spectroscopy of chemicals and explosives to 

bio-medical imaging of breast cancer and skin diseases have been explored [210-212]. For 

these and other applications using THz waves, optical devices such as waveplates and 

polarisers are essential components. LCs have been studied for various applications at visible 

frequencies, such as displays, tunable optical elements, communications, signal processing and 

beam steering, because they typically have large birefringence, and the orientation of the LCs 

can be externally controlled by electric or magnetic devices. LCs also provide an attractive 

option for optical devices at THz frequencies: phase shifters, Fabry-Perot filters, polarisers, 

phase gratings, Bragg switches and tunable MMs have already been demonstrated and 

proposed [213-217]. However, the practical implementation of these devices is hampered by 

the relationships between birefringence, thickness and LC switching time. For example, the 

performance of a phase shifter is determined by the following equation relating the phase (δ) 

to the thickness (d) and birefringence (∆n) of the LC for a particular wavelength (λ): 

 𝛿 = 2𝜋 ⋅ 𝛥𝑛 ⋅ 𝑑/𝜆 (4.4) 

Therefore, a phase shift of π at 1 THz (λ = 0.3 mm) for a typical birefringence of 0.15 would 

require an LC layer 1 mm thick (see Table 4-1). In comparison, the same phase shift at visible 

frequencies (e.g. green light at 550 nm) requires an LC layer only 1.8 µm thick. As a result, the 

absorption of the LC at THz frequencies becomes an important consideration. Furthermore, 

the response times increase with increasing thickness, such that the turn-on (τon) and turn-off 

(τoff) times are given by the following equations [71,218,219]: 

 𝜏𝑜𝑓𝑓 = 𝛾1𝑑2/𝐾𝑥𝜋2 (4.5) 

 
𝜏𝑜𝑛 = 𝜏𝑜𝑓𝑓/|(𝑉/𝑉𝑡ℎ)2 − 1| (4.6) 

 
𝑉𝑡ℎ = (𝐾𝑥/𝜀0𝛥𝜀)1/2 

(4.7) 

where ∆ε and V are the dielectric anisotropy of the LC mixture and the switching bias voltage 

of the cell respectively, γ1 is the rotational viscosity and Kx is the appropriate expression for the 

elastic constant of the LC mixture, which is dependent upon the alignment of the LC cell. Vth 

(see Equation (1.15)) is known as the threshold voltage of the LC cell. Given the squared 
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dependency on thickness for both turn-on and turn-off times, fast devices at THz frequencies 

will require relatively high birefringence materials. Whilst the birefringence of LC mixtures is 

well documented at visible frequencies, very little is known about their properties in other 

frequency regions, including at THz frequencies. In order to develop fast and efficient optical 

devices based on LCs, it is essential to understand their optical and mechanical properties as 

the ordinary and extraordinary refractive indices, no and ne, and viscosity. 

4.5.1 High-birefringence nematic  liquid crystal mixtures for terahertz 

applications 

Optical anisotropy, namely birefringence imposed by the commercial LCs [58,220] is not 

sufficient for THz frequencies as discussed previously in Section 4.5. Here, I discuss the 

endeavours from many research groups to overcome these limitations by exploring novel high-

birefringence nematic LCs suitable for THz applications.  

 

Table 4-1: Comparison of the THz properties of E7 

 Group (year) 
Frequency, 

THz 
ne no αe , cm-1 αo , cm-1 

E7 

Jewell et al 2008 [216] 0.2-1.2 1.76 1.61 1.7 2.6 

Yang et al 2010 [221] 0.3-2.0 1.70 1.57 5.0 15.6 

Park et al 2012 [158] 0.2-2.0 1.74 1.59 4.2 14.3 

 

Briefly, LC materials containing unsubstituted cyclohexylbenzene and bicyclohexyl benzene 

isothiocyanates, biphenyl-, fluoro-substituted terphenyl-, tolane- and phenyl-tolane 

isothiocyanates LCline compounds were investigated due to their high-birefringence, high 

polarity, and low viscosity [222,223]. By combining several components one can control the 

properties of resulting liquid crystalline mixtures, such as birefringence, viscosity, refractivity 

indices, dielectric permittivity, and elastic constants in accordance with requirements for 

various display and non-display applications. In order to determine the material properties of 

LCs THz-TDS is used. These measurements can determine parameters, such as refractive 

indices, birefringence, or absorption. LC E7 is among the first commercial nematic materials 

examined in the THz region [221] (see Table 4-1 and Table 4-2).  
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Table 4-2: E7 parameters and τon at 1 THz (accuracy:+/− 5%) 

 γ1, mPa⋅s Δε K11, pN K22, pN τon  at 1 THz, s 

E7 282.8 [224] 13.8 11.1 17.1 2.36 

 

Investigated nematic LC mixtures: 1870, 1852A, 1867, and 1825 are new materials and were 

synthesized in the Institute of Chemistry in the Military University of Technology (PL) [58]. 

The measurements were made at room temperature to obtain THz material properties such as 

refractive indices and absorption coefficients. Investigated materials have wide temperature 

range of nematic LC phase. In this thesis, I have exploited the LC mixture 1825 with the 

transition from nematic to isotropic phase proceeded at 136.0 °C. The specific material 

processes the largest birefringence (0.4) in the THz range of 0.2 – 3.0 THz compared to the 

other LC mixtures [58]. In fact, at 1.5 THz the extraordinary and ordinary refractive indices are 

1.951 and 1.574, accordingly.  

 

Figure 4-15 Absorption coefficients for ordinary (o) and extraordinary (e) ray of the highly birefringent 

LC mixture 1825 [58]. 



Chapter 4  

116 

 

Figure 4-16 Extinction coefficients for ordinary (o) and extraordinary (e) ray of the highly birefringent 

LC mixture 1825 [58]. 

In addition, the absorption coefficients are presented in Figure 4-15, as obtained by [58]. 

Thereafter, by following the progressive wave equation of a plane wave of frequency (f) 

propagating through a solid with velocity (v) in a direction defined by (x), the electric field (E) 

is described as: 

 𝐸 = 𝐸0𝑒𝑥𝑝{𝑖2𝜋𝑓[𝑡 − (𝑥/𝑣)]} (4.8) 

where, 𝐸0 is the incident electric field vector and {𝑖2𝜋𝑓[𝑡 − (𝑥/𝑣)]} is the displacement at time 

t after a disturbance, created by the electric field at a point situated at x along the line of 

propagation. Since the velocity of propagation through the solid of complex refractive index neff 

= n - ik is related to the speed of light in a vacuum by v = c/ neff, then: 

 
1

𝑣
=

𝑛

𝑐
−

𝑖𝑘

𝑐
 (4.9) 

Therefore, substituting 1/v into Equation (4.8): 

 𝐸 = 𝐸0𝑒𝑥𝑝(𝑖2𝜋𝑓)𝑒𝑥𝑝 (
−𝑖2𝜋𝑥𝑛

𝑐
) 𝑒𝑥𝑝 (

−𝑖2𝜋𝑓𝑘𝑥

𝑐
) (4.10) 
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where, (
−𝑖2𝜋𝑓𝑘𝑥

𝑐
) is a measure of the damping factor, or extinction coefficient (k). As the power 

(P) or intensity of an incident wave through a solid is the conductivity (σ) of the solid multiplied 

by the square of the electric field vector (P=σE2), then using the damping factor term, the 

fraction of the incident power that has propagated from position (o) to a distance (x) through 

the material with conductivity (σ) is given by: 

 
𝑃(𝑥)

𝑃(0)
=

𝜎𝛦2(𝑥)

𝜎𝛦2(0)
= 𝑒𝑥𝑝 (

−4𝜋𝑓𝑘𝑥

𝑐
) (4.11) 

from which the absorption coefficient (α) can be expressed in terms of the extinction 

coefficient (k) as: 

 𝛼 =
4𝜋𝑓𝑘

𝑐
 (4.12) 

As the velocity of light in a vacuum, c = fλ, then α = 4πk/λ, and the power or intensity is P = 

Poexp-ax. This equation is known as Bouguer's law or Lambert's law of absorption, by which 

radiation is absorbed to an extent that depends on the wavelength of the radiation and the 

thickness and nature of the medium. Reflecting on the absorption coefficient measurements, 

we calculated the extinction coefficient (k) and present the data for LC 1825 in Figure 4-16. 

Evidently the material’s losses are negligible indicating an efficient performance in THz. 

Further, material’s parameters such as elastic constants and viscosity are also presented as 

determined by [58] 

 

Table 4-3: Material parameters of 1825 mixture at 25 °C. 

 T [°C] 

N→I 

T [°C] 

C→N 

Δε Κ11 

[pN] 

Κ22 

[pN] 

Κ33 

[pN] 

ΚTN 

[pN] 

Γ 

[mPa s] 

γ 

[mPa s] 

1825 136 -12 17.0 12.5 7.4 32.1 16.8 31 284 

 

Following the optical and physical parameters of LC 1825, we can calculate the threshold 

voltage capable of switching homogeneously aligned nematic LCs (Fréedericksz transition) by 

Equations (1.14) and (1.15). Given the data from Table 4-3 we calculate,  
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 𝑉𝑡ℎ = 𝑉𝐹 = √
𝜋2𝐾11

𝜀0𝛥𝜀
= 0.9 𝑉 (4.13) 

4.5.2 Evaluating liquid crystal properties for manipulating the terahertz regime 

Alternative methods to increase the birefringence of the LC materials without changing their 

chemical structure are discussed in this section.  

 

Figure 4-17 Ordinary (no) extraordinary (ne) refractive indices and birefringence (∆n) of E7 and 

suspension of E7 and BaTiO3 NPs provided by [159]. 

It has been already reported that in the optical spectrum a hybrid LC and nanoparticle (NP) 

mixture, with a low concentration of ferroelectric NPs, can improve the birefringence of the 

material and decrease the Fréedericksz transition threshold voltage [77,79]. Doping of the LC 

with NPs, with size between 10-100 nm, can lead to significant increase of the dielectric 

anisotropy and of the birefringence of the suspension without disturbing the LC alignment at 

expense of higher losses though. The enhancement of LC parameters is caused by the 

ferroelectricity of NPs, which produces large dipole moments, and thus large electric fields 

between the NPs. As an example, Figure 4-17 presents the refractive indices and birefringence 

for the commercial nematic LC E7 doped with BaTiO3 NPs between 0.3 to 3 THz. The hybrid 

mixture shows an increase of up to 10% in birefringence in comparison with the pure E7. 
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Therefore, enhanced birefringence can be observed without synthesis of new LC mixtures 

capable of manipulating the THz regime.  

 

Figure 4-18 (a) Refractive index of LC material for different temperatures. (b) Temperature dependence 

of the average refractive index of LC material at 1 THz frequency. The phase transitions between the 

different LC phases are indicated in the graph. Provided by [225]. 

Increase of the refractive index of LC materials in the THz regime has also been reported upon 

variation of the temperature [225]. In fact, it is shown that phase transitions (i.e., from nematic 

to isotropic) that are correlated with structural ordering at different dimensions clearly reflect 

in the THz refractive index. There, the optical properties such as refractive index and 

birefringence, and also the dielectric permittivity are very sensitive to phase transitions and 

hence depend on temperature. This effect is investigated at THz frequencies using THz-TDS. 

From Figure 4-18 (a), it can be clearly seen that refractive index of LC material varies with 

temperature. Nevertheless, for all temperatures the refractive index does not vary significantly 

over the frequency range considered but shows a rather flat dependence.  

Further, Figure 4-18 (b) depicts n at 1 THz as a function of temperature passing through all the 

LC phases from the isotropic liquid to the crystalline state. One can clearly observe 

pretransition effects in the isotropic phase between 160 and 140 °C, due to increased 

orientational and positional fluctuations. 

Despite the proven advantage of hybrid LC structures, these solutions suffer from a number of 

drawbacks. In particular, refractive index does not change significantly in order to manipulate 

THz light when in a relatively thin layer. Conventionally, new technologies impose compact, 

thin devices of few μm which seems unrealistic here. Accordingly, variation of temperature 

limits the range of applications and complicates the alignment of LC molecules. Among to the 

mainstream solutions, room temperature LC phase shifters have also been demonstrated. The 
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phase shift is achieved by electrically or magnetically controlling of the effective refractive 

index of LC layer, as depicted in Figure 4-19 (a) [226]. The magnetic field aligned the LC for a 

cell as thick as 1.5 mm, while the electric field with driving voltage of 100V aligned a nematic 

LC E7 of 1.83 mm (see Figure 4-19  (b, c)) [157].  Great attention has been further attracted by 

sub-wavelength metal grating that acts as both transparent electrodes and a built-in THz 

polariser to control the input waves’ polarisation. In fact, a highly-compact self-polarising 

phase shifter is demonstrated by electrically tuning the effective birefringence of a nematic LC 

cell. Metal grating polarisers ensure a good polarising efficiency in the range of 0.2 to 2 THz 

and a phase shift of more than π/3 is achieved in a 256 μm-thick cell (see Figure 4-19 (d, e)) 

[156]. 

 

Figure 4-19 (a) Schematic diagram of the (a) magnetically [226] and (b) the electrically THz phase shifter 

using a LC cell [157]. (c) Temporal waveforms of the THz pulse transmitted through the empty and LC 

cell at various applied voltages [157]. (d)  Schematic drawing of a self-polarising THz LC component 

[156]. (e) Time-domain spectra of the empty cell and the LC-filled cell when applied no voltage and three 

specific voltages [156]. 
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4.6 Liquid Crystal-Metamaterials Integrated Devices for Efficient 

Control of Terahertz Radiation 

Engineering artificial materials, the so-called MMs [227], are becoming one of the mainstream 

solutions for the THz technology [228-230]. Electromagnetic MMs have advanced rapidly and 

had a major impact in technologies spanning from RF and microwave technologies to 

photonics and nanophotonics [231].  

 

Figure 4-20 Comparing the transmission spectra of a gold mirror versus a gold MM. Mirror gives zero 

transmission, diffracting the incident light, whereas MM shows a homogenous response absorbing at a 

specific frequency. MMs derive enhanced properties different from its constituent materials and often 

going beyond the range of properties available in natural materials. 

In principle, MMs represent a special class of low-dimensional artificial photonic media—

periodically structured metallic surfaces and thin films that can transmit, reflect, and absorb 

light with no diffraction. They derive novel or enhanced properties from structuring on the 

sub-wavelength scale. Thus, MMs show a homogenous response, different from its constituent 

materials and often going beyond the range of properties available in natural materials (see 

Figure 4-20). Its name is derived from the Greek word μετά = meta, meaning “beyond”, i.e., 

beyond-materials. The MMs concept not only has brought to life such exotic optical effects as 

artificial magnetism [232,233], negative refraction [234], and cloaking [235], but also enabled 

dramatic enhancement of light-matter interaction leading to amplified absorption [236], 

asymmetric transmission [236], giant polarisation rotation [237], and slow light [238,239]. 
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Figure 4-21 (a) Schematic and microscope images of fish-scale planar MM used in [165]. (b) 

Transmission spectra for both empty and LC-loaded MMs [165]. (c) An artistic impression of a spatial 

phase modulator [240]. (d) The geometry of the COMSOL model used for simulating the operation of the 

spatial phase modulator [240]. (e) Simulated (solid lines) and measured (dashed lines) transmittance 

spectra of the spatial phase modulator presented for two limiting cases of LC uniform alignment 

corresponding to planar/ 0 V (blue) and homeotropic/ 20 V (red) [240]. (f) An optical microscope image 

of the fabricated spatial phase modulator designed to operate at a frequency of 0.8 THz [240]. 

The key to the enhanced light-matter interaction in MMs is a narrowband resonant response, 

which can be engineered in metallic MMs at virtually any frequency within the THz band taking 

the advantage of very large dielectric constants of metals. Although the frequencies of MM 

resonances are determined by the structure of MMs and, therefore, are fixed by the design, they 

can be tuned with the help of functional materials integrated into the fabric of MMs. Nematic 

LCs were arguably the first functional media successfully exploited for active control of MMs 

[241,242], offering an easy-to-implement control mechanism based on reversible refractive 

index change [6].  

LC-loaded MMs have since become a very popular and well-researched artificial material 

system with many applications across the electromagnetic spectrum, and in particular, in the 

THz domain [161,243-249]. For example, efficient active control of THz radiation has been 

demonstrated by Buchnev et al, [165], by using an actively controlled large-area planar MM 

(metafilm) hybridized with a 12 μm thick layer of a LC (see Figure 4-21 (a)). Active control was 

introduced through in-plane electrical switching of the LC, which enabled to achieve a 

reversible single-pass absolute transmission change of 20% and a phase change of 40° at only 
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20 V, as shown in Figure 4-21 (b). Further, the concept of  a spatial phase modulator for 

correcting THz wavefronts in transmission has been introduced by Fedotov et al. [240]. It 

exploited a combination of resonant planar MMs and ultra-thin LC layers, as depicted in Figure 

4-21 (c). With a LC thickness of 12 μm the suggested spatial light modulator is capable of 

changing the phase of transmitted THz wavefronts by applying a driving voltage of ~20 V (see 

Figure 4-21(c)).  

 

Figure 4-22 (a) Schematic layout and geometrical parameter definition of the proposed LC-tunable 

fishnet THz MM [150]. (b) Reflectance, transmittance, and absorption spectra of the investigated LC-

tunable THz fishnet MM characterized by W=110μm and w=40μm, for the limiting LC alignment 

configurations, namely along the (top panel) x− and (bottom panel) z−axis [150]. 

Similarly, tunable THz fishnet MMs based on thin nematic LCs have been demonstrated by 

Zografopoulos et al. [150]. There, a nematic LC layer is introduced between two fishnet metallic 

structures, forming a voltage-controlled MM cavity, as illustrated in Figure 4-22 (a). Tuning of 

the nematic molecular orientation is shown to shift the magnetic resonance frequency of the 

MM and its overall electromagnetic response. A shift higher than 150GHz is predicted for 

common dielectric and liquid crystalline materials used in THz technology and for low applied 

voltage values. In fact, 10 V were used to switch the nematic LC and tune the magnetic 

resonance of MMs in the THz range (see Figure 4-22 (b)).  

Although LCs behave well in the THz frequency range when integrated with plasmonic MMs, 

they still need externally applied electric field and driving voltage and, hence they pose a 

considerable technological challenge. In this thesis, we aim to investigate LC-loaded THz MM 

devices which exploit the enhanced localized electric field derived from MMs instead of 

external electric or magnetic field, to tune the molecular orientation of LCs. For this we used 

planar MMs with asymmetric structural elements that offer narrow transmission in the THz 
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regime. The appearance of such narrow resonances is attributed to the excitation of, otherwise 

inaccessible, symmetric current modes (‘‘trapped modes’’), through weak free-space coupling, 

which is provided by the structural symmetry breaking. These asymmetric MMs had enabled 

in the past the engineering of high-Q Fano resonances [238] and served as a building block for 

one of the first MM-based sensing platforms [250].  

4.7 Summary 

This Chapter described an intriguing way of improving the performance of LCs in the THz 

regime. LCs, which are too weak to produce any noticeable transmission effect alone can yield 

to a very efficient radiation control mechanism when combined with the strong resonant 

response of a THz planar MM. The suggested LC-loaded MM hybrid enables the control of both 

intensity and phase of transmitted THz radiation. However, the mainstream solutions suffer 

from several drawbacks, such as the incorporation of electrodes and driving voltage, or bulky 

magnets, or temperature, to control the birefringence of LC and hence tune the narrowband 

resonant response of MMs throughout the electromagnetic spectrum. This a considerable 

technological challenge, since new applications impose compact, and thin devices with the less 

possible complexity in their systems and experimental setups. All-optical control of LCs 

exploiting the THz itself is one of the main challenges nowadays. Enhanced localization of THz 

electric field in the vicinity of MMs may drive LC molecules and thus control their optical 

properties without the need of external stimulus. 
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Liquid Crystal-Loaded Metamaterials 

for Enhanced Light-Matter Interactions 

in The Terahertz Regime 

In this chapter I show that hybrid LC MM devices still hold surprising and unexplored effects. 

In particular, I report that THz metallic MMs with Babinet complementary patterns do not 

necessarily exhibit the same frequency tuning range when integrated with a nematic LC. I also 

show that the extent of the difference is controlled by two opposing effects: (i) mismatch 

between LC alignment and the direction of local electric fields induced in the MMs, and (ii) 

orientational (Kerr) optical nonlinearity of nematic LCs. Integration of nematic LCs with 

metallic MMs enables the enhancement of such nonlinearity to the level that it can be engaged 

using low-intensity experiments in the THz domain. Part of this work has been published as: 

Anomalous resonance frequency shift in LC-loaded THz metamaterials. Perivolari, E.,  

Fedotov, V. A., Kaczmarek, M, and Apostolopoulos, V. (2021). arxiv:2106.12346. The 

fabrication of MMs, their integration with LC cells, along with measurements and modelling 

were done entirely by myself. I acknowledge Dr Vassili Fedotov for the design of MMs. Other 

co-authors contributed with advice and/or to supervision and writing of the article.  

5.1 Fabrication Liquid Crystal-Loaded Metamaterial Cells 

The design of MMs we chose for this study is based on a D-shaped metamolecule (see Figure 

5-1) – a derivative of the asymmetrically-split ring resonator, which in the past had enabled 
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the engineering of high-Q Fano resonances in MMs [238] and served as a building block for one 

of the first MM-based sensing platforms [250]. Briefly, this new type of MMs composed of 

asymmetrical designs exhibit unusually strong high-Q resonances and provided for extremely 

narrow transmission with respect to the typical and conventional MMs. Such narrow 

resonances are especially important when combining with the low optical anisotropy of LCs in 

the THz regime, because there will be less losses and it will be easier to track even the smallest 

change of the transmission spectra.  

 

Figure 5-1 Schematic illustration of the D-shaped metamolecules in (a) positive and (b) negative designs. 

Two Babinet complementary MM patterns investigated during this thesis. The width of the patches/slits 

was 10 μm, and the unit cell of the arrays had the dimensions of 70 x 80 μm. 

5.1.1 Photolithography 

A standard photolithography process [251] was followed to transfer the asymmetric D-shaped 

metamolecule on a mask to a quartz substrate (1.17 mm). Here, I investigated two Babinet 

complementary patterns where featured arrays of such metamolecules formed, respectively, 

by metal patches (positive MM) and slits in a metal screen (negative MM), as shown in Figure 

5-1 [252]. The width of the patches/slits was 10 m, and the unit cell of the arrays had the 

dimensions of 70 m × 80 m. Positive patterns were etched using UV photolithography on a 

300 nm thick gold film onto a 100 μm thick slab of fused quartz as illustrated in Figure 5-2. An 

additional layer of chromium 5 nm thick was also deposited in the interface of quartz and gold 

for better adhesion [253]. Chromium and gold metallic films were deposited beforehand by a 

thermal evaporator (Bob Edwards FL-400 Auto 306). A positive photo-resist, namely s1813, 

was spin coated onto the gold film with 500 rpm for 5 s and 5000 rpm for 50 s, in order to 

create a uniform thin layer and annealed on a hot plate at 90 °C for 10 minutes. In 
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photolithography, a mask or "photomask" is a square glass plate with a patterned emulsion of 

metal film on one side. The mask is aligned with the substrate, so that the pattern can be 

transferred onto its surface. Once the mask has been accurately aligned with the substrate 

surface, the photoresist is exposed through the pattern on the mask with a high intensity UV 

light at 402 nm.  

Here I used a positive photoresist: when the resist is exposed with UV light, the underlying 

material is to be removed. In these resists, exposure to the UV light changes the chemical 

structure of the resist so that it becomes more soluble in the developer. The exposed resist is 

then washed away by the developer solution, leaving windows of the bare underlying material. 

The mask, therefore, contains an exact copy of the pattern which is to remain on the wafer. 

Hard-baking is the final step in the photolithographic process before etching. This step is 

necessary in order to harden the photoresist and improve its adhesion to the gold surface to 

protect it during the etching process. Dry etching took place then to remove the ‘unprotected’ 

areas of gold [254]. The unexposed photoresist is then washed away resulting in the final 

nanostructured MM patterns.   

 

Figure 5-2 Photolithography etching process for fabricating positive patterns on a 300 nm thick gold 

film onto a 100 μm thick slab of fused quartz.  

Negative MM patterns were fabricated with the so-called ‘lift-off’ process using the same high-

resolution photolithography (see Figure 5-3). The basic difference here, is that metal 

deposition is the final step rather the first. Therefore, after developing the photoresist I 

deposited the 5 nm of chromium and 300 nm of gold layers by thermal evaporation, which 

covered both ‘protected’ and ‘unprotected’ areas. Finally, by washing off the unexposed 

photoresist, the opposite pattern from the mask - the negative MM pattern will be created.  
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Figure 5-3 Photolithography lift-off process for fabricating negative patterns on a 300 nm thick gold film 

onto a 100 μm thick slab of fused quartz. 

 

Figure 5-4 Microscope images of MM patterns in positive (top panels) and negative (bottom panels) 

designs.  

5.1.2 Cell assembly of  liquid crystal-loaded metamaterial devices 

LC-loaded MM cells fabricated following a standard cell assembly process, as described in 

Section 2.2. MM was functionalised with a nematic LC 1825 (by Military University of 

Technology in Warsaw [58], see Section 4.5.1) via the planar cell arrangement, where a 20 μm 

thick layer of the LC was sandwiched between the MM and a pristine slab of fused quartz (1.17 
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mm thick) (see Figure 5-5). The surface of the MM and the surface of the quartz slab facing the 

LC were both coated with a thin film (~30 nm) of uniformly rubbed polyimide (PI-2525 from 

HD MicroSystems). Such a film acted as an AL, which promoted the orientation of LC molecules 

near its surface in the direction of rubbing.  

 

Figure 5-5 Schematic of LC-loaded MM hybrid cell used in this study. 

LC 1825 exhibits high birefringence (i.e., ~0.38) meaning that its effective refractive index will 

be different for the two orthogonal polarisation states of THz light. The extraordinary part of 

the refractive index will follow the director of LC and hence it will be parallel to the molecular 

alignment.  

By taking advantage of this effect here I investigated two alignment cases, one where the LC is 

oriented along the polarisation of light (the so-called planar 1 case) and another one where the 

LC is oriented perpendicular to the polarisation of light (the so-called planar 2 case). By 

comparing these two extreme LC configurations (planar 1 and planar 2) where the contrast of 

the effective refractive index would be the maximum, one can obtain the biggest resonance 

shift concerning the given birefringence. Thus, a greater refractive index contrast will lead to a 

larger resonance shift. 

Practically, to minimise fabrication inconsistencies and compare the THz transmission of 

planar 1 and 2 alignment cases, I obtained in the same device both LC configurations as 

schematically shown in Figure 5-6. In fact, I defined positive and negative metafilms into two 

sections and rubbed each of them orthogonally to each other. Top coated silica substrates were 

also rubbed with the same aspect and sealed to be in parallel with the rubbing orientation of 
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the coated metasurface. The resulting hybrid LC metafilm devices were 2 × 2 𝑐𝑚2 in size as 

illustrated in Figure 5-7. 

 

Figure 5-6 Schematic representation of LC alignment cases. Planar 1 case indicates that LC alignment is 

parallel to the polarisation of light, whereas planar 2 case when perpendicular to the polarisation of 

light. By exploiting this optical contrast of refractive indices, large resonance shifts can be observed in 

the THz regime.  

 

Figure 5-7 Images of the sample. (left) The resulting hybrid LC metafilms device was  2 × 2 𝑐𝑚2. (right) 

The different optical transparency, switching ON (bright side) and OFF (dark side) by altering the LC 

alignment is evident when sample was observed through crossed-polarisers.  
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5.2 Simulated and Experimental Results of Pristine Metamaterial 

Samples 

 

Figure 5-8 (a) Transmission spectra simulated for pristine MMs of positive D-shaped design. Inset: 

Image of the unit cell taken with a reflection microscope. (b) Field map shows the normalised magnitude 

of electric field at the resonant frequency, 1.2 THz, of the positive pattern. Field localisation appears 

around the edges of D shaped MM geometry. (c) Normalised distribution of the surface charge density 

induced in the positive MM at the resonant frequency.   

Figure 5-8 (a) and Figure 5-9 (a) show the transmission spectra of both MMs (positive and 

negative) simulated in COMSOL 5.5 Multiphysics for normally incident linearly polarised plane 
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waves, assuming that the patterns were cut in a 300 nm thick gold film [255] and supported 

by a 100 m thick slab of fused quartz with the refractive index of 2 [256].  The spectra reveals 

the presence of Fano resonances for both positive and negative MMs, featuring the 

characteristic asymmetric profile [257,258] with a sharp roll-off centred at around 1.17 THz 

and 1.22 THz, respectively.  

 

Figure 5-9 (a) Transmission spectra simulated for pristine MMs of negative D-shaped design. Inset: 

Image of the unit cell taken with a reflection microscope. (b) Field map shows the normalised magnitude 

of electric field at the resonant frequency of the negative pattern. Field localisation appears in the central 

part of D shaped MM geometry. (c) Normalised distribution of the surface charge density induced in the 

negative MM at the resonant frequency.   
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The origin of the Fano resonance arises from the constructive and destructive interference of 

a narrow discrete resonance with a broad spectral line [259]. Broad line corresponds to 

symmetric current mode of the metamolecule which is an electric dipole. Narrow line 

corresponds to anti-symmetric current mode which is a magnetic dipole/electric quadrupole. 

Thus, the Fano line here results from the interference between the dipole and magnetic 

dipole/electric quadrupole modes as shown in Figure 5-8 (c) and Figure 5-9 (c).   

To engage Fano resonances the polarisation was set parallel to the straight segments of the 

metamolecules for positive MM (y-polarisation), and perpendicular to the straight segments of 

the metamolecules for negative MM (x-polarisation), as illustrated in the insets to Figure 5-8 

(a) and Figure 5-9 (a). The transmission spectra simulated for the orthogonal polarisations 

were featureless, as expected. 

 

Figure 5-10 (a & b) Transmission spectra simulated for pristine MMs of positive I-shaped and C-shaped  

designs, respectively. Insets: Schematic drawings of the unit cells along with the resonant polarisation 

states. (c & e) Normalised distribution of the surface charge density induced in the positive MMs at the 

resonant frequency. (d & f) Field maps show the normalised magnitude of electric field at the resonant 

frequency. Field localisation appears around the edges of I- and C-shaped MM geometries.  
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Both resonances result from the excitation of the so-called trapped modes [238], where the 

charge oscillations induced in the two segments of the D-shaped metamolecule occur in anti-

phase (see Figure 5-8 (c) and Figure 5-9 (c)). Conventional MMs are often composed of 

subwavelength particles that are simply unable to provide large-volume confinement of 

electromagnetic field necessary to support high-Q resonances. As recent theoretical analysis 

showed, high-Q resonances involving ‘trapped’ modes are nevertheless possible in MMs, if 

certain small asymmetries are introduced in the shape of their structural elements.  

 

 

Figure 5-11 (a & b) Transmission spectra simulated for pristine MMs of negative I-shaped and C-shaped  

designs, respectively. Insets: Schematic drawings of the unit cells along with the resonant polarisation 

states. (c & e) Normalised distribution of the surface charge density induced in the negative MMs at the 

resonant frequency. (d & f) Field maps show the normalised magnitude of electric field at the resonant 

frequency. Field localisation appears in the central part of I- and C-shaped MM geometries. 

To investigate the strong mode coupling between the electric dipole and magnetic 

dipole/electric quadrupole moments, a partition of D-shaped MM structural elements was 

studied which involves ‘I-shaped’ and ‘C-shaped’ MM patches and slits (positive and negative 

MM designs respectively), as shown in the insets of Figure 5-10 and Figure 5-11. Figure 5-10 
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(a) and Figure 5-11 (a) show the transmission spectra of the I- and C-shaped MM designs. 

Indeed, a broader resonant transmission is observed. At frequencies 1.67 THz and 1.44 THz I- 

and C-shaped positive MMs exhibit their fundamental resonance where the wavelength of 

excitation is twice the length of MM segment. Accordingly, the fundamental resonance for 

negative patterns appears at 1.51 THz and 1.21 THz. My calculations show that in the case of 

D-shaped MM an antisymmetric current mode (quadrupole mode) can dominate the usual 

symmetric one (dipole mode), as shown in Figure 5-12  

 

 

Figure 5-12 Transmission spectra simulated for pristine MMs of positive (top) and negative (bottom) D-

, I- and C-shaped MM designs. Insets: Normalised distribution of the surface charge density induced in 

the MMs at the resonant frequency. 

Antisymmetric current mode produces very weak scattered electromagnetic fields, which 

dramatically reduces radiation losses. Indeed, both the electric and magnetic dipole radiation 
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of currents oscillating in the neighbouring segments is cancelled, since currents have almost 

the same amplitude (see Figure 5-8(c) and Figure 5-9(c)). On the contrary, currents in usual 

dipole modes (see Figure 5-11(c, e) and Figure 5-12(c, e)) oscillate in phase, but excitation of 

one dominates the other which yields lower Q-factors for this type of the response. Therefore, 

by combining the symmetric dipole modes of structures ‘I’ and ‘C’, producing the ‘D-shaped’ 

MM, the two parts are excited in antiphase yielding to a high-Q transmission resonance. In 

Figure 5-12 the Fano resonance arises by the interference of the I- and C-shaped MMs, as it is 

clearly shown from both MM patterns which combine the transmission spectra of their 

fundamental ones.  

 

Figure 5-13 Transmission spectra measured experimentally (open triangles) and simulated (thick solid 

lines) for pristine MMs of positive (red) and negative (blue) designs. Insets: Images of the unit cells and 

fragments of the fabricated MMs of positive (top) and negative (bottom) designs taken with a reflection 

microscope. 

To confirm simulations, I fabricated the exact copies of the above MMs and characterised their 

spectral response at normal incidence using a conventional low-power THz-TDS setup, which 

featured a micro-dipole based photoconductive antenna excited with 10 mW of ultrafast (100 

fs) 780 nm laser and measurement based on the Pockels effect [260]. The patterns of the MMs 

were etched using UV photolithography (see Section 5.1.1) in a 305 nm thick metal film, which 
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had been deposited beforehand by thermal evaporation onto 1.17 mm thick fused quartz 

substrate. The film had  a 300 nm thick layer of gold and a 5 nm thick layer of chromium added 

to ensured adhesion between gold and quartz. The overall size of the fabricated samples was 

16 mm × 16 mm. The THz beam was focussed onto the samples to a 5 mm large spot, which 

guaranteed the absence of beam clipping and diffraction at the edges of the samples upon 

illumination. The measured transmission spectra of the pristine positive and negative MMs are 

shown in Figure 5-13. The plot reveals a very good agreement between the  experimental and 

modelled data confirming high quality of the fabricated MM samples.   

 

Figure 5-14 (a) Normalised distribution of the surface charge density (colours) and electric field lines 

(black arrows) induced in the positive MM at the resonant frequency. (b) Polar plot of in-plane 

directivity of the local electric field in positive MM averaged over the area of the unit cell. The radius 

corresponds to the magnitude of the average electric field (E) normalised on the incident field (E0). (c) 

Same as (a) but for negative MM. (d) Same as (b) but for negative MM. 
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However, we note that the corresponding distributions of the electric field differ substantially 

for the positive and negative MMs. The ‘hotspots’ of the electric field appear to localise around 

the ends of the metal patches in the positive MM, and within the central areas of the slits in the 

negative MM. As a result, the extent of the in-plane divergence of the local field in the two cases 

is also very different. Indeed, in the positive MM the field lines are seen to fan out within the 

hotspots, spanning nearly all directions (see Figure 5-14 (a)), while in the negative MM they 

stretch across the slits and, thus, align predominantly along the x-axis (see Figure 5-14 (c)).  

The difference becomes more apparent when analysed in terms of the directivity of the local 

field averaged over the area of a unit cell (see diagrams in Figure 5-14 (b) and (d)). Clearly, in 

the case of the negative MM the directivity collapses around the x-axis and is only perturbed 

by four small diagonal side lobes generated by the curved segment of the metamolecule. In the 

case of the positive MM, however, the directivity features four broad main lobes oriented along 

the x- and y-axes. We argue that such a directional anisotropy of the local field, which arises 

near the surface of the MMs  becomes an important factor in the presence of optically 

anisotropic materials (such as nematic LCs), affecting differently the tuneability of Babinet 

complementary MMs.  

5.3 Simulated and Experimental Results of THz Liquid Crystal-

Metamaterial Devices 

Babinet complementary patterns of a spectrally tunable MM incorporating a nematic LC are 

normally assumed to exhibit the same tuning range. However, here I will show that positive 

MMs when hybridised with nematic LCs can achieve larger frequency tuning range than what 

seems to be possible in theory.  

To demonstrate it first numerically, I introduced in my model a layer of an optically anisotropic 

dielectric, which represented a nematic LC in the planar state. It had the thickness of 20 m, 

typical for conventional LC optical cells, and was placed on top of the MMs, fully encompassing 

their structure (see Figure 5-5). The ordinary and extraordinary refractive indices of the LC 

were assumed to be 𝑛o = 1.574 − 𝑖0.017 and 𝑛e = 1.951 − 𝑖0.024, corresponding to the 

refractive indices of highly birefringent LC 1825 at 1 THz [261] (see Section 4.5.1).  

Figure 5-15 (a) and (b) compare the simulated transmission spectra of the complementary 

MMs with two different planar configurations of the LC aligned, respectively, parallel (planar 
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1) and perpendicular (planar 2) to the incident polarisation, as discussed in Section 5.1.2.  For 

convenience I include in Figure 5-16 a schematic representation of LC configurations.  

 

Figure 5-15 (a) Simulated transmission spectra for negative MM loaded with NLC in planar 1 (red) and 

planar 2 (blue) configurations. (b) Same as (a) but for positive MM. 

Evidently, upon switching the LC between planar 1 and planar 2 configurations, the resonance 

of the positive MM exhibits a spectral shift some 20 GHz (~ 50%) smaller than that of the 



Chapter 5  

140 

negative MM. This is the manifestation of the effect of the mismatch between the direction of 

the local field and LC alignment, which we referred to above. Here, the tendency of the local 

electric field to oscillate along two orthogonal directions in the positive MM (see diagram in 

Figure 5-14 (a)) makes the supported electromagnetic mode less sensitive to alignment of the 

LC (and, correspondingly, anisotropy of its refractive index) and therefore results in a 

spectrally narrower tuning range.  

 

 

Figure 5-16 Orientations of LC molecules schematically shown for planar 1 and planar 2 configurations. 

Planar 1 configuration is always in parallel with the resonant polarisation state of the MM, whereas 

planar 2 is perpendicular.  

Here, the extent of the effect is demonstrated in Figure 5-17  by comparing the maximum 

frequency shifts exhibited by resonances of the complementary MMs for different values of LC 

birefringence, n = ne - no. In my modelling n varied in the range from 0.2 to 0.38, where the 

limits correspond to the birefringence of two different LCs, E7 [262] and 1825 [261,263] at 

1 THz. The values of n within this range were calculated based on ne and no interpolated 

linearly between those of E7 and 1825. The data points in Figure 5-17 mark the difference 

between the resonance frequencies calculated for planar 1 and planar 2 states. As expected, 

the frequency shift becomes smaller for both MMs as the value of the birefringence decreases 

towards 0.2, yet the positive MM exhibits consistently smaller shifts than the negative MM for 

the entire range of n. In other words, it is rather expected to obtain smaller shifts with positive 

MM designs hybridised with a thin layer of LC. 
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Figure 5-17 Calculated maximum resonance shift that can be attained in positive (black points) and 

negative (red points) MMs at different values of LC birefringence. Insets: Schematics of MM unit cells 

5.3.1 Anomalous resonance frequency shift for positive MMs when hybridised 

with liquid crystals 

The transmission spectra of LC-loaded MMs, as measured experimentally with our THz-TDS 

setup, are presented in Figure 5-18 (a) and (b) in open squares. Clearly, the locations of the 

resonance exhibited by the negative MM in the presence of differently aligned nematic LC (i.e., 

in planar 1 and planar 2 configurations) agree very well with the predictions of our model, with 

the spectral separation reaching the expected 45 GHz. In the case of the positive MM, however, 

a good spectral overlap between the experimental and modelled data is seen only for the LC in 

planar 2 configuration. Surprisingly, switching the LC to planar 1 configuration red-shifts the 

measured transmission spectrum of the positive MM by about 20 GHz further than what seems 

to be allowed from the simulation. As a result, the frequency tuning range obtained 

experimentally for the positive MM widens to 43 GHz, which practically negates the large 

difference in the expected tunability of Babinet complementary MMs which has been expected 

by the simulation. 
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Figure 5-18  (a) Transmission spectra measured experimentally (open squares) and simulated (solid 

lines) for negative MM loaded with NLC in planar 1 (red) and planar 2 (blue) configurations.  (b) Same 

as (a) but for positive MM. 

We reason that the larger red-shift of the MM spectrum could have resulted only from a better 

match between the direction of the local electric field and the orientation of LC molecules, since 

that would effectively increase the refractive index of the LC perceived by the resonant 

electromagnetic mode of the metamolecules. To this end we note that the directional spread of 
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the local field in the positive MM is largest around the y-axis (see diagram in Figure 5-14 (b)) 

and, hence, matching the spread with local distortions of the LC will have the biggest impact 

for planar 1 alignment – exactly where the outcomes of our simulations and experiment 

disagree the most.  

To demonstrate the plausibility of this hypothesis I re-modelled the response of the positive 

MM assuming that the LC aligned itself in the direction of the local field within the hotspots 

(where the divergence of the field is strongest), and such distortions were confined to a 

distance of 5 µm away from the edges of the metamolecules and 1 µm above their plane (see 

Section 5.4). I further assumed that changes in LC alignment there were limited to (-45o) – 

(+45o) range of angles, which corresponded to the angular spread of the local field we noted 

above. For the directions outside the spread the orientation of LC molecules was gradually 

restored to the background alignment (i.e., planar 1 configuration), as schematically illustrated 

in Figure 5-19 (a) and (b).  

 

Figure 5-19 (a) Orientational optical nonlinearity of NLC in planar 1 configuration engaged with positive 

MM. Local field-induced distortions of the initial alignment assumed within the hotspots are shown 

schematically via the orientation of LC molecules. (b) Same as (a) but for initial planar 2 alignment of 

NLC. 
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Figure 5-20 (a) Transmission spectra measured experimentally (open triangles) and simulated (thick 

solid lines) for positive MM  taking into account the effect of orientation nonlinearity of NLC in planar 1 

configuration. Inset: Spatial distribution of LC alignment assumed in the simulations. Scale bar ranges 

from -45° (blue) to 135° (red). 0° and 90° correspond to LC molecules being parallel to x- and y-axes, 

respectively. (b) Same as (a) but for initial planar 2 alignment of NLC.  

The transmission spectrum of the positive MM calculated using our modified model is 

presented in Figure 5-20 (a), where it is compared with the spectrum measured 

experimentally. Evidently, this time the predicted and the actual locations of the MM resonance 

coincide. Moreover, a very good agreement between the simulated and experimental data is 

now seen in terms of the amplitude of the MM transmission as well. 

As a further test of this hypothesis, I also modified the model of the positive MM with the LC 

featuring planar 2 alignment. Localised distortions of the alignment were introduced in the 

model in the same way as in the planar 1 case except that the re-orientation of LC molecules 

was traced relative to the x-axis (see Figure 5-20 (b)). What I found was that even in the planar 
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2 case (where the theory and experiment had agreed qualitatively) assuming re-alignment of 

the LC within the hotspots dramatically improved the accuracy of our model and enabled us to 

achieve nearly perfect quantitative agreement between the calculated and measured spectra 

(see Figure 5-20 (b)).  

5.3.2 Simulation of different angular LC re-alignment ranges 

 

Figure 5-21 Transmission spectra of measured experimentally (open triangles) and simulated (thick 

solid lines) for LC-loaded positive MM in (a) planar 1 and (b) planar 2 configurations in different angular 

re-alignment ranges. Re-orientation of ± 45° (90°±45° and 0°±45°, respectively) found to be closer to 

the experiment.  

For clarity different angular re-alignment ranges are simulated for both planar 1 and planar 2 

cases to match the experimental data. Evidently, re-orientation of ± 45° (90°±45° and 0°±45°, 

respectively) found to be closer to the experiment as shown in Figure 5-21. A re-orientation of 

± 90° opposes the initial strong surface anchoring energy of the rubbing and hence, it seems 

unnatural to obtain a re-orientation of such range. Indeed, as it is shown in the graph, re-

orientation of ± 90° possesses larger transmittance than the experimental data. On the other 

hand, a smaller re-orientation range of ± 30° shows a weaker response. Thus, I conclude that 

the best fit is derived from the re-orientation range of ± 45°. For clarity, more alignment 

scenarios were investigated, however none fitted the experimental results (see 0). 
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5.4 Modelling the Change of Liquid Crystal Birefringence Induced 

by Local Fields Within ‘Hotspots’ 

 

Figure 5-22 Schematic representation of modelling the anisotropy induced to the NLC molecules in (a) 

planar 1 and (b) planar 2 configurations due to the charge density distribution at the surface of positive 

MM patterns. 

The hotspots are localised at the ends of the metal patches in the positive MM, as schematically 

shown in Figure 5-22. The layer of the LC covering the MM was assumed to be aligned along 

the y-axis, except in the hotspots, where maximum localisation of electric field occurs. 

Birefringent materials such as the LC experience double refraction, whereby light is split, 

depending on the incident polarisation, into two, i.e. ordinary (𝑛𝑜) and extraordinary (𝑛𝑒) 

polarisations. The extraordinary one is parallel to the LC director, 𝑛⃗⃗, of LC molecules, pointing 

along the y-axis, which is the resonant polarisation. This leaves the ordinary to be parallel to 

the x-axis direction. In order to model such optical behaviour, a diagonal optical anisotropy 

must be introduced in our calculations as well as a full tensor relative permittivity approach. 

Here, tensor refers to a 3-by-3 matrix that has both diagonal (𝜖𝑥𝑥, 𝜖𝑦𝑦, 𝜖𝑧𝑧) and off-diagonal 

(𝜖𝑥𝑦 , 𝜖𝑥𝑧, 𝜖𝑦𝑥 , 𝜖𝑦𝑧, 𝜖𝑧𝑥 , 𝜖𝑧𝑦) terms, as shown below. 

 

 𝜖 = [

𝜖𝑥𝑥 𝜖𝑥𝑦 𝜖𝑥𝑧

𝜖𝑦𝑥 𝜖𝑦𝑦 𝜖𝑦𝑧

𝜖𝑧𝑥 𝜖𝑧𝑦 𝜖𝑧𝑧

] (5.1) 
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NLCs belong to the uniaxial crystals’ category, where only the diagonal elements of permittivity 

tensor are nonzero. This means that 𝜖𝑥𝑥 = 𝜖𝑧𝑧 = 𝑛𝑜
2  −  𝑘𝑜

2 + 2𝑖𝑛𝑜𝑘𝑜 𝑎𝑛𝑑 𝜖𝑦𝑦 = 𝑛𝑒
2  −  𝑘𝑒

2 +

2𝑖𝑛𝑒𝑘𝑒. The material used in this study, LC 1825, was fully investigated by Chodorow, U., et al. 

[261], who provided the following characteristics which we used in the simulations: 

 

Table 5-1: LC 1825 optical properties 

LC1825 1.5 THz 

𝒏𝒐 1.574 

𝒏𝒆 1.951 

𝒌𝒐 7 [1 𝑐𝑚⁄ ] 

𝒌𝒆 12 [1 𝑐𝑚⁄ ] 

𝜟𝒏 0.38 

 

So, for planar 1 configuration we introduced the following relative permittivity tensor with 

diagonal elements. 

 𝜖 = [

𝜖𝑥𝑥 0 0
0 𝜖𝑦𝑦 0

0 0 𝜖𝑧𝑧

] (5.2) 

To model the spatial variation of optical anisotropy as specified in Figure 5-20 (a, c), we 

introduced an off-diagonal transverse anisotropy in the XY plane. When the 𝑛⃗⃗ of LC lies and 

rotates in the XY plane, making an angle of 𝜗 with the x-axis (see Figure 5-22), the diagonal 

components (𝜖𝑥𝑥, 𝜖𝑦𝑦, 𝜖𝑧𝑧) and off-diagonal components (𝜖𝑥𝑦, 𝜖𝑦𝑥) are nonzero. 

 𝜖 = [

𝜖𝑥𝑥 𝜖𝑥𝑦 0

𝜖𝑦𝑥 𝜖𝑦𝑦 0

0 0 𝜖𝑧𝑧

] (5.3) 

In that case, 𝜖𝑦𝑦 is governed by the extraordinary refractive index, because 𝑛⃗⃗ lies along the 

principal y-axis, while 𝜖𝑥𝑥 and 𝜖𝑧𝑧 are governed by the ordinary refractive index. The off-

diagonal elements 𝜖𝑥𝑦, 𝜖𝑦𝑥 are derived from the multiplication of the matrices as stated below. 

 

𝜖 = [
𝑐𝑜𝑠(𝜗) − 𝑠𝑖𝑛(𝜗) 0

𝑠𝑖𝑛(𝜗) 𝑐𝑜𝑠(𝜗) 0
0 0 1

] [

𝜖𝑥𝑥 0 0
0 𝜖𝑦𝑦 0

0 0 𝜖𝑧𝑧

] [
𝑐𝑜𝑠(𝜗) 𝑠𝑖𝑛(𝜗) 0

− 𝑠𝑖𝑛(𝜗) 𝑐𝑜𝑠(𝜗) 0
0 0 1

] = 

[

(𝜖𝑥𝑥)𝑐𝑜𝑠2(𝜗) + (𝜖𝑦𝑦)𝑠𝑖𝑛2(𝜗) (𝜖𝑥𝑥)𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗) − (𝜖𝑦𝑦)𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗) 0

(𝜖𝑥𝑥)𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗) − (𝜖𝑦𝑦)𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗) (𝜖𝑦𝑦)𝑐𝑜𝑠2(𝜗) + (𝜖𝑥𝑥)𝑠𝑖𝑛2(𝜗) 0

0 0 𝜖𝑧𝑧

] 

(5.4) 
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To model the distortions of LC alignment within the hotspots, we isolated the areas around the 

edges of MM and built the tensor for each area individually. For convenience, we set a new 

origin (𝑥0, 𝑦0) in each area as a point of reference to rotate the molecules’ alignment, and hence 

the optical anisotropy, with respect to spatial coordinates.  

Rotation angle 𝜗, will then be: 

 𝜗̂ = 𝜑̂ − tan−1[(𝑥 − 𝑥0)/(𝑦 − 𝑦0)] (5.5) 

 

The resulting rotating angle 𝜗 varies from 135 to 45 degrees for planar 1 configuration (see 

Figure 5-20 (b)) and from 45 to −45 degrees for planar 2 configuration (see Figure 5-20(d)), 

showing a realistic idea of what we expected, as schematically shown in Figure 5-22 (a, b) 

respectively. Angle 𝜑, defines whether the variation axis symmetry exists at 90° along 𝑛planar 1 

or at 0° along 𝑛planar 2. 

5.5 Orientational Optical Nonlinearity of Nematic Liquid Crystals 

Induced by The Enhanced Light-Matter Interactions with THz 

Metamaterials 

Given that the re-alignment of the nematic LC must occur within the hotspots in simultaneously 

all metamolecules upon illumination of the sample, it could not be a spontaneous process. I 

therefore conclude that it was induced by the electric fields of the metamolecules and so the 

anomalous resonance frequency shift observed experimentally in the positive MM was the 

manifestation of Kerr (orientational) optical nonlinearity of the LC [2]. Kerr nonlinearity of LCs 

has not been reported for the intensities accessible with conventional commercial THz-TDS 

setups (typically built around mW lasers pumping photoconductive emitters) and I argue that 

the following factors could have enabled the effect in my experiments.  

Firstly, I note that the re-orientation of the LC in the configuration described here is equivalent 

to in-plane electrical switching, which would occur without a threshold for the initial 

misalignment of the LC of less than 45o, as follows from [264]. Secondly, the electric field 

enhancement in my structures is dominated by two combined effects. One effect is the 

amplification of THz fields by the MMs via their high-Q resonant response. This (resonant) 

effect is relevant to both the negative and positive MMs and allows local fields one order of 

magnitude stronger than the incident field (as evident from diagrams in Figure 5-14 (b, d)). 
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The other effect is the concentration of electric fields by sharp geometric features of the 

metamolecules, the so-called ‘lightning rod’ effect [265,266]. This second (geometrical) effect, 

however, ensures further ten-fold enhancement only in the positive MM, where sharp 

geometric features of the metamolecules and localisations of the resonantly amplified fields 

(i.e., hotspots) coincide. As a result, the overall field enhancement attainable in the positive MM 

is likely to exceed two orders of magnitude (see diagram in Figure 5-14 (b)).  

I, therefore, argue that the high electric field enhancement in combination with the threshold-

less nature of the LC re-orientation make it not unreasonable to expect that the enhancement 

of the local field in the positive MM would enable optically-induced local switching of the LC 

even at the intensity levels characteristic of my THz-TDS setup.  

5.6 Conclusions 

In conclusion, I demonstrate that Babinet complementary patterns of a THz metallic MM do 

not exhibit the same frequency tuning range when hybridized with a nematic LC. My  study 

suggests that this difference results from a mismatch between the alignment of the LC and the 

direction of the local electric field induced in the MM patterns. More intriguingly, my 

experimental observations indicate that it is possible to shift the resonance of the positive MM 

pattern beyond the limit imposed by theory and to significantly increase its tuning range. 

Further, the observed anomalous frequency shift results from the orientational optical 

nonlinearity of the LC enhanced via integration with the metallic MM.  

I envisage that these findings can directly lead to the increase of the efficacy of THz modulators 

and other active optical components exploiting the enhanced nonlinear light-matter 

interactions in LC-MM hybrid structures. Most importantly, I show that nonlinear effects can 

be engaged with a low power photoconductive antenna-based THz spectrometer, when 

combined with resonant amplification and sub-wavelength concentration of THz fields 

facilitated by MMs. This demonstration enables future studies of nonlinear effects in the THz 

range, which up to now, where exclusively reserved for high-power THz spectrometers based 

on complex and often cumbersome, amplified laser systems.
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Analytical Calculation of The All-Optical 

In-Plane Switching of Liquid Crystals at 

Terahertz Frequencies Enabled by 

Metamaterials 

This chapter aims to investigate the in-plane switching dynamics of homogeneously aligned 

nematic liquid crystals cells integrated with metallic resonators (metamaterials). I 

demonstrate an analytical calculation of the pure twist deformation of liquid crystals caused 

by the THz electric field enhancement in the vicinity of metamaterials and estimate the critical 

threshold to induce in-plane switching of liquid crystals. This method offers a combinatorial 

way to study molecular liquid crystal interactions in the bulk as well as interfacing with 

resonant structures. My contribution to this work discussed in this chapter is both the 

analytical and computational calculations.  

6.1 Introduction 

Liquid crystals (LCs) enable a range of technologies such as smart displays [267,268], smart 

windows [269,270], flat optics [271-274], and flexible electronics [275-277], not mention the 

now prevailing LC displays. LCs in such devices are controlled by externally applied electric 

fields, necessitating the use of transparent electrodes [156,157] which are not easily available 

at all regions of spectrum e.g. THz. Therefore, tuneable LC displays, or modulators are both of 
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interest and importance [52,94,278,279]. There are two main advantages of the all-optical 

control of LC devices: the absence of electrodes and hence externally applied electric field, and 

the flexible LC alignment patterns [52]. Such systems are also particularly interesting for 

manipulating light of longer wavelengths, such as THz radiation, where standard conducting 

electrodes are no longer transparent [3], thus restricting the development of active THz 

technology.  

 

 

Figure 6-1 (a) 3D view of a homogeneously aligned LC cell, which is integrated with an array of metallic 

resonators (metamolecules). Magnification shows the geometry of the twist deformation of LC 

molecules by the in-plane THz electric field. (b) Schematic representation of in-plane switching induced 

in a homogeneously aligned LC cell, where shaded areas and red arrows show the near-field 

enhancement and lines respectively.  

THz components, because of the long radiation wavelength, normally require thick devices for 

optimum response. Therefore, compact components are in demand, in particular such as light 

modulators [240,280], phase shifters [155] for applications in non-disruptive drugs sensing 

[281,282] and security [159,283,284]. LCs exhibit reduced birefringence in the THz region, the 
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effect that could be partially remedied by doping [159]. However, the most promising route for 

manipulating radiation in that region relies on THz resonant structures, the so-called 

metamaterials (MMs) that allow enhanced light-matter interactions leading to the desirable 

device response, while maintaining low device footprint (see e.g. [165,240] and references 

therein).  

It has been shown that thin layers of LC integrated with metallic MMs are capable of effective 

manipulation of THz radiation but, so far, have been controlled by electric fields 

[161,165,240,243-249]. Moreover, I have recently shown experimentally that such hybrid 

systems can also be driven optically with a low-power THz beam of a conventional THz-time 

domain spectrometer (TDS) setup (see 0). The observed optical switching was attributed to 

local in-plane reorientation of LC molecules induced by incident THz fields, which undergo 

resonant amplification and sub-wavelength concentration facilitated by MMs. In this work, I 

provide a comprehensive theoretical analysis of the demonstrated effect based on the 

analytical model of in-plane LC switching [285], and confirm that engaging orientational 

optical nonlinearity of LCs at typical THz intensities is possible with the help of metallic MMs. 

6.2 Experimental demonstration of optical switching 

For the sake of completeness and for the convenience of the reader I provide below a brief 

account of the study of LC optical switching with THz fields (see 0). It involved the investigation 

of the transmission spectra of LC cells hybridised with MMs featuring D-shaped metallic 

resonators (metamolecules), which were measured with a commercial THz-TDS setup in the 

0.1-1.4 THz range of frequencies. Each hybrid cell had the thickness of 20 μm and was filled 

with LC 1825 with induced planar alignment parallel to straight sections of the metamolecules 

(Figure 6-1(a)). The spectrum simulated for planar LC configuration (blue solid line) appeared 

blue-shifted with respect to the experimentally measured curve (black dashed line) and 

displayed larger variation of transmission at the resonance, as evident from Figure 6-2(a). This 

surprising discrepancy was attributed to local distortions of the initial planar alignment of LC, 

which could appear near the edges of the metamolecules due to the re-orientation of LC 

molecules driven there by resonantly amplified near-fields of the MMs (hotspots) (see Figure 

6-2(b)).  

To this end the numerical model was modified to include the distributions of the refractive 

index of LC  near the edges and in the gaps of D-shaped resonators that reflected the re-

alignment of LC molecules  in the hotspots along the direction of the local electric field lines, as 
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shown in the inset to Figure 6-2(a). The transmission spectrum calculated for the MM using 

the modified numerical model  is also depicted in Figure 6-2(a) (red solid line) and shows a 

good spectral overlap with the experimental data, provided that the maximal deviation from 

planar alignment in the hotspots did not exceed the twist angle φ of π/4. The overall field 

enhancement (E/E0) attainable in the positive MM is likely to exceed 200 (see 0), indicating 

that nonlinear effects can be engaged even with a low-power THz spectrometer. Below, I show 

that such an enhancement would be sufficient for triggering in-plane re-alignment of the LC at 

the intensity levels characteristic of my THz-TDS setup.  

 

Figure 6-2 (a) Experimental (dash line) and simulated (solid lines) transmission spectra of LC-loaded 

MM in the case of planar alignment (blue curve) and hotspot alignment (red curve) induced by 

orientational nonlinearity of LC.  Insets illustrate schematically the alignment of LC molecules in the two 

cases. Twist angle, φ, shows the maximum twist deformation of LC molecules by 𝜋
4⁄ . (b) Field map 

shows the normalised magnitude of electric field at the resonant frequency of the positive pattern. Field 

localisation appears around the edges of D-shaped MM geometry with electric field lines distributing 

along the pink arrows. 
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6.3 Analytical calculation of in-plane switching 

I use a mathematical model previously developed for the analysis of the in-plane switching 

(IPS) of LCs homogeneously aligned between interdigital electrodes [285]. Briefly, IPS 

technology implies that the electrodes whose electrical field are used to switch the LC 

molecules, are found in one of the two substrates (see e.g., MMs in Figure 6-1(a)). As a result, a 

homogeneous electric field aligned parallel to the substrate surface is applied on the LC sample 

allowing ‘in-plane’ twist deformation of LCs from 0 rads to 𝜋 2⁄ . Similarly, the overall electric 

field enhancement attainable in the sharp edges of metallic resonators enable optically-

induced ‘in-plane’ switching of the LC molecules towards the direction of the local fields, with 

only difference being that the initial angle is not 0 but 𝜋 4⁄  (Figure 6-2(b)) [286,287]. Although 

IPS in [285] was considered in homogeneous field between two parallel electrodes, in this case 

the field is diverging and produced effectively by one electrode. Therefore, here IPS is 

considered as a local approximation around MMs hotspots (see Figure 6-3). 

 

 

Figure 6-3 Drawing field lines: (a) diverge around the metamaterial edges and (b) extend 

perpendicularly to the parallel plates as per [285], producing either a nonhomogeneous or a 

homogeneous electric field, respectively.  

This pure twist deformation caused by the THz electric field is considered in the vicinity of the 

gaps between the constituent elements of D-metamolecules. Following [285], the free energy 

𝐹 of the twist deformation can be described as, 
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 𝐹 =
1

2
∫ {𝐾2 (

𝑑𝜑

𝑑𝑧
)

2

−  𝜀0|𝛥𝜀|𝛦2𝑠𝑖𝑛2𝜑} 𝑑𝑧

𝑑

0

 (6.1) 

where 𝐾2 is the elastic constant of the twist deformation, 𝜑 is the twist angle (in xy-plane), 

𝜀0 is the vacuum dielectric constant, 𝛥𝜀 denotes dielectric anisotropy, and 𝐸 corresponds to 

the electric field strength. Then by applying the Euler-Lagrange equation one can obtain, 

 𝐾2

𝑑2𝜑

𝑑𝑧2
+ 𝜀0|∆𝜀|𝐸2 𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑 = 0 (6.2) 

In this case, the initial orientation of LC molecules corresponds to 𝜑 = 𝜋
4⁄  (the maximal initial 

misalignment with respect to the MM local-field lines (see Section 5.5)). Thus, the following 

substitution can be made: 𝜑 = 𝜑 + 𝜋
4⁄ , where 𝜑 now describes the deformation relative to the 

initial twist. 

 𝐾2

𝑑2𝜑

𝑑𝑧2
+ 𝜀0|∆𝜀|𝐸2 𝑠𝑖𝑛(𝜑 + 𝜋

4⁄ ) 𝑐𝑜𝑠(𝜑 + 𝜋
4⁄ ) = 0 (6.3) 

Then, with the assumption that the twist deformation angle is small (𝜑 → 0) and the boundary 

condition 𝜑(0) = 𝜑(𝑑) = 0 (i.e., strong LC anchoring imposed on both sides of the cell by 

rubbed polyimide), I arrive at the following solution: 

 𝜑(𝑧) =
𝜀0|𝛥𝜀|𝐸2

4 𝐾2

(𝑑 − 𝑧)𝑧 (6.4) 

Equation (6.4) indicates that the in-plane re-orientation of LC molecules in this case starts with 

no threshold on electric field, 𝐸, since the expression is valid for any 𝐸 ≥ 0. To find the strength 

of the local electric field needed to re-orient LC molecules  in the plane of the MM along the 

field lines (i.e., to produce an additional twist of 𝜋 4⁄ ), I aim to solve the nonlinear differential 

Equation (6.2).  

To simplify the nonlinear differential equation and solve it analytically, the second term of 

Equation (6.2) can be written as: 

 𝜀0|∆𝜀|𝐸2𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑 = 𝜀0|∆𝜀|𝐸2
1

2
𝑠𝑖𝑛 2𝜑 (6.5) 
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Figure 6-4 The linear approximation of 
1

2
𝑐𝑜𝑠 2φ (black line) obtained with two methods: Method 1 (red 

line) and Method 2 (blue line). 

Although, Fréedericksz critical threshold involves a full re-orientation to 𝜋
2⁄   for the twist 

angle, in this case the re-orientation occurs around the MM hotspots only to a maximum of 𝜋 4⁄ , 

as justified by my simulations in 0. In addition, from Figure 6-5(b) it is clear that the 

penetration depth of the near-field enhancement starts from the surface of the substrate (z=0) 

occupying the maximum strength. Therefore, 𝜑 is effectively offset into 𝜑 → 𝜑 + 𝜋
4⁄ , and 

1

2
𝑠𝑖𝑛 2φ in Equation (6.5) is then transformed into 

1

2
𝑐𝑜𝑠 2φ. 

To solve the differential Equation (6.2) analytically, I approximate 
1

2
𝑐𝑜𝑠 2φ with a linear 

function using two different methods: the first (see red line at Figure 6-4) overestimates the 

required electric field strength, while the second (see blue line at Figure 6-4) underestimates 

it. 

6.3.1 Linear approximation – Method 1 

I approximate 
1

2
𝑐𝑜𝑠 2φ in Equation (6.2) by a line, which connects points at 𝜑 = 0 and 𝜑 = π/4 

(see red line at Figure 6-4). The corresponding linear function has the form: 
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 𝑓1(𝜑) =
1

2
−

2𝜑

𝜋
 (6.6) 

Using Equation (6.6) the initially nonlinear differential Equation (6.2) turns into: 

 𝐾2
𝑑2𝜑

𝑑𝑧2
−

2𝜀0|∆𝜀|𝐸2

𝜋
𝜑 +

𝜀0|∆𝜀|𝐸2

2
= 0, (6.7) 

which can be solved analytically, and its solution is given by: 

 𝜑(𝑧) =
𝜋

4
+ 𝑘1𝑒𝑥𝑝 (−√

2𝜀0|𝛥𝜀|

𝜋𝛫2
𝐸𝑧)  +𝑘2𝑒𝑥𝑝 (√

2𝜀0|𝛥𝜀|

𝜋𝛫2
𝐸𝑧) (6.8) 

𝑘1 and 𝑘2, can determined using boundary conditions, 𝜑(0) = 0 and 𝜑(𝑑) = 0. The derived 

expressions for k1 and k2 are: 

 

𝑘1 = − (
𝜋

4
+ 𝑘2) 

𝑘2 = −
𝜋

4 (𝑒𝑥𝑝 (√
2𝜀0|𝛥𝜀|

𝜋𝛫2
𝐸𝑑) + 1)

 (6.9) 

 

The constants in Equations (6.8) and (6.9) for LC 1825 are taken from [58] (see Table 6-1).  

 

Table 6-1. Specifications of LC 1825 [58] 

Constants Values 

ε0 8.85 ∙ 10-12 [Ν/V2] 

Δε 17 

Κ2 7.4 ∙ 10-12 [Ν] 

 

Figure 6-5 (a) presents the variation of the twist angle, 𝜑, with the distance from the MM 

calculated using Equation (8) for different values of electric field strength. The strength of 

electric field increases from 10−4V/μm  (dark blue color) to 1.6 V/μm (dark brown color) with 

a step of 5 ∙ 10−2 V/μm. Varied electric field values were applied until 𝜑(𝐸) is saturated at 𝑧 = 
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1 μm, since up to this level above the MM the maximum near-field enhancement is localized 

(see Figure 6-5(b)). The stronger the electric field LC reorientation occurs closer at the MM 

surface, opposing the initial planar orientation even from the level of 1 μm for an of 𝐸 =

1.6 V/μm.  

 

Figure 6-5 (a) The change of twist angle, φ, within LC layer, z, for different electric field, E, values. (b) 

Electric field map shows the penetration depth of the near-field enhancement of MMs in the LC bulk. (c) 

The change of twist angle, φ, as a function of the electric field strength, E, for different penetration levels, 

z, above the metasurface, (z=1-5 μm).  The critical electric field strength values, EC, where LC molecules 

are oriented in between of initial planar and ‘hotspot’ alignments is shown in magenta open hexagons. 

(d) The estimated critical electric field strength, EC, as a function of LC thickness height, z, obtained by 

the linear approximation. 

Although, to estimate exactly the value of 𝐸 I analysed the twisted angle,  𝜑, as a function of the 

applied electric field as shown in Figure 6-5(c). There, to calculate the threshold electric field I 

extract the value of 𝜑(𝑧)  before reaching saturation, which is estimated at 1.44 V/μm. 

Therefore, an electric field of 𝐸 ≥ 1.44 V/μm would be sufficient to reorient LC molecules in-

plane by π/4 in the vicinity of MMs.  
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For longer distance above the MM surface such as 5 μm, the corresponding electric field 

strength for a twist angle change is smaller than the one needed closer to the MMs, as evident 

from Figure 6-5(a) and estimated at 0.3 V/μm from Figure 6-5(c). This specific electric field 

strength will be able to twist the LC molecules by π/4. However, at the level of 5 μm above the 

MM, LC molecules will not all be aligned at π/4 but lie in between of the initial planar (π/2) 

and φ(1 μm) i.e., π/4, creating a gradual transition of LC alignment between the metasurface 

and the LC bulk (see Figure 6-1(b)). There, the critical electric field, 𝐸𝐶 , can be calculated by 

analysing the twisted angle,  𝜑, as a function of the applied electric field (as shown in Figure 

6-5(c)). The 𝐸𝐶  is then defined at the level 1/e below the saturation of 𝜑(𝛦) at 0.06 V/μm with 

a twist angle reorientation of 0.50 rads (≈ π/6) (see magenta open circles in Figure 6-5(c)). For 

completeness, I estimated the 𝐸𝐶  for 𝑧 = 1 − 5 𝜇𝑚, and data are presented in Figure 6-5(d).  

6.3.2 Linear approximation – Method 2 

I approximate  
1

2
𝑐𝑜𝑠 2φ  in Equation (6.2) by a tangential line at φ = π/4 (see blue line at Figure 

6-3). The corresponding linear function has the form:   

 𝑓2(𝜑) = −𝜑 +
𝜋

4
 (6.10) 

 

Thereafter, using Equation (6.10) the initially nonlinear differential Equation (6.2) turns into: 

 𝐾2

𝑑2𝜑

𝑑𝑧2
− 𝜀0|∆𝜀|𝐸2𝜑 + 𝜀0|∆𝜀|𝐸2

𝜋

4
= 0 (6.11) 

Equation (6.11) can be then solved analytically, and its solution is given by: 

 𝜑(𝑧) =
𝜋

4
+ 𝑘1𝑒𝑥𝑝 (−√

𝜀0|∆𝜀|

𝛫2
𝐸𝑧) + 𝑘2𝑒𝑥𝑝 (√

𝜀0|∆𝜀|

𝛫2
𝐸𝑧) (6.12) 

To determine 𝑘1and 𝑘2, I used the boundary conditions, 𝜑(0) = 0 𝑎𝑛𝑑 𝜑(𝑑) = 0, which 

describe strong anchoring on both side of LC cell induced by rubbed surfaces. The derived 

expressions for k1 and k2 are:  

 𝑘1 = − (
𝜋

4
+ 𝑘2) (6.13) 
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𝑘2 = −
𝜋

4 (𝑒𝑥𝑝 (√
𝜀0|∆𝜀|

𝛫2
𝐸𝑑) + 1)

 

The constants in Equations (6.12) and (6.13) for LC 1825 are taken from [58] (see Table 6-1). 

 

Figure 6-6 (a) The change of twist angle, φ, within LC layer, z, for different electric field, E, values. (b) 

The change of twist angle, φ, as a function of the electric field strength, E, for different penetration levels, 

z, above the metasurface, (z=1-5 μm). The critical electric field strength values, EC, where LC molecules 

are oriented in between of initial planar and ‘hotspot’ alignments is shown in magenta open hexagons. 

Inset shows the estimated critical electric field strength, EC, as a function of LC thickness height, z, 

obtained by the linear approximation. 
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Figure 6-6(a) presents the change of twist angle, 𝜑, as derived from Equation (6.12), as a 

function of the distance from the MM, calculated for a range of different electric field strength 

values. Here I follow the same analysis procedure as in section 6.3.1. The strength of electric 

field increases from 10−4 V/μm  (dark blue color) to 1.6 V/μm (dark brown color) with a step 

of 5 ∙ 10−2 V/μm and the applied electric field values varied until 𝜑(𝐸) is saturated at 𝑧 = 1 μm. 

Thus, an electric field of 1.6 V/μm is enough to trigger in-plane reorientation of LCs by π/4 for 

a distance of 1 μm above the MMs, which further proves that both linear approximation 

methods coincide. As expected, the tangent line approximation underestimates the electric 

field threshold in comparison with the first linear approximation method. In fact, the value of 

the threshold electric field as extracted from Figure 6-6(b) is estimated at 1.05 V/μm. Thus, an 

electric field of 𝐸 ≥ 1.05 V/μm would be sufficient to reorient LC molecules in-plane by π/4 in 

the vicinity of MMs, according to Method 2.  

While for 5 μm above the LC-MM interface, an electric field strength of 0.25 V/μm would be 

able to induce reorientation of LC molecules by π/4 which is again smaller than the estimation 

of Method 1 (0.3 V/μm), preserving the underestimation concept. Thereafter, the critical 

electric field threshold, 𝐸𝐶 , is estimated at 0.05 V/μm with a twist angle reorientation of 0.49 

rads (≈ π/6) (see magenta open circles in Figure 6-6(b)). Inset of Figure 6-6(b) shows the 𝐸𝐶  

estimation for 𝑧 = 1 − 5 𝜇𝑚.  

6.4 Discussion 

The threshold electric field strength which can effectively drive LC molecules to reorient in-

plane by π/4 at a distance of 1 μm above the MM, lies between the two estimates presented 

here. The first gives an estimation of  1.44 V/μm while the second 1.05 V/μm. However, this 

change of twist angle, 𝜑(𝑧), may occur with a lower electric field threshold.  

It is known that LCs in the bulk have lower voltage threshold to reorient their molecular axis 

due to intrinsic dynamics between the molecules [1,2], which is also evident from Figures 

Figure 6-5(a) and Figure 6-6(a). To better quantify this in this case, I calculate the electric field 

threshold at a distance of 𝑧 = 5 𝜇𝑚, where the MM near-field drops off (see Figure 6-5(b)). The 

electric field strength capable of reorienting LC molecules at 𝑧 = 5 𝜇𝑚 will be sufficient to 

affect LC alignment near the MM too. Therefore, I define the critical electric field threshold 

between 0.06 V/μm and 0.05 V/μm, as obtained from methods 1 and 2 respectively. The 

amplitude of the impinging pulsed THz-TDS wave in conjunction with the local field 

enhancement at the MM suffice to approach that threshold value.  
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6.5 Conclusions 

Here, I demonstrate an analytical method to estimate the IPS mode of nematic, homogeneously 

aligned, LCs integrated with planar MM resonators. Such LC-MM resonators are found to 

possess strong near-field intensities exceeding 200 (E/E0). To prove the switching principle 

satisfying the IPS mode, the near-field threshold required. I found that the near-field threshold 

of IPS of the nematic LC is ranging between 0.06 V/μm and 0.05 V/μm for methods 1 and 2, 

respectively. These electric field strength values lie in the range of most conventional low-

power THz apparatuses. Therefore, this proves my initial hypothesis, that light confinement 

delivered by the hybrid MM LC devices results in all-optical in-plane reorientation of LC 

molecules by ± 𝜋
4⁄  radians. I argue that this study enables future work investigating non-

linearities in THz LC devices allowing the discovery of electrode-free nanostructured patterns 

for applications such as on-chip waveguides, optical fibres, spatial light modulators, and 

spectral filters.
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Conclusions and Outlook  

7.1 Conclusions 

Passing from the ‘age’ of voltage driven LC integrated devices to the ‘smarter’ all-optically 

driven, active photo-addressable ALs and narrowband resonant MMs (MMs) are investigated. 

This Thesis provided evidence that active control of visible and THz regimes is possible when 

standard LCs technology is merged with the photosensitive complex dyes (PAAD) or with the 

exotic properties of planar MMs. More specifically, this Thesis included: 

 The development of a fully-automated optical instrument to characterise multi-layered 

LC devices in one-go and obtain profile maps of their core properties in real time. 

Integrated LC cells with enhanced, photoactive response, asymmetric by design, need 

to be monitored for the stability and uniformity, especially in the regions exposed to 

light. In this work, I report on an integrated, versatile model and technique to 

characterise these parameters as well as more subtle effects, such as the strength of 

anchoring energy. The snapshot method also provides two-dimensional maps of the 

cells’ thickness, pretilt angle and uniformity. 

 The investigation of the photo-aligning properties of complex azobenzene dyes (PAAD) 

as AL to the LCs. Here I used the photo-addressable PAAD ALs to control the LC 

alignment, switching from planar state to the twisted state. Conventionally, UV light is 

used to address azobenzene-based dyes, however here I proved that this is possible 

even for visible light. 

 The development of an optically addressed bistable LC-based waveplate for efficient 

control of visible and near-infrared light. Such photo-alignment properties of the layer 
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enable reversible switching between two perpendicular alignment states at the cell 

surface. An efficiency of 90% has been reported by switching between a planar and 

twisted LC configurations. Further, I showed that this process i.e. switching ON/OFF is 

reversible and reproducible for multiple cycles. 

 The integration of LCs with planar MMs for efficient, all-optical control of THz 

radiation. I experimentally and theoretically demonstrate that intensity modulation of 

THz radiation using a large-scale planar MM  hybridized with a 20 μm thin layer of a 

LC. I showed that tunable birefringence of an optically thin layer of LC, which is too 

weak to produce any noticeable transmission effect alone, can yield a very efficient THz 

radiation control mechanism when functionalised with the sharp Fano resonant 

response of my metamolecules. 

 The observation that Babinet complementary patterns of a spectrally tunable MM 

incorporating a nematic LC normally do not exhibit the same tuning range, as assumed. 

Here I demonstrated that for a hybrid, THz LC-MM, the sensitivity of its resonances to 

the variations of the refractive index differs substantially for the two complementary 

patterns. This is due to a mismatch between the alignment of the LC and the direction 

of the local electric field induced in the patterns.  

 The first demonstration of an anomalous resonance shift, beyond the limits imposed 

by theory, due to spatial re-orientation of LC molecules around the MM ‘hotspots’. This 

could have been resulted only from a better match between the direction of the local 

electric field and the orientation of LC molecules, since that would effectively increase 

the refractive index of the LC perceived by the resonant electromagnetic mode of the 

metamolecules. 

 The suggestion that electric field enhancement in my structures is dominated by two 

combined effects. (i) The amplification of THz fields by the MMs via their high-Q 

resonant response. (ii) The concentration of electric fields by sharp geometric features 

of the metamolecules, the so-called ‘lightning rod’ effect. As a result, the overall field 

enhancement attainable in the positive MM is likely to exceed by several orders of 

magnitude the field enhancement of the negative MM design. 

 The manifestation that Kerr nonlinearity of LCs has not been reported before for the 

intensities accessible with conventional, commercial THz-TDS setups. This 

demonstration enables future studies of nonlinear effects in the THz range, which up 

to now, where exclusively reserved for high-power THz spectrometers based on 

complex and often cumbersome, amplified laser systems. 
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 The finding that that the re-orientation of LC molecules in the vicinity of metallic 

resonators is equivalent to the in-plane electrical switching (IPS mode) of 

homogeneously aligned nematic LCs. 

 A comprehensive theoretical analysis method based on the analytical model of the IPS  

LC switching mode, which confirms that engaging orientational optical nonlinearity of 

LCs at typical THz intensities is achievable with the use of metallic MMs. 

In conclusion, this Thesis merged the physics of LCs and MMs upon investigating novel, ‘smart’, 

THz modulators. The findings reported in this Thesis, can directly lead to the increase of the 

efficacy of THz modulators and other active optical components exploiting the enhanced 

nonlinear light-matter interactions in LC-MM hybrid structures. 

7.2 Ongoing and Future Work 

7.2.1 Investigation of twisted liquid crystal devices integrated with THz 

metamaterials 

 

Figure 7-1 Schematic representation of a twisted nematic LC cell. 

Complex, asymmetric by design THz MMs, namely D-shaped patterns, enabling high-Q Fano 

resonances offer a transmission shift up to 45 GHz when two opposite planar alignments are 

compared. This shift was beyond the limitation imposed by my computational model, 
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indicating that a nonlinear optical anisotropy of LC occurs due to the enhancement of THz 

electric field around the ‘hotspots’ of MMs. However, different designs may offer a larger 

resonance shift.  

Therefore, here I propose to explore a range of different MM designs with the aim to provide a 

portfolio of different patterns either in the positive or negative designs. In addition, I suggest 

investigating the effect between a planar LC alignment and a twisted configuration. To the best 

of my knowledge, modelling a twisted LC configuration has not been presented before.  

 

Figure 7-2 Schematic illustration of the X-shaped metamolecules in (a) positive and (b) negative designs. 

The width of the patches/slits is 10 μm, and the unit cell of the arrays has the dimensions of 70 x 80 μm. 

7.2.2 Diffraction Efficiency of Azobenzene Complex Dyes  

Photo-aligning azobenzene dyes (PAAD) are proven to control efficiently the alignment of thin 

LC cells with one-step illumination with UV or visible light (see 0). Here, I aim to exploit their 

photoinduced properties in order to create bistable THz modulators based on the LC-MMs 

integrated devices. Instead of the fixed LC geometries emerged from the rubbing technique, 

switching between LC states will be possible by illuminated the sample with visible light 

[288,289]. Thereafter, by altering the polarisation of the pump light (i.e. linear, circular, 

elliptical, etc) different patterns can be written in the surface of PAAD materials and hence 

extend into LC layer. In addition, PAAD materials offer a smaller anchoring energy with 

molecules moving  more ‘freely’ on the substrate surface, prompting LC molecules to re-orient 

even closer to the ALs’ level and hence achieve a larger resonant shift with less electric field 

strength (EF) [290]. As a result, PAAD material is an excellent candidate for the creation of 

photo-addressable LC spatial light modulators (SLM) for the THz regime.  
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Figure 7-3 A 514.5 nm Ar+ laser was used for writing the diffraction gratings and a HeNe laser at 632.8 

nm was used for monitoring the diffraction efficiency (η).  

One of the most astonishing feature of PAAD materials is the fact that high-modulation-depth-

relief gratings (SGRs) can be inscribed at the polymer-air interface, when exposed to an 

interference pattern of light with spatial variation of the intensity and/or polarisation. This 

effect holds promise for holographic applications, providing an interesting connection 

between optical alignment techniques and functional hybrid LC-MMs THz modulator.  

 Here, I present the first step towards understanding the photoinduced properties of PAAD 

materials by monitoring the diffraction from phase gratings, recorded in thin films by 

interferometric illumination. A periodic intensity pattern was created by the interference of 

two mutually coherent Ar+ laser beams at 514.5 nm, a wavelength strongly absorbed by the 

PAAD films, using a Michelson interferometric arrangement [291], as shown in Figure 7-3. The 

angle between the recording beams was 30°, corresponding to a grating period of 1 µm. The 

pump beam had linear polarisation and perpendicular to the plane of incidence, with a total 

recording laser power at 10 mW. Photo-induced gratings were probed by a HeNe laser beam 
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(at 632.8 nm) with a power of 1.4 mW, and incident at the corresponding Bragg angle for this 

wavelength, which is 18.5°. The polarisation of the probe was controlled with the aid of a 

polariser (P) and a half-wave plate (HWP). Transmitted and diffracted orders were measured 

after the gratings recording and with pump beams turned off.  

Photoinduced gratings were written on PAAD-22E thin (~35 nm) on 1 mm ITO coated glass 

substrate. The incident angle and polarisation of the probe beam were varied to monitor the 

transmittance of the s- and p-polarised outputs (see Inset  

Figure 3-11). In order to achieve this, the sample was held in a rotation stage. The stage 

consisted of a 360° rotating base with a holder to keep the sample cantered on the stage’s 

rotational axis (as depicted in Figure 3-10, the axis points out of the image). In this way, the 

incident light remained focused on the same spot of the sample as the stage was rotated, 

enabling us to monitor the transmission of the same spot of the sample for all of the different 

angles of incidence (as described in Section 3.3). After propagating through the sample, the 

transmitted light (0th order) was collected by a photodiode, PD1, while positive and negative 

1st diffracted orders by PD2, which measured its intensity. 

 

Figure 7-4 Transmitted order is S- and P-polarisation of the reference sample: ITO coated glass. 

Figure 7-4 presents, the transmission (0th order) of the reference sample i.e., ITO coated glass, 

while Figure 7-5 for PAAD-22E on ITO/glass. The diffraction efficiency, η, was measured for 
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two polarisations of the probe beam, parallel (P) and perpendicular (S) to the plane of 

incidence, as presented in Figure 7-6. It was calculated by dividing the power of the first order 

diffracted beam by the power of the 0th order.  

While it is not clear to us the behaviour of PAAD gratings yet, the highest diffraction efficiency 

value of PAAD-22E is estimated at 3 × 10−4 for the S polarisation while  of magnitude lower 

for the P polarisation. Clearly, diffraction efficiency depends strongly on the polarisation of the 

pump to the probe beam. Further, investigation of both 0th and 1st orders is needed. 

The next step is to investigate the formation of gratings with AFM, POM and SEM imaging and 

understand further their photoinduced properties. Thereafter, we will test their stability over 

time trying a variety of possible inscription wavelengths. We foresee that the combination of 

the flexible photoaddressable concept will enable new applications for photo-responsive THz 

modulators.  

 

Figure 7-5 Transmitted order is S- and P-polarisation of the sample: PAAD film on ITO coated glass. 
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Figure 7-6 1st diffractive orders is S- and P-polarisation of the sample: PAAD film on ITO coated glass. 

 

Figure 7-7 Diffraction efficiency as calculated from 1st diffracted orders and from 0th transmitted orders 

for S- and P-polarisation of the sample: PAAD film on ITO coated glass.
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Appendix A  

Different LC re-alignment scenarios caused by the near-field 

enhancement in the vicinity of MM edges 

 

 

Figure A-1. Apart from the re-alignment scenario of NLC molecules around near-field ‘hotspots’, we 

investigated two more re-alignment scenarios; ‘random’ and ‘boundaries’ alignment. (a) Transmission 

spectra of experimental data (scatter) and simulations (solid lines) for NLC-loaded positive THz MM 

films in planar 1 configuration. (Insets) Calculated angular distribution of NLC molecules when 

distributed randomly, or locally around the boundaries of metamolecules. Angular distribution ranges 

from 60° to 120° (±30° from 90° i.e., planar 1 configuration) (b) Schematic representation of ‘random’ 

alignment. This scenario is not applicable due to the strong anchoring energy of the rubbing, however, 

proves the alignment quality of the initial planar 1. (c) Schematic representation of ‘boundaries’ 

alignment, where NLC molecules are confined due to the vicinity of metallic nanostructure and rotate 

around the boundaries of metamolecules.  
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Here, I present two additional alignment scenarios for LCs in order to explain the anomalous 

resonance shift observed for the positive MM when hybridised with a thin (20 μm) layer of LC. 

To better quantify the shifts of the resonant frequency of the MMs with respect to the 

orientation of LCs, we investigated three different alignment scenarios, which differ from the 

initial planar configuration. The first scenario i.e., ‘random’ alignment corresponds to a random 

spatial variation of LC molecules, where variation occurs all over the unit cell within the range 

of  ±π⁄3 radians from the planar 1 position (parallel to y axis). Then, scenario 2, i.e., 

‘boundaries’ alignment, indicates that there is a variation of LC alignment only around the 

boundaries of the D-shaped MM, assuming that molecules follow the shape of D MM under 

confinement in the vicinity of metasurface. Finally, scenario 3 i.e., ‘hotspots’ alignment, shows 

that there is a variation of LC alignment only around the edges of the D-shaped MM, caused by 

the extreme light localization at the hotspots which we discussed in this thesis.  

Transmission spectra of these scenarios along with experimental results are shown in Figure 

A-1. Firstly, to ensure that the large experimental shift is not an artefact of mechanical rubbing 

and fabrication imperfections, we simulated a random orientation of LC molecules (scenario 

1). Alignment of LC molecules varies randomly throughout the unit cell surface, corresponding 

to higher refractive index and hence red-shifted resonant frequency position. In particular, 

transmission spectra of ‘random’ variation is blue-shifted only by 2 GHz from the experiment 

however it differs at lower frequencies offering a larger amplitude which does not fit the 

experimental results. Similar results we obtained from ‘boundaries’ alignment.



  Appendix B 

175 

Appendix B  

B1. Journal and Conference publications 

 Perivolari, E.,  Fedotov, V. A., Kaczmarek, M, and Apostolopoulos, V.  (2021). All-Optical 

Switching of Liquid Crystals at Terahertz Frequencies Enabled by Metamaterials. 

(submitted)  

 Perivolari, E.,  Fedotov, V. A., Parka, J., Kaczmarek, M, and Apostolopoulos, V.  (2021). 

Anomalous resonance frequency shift in LC-loaded THz metamaterials. (submitted)  

 Perivolari, E., D’Alessandro, G., Apostolopoulos, V., Brouckaert, N., Heiser, T., & 

Kaczmarek, M. (2021). Two-dimensional snapshot measurement of surface variation 

of anchoring in LC cells. Liquid Crystals, 1-11. 

 Gill, J. R., Perivolari, E., Kaczmarek, M, & D’Alessandro, G. (2021). Efficient scattering 

model of multi-layer systems with anisotropic films. Journal of the Optical Society of 

America A, 38(5), 595-605. [Featured as Editor’s Pick] 

 Perivolari, E., Fedotov, V. A., Apostolopoulos, V., Kaczmarek, M. (2019). Optically driven 

LC modulators integrated with terahertz metafilms (Conference Proceedings). Optics of 

Liquid Crystals-OLC 2019. Université Laval, Quebec, Canada. 

 Perivolari, E., Gill, J. R., Podoliak, N., Apostolopoulos, V., D’Alessandro, G., & Kaczmarek, 

M. Bistable and photo-switchable thin films for efficient visible and near-infrared light 

manipulation, (2018), Proc. SPIE 10735, Liquid Crystals XXII, 107350D.  

 Perivolari, E., Gill, J. R., Podoliak, N., Apostolopoulos, V., Sluckin, T. J., D’Alessandro, G., & 

Kaczmarek, M. (2018). Optically controlled bistable waveplates. Journal of Molecular 

Liquids, 267, 484-489. 

 Bennett, T., Proctor, M., Forster, J., Perivolari, E., Podoliak, N., Sugden, M., Kaczmarek, M. 

& D’Alessandro, G. (2017). Wide area mapping of LC devices with passive and active 

command layers. Applied Optics, 56(32), 9050-9056.
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B2. Conference contributions 

 [Oral presentation] Unusually Large Tuning Range in Liquid Crystal-Loaded THz 

Metamaterials. Perivolari, E., Apostolopoulos, V., Kaczmarek, M, & Fedotov, V. A. 15th 

International Congress on Artificial Materials for Novel Wave Phenomena – 

Metamaterials 2021. New York, USA.  

 

 [Oral presentation] Orientational Optical Nonlinearity of Nematic Liquid Crystals 

Integrated with THz Metamaterials. Perivolari, E., Fedotov, V. A, Apostolopoulos, V., & 

Kaczmarek, M. SPIE Liquid Crystals 2021. San Diego, USA. 

 

 [Oral presentation] Anomalous Resonance Frequency Shift in Liquid Crystal-Loaded 

Metamaterials. Perivolari, E., Apostolopoulos, V., Kaczmarek, M, & Fedotov, V. A. CLEO 

Europe 2021.  

 

 [Oral presentation] Optically driven liquid crystal modulators integrated with terahertz 

metafilms. Perivolari, E., Fedotov, V. A., Apostolopoulos, V., & Kaczmarek, M. Optics for 

Liquid Crystals (OLC) 2019. Laval University, Quebec, Canada. 

 

 [Poster] Optically driven waveplates. Perivolari, E., Gill, J. R., Podoliak, N., 

Apostolopoulos, V., Sluckin, T. J., D’Alessandro, G., & Kaczmarek, M. Quantum Light and 

Matter (QLM) summer school, Southampton 2019, UK. [1st place award] 

 

 [Oral presentation] Bistable photo-induced properties of azobenzene based materials 

integrated in liquid crystal systems. Perivolari, E., Mavrona, E., Gill, J. R. E. , Podoliak, N., 

Mailis, S., D'Alessandro, G., Apostolopoulos, V., & Kaczmarek, M. Photoalignment and 

Photopatterning in Soft Materials (PhoSM) 2018, Tampere University of Technology, 

Finland. 

 

 [Oral presentation] PAAD films for reversible photo-aligned liquid crystal devices. Gill, 

J. R. E., Perivolari, E., Podoliak, N., Apostolopoulos, V., D’Alessandro, G., & Kaczmarek, M. 

British Liquid Crystal Society (BLCS) 2018, Manchester, UK.  

 

 [Poster] Compact optical device for measuring liquid crystal elastic and dynamic 

properties. Podoliak, N., Perivolari, E., Bennett, T.P., Proctor, M. B., D'Alessandro, G., 
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