
Surface Aligned Liquid Crystals  

on Micropatterned Polyimide  

Relief Structures 
 

 

Thomas Andrew Moorhouse 

University of Leeds 

Department of Physics and Astronomy 

 

Submitted in accordance with the requirements for the degree of 

Doctor of Philosophy 

 

November 2024 



ii 

 

 



i 

 

 

The candidate confirms that the work submitted is his own, except where work which has formed part 

of jointly authored publications has been included. The contribution of the candidate and the other 

authors to this work has been explicitly indicated below. I confirm that appropriate credit has been given 

within the thesis where reference has been made to the work of others. 

Chapter 4 contains work from “Sub-micron Diffractive Optical Elements Facilitated by Intrinsic 

Deswelling of Auxetic Liquid Crystal Elastomers”, which has been published by T. Moorhouse and  

T. Raistrick in Advanced Optical Materials, 2024, 12, 2400866. Microfabrication, surface metrology 

(atomic force microscopy (AFM)), construction of diffraction apparatus and diffraction efficiency 

measurements were carried out by T. Moorhouse; LCE synthesis and compositional changes, diffraction 

pattern measurements under thermal and mechanical load, phase and thermal behaviour studies 

(differential scanning calorimetry (DSC), thermogravimetric analysis (TGA)) and device cycle testing 

(DSC, dynamic mechanical analysis (DMA)) were carried out by T. Raistrick; diffraction efficiency 

analysis and the writing of the manuscript was carried out collaboratively by T. Moorhouse and  

T. Raistrick. 

 

 

 

 

 

 

 

 

 

 

 

This copy has been supplied on the understanding that it is copyright material and that no quotation 

from the thesis may be published without proper acknowledgement. 

The right of Thomas Moorhouse to be identified as Author of this work has been asserted by  

Thomas Moorhouse in accordance with the Copyright, Designs and Patents Act 1988. 



ii 

 

Acknowledgements 

Firstly, I would like to thank my supervisors Prof. Helen Gleeson and Prof. Edmund Linfield, who have 

provided me with fantastic supervision and guidance throughout this project, which has had its fair 

share of disruption that would have been infinitely harder to overcome without their support. Working 

with Helen has been a pleasure, involving many insightful physics discussions, valuable feedback on 

conference presentations and job applications and the significant task of overseeing the write-up of this 

thesis, for which I am incredibly grateful. 

From the Soft Matter Physics department at Leeds, I would like thank various current and previous 

members who have all played their own part in me completing this project and staying motivated 

throughout the process. These include, Dr. Dan Baker who keeps the department ticking and has helped 

me with countless experimental endeavours, Dr. Tom Raistrick who I had the pleasure of collaborating 

with and learning conoscopy from and Dr. Harry Litt for all the valuable discussions and laughs during 

our time as undergrad and PhD students. I would also like to thank Drs. Pete Wyatt, Devesh Mistry, 

Matt Reynolds and Rowan Morris for various discussions and assistance throughout this work. 

I would also like to acknowledge the technical support I have received during this project. I would like 

to thank Dr. Mark Rosamond and the Leeds Nanotechnology Cleanroom team for fabricating precision 

microstructures and assisting in their characterisation. I would also like to thank Stuart Weston and his 

team in the Physics Mechanical Workshop for constructing and aiding in the design of various bespoke 

pieces of lab equipment, used frequently throughout the project. Also, I would like to acknowledge 

Dr. Lekshmi Kailas and Dr. Simon Connell for training and advice on Atomic Force Microscopy. 

I would like to give a special thanks to Dr. James Bailey for his support, guidance and mentorship 

during our time at Dynamic Vision Systems, which allowed me to develop in to the experimentalist I 

am today. Also, for pushing me to pursue a PhD in the first place, which now this thesis is finally 

finished, I can say I’m very thankful for. I would also like to thank Prof. Cliff Jones for sparking my 

interest and passion for liquid crystal research, providing me with great opportunities as a postgraduate 

and for introducing me to the world of microfabrication, within which I am now grateful to be pursuing 

a career.  

I would like to thank my family for their continual support and encouragement over the years, Mum, 

Dad, Simon and Claire, thank you all for being there for me. Finally, thank you to Becky, my love, for 

your endless support and patience throughout this process, I wouldn’t be the man I am today if it were 

not for you. 



iii 

 

Abstract 

The combination of nematic liquid crystals (LCs) and topographically patterned surfaces has enabled 

the development of a broad range of functional optoelectronic devices, such as displays, LIDAR (light 

detection and ranging) systems, dynamic lenses, tunable diffractive optical elements and polarisation 

converters. The interaction between LCs and patterned surfaces dictates the overall surface alignment 

and thus the bulk optical properties of a device due to the LC’s long-range order. These LC-surface 

interactions are therefore of great interest and are investigated in this work using planar and homeotropic 

LC polyimides, patterned with various surface relief structures. The motivation is to demonstrate unique 

and transferrable surface alignment phenomena, as well as highlight the potential for creating multi-

functional LC alignment layers by combining the chemical surface anchoring of polyimides with the 

presence and physical alignment influence of topography.  

Commercially sourced, spontaneously formed and precision engineered microstructures form the three 

unique starting points for the experimental chapters in this thesis. These structures are transferred in to 

polyimide alignment layers using a variant of solvent-assisted microcontact moulding (SAMIM); a 

subcategory of soft lithography. This methodology is discussed in detail to provide LC researchers with 

an insight in to an accessible and arguably underutilized means of patterning alignment layers, with 

additional control offered by the inherent surface anchoring properties of conventional LC polyimides. 

Micropatterned liquid crystal elastomers (μLCEs) are fabricated using planar polyimide alignment 

layers imprinted with commercially sourced linear surface relief gratings. Mechanical rubbing overrides 

the grating alignment effect on these surfaces, allowing for multiple grating orientations on a single 

monodomain μLCE film. The all-acrylate LCE chosen for this study undergoes anisotropic deswelling 

upon removal of the non-reactive component (6OCB), enabling controllable miniaturization of surface 

features, as measured via atomic force microscopy (AFM). The original grating pitch of 1040nm, is 

reduced to 707nm (-32%) or 1010nm (-3%) when the nematic director is aligned parallel (𝒏̂∥) or 

perpendicular (𝒏̂⊥) to the grating grooves respectively. Varying the composition of the precursor 

mixture for the μLCE, provides additional control over the deswelling, reducing the original pitch to 

770nm (-26%) at 45.7 mol% 6OCB and 643nm (-38%) at 64.4 mol% 6OCB in 𝒏̂∥ samples. The μLCE’s 

thermal response is quantified using optical diffraction measurements, indicating changes in grating 

pitch of up to 33% over a 215°C temperature range. Pitch expansion and pitch contraction are exhibited 

by the 𝒏̂∥ and 𝒏̂⊥ samples respectively upon heating, each with linear variations in pitch spanning ≈50% 

of their operational temperature range, with respective thermal sensitivities of +1.2 ± 0.1 nm/°C and 

−2.2 ± 0.1 nm/°C. The mechanical response of the μLCEs is explored by applying uniaxial tensile 

strains (𝜀) of up to 157%, where optical diffraction measurements are used to demonstrate a maximum 

pitch elongation of 1110nm. The μLCE topography, and specifically the height of the grating structures, 
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is measured as a function of strain using AFM, which exhibits a non-linear relationship attributed to the 

auxetic response of this class of LCEs. An initial decrease in height is observed at moderate strains  

(𝜀 ≤ 40%) followed by an increase at large strains (𝜀 ≥ 80%), exceeding the height at rest by as much 

as 26% (50 ± 2nm at 𝜀 = 0%, 63 ± 3nm at 𝜀 = 146%). The first-order diffraction efficiency (𝜂1) of the 

μLCEs is also investigated as a function of temperature and strain. Notably, a distinct transition in the 

linear behaviour of 𝜂1  is observed with increasing strain, where the gradient shifts from 0.67 for  

𝜀 < 100%, to 1.79 for 𝜀 > 100%. This corresponds closely with the emergence of the auxetic response 

and associated growth in feature height confirmed by AFM, which increases the grating’s phase 

modulation and is therefore suspected to be contributing to the higher gradient of 𝜂1 for 𝜀 > 100%.  

Wrinkled surface textures are spontaneously formed on polydimethylsiloxane (PDMS) slabs via plasma 

oxidation under tensile strain. Planar and homeotropic wrinkle-imprinted polyimide (WIP) surfaces are 

then fabricated using these wrinkle textures, with a wrinkle pitch of 900 ±  20nm and height of  

125 ± 10nm. Aperiodic valleys in the PDMS slab formed by surface cracking, are inverted into peaks 

or ‘wall’ features on the WIP surfaces during imprinting. Although only artefacts of the wrinkling  

and imprinting processes, these wall features with a mean spacing of 13 ± 1μm and a mean height of  

230 ± 5nm, are found to have a remarkable impact on LC surface alignment. A planar WIP surface in 

a hybrid aligned nematic (HAN) device results in uniform director alignment parallel to the wrinkles, 

due to the azimuthal anchoring strength of ≈4 × 10-6 Jm-2 associated with the wrinkles’ grating-like 

structure. The alignment properties of a wrinkled surface with homeotropic anchoring are explored for 

the first time, contained in a vertically aligned nematic (VAN) device geometry. Conoscopic 

examination of the VAN device shows a ≈7° degenerate tilt of the optic axis at 20°C (𝑇 𝑇𝑁𝐼⁄  = 0.86), 

corresponding to a near-vertical surface pretilt (𝜃𝑃) on the wrinkles of 77 ± 2°, thought to be caused 

by director splay over the peaks and troughs of the wrinkles. Heating the VAN device to 𝑇 𝑇𝑁𝐼⁄ ≈ 0.95 

results in a stark change in optical appearance from near-extinct to transmissive, with a retardation (Γ) 

of 250 ± 50nm. This is attributed to the director undergoing a surface anchoring transition from near-

vertical to significantly tilted (𝜃𝑃 = 35 ± 9° ) on the wrinkled surface, with the director tilting 

perpendicular to the wrinkle grooves as confirmed by full-wave plate observations. In this tilted state, 

the aforementioned wall features are shown to produce elongated alignment domains via physical 

confinement, within which the azimuthal director orientation exhibits an intriguing spatial modulation 

with periodicities between 10 and 15μm. 

Precision engineered linear gratings are fabricated with electron beam lithography and imprinted in to 

homeotropic polyimides using composite-PDMS replicas as stamps. Scanning electron microscopy 

identifies the structural limits of the stamps, in terms of grating linewidth (𝑙 =150 – 350nm) and mark-

to-space ratio (1:1 – 1:2.5), highlighting lateral collapse at 𝑙 = 150nm and structural stability for all 

mark-to-space ratios at 𝑙 ≥ 250nm. Faithful transfer of 500 to 1200nm pitch gratings in to polyimide is 
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confirmed via optical diffraction patterns, with pitch measurements agreeing within ≤2% of the design 

dimensions. Once assembled in to a VAN device geometry, room temperature polarised microscopy 

shows that the homeotropic gratings induce a transmissive optical appearance (Γ = 150 - 250nm), in an 

otherwise extinct VAN device, where Γ varies as a function of grating dimensions. This is attributed to 

surface anchoring transitions on the grating surface, driven by topographic distortions of the director 

field inducing a HAN profile with director tilt perpendicular to the grating grooves, as confirmed by 

full-wave plate analysis. Conoscopic examination of the induced HAN profiles, shows that lower mark-

to-space ratio and shorter pitch gratings result in greater optic axis (OA) tilt (𝜙) and thus lower  

induced surface pretilt (𝜃𝑃) on the gratings. Angular calibration of the microscope back focal plane  

allows 𝜙 to be directly measured from the shifted melatope positions in the conoscopy figures, where  

𝜙 =  8.1 − 14.7° for grating pitches of 1200 to 500nm, corresponding to 𝜃𝑃 ≈  74  − 61° at 20°C. 

Conoscopy also enables the identification of opposing tilt directions on either side of tilt domain walls, 

demonstrated over length scales of ≤100μm. 

In summary, the work presented in this thesis demonstrates that a wealth of LC device functionality can 

be accessed by tailoring microscale surface topographies and their interactions with LCs. The work on 

μLCEs demonstrates controllable miniaturization of surface features, thermo- and mechano-responsive 

diffractive properties and the first evidence of auxetic microscale surface relief structures, with 

collective applications spanning microfabrication, spectroscopy, diffractive optimization and surface 

wetting. The work on wrinkled LC alignment layers demonstrates topography-driven modulated 

director profiles, highlighting an alternative and unique approach to patterning the azimuthal director 

orientation, with potential applications in LC-based flat optics. Finally, the focused study of frustrated 

surface anchoring on homeotropic grating structures shows how varying grating dimensions allows for 

precise control over surface pretilt, which is a notoriously difficult property to fine-tune, with broad 

applications in all LC devices.  
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azimuthal director orientation that rotates by 90° throughout the LC layer, imposed by rubbed planar 

surfaces with orthogonal RDs. ......................................................................................................... 15 

Figure 2-9: Schematic illustrations of the interaction between the nematic director (𝒏) and a linear 

grating topography with grooves (𝒈) aligned parallel to 𝑦. (a) Energetically unfavourable scenario 

with 𝒏 aligned orthogonal to 𝒈, resulting in elastic deformation of the director field in the 𝑥-𝑧 plane 

(highlighted in a.ii), as it attempts to conform to the undulating topography. (b) Energetically 

favourable scenario with 𝒏  aligned parallel to 𝒈 , resulting in minimal elastic distortion. This 

highlights the principle of ‘grating alignment’ on a grooved topography with planar anchoring. .. 16 

Figure 2-10: Grating alignment applications. (a) Measurement of the polar and azimuthal anchoring 

strengths of polymer alignment layers, using linear surface relief gratings of varying pitch (𝑑) as 

reference points. Rubbing applied perpendicular to the grooves (a.i), competes against the varied 

anchoring strengths of the gratings, resulting in different twist angles and optical appearances (a.ii) 
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from which the anchoring strengths are inferred.[83] (b) Sub-micron pitch, indium tin oxide (ITO) 

grating structures (b.i − b.ii), with a groove direction indicated by the red arrows, applied 

simultaneously as electrodes and grating alignment layers (b.iii−b.iv).[105] ................................. 17 

Figure 2-11: Applications of microstructured alignment layers for non-uniform or patterned director 

alignment. (a) LC microlens arrays based on the Pancharatnam-Berry phase. Sub-micron pitch 

surface relief gratings are precisely patterned with spatially varying groove directions (a.i−a.ii). The 

patterned grooves result in azimuthal rotation of director across the surface, resulting in a modulated 

phase profile as shown in the polarised microscopy image in (a.iii), with a corresponding director 

profile shown in (a.iv).[21] (b) Polarisation converter based on the circular/azimuthal director 

alignment (b.ii) imposed by physical confinement of a LC in a cylindrical cavity (b.iii). The circular 

alignment from the cavity combines with a planar-aligned polyimide (PI) surface to produce 

alternating uniform and twisted bulk director profiles around the cavity, with an optical appearance 

shown in (b.iv).[27] ......................................................................................................................... 18 

Figure 2-12: Application of micropatterned surface topographies, combined with homeotropic 

anchoring, for creating a tunable diffractive optical element. (a) Micropillar structures with a 

homeotropic coating (CYTOP) results in a frustrated/distorted near-surface director field. Applying 

electric fields to the LC (𝛥𝜖 < 0), parallel to z in (a), results in further director field distortion that 

forms intricate nematic defect arrays, with optical appearances shown in the left panels of (b) and 

(c). These images demonstrate how the arrangement of the defect arrays can be altered by varying 

the voltage and frequency of the applied field, which in turn changes the optical diffraction patterns 

produced by laser light incident on the device (right panels of (b) and (c)).[22] ............................ 19 

Figure 3-1: LC device schematics. (a) Exploded view of a LC device highlighting each of the constituent 

layers, including: indium-tin oxide (ITO) coated glass, polyimide (PI) alignment layers and spacers 

for defining the thickness of the LC slab. (b) Collapsed view of an assembled LC device, showing 

the lateral offset of the substrates that provides a ledge for capillary filling the device with LC 

material. (c) Cross sectional view indicating the typical thicknesses of each of the device layers. 

Grey circles denote the spherical polystyrene spacer beads that are dispersed in the UV-curable glue 

seals. ................................................................................................................................................. 21 

Figure 3-2: Spin coating and post-processing of polyimide alignment layers. (a) Approximately 0.1ml 

of PI solution is drop dispensed on to a static substrate, whilst secured to the spin coater’s vacuum 

chuck. A pipette tip is used to spread the droplet across the surface to ensure full coverage. (b) Spin 

coater rotates the substrate at high speed, ejecting material and forming a uniform thin film. (c) 

Freshly spun film is placed on a 70°C hotplate for 60s to evaporate any remaining solvent and 

solidify the layer. (d) Finally, the film is cured/imidized on a 200°C hotplate for 30mins. ............ 22 
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Figure 3-3: (a) Schematics showing the process of measuring PI film thicknesses with a stylus profiler. 

(a1) Pristine PI thin film (yellow) as found after spin coating. (a2) A region of PI film is removed 

with a scalpel, exposing the underlying ITO layer (gold). The path of the stylus profiler’s tip is 

indicated by the black arrow, stepping down from the PI film on to the ITO surface. (a3) Example 

of output data from the stylus profiler, showing the step height/thickness of the PI film (ℎ𝑃𝐼). (b) 

Film thicknesses of Nissan Chemical Polyimides (SUNEVER series), spin coated at different spin 

speeds. Orange data points indicate films with planar or tilted (SE-3510) anchoring and blue 

indicates homeotropic anchoring. .................................................................................................... 23 

Figure 3-4: Surface alignment via mechanical rubbing. (a) Alignment layer with planar anchoring 

before rubbing. Near-surface polymer chains (black lines) are randomly oriented, resulting in no 

orientational preference of the near-surface director (blue ellipsoids). (b) Rubbing machine 

schematic, showing coated substrate on a vacuum stage passing beneath a rotating roller. White 

arrows denote each component’s direction of travel, with the single rotation direction of the roller 

defining the rubbing direction (RD) applied to the alignment layer. (c) Resulting polymer chain 

orientation and subsequent director alignment of a unidirectionally rubbed, planar alignment layer.

 ......................................................................................................................................................... 23 

Figure 3-5: (a) Typical reflection spectrum of an empty LC device, with a cell gap (𝑑𝐿𝐶) of ≈8μm. This 

is used with equation (3-1) to calculate 𝑑𝐿𝐶. (b) Approximate illustration of white light incident on 

an empty LC device, showing the reflected beams from the top and bottom cell surfaces that interfere 

and produce the intensity minima and maxima in the reflection spectra. (Note: In practice, the light 

is normally incident on the device but is shown at angles in the diagram to highlight the source of 

the interference.) .............................................................................................................................. 24 

Figure 3-6: Schematic overview of conoscopy setup, highlighting key components in the optical path.
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Figure 3-7: Embossing process. (a) UV-curable resin (orange) is drop dispensed on to a glass substrate 

treated with an adhesion promoter. (b) Microstructured surface relief grating (SRG) film is embossed 

in to the resin via translation beneath a pressurized roller. Black arrows denote directions of applied 

pressure and travel. (c) Glass-resin-film stack is exposed to UV illumination to cure the resin. (d) 

SRG film is peeled away to reveal a resin replica of the SRG on the glass substrate. .................... 28 

Figure 3-8: PDMS replica moulding process. (a) PDMS prepolymer and crosslinker are thoroughly 

mixed, forming a homogeneous PDMS solution. (b) Mixture is degassed in a vacuum desiccator, 

removing air bubbles formed during mixing. (c) Master structures are placed in a non-stick casting 

vessel and the PDMS mixture is cast on top, to a thickness 1-2mm greater than the substrate 

thickness. (d) Following degassing and curing at 80°C, the PDMS slab is demoulded from the 

structures and trimmed to form a working stamp for pattern transfer. ............................................ 30 
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Figure 3-9: Hotplate press apparatus. (a) Overview showing the hotplate, suspended toggle-clamp 

assembly and surface thermometer. (b) Support column with millimetre scale, providing a reference 

point for imprint pressure in the absence of a formal pressure sensor. (c) Foot of the press in its 

raised position, with glass carrier substrate adhered to the underside for temporary mounting of 

PDMS working stamps. (d) Foot of the press in its lowered/clamped position during imprinting. (e) 

Batch of micropatterned polyimide substrates fabricated with the hotplate press. Scale bar = 20mm.
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Figure 3-10: Schematic of the polyimide imprinting process. (a) A PDMS working stamp is secured to 

the glass carrier of the hotplate press and a test substrate is used to set the imprint pressure.  (b) 

Polyimide film is spin coated with reduced speed and time, then (c) transferred to a 75°C hotplate 

and immediately imprinted with the hotplate press. (d) Working stamp is demoulded from the 

polyimide and the micropatterned polyimide film is cured at 200°C. ............................................. 32 

Figure 3-11: Microscope stage micrometre imaged through (a) 20x and (b) 100x magnification 

objectives, featuring a 1mm scale divided in to 100 minor increments of 10μm. ........................... 33 

Figure 3-12: Experimental setup used to display optical diffraction patterns and measure a sample’s 

periodicity/pitch. (a) Photograph of the benchtop diffraction setup showing the arrangement of 

optical components, each labelled 1 through 9 to indicate their order in the beam path, between the 

𝜆=404nm laser diode (1) and the projection screen with millimetre scale (9). (b) Schematic cross-

section of the setup between the fixed mirror (5) and the projection screen (9). This defines the 

measured distance between the 0th (m=0) and 1st order (m=±1) diffraction maxima on the screen (𝑥) 

and the sample-screen separation (𝐿), which are used to calculate the diffraction angle (𝜃𝑑) and pitch 
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Figure 3-13: Schematic of the key components in an atomic force microscope (AFM). In tapping mode, 

the cantilever is oscillated close to its resonant frequency (𝑓0). Raster scan is carried out by piezo 

x-y translation of the scanner head and the z-height is dictated by the feedback loop from the 
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Figure 3-14: Summary of AFM image analysis used to measure the pitch and height of a microstructure. 

(a) 5x5μm AFM image of a periodic linear surface relief grating. White dashed boxes indicate the 

multiple areas from which cross-sectional data is exported from a single scan. (b) Example of height 

data from one of the box selection regions on the AFM image. (c) Height data imported in to 

OriginPro software with ‘Peak Analyser’ applied to locate the peaks (P) and valleys (V). Black 

dashed lines indicate the vertical (z) and lateral (x) positions of the peaks and valleys, with subscripts 

P and V to identify each respectively. (d) Equations used to calculate the pitch and height of the 
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Figure 4-1: Chemical structures of constituent chemicals used in the synthesis of nematic LCEs. The 

non-reactive mesogen, 6OCB, is removed after polymerization by washing the LCE in a solvent, 
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Figure 4-2: Illustration highlighting how the nematic director orientation (𝒏) is defined arbitrarily with 

respect to the groove direction (𝒈) of an underlying IPI grating. Configurations with (a) the director 

perpendicular to 𝒈 and (b) the director parallel to 𝒈 are shown, indicating the IPI and Polyvinyl 

alcohol (PVA) alignment layer rubbing directions (RDIPI, RDPVA) on the opposing cell substrates.
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Figure 4-3: Schematic representation of the key stages in the microfabrication process of IPI grating 

moulds. (a) A linear surface relief grating (SRG) film is embossed in to a UV-curable resin on a 

glass backing substrate. (b) A polydimethylsiloxane (PDMS) replica is taken of the embossed SRG, 

forming a soft working stamp for pattern transfer. (c) A spin coated layer of planar polyimide is 

imprinted with the PDMS working stamp. (d) The imprinted polyimide (IPI) surface is mechanically 

rubbed with a cotton roller, with a rubbing direction (RDIPI). ......................................................... 43 

Figure 4-4: Summary of the cell geometry used to fabricate nematic µLCE devices and the two resulting 

µLCE varieties. (a) Schematic of the parallel-plate cell geometry used as a mould for the µLCEs, 

featuring an IPI surface (yellow) with two mutually-orthogonal grating regions. A global rubbing 

direction is applied to the IPI surface (RDIPI), to form a single µLCE film with discrete regions where 

the nematic director (𝒏) is aligned parallel (𝒏 ∥) or perpendicular (𝒏 ⊥) to the grating grooves (𝒈).  

(b) Filled cell cross-sections of (i) 𝒏 ∥ and (ii) 𝒏 ⊥ regions. (c) Schematic representations of (i) 𝒏 ∥ 
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Figure 4-5: Schematic of the experimental setup used to measure the thermal response of the µLCEs 

and the associated change in diffraction angle (∆𝜃𝑑). Pitch (𝑑) is inferred from the diffraction 
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Figure 4-6: Schematic representation of uniaxial tensile strain being applied to a µLCE film.  (a) Both 

ends of a rectangular section of µLCE film (≈15 x 5mm), are secured in a bespoke strain rig using 

clamps. The sample is pulled taut and the initial clamp separation/sample length (𝐿0) is measured. 

(b) Strain (𝜀) is incrementally applied by moving the clamps in opposite directions via a fine thread 

adjustment, followed by measuring the strained sample length (𝐿𝑆) to calculate the applied strain.
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Figure 4-7: Photographs of a full μLCE film fabricated using the IPI cell geometry detailed in section 

4.3.2.a. (a) Film placed on a glass microscope slide in ambient white light illumination, highlighting 

the mutually-orthogonal grating regions (𝒏 ∥  and 𝒏 ⊥) present on the same film (blue arrows 

indicate grating groove directions, 𝒈). Vibrant structural colour can be seen in the 𝒏 ∥ region, due 

to diffracted light from this grating orientation. (b) Film imaged between crossed polarisers (P, A) 

with the rubbing direction (RD)/nematic director orientation at (i) 0° and ii) 45° to the polarisers. 

Dashed white lines indicate a 3mm wide strip of the film without any grating structures, separating 

the two grating regions. Scale bars = 10mm. ................................................................................... 47 

Figure 4-8: AFM surface profilometry of nematic µLCE films at 20°C. The plots in (a) and (c)  include 

AFM surface profiles of the IPI grating moulds (yellow) used during fabrication  (pitch = 1040 ± 

5nm, height = 130 ± 5nm), to highlight the reduced dimensions of the µLCEs (cyan).  (a, b) 𝒏 ∥ 
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707 ± 10 nm, height = 53 ± 3 nm). (c, d) 𝒏 ⊥ µLCE fabricated with 𝒏 aligned perpendicular to 𝒈 
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Figure 4-9: Compositional dependence of the dimensions of  𝒏 ∥ µLCEs on the concentration of 6OCB  

in the LCE precursor mixture. (a) AFM surface profilometry of the 𝒏 ∥ µLCEs with (i) 45.7 mol %,  

(ii) 54.6 mol %, (iii) 64.4 mol % and (iv) 70.7 mol % of 6OCB. (b) Compositional dependence of  

(i) pitch and (ii) height on concentration of 6OCB in precursor mixture as measured by AFM. The 

composition used in the previous and subsequent sections of this chapter is marked with an asterisk.  

(c) Diffraction patterns of the 𝒏 ∥ µLCEs with increasing 6OCB concentration, from top to bottom.
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Figure 4-10: Thermal response of 𝒏 ∥ and 𝒏 ⊥ µLCEs measured via optical diffraction measurements.   

(a, b) Diffraction patterns showing the opposing thermal responses of 𝒏 ∥ and 𝒏 ⊥ µLCEs, where 

(a) 𝒏 ∥ exhibits pitch expansion and (b) 𝒏 ⊥ exhibits pitch contraction respectively upon heating. 
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nematic µLCE films determined from diffraction measurements. The grey circles in (c) are the 

relative thermal changes in pitch for an isotropic sample of the same composition. ....................... 53 

Figure 4-11: Tensile strain testing on 𝒏 ∥ nematic μLCE. (a) Relationship between grating pitch (𝑑) and 

strain. Pitch measurements are taken using optical diffraction patterns (diamonds) and AFM 

(triangles). (b) Relative height (ℎ) of the μLCE surface relief grating as a function of applied strain, 

measured via AFM. Dashed horizontal lines denote the static height (ℎ0). (c) Cross-sectional line 

profiles from AFM scans of the μLCE i) at rest, ii) at 41% strain and iii) at 146% strain. ............. 54 

Figure 4-12: First order diffraction efficiency (𝜂1) of the µLCEs under various conditions.  (a, b) 𝒏 ∥ 

and 𝒏 ⊥ µLCE upon heating, (c) 𝒏 ∥ µLCE  under strain. The grey dotted line is the theoretical 
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Figure 4-13: AFM surface profilometry of nematic µLCE films. (a) 𝒏 ∥ µLCE pre- (cyan) and post- 

(red) heating to 240°C. (b) 𝒏 ⊥ µLCE pre- (cyan) and post- (red) heating to 240°C. (c) 𝒏 ∥ µLCE 
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Figure 5-1: Schematic of PDMS wrinkling. (a) A compliant PDMS slab with initial length (L0), is (b) 

elongated by a distance (x) via tensile strain (εpre). (c) Under static strain, plasma oxidation forms a 

stiff surface layer on the PDMS slab, with a thickness (hf). (d) Upon strain release, the bulk compliant 

PDMS contracts whereas the surface layer buckles/wrinkles to relieve the internal stresses 

accumulated during its strained formation, resulting in a periodic wrinkle texture with a wrinkle 
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Figure 5-2: PDMS wrinkling via mechanical strain and plasma oxidation. Schematics (top row) and 

images (bottom row) of a PDMS sample at each stage of the wrinkling process. (a) The PDMS slab 

is secured in a uniaxial strain rig and pulled taut to measure the initial slab length (L0). (b) Clamp 

separation is increased to apply 60% tensile strain (ε) and a plasma treatment is applied, where the 

PDMS slab is elongated by a distance (x), where ε = x/L0 = 0.6. (c) Tensile strain is released after 

plasma treatment, inducing surface wrinkling. Note the change in appearance of the PDMS slab 

(denoted by the dashed lines) from highly transmissive in (a) and (b), to strongly diffractive in (c), 

due to interactions between visible light and the microscale, periodic features of the wrinkled 
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Figure 5-3: Schematic of transferring wrinkled PDMS surface textures in to LC devices. (a) PI thin film 

is spin coated on 1mm thick, indium tin oxide (ITO) coated glass. (b) Wrinkled PDMS slab is placed 

in conformal contact with the solvent-rich PI film at 70°C, solidifying the imprinted PI layer as the 
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surfaces, with a thickness of the order of 10μm, is capillary filled with LC in the isotropic phase at 
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Figure 5-4: Surface topography of wrinkle-imprinted polyimide (WIP) alignment layers. (a) Optical 

microscopy image of a WIP surface captured with a 100x microscope objective. Scale bar = 10µm.  

(b) AFM scan of a WIP surface highlighting the protruding ‘wall’ features quasi-parallel to X, and 
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(ℎ1) of  125 ± 10nm. (d) AFM height profile of a ‘wall’ feature on a WIP surface, along line 3 – 4 
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Figure 5-5: HAN LC device comprised of a planar WIP surface opposing a flat, homeotropic PI surface. 

Filled with MLC-6204 with an LC layer thickness (𝑑𝐿𝐶) of 10±1µm. (a) Schematic of the HAN 

device geometry, indicating the region of interest (ROI) on the boundary between (i) a wrinkled PI 

area and (ii) a flat PI area. (b,c) POM images of the ROI indicated by the red box in (a), imaged at 

59°C (nematic phase), with the wrinkle grooves (𝒈) at 0° and 45° with respect to the crossed 

polarizers (P,A). The images show homogeneous director alignment in the wrinkled area (i), and 

planar degenerate alignment in the unpatterned PI area (ii). Scale bars = 100µm. ......................... 64 

Figure 5-6: POM images of the same region of interest (ROI) shown in Figure 5-5c, with the addition 

of a full-wave compensation plate (λ-plate) with slow axis orientation, 𝜆𝑝. Used to confirm the 
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the boundary of (i) wrinkled and (ii) unpatterned PI areas. Yellow circle in region (ii) highlights the 

𝑠 = −1 point defect used a reference point. Scale bar = 100µm (b) Enlarged image of 𝑠 = −1 

reference defect highlighted in (a). Overlaid green dashes show the known 𝒏 profile surrounding a 
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Figure 5-7: VAN device featuring a homeotropic WIP surface opposite a flat, homeotropic PI surface. 

Filled with MLC-6204 with an LC layer thickness (𝑑𝐿𝐶) of 12±1µm and imaged at 20°C. (a) POM 

image of a device region without wrinkles i.e. flat homeotropic PI on both surfaces. P, A = polariser 

and analyser orientations. (b) POM image of a device region with homeotropic wrinkles. Insets show 

conoscopy figures captured in each region, using broadband green illumination (𝜆 = 533 ± 52𝑛𝑚). 

Scale bars = 50µm (c) Schematic of VAN device geometry, indicating (1) flat PI and (2) wrinkled 

PI regions shown imaged in (a) and (b), and the groove direction (𝒈). (d) Intensity profiles of the 

inset conoscopy figures in (a) and (b), measured along the orange dashed lines X-Y, showing isogyre 

splitting in region (2) as a result of degenerate director tilt induced by the wrinkled surface 
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Figure 5-8: POM images of the homeotropic WIP device on heating through 60°C to 62.7°C, showing 

the change in optical properties due to a surface anchoring transition. (a) Device at 60°C appearing 
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by small patches of the field of view (FOV) transitioning from extinct to transmissive. (c) Majority 

of FOV becomes transmissive at 62.7°C, as tilted director profile propagates on heating. Addition 
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colour shift to blue, indicating director tilt parallel to 𝜆𝑝 and hence perpendicular to 𝒈. Scale bar = 
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Figure 5-9: Director tilt in the homeotropic WIP device. (a) Tilt shown in 3D space on a CAD 

representation of the wrinkled surface, with wrinkle grooves (𝒈) (parallel to Y), slow axis of λ-plate 

(𝜆𝑝) as oriented in Figure 5-8c.2 (parallel to X) and director tilt in XZ plane. (b) Degree of degenerate 

pretilt (𝜃𝑝) of the director (𝒏) prior to the surface anchoring transition, as covered in section 5.4.3.a. 

(c) Degree of 𝜃𝑝 after the surface anchoring transition. .................................................................. 69 

Figure 5-10: Comparison of alignment characteristics between VAN devices with (a) a homeotropic 

WIP surface and (b) a homeotropic PI surface imprinted with a linear surface relief grating (SRG), 

following a surface anchoring transition. Confirms the origin of the alignment domains observed in 

the homeotropic WIP device. (a.1) Optical microscopy image of a WIP surface. (a.2,a.3) POM 

observations of the homeotropic WIP device, exhibiting alignment domain formation. (b.1) Optical 

microscopy image of an imprinted SRG. (b.2,b.3) POM observations of the SRG device used as a 

control, exhibiting a near-uniform optical texture, without domains. Groove direction (𝒈), full-wave 
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Figure 5-11: POM images showing the broadening of spatially-confined alignment domains on heating. 

(a) Homeotropic WIP device at 62.8°C (0.3°C above anchoring transition onset temperature). (b) 

Homeotropic WIP device at 63.4°C (0.9°C above anchoring transition onset temperature). Wrinkle 

groove direction (𝒈), full-wave plate slow axis (𝜆𝑝) and scale bars = 100μm. ............................... 72 

Figure 5-12: POM observations of the modulated director profile in the homeotropic WIP device,  (a−c) 

at 63.8°C after cooling through the isotropic-nematic phase transition and (d) at 62.7°C on heating 

through the nematic phase. (a) Wrinkle grooves (𝒈) at 45° to the polarisers (P,A). (b) 𝒈 aligned 

parallel to a polariser. (c) Enlarged image of the region indicated by the white box in b.2, with 

proposed director (𝒏) profile denoted by black arrows. Full-wave plate slow axis (𝜆𝑝). ................ 73 

Figure 5-13: Schematic representations of, (a) director (𝒏) splay in the YZ plane associated with the 

wall features, (b) director tilt in the XZ plane associated with the periodic wrinkles and (c) the 

proposed modulated director profile between two adjacent wall features. The ‘nail representation’ is 

used in (c) to signify tilt, where the ‘T’ or nail symbols indicate the projection of 𝒏 onto the plane 

of the page. The head of the nail symbols protrude out of the plane of the page. ........................... 75 

Figure 6-1: Schematic surface relief grating profiles with line/trench width (𝑙), space/ridge width (𝑤), 

pitch (𝑑) and line-space ratios of a) 1:1, b) 1:1.5, c) 1:2 and d) 1:2.5. The terms ‘line’ and ‘space’ 
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Figure 6-2: (a) Wafer, (b) array and (c) LC device arrangements, with grating areas denoted by purple 
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Figure 6-3: Process flow for patterning grating master structures into a silicon-oxide layer, on a silicon 

wafer. (a) Oxide layer is grown on the wafer using plasma-enhanced chemical vapour deposition 

(PECVD), with a layer thickness (𝑡) of 372 ± 3nm. (b) A layer of UV60 (deep-UV photoresist) is 

spin coated on the oxide layer. (c) Line-space pattern is written into the photoresist using electron-

beam lithography and developed to create an etch mask. (d) Anisotropic dry etching, with 

trifluoromethane (CHF3) and Argon (Ar) process gases, transfers the mask pattern into the 

underlying oxide layer. The oxide is cleared in the etched regions (entirely removed to expose the 

underlying silicon surface). .............................................................................................................. 81 

Figure 6-4: Process of transferring silicon-oxide grating structures in to a polyimide LC alignment layer 

via a soft replica. (a) Anti-stick coating of perfluorooctyltrichlorosilane (FOTS) is vapour deposited 

on the grating master structures, to assist in demoulding. (b) A high-modulus PDMS (hPDMS) 

prepolymer is spin coated on the FOTS-treated wafer and partially cured. (c) The wafer is then cast 

in a conventional ‘soft’ PDMS (sPDMS) prepolymer, followed by thermal curing. (d) The PDMS is 
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Chapter 1 Motivation and Thesis Outline 

1.1 Motivation 

Liquid crystal (LC) surface alignment is a critical aspect of all LC devices as it enables significant 

control over their bulk optical properties, and is consequently a cornerstone of the display and LC device 

industry. It is most commonly achieved by tailoring the chemistry and topography of the solid surfaces 

in contact with the LC medium. Well established processes associated with polymer alignment layers 

and microfabrication, enable LC-surface interactions to be adjusted and thus the bulk LC properties and 

final device characteristics to be readily controlled. Although spatially uniform alignment layers 

contributed heavily towards the rise of flat-panel liquid crystal displays (LCDs),[1,2] alignment layers 

with spatially varying or patterned properties have since enabled improvements in LCD 

performance,[3,4] the study of fundamental physics such as topological defects,[5–7] and the 

development of various functional optoelectronic devices.[8–14]  

The work in this thesis explores the LC alignment properties of topographically patterned alignment 

layers, comprised of sub-micron scale surface relief structures created using a selection of 

microfabrication processes.[15] The combination of LCs and surface relief structures has led to a variety 

of technological developments such as the Zenithal Bistable Display (ZBD),[16,17] vehicular LIDAR 

(light detection and ranging) systems with optical beam steering capabilities [18,19] and static [20] and 

dynamic [21] metalenses for low form factor optics. The LC alignment capability of surface relief 

structures has also been used to realize electrically tunable 2D diffraction gratings,[22–24] optical filters 

[25,26] and polarisation converters.[27]  

The aim of this work is to create surface relief structures comprised of conventional LC polyimides, to 

investigate how LC surface alignment is affected by the physical influence of the relief structures and 

the chemical influence of the polyimides combined. Polyimides are selected due to their relevance and 

widespread use as alignment layers in both research and industrial LC device fabrication, stemming 

from their high anchoring strengths and range of available pretilts,[28] as well as thermal, chemical and 

mechanical resistance.[29] The accessibility and versatility of using micropatterned polyimide 

alignment layers is also emphasized throughout this work, highlighting the control offered by applying 

polyimide surface anchoring conditions to structures with different dimensions and arrangements, and 

the ability to template or mould other mediums with structures that possess inherent functionality e.g. 

diffractive properties. 
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1.2 Thesis Outline 

An outline of the thesis is shown in the roadmap in Figure 1-1, highlighting each of the constituent 

chapters, the overarching theme and the primary distinctions between each of the experimental chapters. 

Chapter 2 introduces the key concepts and background physics explored throughout the experimental 

work. This covers the physical properties of nematic liquid crystals and discusses LC surface alignment 

on flat and topographically patterned surfaces. 

Chapter 3 describes the experimental methods used to fabricate and analyse the surface relief structures 

and resulting LC devices, including a detailed discussion on the overarching method of polyimide 

imprinting. 

Chapter 4 investigates the fabrication of micropatterned liquid crystal elastomers (μLCEs) using planar 

polyimides imprinted with commercially-sourced linear surface relief gratings. The inherent anisotropic 

deswelling of the μLCEs is explored, demonstrating miniaturization of surface features, and the μLCE 

topography and diffraction efficiency are both characterized under thermal and mechanical actuation. 

This work has been published in T. Moorhouse and T. Raistrick “Sub-micron Diffractive Optical 

Elements Facilitated by Intrinsic Deswelling of Auxetic Liquid Crystal Elastomers”, Advanced Optical 

Materials, 2024, 12, 2400866.[30] 

Chapter 5 focuses on the LC alignment properties of spontaneously formed periodic wrinkle textures, 

transferred in to planar and homeotropic polyimides. The wrinkled topography is measured with atomic 

force microscopy, allowing connections to be drawn between key surface features and the resulting LC 

alignment observed via polarised microscopy. The temperature dependence of the alignment is studied 

within the nematic phase and the source of complex modulated surface alignments is discussed. 

Chapter 6 covers the transfer of precision grating structures, fabricated with electron-beam lithography, 

in to layers of homeotropic polyimide. Arrays of sub-micron scale gratings are used to determine the 

limits of pattern transfer with PDMS working stamps, using scanning electron microscopy and optical 

diffraction patterns. LC surface alignment on the resulting structures is analysed via birefringence 

colour observations, indicating the occurrence of surface anchoring transitions, and also via conoscopy, 

showing how device parameters such as surface pretilt can be tuned by altering the grating geometry. 

Chapter 7 summarizes the key findings and conclusions of Chapters 4 to 6 and potential directions for 

future work are proposed. 
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Figure 1-1: Roadmap highlighting the key components of the thesis. The overarching theme shared by 

each of the experimental chapters is given, along with the distinct routes taken by each, in terms of the 

type of surface relief structure being applied.
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Chapter 2 Introduction 

This chapter provides an introduction to the key concepts and background physics that underpin the 

experimental work presented in this thesis. An overview of nematic liquid crystals (LC) is given, 

highlighting the physical properties of these materials that lead to the rich variety of phenomena 

observed in this work. As surface alignment is the focal point of the project, this topic is then covered 

in some detail, first describing the more conventional alignment interactions between LCs and flat 

surfaces, followed by the diverse LC alignment behaviour imposed by topographically patterned 

surfaces. Relevant literature surrounding the area of LCs on surface relief structures will then be 

presented, to give the reader a broad overview of this area of LC research and the potential device 

applications associated with this work. 

2.1 Liquid Crystal Fundamentals 

2.1.1 Nematic Liquid Crystals 

As the name suggests, liquid crystals are a phase of soft condensed matter possessing properties of both 

disordered liquids and crystalline solids. This equilibrium phase of matter is best described in terms of 

its molecular order, which is an intermediary between the long-range positional and orientational order 

of a crystal, and the complete disorder of an isotropic liquid.[31] Molecules within a liquid can freely 

diffuse throughout the bulk material, which is also true for the molecules within a LC phase. However, 

the distinguishing feature of LCs is the positional and/or orientational order exhibited by the constituent 

molecules.[32] 

 

Figure 2-1: (a) Chemical structure and approximated rod-like morphology (blue ellipsoid) of a nematic 

liquid crystal molecule (4-Cyano-4'-pentylbiphenyl, 5CB). The long molecular axis (blue arrows) is 

oriented at an angle (𝛽) relative to the average bulk molecular orientation known as the director, 

defined by the unit vector 𝒏̂ (black arrow). (b−d) Illustrations of the temperature dependent phase 

behaviour and orientational order in a LC medium, with the scalar order parameter (𝑆) defining  

(b) perfect order (𝑆 = 1), (c) nematic order (0.3 < 𝑆 < 0.8) and (d) complete disorder (𝑆 = 0). 
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The formation of LC phases broadly relies upon the presence of mesogenic units that are geometrically 

anisotropic. This anisotropy is most commonly provided by elongated rod-like molecules, represented 

schematically in Figure 2-1a. These are typically comprised of two or more rigid-linked ring structures, 

terminated with hydrocarbons or a chemical unit with a strong dipole, such as a CN group. Materials 

that are comprised of rod-like mesogens and exhibit LC phases are known as calamitic liquid 

crystals.[32] The most disordered phase of this class of LCs is the nematic phase, which does not possess 

any positional order, as the molecular centres of mass are randomly distributed within the bulk, but does 

possess orientational order where the long axes of the molecules tend to align parallel to one another, 

oriented in an average direction known as the director (defined by a unit vector, 𝒏̂).[33]  

Amongst the variety of LC mesophases, conventional nematic phase LCs are the only materials 

considered in this work. However, variants of the nematic phase exist, such as chiral nematics,[34,35] 

twist-bend nematics [36] and ferroelectric nematics ( 𝑁𝐹 ),[37–39] which exhibit more complex 

molecular arrangements like the symmetry breaking in 𝑁𝐹 materials, imposed by the polar nature of the 

constituent molecules. There is also a diverse range of liquid crystal phases that combine orientational 

order with some degree of positional order, as described in many standard texts.[31–33] These are not, 

however, the topic of this thesis and so are not considered further. 

The degree of orientational order or alignment of the molecular long axes relative to the director, is 

quantified by the scalar order parameter (𝑆),  

 𝑆 =  
1

2
〈3𝑐𝑜𝑠2𝛽 − 1〉, (2-1) 

where 𝛽 is the angle between the molecular long axes and the director (Figure 2-1a), and the angled 

brackets represent a statistical average taken over a large number of molecules. This quantity can take 

values between S = 0 and S = 1, corresponding to complete disorder and perfect order respectively. 

Typical nematic liquid crystal systems have order parameters between 0.3 and 0.8, the value of which 

is dependent on the temperature of the system.[32] An increase in temperature reduces order and 

eventually results in a weakly first-order phase transition from the nematic phase to the isotropic phase, 

as depicted in Figure 2-1c,d. Upon cooling an isotropic mixture of suitable calamitic molecules, the 

nematic phase forms at a temperature defined as the nematic-to-isotropic phase transition temperature 

(𝑇𝑁𝐼).[31] The temperature-dependent phase stability of nematic phase calamitic LCs, classifies them 

as thermotropic materials. 
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2.1.2 Elastic Properties 

An important property of LC systems is their elasticity, which arises from the preservation of long-

range orientational order between the constituent molecules. The presence of this elasticity means that 

there is an elastic energy cost associated with perturbing a uniform director field, by means of external 

stimuli such as electric or magnetic fields, or by alignment interactions with containing surfaces.  

 

Figure 2-2: Schematics of the three fundamental modes of elastic deformation in a liquid crystal 

medium, (a) Splay (𝐾11), (b) Twist (𝐾22) and (c) Bend (𝐾33). 

In scenarios where the director field is distorted by any of these means, the spatial variation in director 

orientation is assumed to be smooth and gradual, occurring over distances much greater than the 

molecular length scale.[33] As such, the LC medium can be treated as a continuum with a constant 

order parameter, where the associated elasticity is sufficiently described using theory taken from the 

elastic behaviour of solids. This forms the basis of the Oseen-Frank continuum theory, used to describe 

the elastic deformation of uniaxial LCs.[40,41] The commonly used result of this theoretical description 

for nematic liquid crystals is, 

 𝐹𝑒𝑙𝑎 =
1

2
𝐾11(∇ ∙ 𝑛̂)2 +

1

2
𝐾22(𝑛̂ ∙ ∇ × 𝑛̂)2 +

1

2
𝐾33(𝑛̂ × ∇ × 𝑛̂)2, (2-2) 

which is the free energy cost per unit volume associated with the three basic modes of elastic distortion 

in an LC continuum. The values of 𝐾11, 𝐾22 and 𝐾33 are the elastic constants associated with splay, 

twist and bend deformations of the director field, which are shown schematically in Figure 2-2. These 

elastic constants are analogous to the spring constant in Hooke’s law, describing how resistant a LC 

material is to each of the three types of elastic distortion. With values of the order of pico-newtons, the 

bend elastic constant (𝐾33) is typically the largest of the three, and therefore in most LC materials it is 

more difficult/energetically costly to induce bend deformation in the director field than it is splay and 

twist.[32]  
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An important aspect of the elastic constants is that they are theoretically proportional to the square of 

the order parameter, and since order is reduced upon heating through the nematic phase, so too are the 

elastic constants.[42–45] This plays a crucial role in the experimental work in Chapter 5, where elevated 

temperatures and reduced elastic constants allow for a deeper study of the alignment influence of surface 

topography; the effects of which are not observed at room temperature as the higher elastic constants 

dominate over the topographic influence. 

2.1.3 Dielectric and Optical Anisotropy 

A nematic LC possesses anisotropic bulk physical properties such as dielectric permittivity and 

refractive index, due to the anisotropic shape of the calamitic LC molecules and the associated 

orientational order. This anisotropic molecular shape results in two distinct polarizabilities of mobile 

charge within the molecules, and thus permittivities (𝜖) within the bulk LC material, parallel (𝜖∥) and 

perpendicular ( 𝜖⊥ ) to the nematic director. This dielectric anisotropy ( Δ𝜖 ) leads to molecular 

reorientation in the presence of electric fields above a material dependent threshold voltage. The charge 

separation in the molecules results in induced dipole moments that align the molecular long axes parallel 

to the field direction (for Δ𝜖 > 0 ) provided the elastic energy, which tends to promote uniform nematic 

alignment, is overcome.[31]  

At optical frequencies (1014Hz) this same dielectric anisotropy gives rise to anisotropic optical 

properties, in the form of dissimilar refractive indices parallel (𝑛𝑒 ) and perpendicular (𝑛𝑜 ) to the 

director, where 𝑛𝑒 > 𝑛𝑜. This optical anisotropy or birefringence (Δ𝑛, equation (2-3) is a key property 

of LCs that allows them to be used for optical modulation, by changing the polarisation state of incident 

light.  

 Δ𝑛 = 𝑛𝑒 − 𝑛𝑜 (2-3) 

Uniaxial nematic LCs have an axis of cylindrical symmetry parallel to the molecular long axes, known 

as the optic axis, perpendicular to which the refractive index is 𝑛𝑜. Therefore, when the propagation 

direction of plane-polarized light coincides with the optic axis, the LC medium appears optically 

isotropic (Δ𝑛 = 0), as the light only experiences a single refractive index (𝑛𝑜). However, if the plane-

polarized light propagates perpendicular or at some angle to the optic axis, the birefringence emerges 

as the polarised component parallel to 𝑛𝑒 travels slower than the component parallel to 𝑛𝑜, since 𝑛𝑒 >

𝑛𝑜. When the optic axis is at some intermediate angle (𝜃) relative to the light’s propagation direction, 

𝑛𝑜 remains unchanged but 𝑛𝑒 is reduced to an effective refractive index (𝑛𝑒𝑓𝑓) using,[46,47] 

 𝑛𝑒𝑓𝑓(𝜃) =
𝑛𝑜𝑛𝑒

(𝑛𝑒
2 𝑠𝑖𝑛2(𝜃) + 𝑛𝑜

2 𝑐𝑜𝑠2(𝜃))
1 2⁄ .  (2-4) 
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Figure 2-3: Schematic illustration of how a LC medium alters the polarisation state of incident light 

and the basic optical arrangement used in polarised microscopy (polariser and analyser with 

orthogonal/crossed polarisation directions). From left to right, a polariser converts unpolarised light 

in to linearly polarised light, with an initial linear polarisation state (𝑃⃑ 𝑖). The LC’s birefringence 

induces a phase difference (𝛥𝜑) between the orthogonal components of 𝑃⃑ 𝑖, where the e-wave (blue, 

parallel to 𝑛𝑒) propagates slower than the o-wave (green, parallel to 𝑛𝑜), due to 𝑛𝑒 > 𝑛𝑜. This induced 

𝛥𝜑 alters 𝑃⃑ 𝑖, often resulting in some form of elliptical polarisation state (𝑃⃑ 𝑒).[32] This results in the LC 

sample appearing bright due to a sum of components of 𝑃⃑ 𝑒 having non-zero transmission through the 

analyser, combining to produce a final, observed polarisation state (𝑃⃑ 𝑓). If the nematic director was 

aligned parallel to the polarisation direction of either the polariser or analyser, or if the birefringent 

sample was removed, 𝑃⃑ 𝑖 would remain unchanged and have zero transmission through the analyser.  

When linearly polarised light is incident on a LC medium, the polarisation state is broken down into 

two orthogonal components, one oscillating parallel to the projection of 𝑛𝑒 on the polarisation plane 

(extraordinary wave) and one oscillating parallel to 𝑛𝑜  (ordinary wave). As these orthogonal 

components propagate at different speeds, a phase difference (Δ𝜑) is induced between them,[47] as 

illustrated in Figure 2-3, 

 Δ𝜑 = 2𝜋
(𝑛𝑒𝑓𝑓(𝜃) − 𝑛𝑜)𝑑𝐿𝐶

𝜆
, (2-5) 

which changes the polarisation state of the incident light where, 

 Γ = (𝑛𝑒𝑓𝑓(𝜃)  − 𝑛𝑜)𝑑𝐿𝐶 =  Δ𝑛𝑒𝑓𝑓(𝜃)𝑑𝐿𝐶, (2-6) 

represents the optical path difference or retardance (Γ) induced between the two components due to a 

LC layer with an effective birefringence (Δ𝑛𝑒𝑓𝑓(𝜃)) and thickness (𝑑𝐿𝐶). When a LC (or any other 

birefringent) layer is observed between crossed polarisers, with the projection of the optic axis on the 

polarisation plane at 45° to the extinction directions of the polarisers, transmission of light through the 

final polariser (𝑇) is given by,[48] 

 𝑇 = 𝑠𝑖𝑛2 (𝜋
Γ

𝜆
). (2-7) 
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For an LC layer with a given path difference (Γ), the observed transmission therefore varies for different 

optical wavelengths (𝜆). This results in LC samples exhibiting birefringence colours under white light 

illumination between crossed polarisers, where minimal transmission of a given wavelength results in 

the observed colour of a sample being dominated by the associated complementary colour. This forms 

the basis of the Michel-Lévy colour chart that relates the observed colour of a birefringent slab to the 

optical path difference and thus its thickness and birefringence.[49] Sørensen’s revised version of the 

Michel-Lévy colour chart (Figure 2-4), is used throughout the experimental work in this thesis, for 

optically characterising LC devices from their birefringence colours. 

 

Figure 2-4: Michel-Lévy colour chart used as a reference point for characterising the optical 

appearance of LC devices throughout this work, reproduced from reference [49]. The path difference 

(𝛤) in nanometers is on the bottom-horizontal axis, the LC layer thickness (𝑑𝐿𝐶) is on the left-vertical 

axis and the black lines extending from the origin denote positions on the chart with a given effective 

birefringence (𝛥𝑛𝑒𝑓𝑓(𝜃)), labelled from 0 to 0.20 along the top and right-hand side of the chart. To aid 

navigating the document, the chart is referred to in sections: 3.1.3.c on polarised microscopy 

methodology, 4.4.1 on the appearance and alignment of μLCE films, 5.4.3.b.ii on the tilt induced by 

surface anchoring transitions on homeotropic wrinkles, 6.4.2.a on birefringence colour observations 

of homeotropic grating devices and Appendix C. 

2.1.4 Nematic Liquid Crystal Elastomers 

Although the majority of the work in this thesis is concerned with conventional low molecular mass 

(LMM) LCs, the experimental work in Chapter 4 utilizes a high molecular mass LC material in the form 

of liquid crystal elastomers (LCEs), the key features of which will now be introduced. 

Liquid crystal elastomers are polymeric materials comprised of a network of linear polymer chains, 

featuring mesogenic molecules attached either in-line or as side-groups to the polymer backbones. The 

anisotropic orientation of these attached LC molecules, gives rise to nematic ordering and thus liquid 

crystalline properties in the resulting elastomers.[50] The type of attachment used for the mesogenic 

component defines the two types of LCE, main-chain LCEs and side-chain LCEs (Figure 2-5), with this 
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work using a side-chain variant.[51] LCEs are similar to conventional elastomers in that they can 

withstand large deformations that result in the reorientation and extension of the constituent polymer 

network, but differ in that the mesogenic components can be aligned to form a nematic phase, which 

can produce unique bulk responses to external stimuli.[52] 

It is desirable to uniformly align the nematic director within a LCE, such that uniform, macroscopic 

optical and mechanical properties are exhibited, making them more suitable for device applications and 

material characterisation. These are referred to as monodomain LCEs, which can be obtained by 

applying uniaxial strain to reorient the mesogenic units in a partially cross-linked state,[53] applying 

magnetic [54] or electric [55] fields to an LCE prepolymer or by applying anisotropic surfaces such as 

mechanically rubbed polymer alignment layers during fabrication.[56,57]  

 

Figure 2-5: Schematic representation of the molecular structure of liquid crystal elastomers with  

(a) main-chain and (b) side-chain mesogenic units (blue) on the polymer backbone (black). Crosslinks 

between the polymer backbones are not shown in this representation. 

2.1.4.a Mechanical and Thermal Response 

Upon application of a uniaxial tensile strain, the polymer backbones of a LCE’s weakly cross-linked 

polymer network adopt an increasingly anisotropic conformation. If starting from a poorly aligned or 

polydomain sample, this strain-induced anisotropy results in uniform director alignment, due to the 

coupling between the main chain orientation and the long range orientational order of the mesogenic 

side groups.[58] If strain is applied to an aligned nematic LCE, the mesogenic units will tend to orient 

in the direction of the strain. In fact, the direction of applied strain, relative to the initial director 

orientation (𝒏̂𝟎), strongly affects the rate at which the director rotates as a function of strain. When 

strain is applied perpendicular to 𝒏̂𝟎, the most common deformation is termed ‘semi-soft elastic’ in 

which the director rotates continuously to align with the direction of strain. In some monodomain LCEs, 

the deformation occurs differently and apparently an abrupt 90° director reorientation occurs at a critical 

strain, which has been termed the mechanical Fréedericksz transition (MFT).[57]  

Recently, it has been established that the LCE system used in this work deforms biaxially and the 

apparent discontinuity is a consequence of the biaxial axis changing sign, seen in one plane as a sudden 

rotation of the preferred orientation.[55] Strains applied at oblique angles to 𝑛̂0  result in a more 

continuous director reorientation, as determined by theoretical modelling [52,59] and experimental 

studies of this behaviour.[60] Mistry et al. established that the all-acrylate LCEs used in this work, 

seemed to exhibit a MFT under strain and it has since been shown that the biaxial deformation mode is 
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related to the unique auxetic strain response of these materials.[57,61] Monodomain LCEs also exhibit 

striking responses to changes in temperature, in the form of spontaneous shape change. This 

macroscopic thermal response follows microscopic changes in anisotropy in the nematic polymer 

network. The shape change doesn’t manifest as a distinct transition, but as more of a continuous effect 

as the nematic order increases with increasingly anisotropic chain conformations and vice versa.[62] 

This continuous shape change is particularly prominent in the all-acrylate LCEs used in this work, 

which display a near-linear change in birefringence and order, and thus a similarly linear change in 

macroscopic dimensions.[57] 

2.2 Liquid Crystal Surface Alignment 

The interaction between LCs and their containing surfaces is a critical aspect of all LC devices, as the 

director orientation imposed by a surface has a profound influence on the bulk director profile, due to 

the elasticity of the LC medium. Surface alignment focuses on controlling this interaction, where 

appropriately defining the surface director orientation ensures that a device exhibits macroscopic 

anisotropy in the absence of external stimuli, which is crucial in display applications for maximizing 

contrast ratios.[63] There are various approaches to defining surface alignment including, mechanical 

rubbing of polymer films,[64,65] UV irradiation of photosensitive polymers,[66–68] chemical 

adsorption of monolayers,[69–71], oblique evaporation of inorganic materials.[72,73] and the 

fabrication of surface relief gratings,[74,75] as will be discussed in detail in section 2.3.1. The following 

sections will cover the key aspects of surface alignment associated with the experimental work in thesis, 

where basic alignment parameters and anchoring conditions will be defined, select polymer alignment 

layers will be discussed and relevant bulk director configurations imposed by two parallel alignment 

surfaces will be summarized. 

2.2.1 Surface Anchoring 

Surface anchoring is a term used to describe the orientation in which a surface preferentially aligns the 

director. If a surface results in the director lying parallel to the substrate plane, it is said to have planar 

anchoring, and if the director aligns perpendicular to the substrate plane, it is said to have homeotropic 

anchoring. The alignment ability of a given alignment layer is quantified by the anchoring strength, 

which is contained in the surface anchoring energy term (𝐹𝑠𝑢𝑟𝑓) of the total free energy of a static LC 

system (𝐹𝑇, equation (2-8)),[76,77] along with the bulk thermal (𝐹𝑡ℎ) and elastic deformation (𝐹𝑒𝑙𝑎) 

free energies. A surface’s contribution to the total free energy is then determined by integrating 𝐹𝑠𝑢𝑟𝑓 

over the area of interest, which could be a flat plane or an undulating surface topography. 

 𝐹𝑇 = ∫ 𝐹𝑡ℎ + 𝐹𝑒𝑙𝑎 𝑑𝑉 + ∫ 𝐹𝑠𝑢𝑟𝑓𝑑𝐴
_

𝐴

_

𝑉
. (2-8) 

If the surface director orientation is anisotropic, either by the nature of the alignment layer or a treatment 

applied to the alignment layer, the preferential orientation is defined as the easy axis of the surface. The 
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anchoring strength of an alignment layer describes how difficult it is to rotate the director away from 

the easy axis, in both polar (𝜃) and azimuthal (𝜓) directions (Figure 2-6). These anchoring strengths 

(𝑊) are contained within the Rapini-Papoular approximation of the surface anchoring energy,[46]  

 𝐹𝑠𝑢𝑟𝑓 = 𝑊0 + 𝑊𝜃𝑠𝑖𝑛
2(𝜃 − 𝜃𝑃) + 𝑊𝜓𝑠𝑖𝑛2(𝜓 − 𝜓0), (2-9) 

where 𝜃𝑃 is the polar angle or pretilt of the easy axis from the surface, 𝜓0 is the azimuthal angle of the 

easy axis, 𝑊𝜃  is the polar anchoring strength, 𝑊𝜓 is the azimuthal anchoring strength and 𝑊0 is an 

isotropic term representing the surface tension of the substrate experienced by the LC when 𝒏̂ coincides 

with the easy axis (at equilibrium).[78] A variety of techniques have been demonstrated for measuring 

these anchoring strengths experimentally, through the application of electric fields,[79,80] wedged cell 

geometries [81] and surface relief gratings.[82,83]  

 

Figure 2-6: Reference frame and definitions for director (𝒏̂) orientation relative to a surface plane. The 

easy axis (red) defines an alignment layer’s preferred director orientation at equilibrium, with an  

out-of-plane polar surface pretilt, 𝜃𝑃 , and an in-plane azimuthal orientation, 𝜓0 . The polar and 

azimuthal anchoring strengths of an alignment layer, 𝑊𝜃 and 𝑊𝜓 respectively, are given by the elastic 

energy cost associated with reorienting 𝑛̂ from the easy axis, to some arbitrary polar (𝜃) and azimuthal 

(𝜓) orientation. 

Surface anchoring on a single substrate can be split into four basic types as shown in Figure 2-7, which 

form the building blocks for standard parallel-plate LC devices and more sophisticated optical 

components relying on complex surface alignments. 

2.2.2 Planar Alignment 

An alignment layer is classed as ‘planar’ when the director preferentially lies parallel to the plane of the 

surface. If an easy axis is not defined, the azimuthal director orientation will vary randomly across the 

surface, resulting in planar degenerate alignment (Figure 2-7a). The most accessible and widely adopted 

method for defining the easy axis of an alignment layer with planar anchoring, is mechanical rubbing. 

Originally demonstrated as a means of alignment on glass surfaces by Mauguin,[84] this simple 

technique involves passing a substrate beneath a cotton/nylon coated roller and allowing the fabric 
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fibres to make gentle contact with the surface. This treatment is typically applied to thin films of 

polyvinyl alcohol (PVA), polystyrene or polyimide, where polyimide is often the alignment layer of 

choice due to its strong anchoring properties and high chemical and thermal stability.[64,85–87]  

Applying uniaxial rubbing to a planar alignment layer results in the azimuthal director orientation 

aligning parallel to the direction of rubbing (Figure 2-7b), a phenomenon that was initially attributed to 

the mechanical contact of the rubbing cloth forming microgrooves on the polymer layers. However, 

through UV and IR dichroic measurements [64] and grazing incidence X-ray scattering,[65] it was 

found that the alignment mechanism is dominated by the rubbing-induced realignment of the near-

surface (<5nm) polyimide polymer backbones, which have strong intermolecular interactions with LC 

molecules. A critical aspect of rubbed alignment is that it defines a spatially uniform pretilt direction, 

where the director tilts, usually at small angles of a few degrees, towards the rubbing direction  

(Figure 2-7d). This is important in device construction, as having (usually) anti-parallel rubbing 

directions on opposite substrates is essential for avoiding reverse tilt domains and achieving desired 

bulk director profiles in final devices.[46]  

 

Figure 2-7: Four fundamental types of surface anchoring on LC alignment layers. (a) Planar 

degenerate – the director (𝒏̂) lies parallel to the surface plane with a spatially varying azimuthal 

orientation. (b) Planar homogeneous - 𝒏̂  lies parallel to the surface with a uniform azimuthal 

orientation parallel to the easy axis of the surface, in this case defined by mechanical rubbing with a 

rubbing direction, RD. (c) Homeotropic - 𝒏̂ is oriented near-orthogonal to the surface plane, with a 

surface pretilt (𝜃𝑃) of ≈90°. (d) Tilted - 𝒏̂ is uniformly tilted with a pretilt angle of 0° < 𝜃𝑃 < 90° and 

a uniform azimuthal orientation parallel to the applied RD. Note that 𝑛̂ tilts towards the direction of 

rubbing. 
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2.2.3 Homeotropic Alignment 

Aligning the director perpendicular to a surface can be achieved through a variety of homeotropic 

surface treatments. These include, oblique evaporation of silicon oxide,[88] UV-induced out-of-plane 

reorientation of hydrophobic units in photopolymers,[89] deposition of side chain polymers with 

mesogenic side groups [90] and self-assembly of amphiphilic monolayer coatings.[46,69]  

Modified polyimides such as Nissan Chemical’s SE1211 and SE4811, are also commonly used to 

promote homeotropic alignment, where the polyimide main chains feature long alkyl side chains. These 

side chains orient perpendicular to the plane of the film and through strong interactions with the alkyl 

tails of LC molecules, align the director perpendicular to the surface, as illustrated in Figure 2-7c.[91] 

Similarly, polyimides with rigid biphenyl side groups terminated with alkoxy end groups result in 

homeotropic anchoring, given the end groups are sufficiently long.[92] The use of these rigid units in 

polyimide side chains has been shown to stabilize the terminating alkyl chains during the mechanical 

rubbing process.[93] In the absence of rubbing, homeotropic polyimides impose a near-vertical polar 

director orientation, where the slight tilt away from vertical has a random azimuthal orientation. 

Applying rubbing causes the protruding chain units and thus slight tilt of the director to align parallel 

to the applied rubbing direction, with a spatially uniform azimuthal orientation.[91,94] 

In the previous two sections, introductions have been given to the basic mechanisms behind planar and 

homeotropic anchoring of LCs at a solid interface. Focus has been placed on the chemical interactions 

between the LC medium and the containing alignment layers, specifically flat layers with no 

topography, where any imposed alignment behaviour is solely due to the chemical nature of the surface. 

This provides valuable context for the experimental work in Chapters 4−6, where the chemical 

alignment properties of planar and homeotropic polyimide layers combine with the physical alignment 

properties of imprinted surface relief structures, the latter of which will be introduced in section 2.3. 

2.2.4 Bulk Director Configurations 

So far, the alignment properties of single surfaces with planar or homeotropic anchoring have been 

considered, where the near-surface director orientation has been the focus. As the ultimate aim of 

surface alignment is to establish a desired bulk director profile between two parallel plates, some of the 

more relevant bulk director configurations related to the work in this thesis are presented in Figure 2-8. 

This aims to provide the reader with a summary of alignment layer combinations and the associated 

bulk director profiles that arise from the LC elasticity and constrained surface director orientations. 
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Figure 2-8: Bulk director profiles of assembled LC devices. (a) Opposing planar surfaces with anti-

parallel rubbing directions (RD), resulting in a uniform polar director orientation throughout  

the LC layer. (b) Opposing planar surfaces with parallel RDs, resulting in a splayed director profile.  

(c) Vertically-aligned nematic (VAN) device comprised of opposing surfaces with homeotropic 

anchoring. (d) Hybrid-aligned nematic (HAN) device comprised of dissimilar surfaces with rubbed 

planar anchoring opposed by homeotropic anchoring. (e) Twisted nematic (TN) device with an 

azimuthal director orientation that rotates by 90° throughout the LC layer, imposed by rubbed planar 

surfaces with orthogonal RDs. 

2.3 Liquid Crystals and Surface Relief Structures 

With the more general aspects of LC surface alignment covered in section 2.2, this section introduces 

the area of LC alignment on topographically patterned surfaces, which is the focal point of the 

experimental work in this thesis. Formative works in the area and associated theory will be covered, 

along with some of the notable research and applications that followed.  Broadly speaking, a 

topographically patterned surface is one that possesses a naturally occurring or fabricated arrangement 

of protruding features. Throughout this work a variety of terms are used synonymously when referring 

to these surfaces and their features, such as textures, topographies, relief structures and microstructures. 

2.3.1 Grating Alignment 

The study of LC alignment on microstructures stems from the works of Berreman,[74,95] where 

abrasive rubbing compounds were used to form microscale grooves on glass surfaces, which were 

shown to uniformly align the nematic director parallel to the groove direction. This alignment capability 

can be explained in terms of the elastic free energy of the system, in that there is an unfavourable elastic 

energy cost associated with the director aligning perpendicular to the grooves, due to the corrugated 

texture distorting the near-surface director (Figure 2-9a). This distortion and thus the free energy of the 

system is therefore minimized when the director is aligned parallel to the grooves (Figure 2-9b).[74]  
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Figure 2-9: Schematic illustrations of the interaction between the nematic director (𝒏̂) and a linear 

grating topography with grooves (𝒈) aligned parallel to 𝑦. (a) Energetically unfavourable scenario 

with 𝒏̂ aligned orthogonal to 𝒈, resulting in elastic deformation of the director field in the 𝑥-𝑧 plane 

(highlighted in a.ii), as it attempts to conform to the undulating topography. (b) Energetically 

favourable scenario with 𝒏̂ aligned parallel to 𝒈, resulting in minimal elastic distortion. This highlights 

the principle of ‘grating alignment’ on a grooved topography with planar anchoring. 

This method of homogeneously aligning the azimuthal director orientation with a parallel groove 

structure, is broadly referred to as ‘grating alignment’ and is arguably the most common LC-

microstructure combination. A clear demonstration of the effectiveness of grating alignment is given 

by Kim et al., where a photoalignment polymer is patterned with a region of linear surface relief grating 

and the director is shown to preferentially align parallel to the grating grooves, rather than the 

photoaligned easy axis of the underlying azo-polymer.[75] 

Berreman proposed a theoretical model to describe this interaction between a LC and a sinusoidal 

groove profile, which results in a relationship between the azimuthal anchoring strength (𝑊𝜓) of a 

grating, and the pitch ( 𝑑 ) and amplitude of its grooves ((2-10). It is worth clarifying that  

the amplitude (𝐴) is half of the peak-to-peak value (2𝐴) of a sinusoidal profile, and that throughout this 

work the height (ℎ) of surface relief structures will be quoted rather than the amplitude, where ℎ = 2𝐴. 

 𝑊𝜓 =
2𝜋3𝐾𝐴2

𝑑3
 (2-10) 

Various assumptions were used in formulating this equation, including a mean elastic constant  

(𝐾 = √𝐾11𝐾33), infinitely strong polar anchoring and negligible azimuthal distortion. Although it is 

beyond the scope of this work, it is worth acknowledging that Berreman’s theory has since been re-

examined by Faetti,[96] to account for finite polar anchoring strengths and obtain a more general 𝑊𝜓 

for practical cases, and by Fukuda et al.,[97] highlighting the importance of considering azimuthal 

distortions when calculating 𝑊𝜓.  
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Multiple researchers have experimentally investigated the relationship between 𝑊𝜓  and grating 

dimensions, with Kawata et al. showing that longer pitch gratings (𝑑 ≳10μm) struggle to uniformly 

align the director, due to grating sidewall interactions causing the azimuthal director orientation to drift 

between adjacent features, whereas shorter pitch gratings ( 𝑑 ≲  2μm) avoid the sidewall effect  

and promote uniform alignment due to stronger anchoring.[98] Sub-wavelength pitch gratings  

(𝑑 ≪ 400nm) were applied by Gear et al. to demonstrate the tunability of 𝑊𝜓 enabled by varying the 

grating geometry, with measured values of 𝑊𝜓 in good agreement with theoretical predictions.[99] 

2.3.2 Grating Alignment Layer Fabrication and Applications 

Grating-based and other forms of microstructured alignment layers can be fabricated using  

a variety of patterning approaches, such as photolithography,[98,100] imprint lithography,[101–103] 

dry etching [104] and deposition [105] of inorganic materials and laser inscription of azopolymer 

alignment films.[75,106] Aside from engineered relief structures, grating alignment properties can also 

be possessed by naturally corrugated surfaces, such as spontaneously-formed wrinkle textures,[107] 

which will be covered in detail later as the focal point of Chapter 5. 

 

Figure 2-10: Grating alignment applications. (a) Measurement of the polar and azimuthal anchoring 

strengths of polymer alignment layers, using linear surface relief gratings of varying pitch (𝑑) as 

reference points. Rubbing applied perpendicular to the grooves (a.i), competes against the varied 

anchoring strengths of the gratings, resulting in different twist angles and optical appearances (a.ii) 

from which the anchoring strengths are inferred.[83] (b) Sub-micron pitch, indium tin oxide (ITO) 

grating structures (b.i − b.ii), with a groove direction indicated by the red arrows, applied 

simultaneously as electrodes and grating alignment layers (b.iii−b.iv).[105] 
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Grating alignment has been successfully applied in various LC devices, enabling the characterization 

of alignment layer materials and the development of a range of functional optoelectronic devices. 

Polyimide gratings with varying pitch (𝑑), and thus 𝑊𝜓 (equation (2-10)), have been applied by Choi 

et al. as reference points for measuring the polar and azimuthal anchoring strengths of polymer 

alignment layers (Figure 2-10a),[83] using all-optical twist angle measurements.[108]  

Alongside their LC alignment ability, grating structures can be engineered with inherent functionality 

by tailoring the materials from which they are made; forming multipurpose grating alignment layers. 

Flanders et al. applied gold surface relief gratings as the alignment layers on both surfaces of a twisted 

nematic (TN) device, serving as in-built crossed polarisers, with their orthogonal arrangement, and as 

electrodes for controlling director orientation.[104] Similarly, Jeong et al. demonstrated the use of 

indium-tin oxide (ITO) gratings, formed via secondary sputter deposition, as both alignment layers and 

electrodes (Figure 2-10b), whilst retaining the superior conductivity of a pristine ITO surface.[105] 

Recently it has also been shown that gold metasurfaces comprised of grating-like nanorod arrays can 

promote uniform LC alignment, enabling dynamic control over the plasmonic resonance of the surfaces 

via the LC’s electric field response.[109] Grating structures can also be superimposed on existing 

functional surface topography to provide uniform director alignment in cases where rubbing is 

unsuitable, as demonstrated by Chang et al. in their electrically tunable LC-based infrared filter.[25] 

2.3.3 Alternative Microstructured Alignment Layers 

 

Figure 2-11: Applications of microstructured alignment layers for non-uniform or patterned director 

alignment. (a) LC microlens arrays based on the Pancharatnam-Berry phase. Sub-micron pitch surface 

relief gratings are precisely patterned with spatially varying groove directions (a.i−a.ii). The patterned 

grooves result in azimuthal rotation of director across the surface, resulting in a modulated phase 

profile as shown in the polarised microscopy image in (a.iii), with a corresponding director profile 

shown in (a.iv).[21] (b) Polarisation converter based on the circular/azimuthal director alignment (b.ii) 

imposed by physical confinement of a LC in a cylindrical cavity (b.iii). The circular alignment from the 

cavity combines with a planar-aligned polyimide (PI) surface to produce alternating uniform and 

twisted bulk director profiles around the cavity, with an optical appearance shown in (b.iv).[27] 



19 

 

The grating alignment examples presented in the previous section 2.3.2, solely focused on linear surface 

relief gratings, which result in spatially uniform planar alignment of the director. However, there are 

various examples of modified-grating and non-grating surface topographies that have enabled 

fascinating alignment states and device functionalities to be realized, further highlighting the wealth of 

potential offered by exploring LC-microstructure interactions.  

A notable application of grating alignment in a non-standard arrangement is presented by He et al., 

where spatially varying groove directions are used to modulate the azimuthal director orientation in a 

device (Figure 2-11a), resulting in a switchable mircolens array based on the wavefront-shaping 

capability of the Pancharatnam-Berry phase.[21] Spatial control over director orientation has also been 

achieved via a confinement approach, using polymer microchannels with sub-wavelength pitch grating 

structures on the sidewalls, as a physical guide for the azimuthal director orientation.[110] Wang et al. 

demonstrated that topographic confinement of LCs in cylindrical cavities can produce non-trivial,  

radial and azimuthal surface alignments that can be used to create polarisation converter devices  

(Figure 2-11b).[27,111] Topography can also have a profound effect on out-of-plane (polar) director 

orientation, as shown by Kumar et al. who applied self-assembled nanoparticle arrays as unconventional 

homeotropic alignment layers, relying on the elastic distortion of the nanoparticles’ topography to  

promote homeotropic surface anchoring.[112] 

Although elastic deformation of the director field is energetically costly and actively avoided in a 

traditional grating alignment scenario, there are ways in which topography can distort the near-surface 

director and produce a favourable bulk alignment effect. Kim and Serra demonstrate this strikingly in 

their work on topological defect arrays, which are established and patterned via the topographic director 

distortion of micropillar structures with homeotropic surface anchoring, resulting in electrically tunable 

diffractive optical elements with variable pitch and arrangement (Figure 2-12).[22–24]  

 

Figure 2-12: Application of micropatterned surface topographies, combined with homeotropic 

anchoring, for creating a tunable diffractive optical element. (a) Micropillar structures with a 

homeotropic coating (CYTOP) results in a frustrated/distorted near-surface director field. Applying 

electric fields to the LC (𝛥𝜖 < 0), parallel to z in (a), results in further director field distortion that 

forms intricate nematic defect arrays, with optical appearances shown in the left panels of (b) and (c). 

These images demonstrate how the arrangement of the defect arrays can be altered by varying the 

voltage and frequency of the applied field, which in turn changes the optical diffraction patterns 

produced by laser light incident on the device (right panels of (b) and (c)).[22] 
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Crucially, this relies on competing alignment contributions between the physical influence of a 

micropillar topography and the chemical influence of a surface coating with homeotropic anchoring. 

This competition between topography and surface anchoring has also facilitated the development of the 

commercially successful Zenithal Bistable Display (ZBD).[16,17] This employs a deep, sub-micron 

pitch grating structure with homeotropic anchoring to distort the director field, allowing two unique 

surface pretilts and thus bulk director profiles to be stabilized and reversibly switched between. 

Cattaneo et al. carried out a targeted investigation of similar frustrated director profiles to those found 

in the ZBD system, characterizing how the onset of distortion-induced surface anchoring transitions 

and the resulting director orientation is affected by the height of a homeotropic grating topography.[113] 

Further discussion and background of LCs on homeotropic surface topographies will be covered in the 

introduction to Chapter 6, which aims to build upon the work of Cattaneo et al. by focusing on how the 

lateral dimensions of homeotropic gratings affect the properties of frustrated surface alignments. 

2.4 Summary 

This chapter has introduced the fundamental physical properties of nematic LCs, covering their 

temperature dependent phase behaviour, orientational order, elasticity and optical anisotropy. A brief 

introduction to nematic liquid crystal elastomers was also given, highlighting their defining features 

and distinct responses to mechanical and thermal stimuli. The concept of LC surface alignment was 

then described in some detail, outlining how these materials interact with their containing surfaces, the 

various types of surface anchoring and how bulk material properties are affected by different alignment 

layer combinations.  

With the focus of this work being surface alignment on topographically patterned surfaces, the physical 

alignment properties of topography was discussed by introducing the concept of grating alignment as 

well as other notable LC-microstructure combinations. Finally, a short review was presented on the 

previous applications of microstructured alignment layers in functional LC devices, highlighting the 

wide variety of alignment phenomena afforded by tailoring surface topography and the active area of 

research that will be explored throughout the experimental chapters of this thesis, using the general 

methods described in the following chapter.
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Chapter 3 Experimental Methods 

This chapter details the key experimental methods used in the preparation and characterisation of LC 

devices featuring topographically patterned alignment layers. The previous chapter introduced the 

physical properties of these systems, which will be explored using these methods in the subsequent 

experimental chapters. Focused methods sections are included in each of the experimental chapters, 

covering more specialized techniques, whereas this chapter details the more general methods used 

throughout the thesis. The structure and preparation of the LC devices will be covered first, followed 

by the characterisation techniques used to quantify their properties. General microfabrication processes 

used to form surface relief structures will then be discussed, highlighting how the master structures, 

replicas and final patterned alignment layers are fabricated. Finally, contact and non-contact surface 

metrology approaches will be covered, used to measure the dimensions of any surface relief structures.  

3.1 Liquid Crystal Devices 

3.1.1 Device Geometry 

The LC devices used in this work have a parallel-plate geometry, where two parallel substrates are 

separated by spacers to create a cavity that will be filled with LC material (Figure 3-1). The substrates 

are 1.1mm thick glass, coated with ≈70nm of indium tin oxide (ITO) from the supplier. Prior to use, the 

ITO glass substrates undergo a three-stage cleaning process in an ultrasonic bath, comprised of a 

degreasing step in dilute Decon-90 and two solvent washes in acetone followed by isopropanol. Spacing 

is provided by spherical polystyrene beads with a diameter of the order of 10μm, dispersed in the UV-

curable adhesive (NOA 91, Norland Products Inc.) used to laminate the two substrates together. 

 

Figure 3-1: LC device schematics. (a) Exploded view of a LC device highlighting each of the constituent 

layers, including: indium-tin oxide (ITO) coated glass, polyimide (PI) alignment layers and spacers for 

defining the thickness of the LC slab. (b) Collapsed view of an assembled LC device, showing the lateral 

offset of the substrates that provides a ledge for capillary filling the device with LC material. (c) Cross 

sectional view indicating the typical thicknesses of each of the device layers. Grey circles denote the 

spherical polystyrene spacer beads that are dispersed in the UV-curable glue seals. 
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3.1.2 Alignment Layers 

This work focuses on the use of polyimide (PI) thin films as alignment layers, which are applied to the 

ITO surfaces of the glass substrates using spin coating (Figure 3-2). Prior to spin coating, the ITO 

surfaces are exposed to an ultraviolet-ozone treatment for 10 minutes to remove any organic 

contaminants that would disrupt thin film uniformity, and increase the surface wettability (more 

hydrophilic) to maximize adhesion between the substrate and the dispensed PI solution.[114]  

The spin coating process involves securing the substrate (≈2.0 x 2.5cm) to the centre of the spin coater’s 

vacuum chuck, drop dispensing the PI solution on to the static substrate and rapidly accelerating the 

substrate up to rotational speeds of 2000 – 5000rpm. Once reached, these spin speeds are sustained for 

40 - 60s, during which time the deposited solution flows radially across the substrate as a result of 

shearing, induced by adhesion at the liquid-substrate interface and the centrifugal forces experienced 

by the liquid. The majority of the dispensed solution is ejected from the substrate due to the radial flow, 

but as the solvent evaporates and the polymer concentration increases in the remaining solution, a 

uniform polymer thin film is formed on the surface.[115] 

 

Figure 3-2: Spin coating and post-processing of polyimide alignment layers. (a) Approximately 0.1ml 

of PI solution is drop dispensed on to a static substrate, whilst secured to the spin coater’s vacuum 

chuck. A pipette tip is used to spread the droplet across the surface to ensure full coverage. (b) Spin 

coater rotates the substrate at high speed, ejecting material and forming a uniform thin film. (c) Freshly 

spun film is placed on a 70°C hotplate for 60s to evaporate any remaining solvent and solidify the layer. 

(d) Finally, the film is cured/imidized on a 200°C hotplate for 30mins. 

3.1.2.a Nissan Chemical Polyimides (SUNEVER series) - Film Thicknesses 

A selection of polyimide alignment layers from Nissan Chemical Industries Ltd. are used in this work, 

with planar (SE-130, SE-2170) and homeotropic (SE-4811) anchoring. As the PI layers are intended to 

be imprinted with surface relief structures, it is beneficial to select an appropriate PI film thickness to 

suit the depth of the structures, to maximize the fidelity of the imprinted features by avoiding partial 

filling of the valleys in the stamps.[116] The film thicknesses of each PI variety are measured by 

stripping select regions of the films with a scalpel and measuring the film-ITO step heights using a 

stylus profiler (DektakXT®, Bruker) with a 2μm tip radius (Figure 3-3a). A summary of the PI film 

thicknesses as a function of spin speed is shown in Figure 3-3b, including the tilted SE-3510 variety, 

which isn’t used as an alignment layer in this work but was measured to provide a complete summary 

of all available PI varieties. 
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Figure 3-3: (a) Schematics showing the process of measuring PI film thicknesses with a stylus profiler. 

(a1) Pristine PI thin film (yellow) as found after spin coating. (a2) A region of PI film is removed with 

a scalpel, exposing the underlying ITO layer (gold). The path of the stylus profiler’s tip is indicated by 

the black arrow, stepping down from the PI film on to the ITO surface. (a3) Example of output data 

from the stylus profiler, showing the step height/thickness of the PI film (ℎ𝑃𝐼). (b) Film thicknesses of 

Nissan Chemical Polyimides (SUNEVER series), spin coated at different spin speeds. Orange data 

points indicate films with planar or tilted (SE-3510) anchoring and blue indicates homeotropic 

anchoring. 

3.1.2.b Mechanical Rubbing 

Alignment layers with planar anchoring undergo a mechanical rubbing process before final device 

assembly. This rubbing treatment causes the initially randomly oriented polymer backbones (Figure 

3-4a) of the alignment layer to align parallel to the direction of rubbing (Figure 3-4c), resulting in a 

uniform azimuthal director orientation once the device is filled with liquid crystal.[64,65]  

 

Figure 3-4: Surface alignment via mechanical rubbing. (a) Alignment layer with planar anchoring 

before rubbing. Near-surface polymer chains (black lines) are randomly oriented, resulting in no 

orientational preference of the near-surface director (blue ellipsoids). (b) Rubbing machine schematic, 

showing coated substrate on a vacuum stage passing beneath a rotating roller. White arrows denote 

each component’s direction of travel, with the single rotation direction of the roller defining the rubbing 

direction (RD) applied to the alignment layer. (c) Resulting polymer chain orientation and subsequent 

director alignment of a unidirectionally rubbed, planar alignment layer. 

  



24 

 

The rubbing process is performed with a custom rubbing machine, comprised of a drum roller coated 

in a cotton velvet fabric and a vacuum translation stage that secures the substrates and passes them 

beneath the roller (Figure 3-4b). The height of the roller is set such that the cotton fabric makes gentle 

contact with the substrate, as aggressive contact can physically damage the alignment layer. An 

appropriate roller height is selected by placing an un-coated substrate of the same thickness on the 

translation stage without the vacuum applied, allowing the substrate to move freely. From a raised 

position, the roller is then gradually lowered until the substrate starts being pushed back by the roller 

during translation; this defines the point of gentle contact and is an appropriate roller height for rubbing. 

Coated substrates are then secured on the vacuum stage and pass back and forth beneath the roller twice 

(4 passes total) at a speed of 10mm/s. The roller rotates in a single direction with a rotational speed of 

100rpm, defining the rubbing direction (RD) of the alignment layer. 

3.1.3 Device Characterization 

3.1.3.a Cell Gap Measurements 

Once a device has been assembled as shown in Figure 3-1b and prior to filling with liquid crystal, the 

distance between the two parallel substrates or the ‘cell gap’ (𝑑𝐿𝐶 ) is measured using white light 

interferometry. This allows the thickness of the LC slab to be confidently inferred once the device is 

filled. This measurement is carried out using a microscope in reflection mode, where an empty device 

is illuminated with white light and the reflected light is analysed via a UV-Vis (450-700nm) 

spectrometer (Flame-S-UV-VIS, Ocean Optics). 

 

Figure 3-5: (a) Typical reflection spectrum of an empty LC device, with a cell gap (𝑑𝐿𝐶) of ≈8μm. This 

is used with equation (3-1) to calculate 𝑑𝐿𝐶. (b) Approximate illustration of white light incident on an 

empty LC device, showing the reflected beams from the top and bottom cell surfaces that interfere and 

produce the intensity minima and maxima in the reflection spectra. (Note: In practice, the light is 

normally incident on the device but is shown at angles in the diagram to highlight the source of the 

interference.) 
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The empty device is placed on a glass microscope slide and the sample height is adjusted until the spacer 

beads in the glue seal are in focus, ensuring the focal point of the objective lens coincides with the cell 

cavity. With the microscope in this position, the sample is removed from the beam path and replaced 

with a reflective slide followed by a black-coated slide to capture bright and dark reference spectra 

respectively. Returning the device to the beam path results in an output spectrum with oscillating 

intensity as a function of wavelength, as shown in Figure 3-5a. This oscillation occurs as a result of 

constructive and destructive interference between the visible light reflecting off the top and bottom 

surfaces of the cell cavity (Figure 3-5b). The thickness of the cavity dictates the path difference between 

the two reflected beams, where for a given wavelength (𝜆), constructive or destructive interference 

occurs if 𝑑𝐿𝐶  is a multiple of 𝜆 2⁄  or 𝜆 4⁄  respectively. The cell gap is then calculated using the 

reflection spectra and Equation (3-1),[117,118] where 𝜆0 is the wavelength of first selected peak, 𝜆𝑘 is 

the wavelength of the last selected peak and 𝑘 is the number peaks between the first and last (last 

inclusive). These measurements are performed in the centre and at the four corners of a device to get 

an average cell gap, typically with standard errors of ±0.5μm. 

 𝑑𝐿𝐶 = 
𝑘𝜆0𝜆𝑘

2(𝜆𝑘 − 𝜆0)
 (3-1) 

3.1.3.b Device Filling 

Once the cell gap has been measured, the devices are capillary filled with liquid crystal. Besides the 

work in Chapter 4, where devices are filled with a liquid crystal elastomer precursor, all studied cells 

are filled with the LC mixture MLC-6204 (Merck, Germany) with physical properties summarized in 

Table 3-1. This mixture was chosen as its properties have been well characterised [119] and it has 

previously been applied in homeotropic grating-based devices, similar to those studied throughout this 

work.[120] Device filling is carried out at 70°C where MLC-6204 is in the isotropic phase, which helps 

avoid unwanted flow alignment effects that can dominate the alignment if filled in the nematic phase. 

Table 3-1: Physical properties of LC the mixture MLC-6204 (Merck, Germany) measured at 589nm. 

Room temperature data (T=20°C) was sourced from the manufacturer’s data sheet and high 

temperature data (T=40, 63°C) was sourced from reference [119]. The properties at 63°C or  

𝑇 𝑇𝑁𝐼⁄ = 0.99 are given specifically in relation to the temperature study in section 5.4.3. 
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3.1.3.c Polarized Optical Microscopy 

The optical appearance and alignment properties of filled LC devices are analysed using a polarising 

optical microscope (Leica DM2700P). The devices are observed in transmission under white light 

illumination, positioned on a rotating sample stage located between two polarisers with orthogonal 

polarisation directions. The devices are observed through microscope objective lenses with 10x, 20x 

and 50x magnification and 10x eyepieces. A Mettler FP92HT hotstage (±0.1°C) and FP90 controller 

are used when studying device behaviour above room temperature.  

In the absence of a birefringent sample, this crossed polariser arrangement results in no light 

transmission through the final polariser (analyser). When a birefringent sample such as a LC device is 

added, with the projection of its optic axis at some angle relative to the crossed polariser orientations, 

the orthogonal components of the incident linearly polarised light acquire a relative phase difference as 

they propagate through the sample. This alters the polarisation state exiting the sample, resulting in non-

zero transmission through the analyser (Figure 2-3). The transmitted light that is then observed in the 

microscope eyepieces, has a characteristic colour determined by the thickness of the LC slab (𝑑𝐿𝐶) and 

the birefringence (∆𝑛) of the LC material. These colours are presented in the Michel-Lévy colour chart 

shown in Figure 2-4, which is used a semi-quantitative tool for understanding the alignment 

characteristics within a LC device. 

3.1.3.c.i Conoscopy 

The standard polarised microscopy approach described above, refers to the use of orthoscopic 

illumination, where the incident light is perpendicular to the sample plane. Conoscopy is a type of 

polarised microscopy that utilizes highly convergent light to view birefringent samples, known as 

conoscopic illumination. It is a longstanding characterisation technique that has been used to classify 

the optical properties of minerals and crystals,[121] identify three dimensional wavelength-scale 

periodicities in LC blue phases,[122] observe biaxial order in auxetic LCEs [55] and generally provide 

detail on the orientation and degree of optical anisotropy in birefringent media.[123]  

This optical arrangement is achieved through the addition of a condenser lens between the first polariser 

and the sample, shown schematically in Figure 3-6. The result is a cone of linearly polarised light 

incident on the sample, within which the light rays have a range of incident angles on the birefringent 

medium. The ordinary and extraordinary components of these rays are refracted by different amounts 

and therefore take different paths through the medium, depending on the refractive index they 

experience. As these components recombine upon exiting the sample, a variation in polarisation state 

may be found as a function of cone angle in the now diverging light cone, which is brought in to focus 

by the microscope objective. This results in an incident-angle-dependent variation in transmission 

through the analyser, which with the addition of a Bertrand lens between the eyepieces and the 

objective, images the conoscopic figure which is at the back focal plane of the objective.[123,124]  
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Conoscopy observations have the benefit of extracting a lot of information about a sample’s optical 

properties in multiple directions, from a single conoscopic figure with high spatial resolution.[125] 

 

Figure 3-6: Schematic overview of conoscopy setup, highlighting key components in the optical path. 

 

The experimental conoscopy setup utilizes the Leica DM2700P polarizing microscope with a green 

filter on the white light source, producing broadband green light with a central wavelength 𝜆=533nm 

and a bandwidth Δ𝜆=52nm (appendix Figure A-1). Samples are placed at the focal point of a condenser 

lens, with a numerical aperture (NA) of 0.9. Two different microscope objectives are used; a 0.40 NA 

20x Leica objective, with a smaller cone angle that gives an enlarged view of the central melatope for 

identifying marginal isogyre splitting, and a 0.75 NA ULWD 80x Olympus objective, with a wider cone 

angle for capturing off-centre melatope positions. Conoscopic figures are viewed by inserting a 

Bertrand lens in the optical path, between the object and the eyepieces. Where angular measurements 

are taken from the captured conoscopy figures, the back focal plane is calibrated using the diffraction 

patterns of linear diffraction gratings with well-defined pitch and diffraction angles, using the same 

conoscopic arrangement used to image the LC devices. This calibration approach is covered in detail in 

section 6.4.2.b.i and appendix C.3, and has previously been described by Miller and Gleeson.[122] 
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3.2 Microfabrication 

Microfabrication forms the backbone of the experimental work in this thesis. Called upon throughout 

the following chapters, a select few techniques from its vast toolbox are combined in three distinct 

workflows, all with the aim of creating textured polyimide LC alignment layers. The three workflows 

are best distinguished by how the first micropatterned surface or master structure in each is made, and 

their different levels of precision and complexity. In this section, the shared/more general 

microfabrication methods used in these workflows are described. The unique aspects of each will be 

covered in the focused methods sections of the experimental chapters 4−6, to provide a clear origin of 

the structures in question before exploring their influence on LC alignment. 

3.2.1 Master Structures 

3.2.1.a Embossing 

Commercially available microstructures can often be supplied on a flexible plastic backing, as a result 

of them being manufactured with roll-to-roll nanoimprint lithography (NIL).[126,127] The aim of this 

work is to transfer microstructures in to polyimide thin films, which involves contact with strong 

solvents that would damage a flexible plastic substrate and a copying step that requires structures to be 

on a rigid backing. As such, commercially-sourced structures on a film backing are transferred in to a 

UV-curable resin on a glass substrate via embossing.[17,128] This approach has been used and 

documented by multiple researchers [77,129,130] and is represented schematically in Figure 3-7. 

 

Figure 3-7: Embossing process. (a) UV-curable resin (orange) is drop dispensed on to a glass substrate 

treated with an adhesion promoter. (b) Microstructured surface relief grating (SRG) film is embossed 

in to the resin via translation beneath a pressurized roller. Black arrows denote directions of applied 

pressure and travel. (c) Glass-resin-film stack is exposed to UV illumination to cure the resin. (d) SRG 

film is peeled away to reveal a resin replica of the SRG on the glass substrate. 

The glass backing substrates are first treated with an adhesion promoter solution, comprised of 5 parts 

dilute acetic acid (1:10, acid:de-ionized water) and 3 parts adhesion promoter (1:200, 3-

(Trimethoxysilyl)propyl methacrylate:methanol). Approximately 0.3mL of the solution is dispensed on 

to the glass, spin coated at 3000rpm for 45s and then dried at 130°C for 60s. 20μL of UV-curable resin 

(MINS-311RM, Minuta Technology Co.) is then dispensed along the length of the glass substrate and 

a surface relief gating (SRG) film (1000 lines/mm, Edmund Optics Ltd.) is placed grating-side down 

on top of the resin and allowed to capillary fill between the glass and the film. This stack is then 

transferred to a custom embossing machine, where it travels at ≈1mm/s beneath a roller applying a 
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pressure of 3.5MPa. Once embossed, the resin is then cured for 60s under UV illumination (365 - 

435nm) at an intensity of ≈10μW/cm2. The SRG film is then peeled away from the cured resin, leaving 

behind a resin copy of the film’s grating structure on the glass substrate. The embossed structures are 

rinsed in acetone to remove any uncured resin and then re-exposed to UV for a further 120s to ensure 

complete curing.  

3.2.2 Soft Lithography 

Despite a variety of techniques being used to fabricate the master structures in this thesis, soft 

lithography is consistently used as the final patterning step for fabricating the micropatterned polyimide 

alignment layers, forming the basis of the three experimental chapters. Soft lithography is a 

microfabrication approach pioneered by Whitesides et al.,[131,132] revolving around the use of soft 

elastomeric substrates with micropatterned surfaces, which are used as stamps for pattern transfer via 

deposition or moulding of materials. A range of techniques exist within the area of soft lithography, 

including: microcontact printing (µCP),[133,134] replica moulding in elastomeric materials,[135,136]  

UV-assisted imprinting [137] and thermal-assisted imprinting.[138,139]  

3.2.2.a Replica Moulding 

The first soft lithography process that is used in this work is replica moulding with 

polydimethylsiloxane (PDMS, Sylgard-184, Dow Corning Inc.), which is a simple and convenient 

method of creating a soft elastomeric copy of a micropatterned surface (Figure 3-8). PDMS is a silicone-

based elastomer that has solidified its place in micro and nanofabrication,[133,140–143] owing to 

desirable properties such as: low surface energy, high UV transparency, nanoscale moulding capability 

and biocompatibility. 

A PDMS solution is prepared by mixing the prepolymer and cross-linker at a ratio of 10:1, with total 

volumes ranging from 15 – 50mL depending on the size of the casting vessel. Once thoroughly mixed 

for around 2 minutes, the PDMS solution is degassed in a vacuum desiccator for 1 hour. This is critical 

to ensure that all of the air bubbles are removed, as any remaining bubbles will result in defects in the 

final replica. The micropatterned substrates that are to be copied, are placed at the bottom of a non-stick 

coated (see section 6.3.3.a) glass petri dish, which forms the casting vessel. The PDMS solution is then 

slowly cast on top of the substrate until it is completely covered with a PDMS layer ≈1-2mm thicker 

than the master substrate (Figure 3-8c). Keeping the PDMS thickness in the 1-2mm range results in 

working stamps that provide more control and better contact during the subsequent imprinting step. The 

filled vessel is then degassed to remove any bubbles formed during casting and then placed in an 80°C 

oven overnight (≈16 hours) to thermally cure the PDMS. Once cured, the PDMS slab is carefully 

demoulded from the master structures and trimmed to form the final PDMS working stamp, removing 

any raised sections that would prevent uniform contact during imprinting (Figure 3-8d). 
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Figure 3-8: PDMS replica moulding process. (a) PDMS prepolymer and crosslinker are thoroughly 

mixed, forming a homogeneous PDMS solution. (b) Mixture is degassed in a vacuum desiccator, 

removing air bubbles formed during mixing. (c) Master structures are placed in a non-stick casting 

vessel and the PDMS mixture is cast on top, to a thickness 1-2mm greater than the substrate thickness. 

(d) Following degassing and curing at 80°C, the PDMS slab is demoulded from the structures and 

trimmed to form a working stamp for pattern transfer. 

3.2.2.b Imprinted Polyimides  

The final soft lithography step involves using PDMS working stamps to transfer micropatterns in to 

polyimide LC alignment layers. The polyimide imprinting process described in this section, using 

commercial LC polyimides, offers an accessible and versatile means of creating topographically 

patterned alignment layers, with the benefit of inherent surface anchoring properties and the ability to 

process the resulting surfaces with conventional alignment techniques, such as mechanical rubbing. An 

introduction to this area of soft lithography will first be given, covering the more general 

microfabrication works that lead to polyimide imprinting being attempted, followed by a summary of 

polyimide-specific examples to highlight different process variations. Details will also be given on the 

bespoke imprinting apparatus that was made, along with the adopted methodology. 

3.2.2.b.i Background 

Relative to the standard polyimide thin film processing described in section 3.1.2, polyimide imprinting 

is performed as an intermediate step between spin coating (Figure 3-2b) and drying (Figure 3-2c) a 

polyimide film. The imprinting process begins whilst the film is solvent-rich, directly after spin coating, 

and is completed as the film dries/solvent evaporates. As such, this approach can be classed as a form 

of solvent-assisted microcontact moulding (SAMIM); a subcategory of soft lithography developed by  

Kim et al.[144]  

The original SAMIM methodology involves wetting a PDMS stamp with a solvent (i.e. using the 

solvent as an ink) and placing it in conformal contact with an initially solid polymer layer. This partially 

dissolves the polymer and allows it to flow in to the channels/relief structures on the PDMS stamp, 

transferring the pattern in to the polymer as it re-solidifies. Photoresists are commonly used as the 

polymer layer in SAMIM, which has enabled maskless sub-optical photolithography using imprinted 

structures [145] and the fabrication of thermo-responsive plasmonic surfaces.[146] Rather than wetting 

the stamp with a solvent, SAMIM has also been demonstrated with dry stamps on freshly spin coated 

photoresist films, where the high solvent concentration present immediately after spin coating provides 

a sufficiently fluid layer for pattern transfer.[147] This ‘dry stamp-wet film’ approach was the primary 

inspiration behind attempting to imprint spin coated layers of polyimide in this work. 
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Polyimide alignment layers have been patterned via imprinting in a variety of ways. Thermal-assisted 

imprinting has been demonstrated on uncured dry films [148] and custom hybrid polyimide films,[149] 

both requiring the use of high temperatures (180-200°C) and pressures for pattern transfer. Although 

these methods avoid the high temperatures needed to overcome the glass transition of cured polyimide 

(>350°C), the high pressures required would likely cause a soft PDMS stamp to deform, making them 

unsuitable for this work. Polyimide films have also been imprinted with rigid silicon stamps,[150] 

which isn’t an ideal stamp material for repeated imprinting, easy demoulding and conformal contact; as 

is offered by an elastomeric working stamp. With a close resemblance to SAMIM, polyimide solutions 

have been used to as an ink with PDMS stamps, to transfer a pattern via imprinting at room 

temperature.[151] This approach offers greater control by being able to specify the quantity of solution 

used for each imprint, rather than relying on an unknown amount of residual solvent in a freshly spin 

coated film.[152] However, this only allows the areas covered by the working stamp to be coated in 

polyimide, whereas imprinting a spin coated film results in a fully coated substrate with select patterned 

regions, which can be beneficial for achieving full-substrate alignment, as will be used in Chapter 4. 

3.2.2.b.ii Apparatus and Methodology 

The imprinting procedure used to fabricate the micropatterned polyimide alignment layers throughout 

this work, is carried out with the custom imprinting apparatus presented in Figure 3-9 using the 

workflow illustrated in Figure 3-10. 

 

Figure 3-9: Hotplate press apparatus. (a) Overview showing the hotplate, suspended toggle-clamp 

assembly and surface thermometer. (b) Support column with millimetre scale, providing a reference 

point for imprint pressure in the absence of a formal pressure sensor. (c) Foot of the press in its raised 

position, with glass carrier substrate adhered to the underside for temporary mounting of PDMS 

working stamps. (d) Foot of the press in its lowered/clamped position during imprinting. (e) Batch of 

micropatterned polyimide substrates fabricated with the hotplate press. Scale bar = 20mm. 
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The imprinting apparatus is a purpose-built attachment for a laboratory hotplate (C-MAG HP 10, 

IKA®), with the basic function of applying light, sustained pressure to a target substrate at an elevated 

temperature. Herein referred to as the ‘hotplate press’, the setup is comprised of a toggle clamp  

(STC-IHH25, Bessey Tools) suspended above the hotplate, on a vertical support column mounted to 

the standard M10 accessory thread at the rear of the hotplate (Figure 3-9a). The applied pressure is 

adjusted by altering the height of the clamp on the support column, using the scribed millimetre scale 

as a reference point (Figure 3-9b). A glass carrier substrate is adhered to the foot of the hotplate press, 

allowing PDMS stamps to be temporarily secured during imprinting and easily removed afterwards 

(Figure 3-9c). A surface thermometer (TPP2-C1, Amprobe®) is placed adjacent to the imprinting 

location, to ensure the local hotplate temperature is stable and at the desired level prior to imprinting.  

The over-center operation of the toggle clamp allows a stamp to be brought in to conformal contact 

with a target substrate, and a constant pressure to be maintained so as not to disturb the polyimide layer 

as it dries (Figure 3-9d). Preliminary imprinting attempts carried out by hand, resulted in low quality 

pattern transfer as a result of the stamp being unstable as the polyimide dried; an issue that was avoided 

by using the hotplate press. Repeatable, large-area imprints of microscale structures have been 

successfully achieved using this simple hotplate press, as shown by the small batch of imprinted 

polyimide substrates in Figure 3-9e. 

 

Figure 3-10: Schematic of the polyimide imprinting process. (a) A PDMS working stamp is secured to 

the glass carrier of the hotplate press and a test substrate is used to set the imprint pressure.  

(b) Polyimide film is spin coated with reduced speed and time, then (c) transferred to a 75°C hotplate 

and immediately imprinted with the hotplate press. (d) Working stamp is demoulded from the polyimide 

and the micropatterned polyimide film is cured at 200°C. 

The imprinting process starts by attaching the working stamp to the glass carrier of the hotplate press. 

A substrate with the same thickness as the one to be coated in polyimide, is placed beneath the press to 

set the height/imprint pressure for the thickness of stamp being used. This is adjusted until the toggle 

clamp can be latched easily with one finger, and the working stamp is clamped without bulging or 

deforming (Figure 3-9d). The hotplate is heated up until the surface thermometer reads 75°C, which 

was found to be the optimal imprinting temperature, where the polyimide didn’t dry too quickly and 

cause poor pattern transfer, or dry too slowly and damage the PDMS stamp due to prolonged solvent 

exposure.  
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The target substrate is spin coated with polyimide at 2000rpm for 40s, which is slower and shorter than 

typical processing to ensure a wet solvent-rich film is produced.[147] Immediately after spinning, the 

coated substrate is transferred to the pre-heated hotplate and the working stamp is swiftly brought in to 

conformal contact using the hotplate press. The applied pressure is maintained for 2 minutes and then 

the press is raised, followed by demoulding of the stamp from the polyimide. The imprinted polyimide 

substrate is then cured at 200°C for 30 minutes. 

3.3 Surface Metrology  

3.3.1 Optical Microscopy 

Distances are measured from microscope images using a stage micrometre as a reference point (Figure 

3-11). The 1mm scale is divided in to 10μm increments, with a tolerance of ±1μm. These scale images 

are analysed using Image J software (NIH, USA), allowing values of distance per pixel to be obtained 

for each of the different magnification objective lenses used, and thus scales to be assigned to any 

captured images. This approach is primarily used to measure larger features (≥5μm) on patterned 

surfaces or in the optical textures of liquid crystals. 

 

Figure 3-11: Microscope stage micrometre imaged through (a) 20x and (b) 100x magnification 

objectives, featuring a 1mm scale divided in to 100 minor increments of 10μm. 

3.3.2 Optical Diffraction Patterns 

A custom optics setup was designed and constructed to observe and measure the optical diffraction 

patterns created by the transmission of laser light through samples with periodic structures. This non-

contact measurement approach enables the periodicity/pitch (𝑑) of a transmissive sample to be inferred 

from the diffraction pattern created by the incident laser light. Similar transmission diffraction setups 

have been described and applied in the same manner elsewhere.[9,153,154] An overview of the 

experimental setup is shown in Figure 3-12a, and is constructed as follows.  
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Figure 3-12: Experimental setup used to display optical diffraction patterns and measure a sample’s 

periodicity/pitch. (a) Photograph of the benchtop diffraction setup showing the arrangement of optical 

components, each labelled 1 through 9 to indicate their order in the beam path, between the 𝜆=404nm 

laser diode (1) and the projection screen with millimetre scale (9). (b) Schematic cross-section of the 

setup between the fixed mirror (5) and the projection screen (9). This defines the measured distance 

between the 0th (m=0) and 1st order (m=±1) diffraction maxima on the screen (𝑥) and the sample-

screen separation (𝐿), which are used to calculate the diffraction angle (𝜃𝑑) and pitch (𝑑). 

A 0.5mW laser diode with a wavelength (𝜆) of 404nm (PL205, Thorlabs) is directed parallel to the 

bench towards a beam expander, reducing the spot size from 3mm to 1.5mm, to make reading the 

maxima positions off the screen easier (laser spectrum shown in appendix A.2). The beam is then folded 

by two adjustable mirrors, which are aligned so that the beam hits the following fixed mirror and reflects 

perpendicular to the bench and therefore at normal incidence to a sample on the rotation stage. This 

vertical alignment is confirmed by mounting two concentric pinholes, at the top and bottom of the 

vertical mounting rail, and adjusting the two mirrors until maximum transmission is obtained through 

the final pinhole.  

Samples are placed either directly on the rotation stage or on a Linkam THMS 600 hotstage with a TMS 

94 controller when performing temperature studies. The projection screen, featuring a millimetre scale, 

is suspended above the sample on the vertical rail and is aligned parallel to the bench using a spirit 

level. A translation mount is used to adjust the scale’s lateral position on the rail, such that the central 

0th order (𝑚 = 0) beam is aligned with the ‘0’ increment on the scale, allowing for simple measurement 

of the distance between the 0th and 1st order beams (𝑥).The pitch of a structure is extracted by first using 

the screen scale to measure the distance 𝑥 (±0.5mm), between the 0th and 1st order maxima, where an 

average value is calculated from the 𝑚 = +1 and 𝑚 = -1 values.  
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An average sample-screen separation (𝐿, ±1mm) is obtained from measurements in the center and at 

the four corners of the screen holder. The diffraction angle (𝜃𝑑) is then calculated using these measured 

values in equation (3-2), which is then substituted in to equation (3-3) with 𝑚=1 and 𝜆=404nm to obtain 

the pitch of the structure (𝑑). 

 𝜃𝑑 = tan−1 (
𝑥

𝐿
) (3-2) 

 𝑚𝜆 = 𝑑 sin(𝜃𝑑) (3-3) 

3.3.3 Atomic Force Microscopy 

Atomic Force Microscopy (AFM) is a form of scanning probe microscopy, in which the topography of 

a surface is measured by scanning a nanoscale probe across a surface.[155] AFM measures the forces 

between a tip and a surface, rather than a tunnelling current as with scanning tunnelling microscopy 

(STM), which makes it ideal for investigating insulating surfaces, such as the polymer structures in this 

work. The probe of an AFM is a sharp tip with a radius of the order of 10nm, at the end of a cantilever, 

which bends in close proximity to a surface due to the intermolecular forces between the surface and 

the tip. A laser beam is reflected from the top of the cantilever and directed towards a photodetector, 

which is used to monitor the cantilever’s deflection as the tip scans over the surface (Figure 3-13). This 

measured deflection is used in a feedback loop to maintain a constant force between the tip and the 

surface, by adjusting the applied potential across the piezo-element that controls the z-height of the 

scanner and tip. The resulting AFM image is built from the spatial variation of this applied potential as 

the tip is raster scanned across a sample. This description covers what is known as contact mode AFM, 

where the tip remains in contact with the surface at all times and the cantilever’s deflection is used to 

create an image.  

There are also scanning modes where the tip makes intermittent contact with the surface, such as tapping 

mode AFM. In tapping mode, whilst the tip remains in close proximity to the surface, the cantilever is 

oscillated close to its resonant frequency during the scan. The frequency of oscillation varies as a 

function of the sample’s surface topography, which is used as the feedback loop in this mode. The 

variation in phase and amplitude of this oscillation is measured and then used to construct the final 

image using this approach. Tapping mode is chosen for the AFM measurements in this work, as it is 

best suited for soft polymer samples, where contact mode can exert high compressive and lateral forces 

that can disrupt the sample surface.[156] AFM was performed using TESPA-V2 probes (Bruker, USA) 

on a Bruker MultiMode® 8-HR, and for larger samples a Veeco Dimension 3100 system. 
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Figure 3-13: Schematic of the key components in an atomic force microscope (AFM). In tapping mode, 

the cantilever is oscillated close to its resonant frequency (𝑓0). Raster scan is carried out by piezo x-y 

translation of the scanner head and the z-height is dictated by the feedback loop from the photodetector 

signal. 

 

3.3.3.a Image Analysis 

AFM images are analysed using Nanoscope Analysis software (v 1.9) and the extracted data are used 

to measure the pitch (𝑑) and height (ℎ) of micropatterned surfaces. The workflow used to obtain these 

pitch and height values is summarized in Figure 3-14. First, the cross-section tool in Nanoscope 

Analysis is used to gather height data in at least five different locations of a given scan. This is done 

using ‘box select’ mode, which means the resulting cross-section data is the average of the single line 

scans within the box selection area, indicated by the white dashed boxes in Figure 3-14a. These have a 

width of ≈200nm and a length spanning the full image and are used to reduce noise relative to a single 

line scan, whilst remaining representative of the local topography. The resulting height data (Figure 

3-14b) for each selected area is then exported. The data is then imported in to OriginPro graphing 

software (v 10) and the ‘Peak Analyser’ tool is used as a consistent method of locating the peaks (𝑃) 

and valleys (𝑉) of the periodic structure, marked by the vertical red lines on the data in Figure 3-14c. 

This provides the vertical and lateral positons of each of the peaks and valleys, which are then used in 

the basic equations shown in Figure 3-14d to calculate the pitch a height of the structure. This process 

is carried out on each set of exported cross sectional data, across at least 3 AFM scans taken in unique 

locations of a given sample. The final quoted values of pitch and height are taken as the mean values 

across all scans of a given sample. 
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Figure 3-14: Summary of AFM image analysis used to measure the pitch and height of a microstructure. 

(a) 5x5μm AFM image of a periodic linear surface relief grating. White dashed boxes indicate the 

multiple areas from which cross-sectional data is exported from a single scan. (b) Example of height 

data from one of the box selection regions on the AFM image. (c) Height data imported in to OriginPro 

software with ‘Peak Analyser’ applied to locate the peaks (P) and valleys (V). Black dashed lines 

indicate the vertical (z) and lateral (x) positions of the peaks and valleys, with subscripts P and V to 

identify each respectively. (d) Equations used to calculate the pitch and height of the structure from the 

values of x and z, where n is the number of peaks and valleys.  

3.3.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is used to image some of the microscale surface topographies 

found in this work, in particular the cross sections of surface relief gratings. A Zeiss Leo 1530 SEM is 

used for imaging, with a field emission gun electron source at an accelerating voltage of 4kV. The 

sample chamber is kept under vacuum at ≈10-5 Pa, to prevent the incident electron beam being disturbed 

by gas molecules. The electron beam is raster scanned across the sample area and the resulting 

secondary and back scattered electrons are detected and used to create an image. Given the deep sub-

micron scale features used in this work, images are captured at 105,000x magnification with a field of 

view of the order of 5μm2. This imaging approach is chosen over AFM in cases where deep, densely 

packed structures are encountered, which are notoriously difficult for the tip of an AFM probe to 

faithfully capture due to unwanted collisions between the structures and the tapered body of the tip, 

resulting in tip convolution artefacts.[157,158]  
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3.4 Summary 

This chapter has introduced the general experimental methods that are used throughout the subsequent 

experimental chapters of this thesis. LC device fabrication and characterisation was covered, detailing 

cell construction, polyimide alignment layer processing, cell gap measurements and polarised 

microscopy techniques. A summary of the key microfabrication processes used to create micropatterned 

polyimide alignment layers was also given, covering embossing (UV-NIL), replica moulding (soft 

lithography) and polyimide imprinting (SAMIM). The polyimide imprinting approach was described in 

detail, as this is a lesser adopted methodology in LC device fabrication and is relied upon heavily 

throughout this work. Surface metrology techniques including optical microscopy, diffraction pattern 

analysis, AFM and SEM were also discussed. Any specialized experimental methods will be introduced 

in the focused methods sections of the experimental chapters. 
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Chapter 4 Micropatterned Liquid Crystal Elastomers via 

Surface-Aligned Relief Structures 

4.1 Motivation and Overview 

As detailed in the previous chapter, soft-lithography enables the transfer of microstructures into 

polyimide (PI) alignment layers via a simple imprinting process. In most liquid crystal device 

applications, PI layers with planar or homeotropic anchoring are used, both of which can be patterned 

using the imprinted-polyimide (IPI) methodology detailed in section 3.2.2.b. This chapter focuses on 

imprinting the planar PI variety, demonstrating how micropatterned planar PI surfaces can be treated 

with a conventional rubbed alignment process (section 3.1.2.b), to provide uniform alignment of the 

nematic director, independent of underlying surface topography. This approach is applied as a novel 

means of fabricating monodomain liquid crystal elastomers (LCEs, section 2.1.4) featuring embedded 

surface relief gratings. The resulting micropatterned-LCEs (μLCE) are multi-faceted devices applied as 

diffractive optical elements (DOEs), exhibiting: feature size reduction via anisotropic deswelling, 

thermo-responsive grating pitch and diffraction angle, auxetic growth in feature height under strain and 

dimensional stability under repeat actuation. 

This chapter begins with a general introduction to tunable DOEs and the miniaturization of surface 

features, followed by an overview of LCEs and their applicability in both areas. The fabrication of 

topographically patterned LCEs is then presented, where planar IPI grating surfaces serve as both 

moulds for pattern transfer and alignment layers for uniformly aligning the nematic director. Atomic 

force microscopy (AFM) and optical diffraction patterns provide an insight in to the μLCE surface 

topography in both static and dynamic scenarios. The response of these diffractive μLCEs to thermal 

and mechanical stimuli is explored, shedding light on their broad tunability ranges and the associated 

impact on diffraction efficiency. 

The majority of the work presented in this chapter has been published in T. Moorhouse and T. Raistrick 

“Sub-micron Diffractive Optical Elements Facilitated by Intrinsic Deswelling of Auxetic Liquid Crystal 

Elastomers”, Adv. Optical. Mater, 2024, 12, 2400866. The content of the chapter is therefore a modified 

reproduction of this publication, where the associated experimental and analytical work was performed 

collaboratively by the co-authors. Microfabrication of grating structures, surface metrology (AFM), 

construction of diffraction apparatus and diffraction efficiency measurements were carried out by  

T. Moorhouse; LCE synthesis and compositional changes, measurement of diffraction patterns under 
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thermal and mechanical load, phase and thermal behaviour studies (differential scanning calorimetry 

(DSC), thermogravimetric analysis (TGA)) and device cycle testing (DSC, dynamic mechanical 

analysis (DMA)) were carried out by T. Raistrick; diffraction efficiency analysis and manuscript 

preparation was carried out in collaboration with T. Raistrick. 

4.2 Introduction 

The recent growing interest in elastomeric optical elements, over their solid counterparts, has been 

driven by an increased demand for device tunability and biocompatibility, and the continued 

development of flexible electronics and photonics.[159–163] Many optical devices rely on the 

production of soft DOEs with sub-micrometre features, such as soft grating couplers [164,165] and 

grating-enhanced solar cells.[166] The phenomenon of responsive ‘structural colour’, which has far-

reaching implications in display devices,[167] chemical-free textile production,[168] and biomedical 

technology,[169] similarly requires the production of structures with sub-micron periodicity. Here we 

present an approach which uses the intrinsic deswelling of LCEs to produce sub-micron DOEs with a 

high degree of tunability and stimuli responsiveness.  

Soft lithography offers a lower cost and more accessible means of surface patterning relative to 

traditional techniques such as photo- and electron beam- lithography, which rely on expensive systems 

and complex multistep processes.[131,170,171] Miniaturization of surface features with shape-memory 

polymers has been demonstrated as a feasible approach to sub-micron scale patterning via soft 

lithography.[146,147] Subtractive patterning of shape-memory polymers with dry-etch processes 

introduces an inherent surface roughness that results in a loss of structural fidelity in a little as one 

miniaturization cycle.[147] Achieving high-fidelity sub-micron embedded relief structures using this 

technique is therefore limited without additional steps in the process. Solvent-assisted nanoscale 

embossing instead uses additive patterning of shape-memory polymers and solvent swelling,[146] 

providing an alternative miniaturization framework for producing variable nanostructured surfaces.  

The use of LCEs provides another layer of tunability to existing miniaturization frameworks, due to 

their inherent anisotropic deswelling properties [172,173] and stimuli responsiveness (thermal, 

mechanical, photo and chemical).  LCEs are lightly cross-linked polymeric materials containing, 

typically rod-like, mesogenic units within their network (Figure 4-1). The coupling between liquid 

crystal order and the macroscopic shape of an LCE leads to stimuli-induced shape actuation.[174] 

Furthermore, the formation of the LCE network in the presence of a solvent and its subsequent removal 

results in a controllable anisotropic deswelling of the network. 
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Figure 4-1: Chemical structures of constituent chemicals used in the synthesis of nematic LCEs. The 

non-reactive mesogen, 6OCB, is removed after polymerization by washing the LCE in a solvent, 

resulting in anisotropic deswelling. 

Intrinsic anisotropic deswelling has been leveraged to produce chiral nematic LCEs with structural 

colour, by physically restraining the sample whilst deswelling;[173] the simplicity of which allows for 

easy scalability to industry relevant sizes. In this work, the facile anisotropic deswelling of LCEs is 

leveraged to produce sub-micron scale DOEs using alignment techniques common and relevant to the 

liquid crystal display industry. As the alignment of the LCE can be tailored with respect to the grating 

orientation, the use of nematic LCEs and a nematic solvent allows for responsiveness to be optimized 

for the desired response, i.e. pitch reduction upon increasing temperature and vice-versa. 

Due to their stimuli-responsive nature, LCEs are ideal candidates for sensor applications enabled by 

their highly-tunable optical and mechanical properties.[163,174–177] LCEs have previously been used 

to form stimuli-responsive diffraction gratings,[178,179] however these previous reports did not 

explore the production of gratings on the sub-micron length scale. In these earlier reports, the diffractive 

effect is induced via refractive index modulation across a sample, by exploiting cis-trans isomerization 

of azo-benzene mesogenic units.[178,179] These refractive index modulated diffractive LCEs show 

high sensitivity to changes in temperature, but given the micron-scale grating dimensions, the achieved 

diffraction angles were small, limiting the applicability of these materials. Similarly, Zhang et al. 

recently reported a soft lithographic approach to incorporating a periodic surface topography on an 

LCE, by imprinting a partially cross-linked LCE gel with a 6.7 micron pitch surface relief grating 

(SRG).[180] A second cross-linking step was performed under strain to produce a macroscopically 

aligned, and therefore stimuli shape-responsive, LCE with a 11.7 micron pitch grating. Upon heating to 

84°C, the imprinted grating pitch contracted to 7.8 micron (-33%). Whilst Zhang et al. demonstrates 

the stimuli-responsiveness of imprinted LCE gratings, a pitch smaller than the initial SRG was not 

reported and miniaturization of surface features was not achieved. 

In this work, a novel method for realizing LCE DOEs with sub-micron scale features is reported, via 

solvent mediated miniaturization. The use of an IPI grating alignment layer as a mould, allows for 

conventional rubbed alignment to be applied to the grating structures, overriding their inherent 

topographic influence on the director orientation.[83] This rubbed grating technique, used previously 
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for characterizing polyimide anchoring strengths in low molar mass liquid crystal devices, is applied to 

LCE device fabrication for the first time, allowing the swollen LCEs to be formed with an arbitrary 

director alignment relative to the grating orientation (outlined in Figure 4-2). 

 

Figure 4-2: Illustration highlighting how the nematic director orientation (𝒏̂) is defined arbitrarily with 

respect to the groove direction (𝒈) of an underlying IPI grating. Configurations with (a) the director 

perpendicular to 𝒈 and (b) the director parallel to 𝒈 are shown, indicating the IPI and Polyvinyl 

alcohol (PVA) alignment layer rubbing directions (RDIPI, RDPVA) on the opposing cell substrates. 

By using a class of all-acrylate LCEs, synthesized in the presence of non-reactive liquid crystalline 

components, an inherently swollen network is produced upon polymerization [57,181] (chemical 

components shown in Figure 4-1). Removal of the non-reactive liquid crystalline component causes a 

controllable anisotropic deswelling of the network, enabling the miniaturization of surface features. The 

LCEs used here are unique as they deform via a “mechanical Fréedericksz transition” and display a 

negative Poisson ratio (or “auxetic”) response under mechanical deformation.[55,61,181] Using atomic 

force microscopy (AFM), an auxetic response was measured in the height of the grating structures on 

the LCE i.e. the grating height increases as the films are subjected to tensile strains. Thus, these LCEs 

may overcome the diffraction efficiency losses associated with surface feature height reduction under 

strain, which is a fundamental issue with elastomeric DOEs.[170,182] Other more conventional LCEs 

deform via a different mechanism, known as semi-soft elasticity, characterized by the appearance of 

‘stripe domains’. This involves counter-rotating domains that strongly scatter light [58,183] and thus 

limits their applications as stretchable DOEs. By comparison, the all-acrylate LCEs in this work, which 

deform via the so-called mechanical Fréedericksz transition, remain optically clear under strain and 

with affine deformations.[57] Here it is demonstrated that the imprinted LCEs have a pitch tunability 

of 1110nm over a strain range of 157%, making them ideal candidates for mechanical beam steering 

applications.  

In addition to their response under strain, the all-acrylate LCEs display a highly super-critical response 

to temperature, displaying near-linear changes in birefringence upon heating when compared to the 

highly non-linear response of conventional semi-soft elastic LCEs.[57,184] The temperature-

responsiveness of the LCEs is demonstrated through a +211 or -322nm change in grating pitch 

(depending on director orientation with respect to grating grooves), over a temperature range of 215°C. 
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This report is therefore the first demonstration of sub-micron DOEs produced using LCEs with a high 

degree of chemical, thermal, and mechanical tunability.  

4.3 Methods 

4.3.1 Fabrication of Imprinted Polyimide Grating Moulds 

A commercially sourced, linear SRG film (1000 lines/mm, Edmund Optics Ltd.) serves as the master 

structure for fabricating the μLCEs, which is transferred on to a glass backing substrate via embossing 

(covered in section 3.2.1.a). The methodology of transferring from film to imprinted polyimide is 

outlined in Figure 4-3. Polydimethylsiloxane (Sylgard-184, Dow Corning Inc.) with a 10:1 prepolymer-

crosslinker ratio is cast and thermally cured upon the embossed SRG, forming a soft working stamp 

after demoulding. A planar polyimide (SE-130, Nissan Chemical) is spin coated at 2000rpm for 45s, 

imprinted with the working stamp at 75°C for 2 minutes and baked at 200°C for 30 minutes, forming 

an IPI grating alignment layer. Mechanical rubbing with a cotton rubbing cloth, defines the preferential 

azimuthal director orientation of the IPI layers (RDIPI) coated on glass, and the PVA layers (RDPVA - 

Polyvinyl alcohol, MW=13,000, Sigma Aldrich) coated on Melinex® 401 films (DuPont Teijin). 

 

Figure 4-3: Schematic representation of the key stages in the microfabrication process of IPI grating 

moulds. (a) A linear surface relief grating (SRG) film is embossed in to a UV-curable resin on a glass 

backing substrate. (b) A polydimethylsiloxane (PDMS) replica is taken of the embossed SRG, forming 

a soft working stamp for pattern transfer. (c) A spin coated layer of planar polyimide is imprinted with 

the PDMS working stamp. (d) The imprinted polyimide (IPI) surface is mechanically rubbed with a 

cotton roller, with a rubbing direction (RDIPI). 

4.3.2 Micropatterned LCE Fabrication 

4.3.2.a Cell Geometry 

The cell geometry used to fabricate the μLCEs is shown in Figure 4-4. To ensure that samples are 

chemically identical when comparing how grating orientation affects the final devices, the cell is 

constructed from a single IPI surface with two mutually-orthogonal grating regions (Figure 4-4a). This 

surface is homogeneously rubbed to define a global, uniform director orientation across the whole 

surface (RDIPI). A comparison between the resulting director alignment due to rubbed and unrubbed 

versions of these IPI grating surfaces is presented in appendix section B.1, confirming that the rubbed 

alignment dominates [83] over any potential alignment influence from the IPI grating topography.[74] 
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Figure 4-4: Summary of the cell geometry used to fabricate nematic µLCE devices and the two resulting 

µLCE varieties. (a) Schematic of the parallel-plate cell geometry used as a mould for the µLCEs, 

featuring an IPI surface (yellow) with two mutually-orthogonal grating regions. A global rubbing 

direction is applied to the IPI surface (RDIPI), to form a single µLCE film with discrete regions where 

the nematic director (𝒏̂) is aligned parallel (𝒏̂∥) or perpendicular (𝒏̂⊥) to the grating grooves (𝒈).  

(b) Filled cell cross-sections of (i) 𝒏̂∥ and (ii) 𝒏̂⊥ regions. (c) Schematic representations of (i) 𝒏̂∥ and 

(ii) 𝒏̂⊥ µLCE films, emphasizing the relative of orientations of 𝒏̂ and 𝒈 in each variety. 

4.3.2.b LCE Synthesis 

Using the cells detailed in the previous section, LCEs are synthesized using the method described 

previously.[55,61] The constituent chemicals of the LCEs are shown in Figure 4-1 and the mol % of 

the chemicals are shown in Table 4-1. 6-(4-cyano-biphenyl-4'-yloxy)hexyl acrylate (A6OCB) is a 

monofunctional reactive mesogenic, 1,4-bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2methylbenzene 

(RM82) is a mesogenic crosslinker, 2-ethylhexyl acrylate (EHA) is a monofunctional plasticizer, methyl 

benzoylformate (MBF) is a UV-photoinitiator, and 4'-hexyloxy-4-cyanobiphenyl (6OCB) is a 

nonreactive mesogen which is added to broaden the nematic phase of the precursor mixture and 

produces a swollen LCE network. The 100μm thick cell cavity (Figure 4-4a) is capillary filled with the 

LCE precursor mixture and left to align for 20 minutes. The filled cell is irradiated with 370nm UV 

light at 15mW/cm2 for 2 hours to ensure complete polymerization. To form LCEs in the nematic phase, 

the UV polymerization step is performed at room temperature. A chemically identical isotropic LCE is 

synthesized using the ‘LCE-2’ composition in Table 4-1, by performing the polymerization step at 

60°C, which is above the nematic-to-isotropic transition of the monomer mixture (37.1°C via DSC, 

appendix Figure B-2a), as described previously.[175,185] 

After curing, the cells are deconstructed by carefully peeling the flexible Melinex substrate away using 

a scalpel. The spacers are then removed from the cell and the swollen LCE is removed from the glass 

slide using flat-tipped tweezers. In its swollen state, the LCE is washed with a 70:30 

methanol:dichloromethane solution. First the swollen film is submerged in a petri dish filled with 

methanol. Dichloromethane is slowly added step-wise until a 30% concentration is reached. The LCE 
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is left in the methanol:dichloromethane solution for 24 hours to remove the 6OCB. After 24 hours the 

LCE films are removed from the solution and dried for 4 hours at 40°C in a fume hood, to remove the 

excess methanol:dichloromethane solution.[175] 

Table 4-1: Chemical compositions of LCEs used in this work. Composition LCE-2, marked with an 

asterisk (*), is the primary composition used in the majority of the work presented. The far right-hand 

column shows the composition of a final LCE film (post-wash), which started with the LCE-2 

composition initially (pre-wash). Compositions 1, 3 and 4 are solely used in section 4.4.2.c, for 

investigating how the chemical composition of the LCE impacts deswelling. 

 

4.3.3 Actuation of Micropatterned LCEs 

4.3.3.a Thermal 

The thermal response of the μLCEs is investigated through their application as transmission diffraction 

gratings, and using the resulting diffraction patterns as a means of optically tracking the microscopic 

changes in surface topography. A Linkam hot stage (THMS 600, ±0.1°C) and controller (TMS 94) are 

used to adjust the temperature of the samples, where small sections of each μLCE variety (≈15 x 5mm, 

L x W) are placed grating-side up on a glass coverslip, on top of the hot stage heating element. The 

experimental setup, as shown in Figure 4-5, is comprised of a 404nm wavelength (𝜆), 0.5mW laser 

shone upon the μLCEs at normal incidence, with a spot size of 1.5 mm. The diffraction patterns are 

projected on to a screen with a millimetre scale. Direct measurement of the distance (x), between zeroth 

(𝑚 = 0) and first (𝑚 = ± 1) order diffraction modes, along with the sample-screen separation (L), allows 

the diffraction angle (𝜃𝑑) and thus the grating pitch/period (𝑑) to be calculated using equations (4-1) 

and (4-2).[186] 

 𝑚𝜆 = 𝑑 sin(𝜃𝑑) (4-1) 

 𝜃𝑑 = tan−1 (
𝑥

𝐿
) (4-2) 
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Figure 4-5: Schematic of the experimental setup used to measure the thermal response of the µLCEs 

and the associated change in diffraction angle (∆𝜃𝑑). Pitch (𝑑) is inferred from the diffraction patterns 

of λ=404nm laser light, on a screen L = 118 ± 2mm away from the µLCEs. The lateral distance between 

m=0 and m=1 diffraction orders (x), is measured using the millimetre scale on the screen, allowing the 

diffraction angle (𝜃𝑑) and grating pitch to be calculated using Equations (4-1) and (4-2). 

4.3.3.b Mechanical Strain 

The μLCEs are subjected to uniaxial tensile strain to probe how the grating dimensions respond to 

mechanical deformation. This is measured optically using the same diffraction setup shown in  

Figure 4-5, with the hot stage removed and the μLCE mounted in a bespoke strain rig (Figure 4-6). The 

change in diffraction angle (𝜃𝑑) is measured as a function of applied strain (𝜀) and the grating pitch (𝑑) 

is calculated as described in 4.3.3.a. The initial length of the sample (𝐿0) and the strained length (𝐿𝑆) 

are measured with digital callipers (±0.02mm), from which the applied strain is then calculated  

(𝜀 = (𝐿𝑆 − 𝐿0)/𝐿0).  

 

Figure 4-6: Schematic representation of uniaxial tensile strain being applied to a µLCE film.  

(a) Both ends of a rectangular section of µLCE film (≈15 x 5mm), are secured in a bespoke strain rig 

using clamps. The sample is pulled taut and the initial clamp separation/sample length (𝐿0) is measured. 

(b) Strain (𝜀) is incrementally applied by moving the clamps in opposite directions via a fine thread 

adjustment, followed by measuring the strained sample length (𝐿𝑆) to calculate the applied strain. 
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4.4 Results and Discussion 

4.4.1 Appearance and Alignment of μLCE Films 

A macroscopic perspective of the final μLCE films is now presented. These visual observations help 

communicate the length-scale on which the fabrication method has been applied, and provides insight 

into the quality and uniformity of the resulting microstructures and alignment. The photographs in 

Figure 4-7 show the appearance of a μLCE film fabricated as described in sections 4.3.1 and 4.3.2, in 

ambient white light (Figure 4-7a) and between crossed polarisers (Figure 4-7b). 

 

Figure 4-7: Photographs of a full μLCE film fabricated using the IPI cell geometry detailed in section 

4.3.2.a. (a) Film placed on a glass microscope slide in ambient white light illumination, highlighting 

the mutually-orthogonal grating regions (𝒏̂∥ and 𝒏̂⊥) present on the same film (blue arrows indicate 

grating groove directions, 𝒈). Vibrant structural colour can be seen in the 𝒏̂∥ region, due to diffracted 

light from this grating orientation. (b) Film imaged between crossed polarisers (P, A) with the rubbing 

direction (RD)/nematic director orientation at (i) 0° and ii) 45° to the polarisers. Dashed white lines 

indicate a 3mm wide strip of the film without any grating structures, separating the two grating regions. 

Scale bars = 10mm. 

The unpolarised image in Figure 4-7a, gives an indication of the film’s optical transparency in the 𝒏̂⊥ 

region and intrinsic structural colour in the 𝒏̂∥ region. This colour is observed due to the wavelength 

dispersion of white light in the non-zeroth order diffraction modes, caused by the periodic grating 

structure on the surface of the μLCE.[187] At this angle of observation, the uniformity of this colour 

along the ≈25mm length of this region, is a good indication of a spatially uniform grating pitch, since 

the pitch of the grating determines the angle at which a given wavelength is diffracted, as per equation 

(4-1). The colour change from blue to green over the sample width, is attributed to the film being slightly 

tilted towards the camera upon imaging. These diffraction-induced colours are strongly dependent on 
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the light’s angle of incidence, the angle of observation and the structure’s direction of periodicity.[182] 

Hence, given that each linear grating region is mutually-orthogonal, simultaneously imaging the colour 

displayed by each region is non-trivial. Rotating the sample by 90° shows the structural colour of the 

𝒏̂⊥ region (see appendix Figure B-3), confirming the presence of a grating in both areas of the film. 

Imaging the film between crossed polarisers shows that the nematic director is homogenously aligned 

throughout the sample, as indicated by the uniformly extinct appearance in Figure 4-7b.i, where the 

rubbing direction (RD) is parallel to one of the polarisers (P, A). It is worth noting that uniform 

extinction is observed for the anti-parallel rubbed cells, regardless of the alignment being defined in the 

presence of two mutually-orthogonal IPI grating regions, with their own topographic alignment 

contribution.[74] This implies that the anchoring strength associated with mechanically rubbing the 

polyimide layer, is sufficient to overcome the anchoring strength of the IPI grating structures. If 

however, the grating alignment contribution was significant, this would be noticeable in the 𝒏̂⊥ region 

of the sample in Figure 4-7b.i, where the grating orientation (𝒈) is orthogonal to the antiparallel rubbing 

directions (RD) of the PI and PVA surfaces. In this case, the azimuthal director orientation would lie at 

an intermediate angle between 𝒈 and RD on the PI surface, leading to increased transmission in this 

region due to induced director twist between the PI and PVA surfaces (as demonstrated in appendix 

Figure B-1b).[83]  Upon rotation, the sample appears bright when the rubbing direction is at 45° to the 

polarisers, due to the birefringence of the LCE (Figure 4-7b.ii). The observed bands of birefringence 

colours are an artefact of the screen backlight used to illuminate the samples, which likely features a 

retardation/compensation film, and are not representative of the μLCE’s actual birefringence of 

approximately 0.15. With this birefringence and a thickness of the order 100μm, the μLCE’s associated 

retardance corresponds to a saturated white colour on the Michel-Lévy chart (Figure 2-4). This is 

confirmed in appendix Figure B-4, which shows the same μLCE sample imaged between crossed 

polarisers with an alternative light source, showing a saturated white colour without any colour banding. 

4.4.2 Anisotropic Deswelling and Surface Topography 

4.4.2.a Original Composition 

Fabricating µLCEs using an IPI grating alignment layer, allows for the nematic director orientation (𝒏̂) 

to be aligned at an arbitrary angle with respect to the gratings, via a simple rubbing step. Here, the effect 

of director orientation on the topographic features of the µLCE is demonstrated, by synthesizing two 

chemically identical (composition LCE-2, Table 4-1) LCE varieties with 𝒏̂ either parallel (𝒏̂∥) or 

perpendicular (𝒏̂⊥) to the grooves of the IPI gratings (𝒈). Figure 4-8 summarizes the resulting surface 

topography of the μLCEs after fabrication, measured via AFM using a Veeco Dimension 3100 in 

tapping mode. Accompanying AFM data for the results presented in Figure 4-8, can be found in 

appendix Figure B-5.  
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The anisotropic nature of the deswelling process causes contrasting reductions in pitch in the 𝒏̂∥ or 𝒏̂⊥ 

regions of the µLCEs. In the 𝒏̂∥ case the pitch is reduced by 32% relative to the mould, from 1040nm 

to 707nm. This significant pitch reduction of 333nm, investigated in detail in the following section, 

demonstrates the ability for sub-micron pitch surface features to be produced from a micron-scale 

mould, using the intrinsic anisotropic deswelling of the LCEs (Figure 4-8b,c). In contrast, minimal pitch 

reduction is observed in the 𝒏̂⊥case, contracting by only 3% (Figure 4-8c,d). This demonstrates the 

simplest facet of μLCE tunability, which is controlling the pitch of surface features using the rubbing-

defined orientation of 𝒏̂ relative to 𝒈; capable of varying the resulting pitch by up to 30%. Rubbing at 

intermediate angles between parallel and perpendicular to 𝒈, may offer incremental control over the 

deswelling, if calibrated and proven robust. In the vertical (height) dimension, a 59% and 48% reduction 

in grating height (ℎ) is observed in 𝒏̂∥ and 𝒏̂⊥cases respectively. Both varieties result in surface profiles 

bearing a close resemblance to that of the IPI moulds used during fabrication, but with an altered grating 

pitch and height.  

 

Figure 4-8: AFM surface profilometry of nematic µLCE films at 20°C. The plots in (a) and (c)  

include AFM surface profiles of the IPI grating moulds (yellow) used during fabrication  

(pitch = 1040 ± 5nm, height = 130 ± 5nm), to highlight the reduced dimensions of the µLCEs (cyan).  

(a, b) 𝒏̂∥ µLCE fabricated with the nematic director (𝒏̂) aligned parallel to the grating grooves (𝒈) 

(pitch = 707 ± 10 nm, height = 53 ± 3 nm). (c, d) 𝒏̂⊥ µLCE fabricated with 𝒏̂ aligned perpendicular to 

𝒈 (pitch = 1010 ± 5 nm, height = 68 ± 3 nm). 

4.4.2.b Repeatability of Anisotropic Deswelling  

As the μLCEs demonstrate a miniaturization capability via deswelling, the repeatability of this 

deswelling behaviour is an important aspect to investigate; particularly so for further direct application 

as devices, or intermediate application as substrates for dimensional reduction. To explore the 
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repeatability, three μLCE films were individually fabricated using the same method detailed in section 

4.3.2 and with identical chemical compositions (‘LCE-2’, see Table 4-1). For each sample, the pitch 

and height of the resulting 𝒏̂∥ and 𝒏̂⊥ gratings are measured via AFM, and the mean values are extracted 

via the peak analysis workflow detailed in section 3.3.3.a. The results of this repeatability study are 

presented in Table 4-2. 

Table 4-2: Results of AFM topography analysis carried out on three individually fabricated μLCE 

samples, with identical chemical compositions (LCE-2, see Table 4-1). The mean grating pitch (𝑑) and 

height (ℎ) in the 𝒏̂∥ and 𝒏̂⊥ regions of each sample is shown, along with the range of these mean values 

in nanometres and as a percentage of the values themselves. The pitch and height changes are relative 

to the dimensions of the IPI grating mould (pitch = 1040 ± 5nm, height = 130 ± 5nm). The number of 

scans/scan locations refers to the number of 5 x 5μm AFM scans, and associated height profile data, 

used to calculate each sample mean. Each scan of a given sample is acquired in a unique location 

within the ≈3cm2 area occupied by both 𝒏̂∥ and 𝒏̂⊥ grating regions. 

 

The errors in the mean pitch for each sample are 1.3% on average, with a maximum of 2% in the  

𝒏̂∥  region of sample 2. This indicates that for a given sample, the grating pitch has good spatial 

uniformity after deswelling. Between the three individually fabricated samples, the range of mean pitch 

values in 𝒏̂∥ and 𝒏̂⊥ grating regions is 17nm and 13nm respectively, which as a percentage of the mean 

pitch, equates to 2% and 1% respectively. This shows that the deswelling process can reliably reduce 

the pitch of topographic surface features in the plane of the film, relative to pitch of the IPI moulds, 

both parallel and perpendicular to the nematic director. This is also reflected in the narrow range of 

relative pitch reduction observed in each grating region, which serves as a crucial reference point for 

targeting specific lateral feature sizes after deswelling. The surface feature height shows a significant 

reduction of ≈50% relative to the moulds upon deswelling. The errors in the mean height are higher on 

average than the pitch at 4%, with a maximum of 6% in the 𝒏̂∥ region of sample 2, but remain low 

enough to indicate good spatial uniformity within a given sample. Broader ranges of 14% and 6% are 

observed between the mean heights of 𝒏̂∥ and 𝒏̂⊥ grating regions in individual samples. 
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4.4.2.c Composition-driven Tunability 

Alongside director orientation, the concentration of the non-reactive mesogen 6OCB, provides further 

dimensional tunability by varying the amount of deswelling that occurs upon its removal after 

polymerization. Four µLCE compositions (outlined in Table 4-1) are produced with varying 

concentrations of 6OCB content and used to fabricate µLCEs in the 𝒏̂∥ configuration (Figure 4-4c.i). 

The LCE marked with an asterisk (*) in Table 4-1, is the composition used in section 4.4.2.a and the 

remainder of this chapter. Figure 4-9 summarizes the surface topography of the resulting μLCEs with 

varying 6OCB concentrations, measured via AFM. 

 

Figure 4-9: Compositional dependence of the dimensions of  𝒏̂∥ µLCEs on the concentration of 6OCB  

in the LCE precursor mixture. (a) AFM surface profilometry of the 𝒏̂∥ µLCEs with (i) 45.7 mol %,  

(ii) 54.6 mol %, (iii) 64.4 mol % and (iv) 70.7 mol % of 6OCB. (b) Compositional dependence of  

(i) pitch and (ii) height on concentration of 6OCB in precursor mixture as measured by AFM. The 

composition used in the previous and subsequent sections of this chapter is marked with an asterisk.  

(c) Diffraction patterns of the 𝒏̂∥ µLCEs with increasing 6OCB concentration, from top to bottom. 

AFM height profiles of the µLCEs, with varying concentrations of 6OCB are shown in Figure 4-9a. 

Both the pitch and height of the resulting μLCE gratings display an inverse non-linear relationship with 

6OCB concentration (Figure 4-9b), showing that compositional changes impact both lateral and vertical 

feature dimensions simultaneously.  
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For example, the 64.4 mol% 6OCB sample has a 38% and 52% decrease in pitch and height 

respectively, whereas the 45.7% 6OCB sample displays a 32% and 65% decrease in pitch and height 

respectively, when compared to the IPI grating mould. The diffraction patterns of the µLCEs for the 

different compositions are shown in Figure 4-9c. 

Previously, anisotropic deswelling has been used to form chiral nematic and smectic LCEs, where a 

partially cross-linked isotropic gel was synthesized in toluene and mechanical fields are then 

applied.[172,173,188] During evaporation of the toluene, alignment is achieved by deswelling 

combined with the final cross-linking step. Here instead, a non-polymerizable nematic component, 

6OCB, is used in the LCE precursor mixture. The presence of 6OCB allows for the monomer mixture 

to be a nematic liquid at room temperature, which means surface alignment can be established prior to 

polymerization. The aligned LCE precursor produces a monodomain nematic LCE film upon UV 

irradiation. As such, there is a requirement for the LCE precursor mixture to be sufficiently deep within 

the nematic phase, to allow for high quality monodomain alignment, and sufficiently far away from the 

point at which crystallization/solid formation occurs. These two requirements set the range for the 

amount of 6OCB that can be included in the LCE precursor mixture and the extent of anisotropic 

deswelling that can be currently achieved.  

The nematic-to-isotropic transition temperatures, 𝑇NI, of the precursor mixtures were determined via 

differential scanning calorimetry (DSC) on cooling at a rate of 10°C/min. The 45.7 mol% 6OCB 

precursor mixture has a 𝑇NI of 30.4oC whilst the 70.7 mol% 6OCB precursor mixture has a 𝑇NI of 

49.5oC (appendix Figure B-2b,c). UV polymerization is performed at room temperature (25oC) which 

is 5.4oC and 24.5oC below 𝑇NI for the 45.7 mol% and 70.7 mol% 6OCB precursor mixtures respectively. 

For the 45.7 mol% 6OCB precursor mixture, the polymerization temperature may not be sufficiently 

below 𝑇NI  to allow for the high quality monodomain alignment required for surface features with 

uniform pitch and amplitude (Figure 4-9a,b) to be achieved. During µLCE production, the LCE 

precursor mixture is left to surface align for 20 minutes prior to polymerization. The 70.7 mol% 6OCB 

sample was also found to be spatially inhomogeneous (Figure 4-9b plots the average of the measured 

pitch values, 664 ± 15 nm and 597 ± 13 nm, for different areas of the 70.7 mol% 6OCB sample). Whilst 

the 70.7 mol% 6OCB precursor mixture is polymerized deep within the nematic phase, the precursor 

mixture is prone to phase separation and partial crystallization, as evidenced by a cold-crystallization 

and melting peak on DSC traces (appendix Figure B-2c). The spatially inhomogeneous pitch observed 

in the sample with 70.7 mol% 6OCB (Figure 4-9a,b) is therefore attributed to partial crystallization 

during polymerization. Thus, the nematic-to-isotropic transition temperature and the stability of the 

precursor mixture limits the range of pitches which are practically attainable via anisotropic deswelling. 
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4.4.3 Thermal Response of μLCEs 

The thermal response of the μLCEs is investigated with diffraction angle measurements over a 

temperature range of 20 - 235°C, using a 404nm laser with a 1.5mm spot size. The 𝒏̂∥ μLCE exhibits 

pitch expansion upon heating (Figure 4-10a), indicated by a decrease in diffraction angle (∆𝜃𝑑 < 0) of 

up to 10° over the full temperature range, corresponding to a 212nm increase (+31%) in pitch relative 

the sample at 20°C. Conversely, the 𝒏̂⊥ μLCE exhibits pitch contraction upon heating (Figure 4-10b), 

indicated by an increase in diffraction angle (∆𝜃𝑑 > 0) of up to 14° over the full temperature range, 

which corresponds to a 322nm reduction (-33%) in pitch relative to the sample at 20°C. 

 

Figure 4-10: Thermal response of 𝒏̂∥ and 𝒏̂⊥ µLCEs measured via optical diffraction measurements.   

(a, b) Diffraction patterns showing the opposing thermal responses of 𝒏̂∥ and 𝒏̂⊥ µLCEs, where (a) 𝒏̂∥ 

exhibits pitch expansion and (b) 𝒏̂⊥  exhibits pitch contraction respectively upon heating. (c) The 

relative thermal change in grating pitch of 𝒏̂∥  (blue triangles) and 𝒏̂⊥ (orange diamonds) nematic 

µLCE films determined from diffraction measurements. The grey circles in (c) are the relative thermal 

changes in pitch for an isotropic sample of the same composition. 

The 𝒏̂∥ and 𝒏̂⊥ μLCEs both exhibit broad, near-linear regimes in their thermal response due to the 

supercritical nature of this class of LCEs.[57] Figure 4-10c includes linear fits over selected temperature 

ranges where the response of the μLCEs is most linear; the slopes of which indicate thermal sensitivity. 

The pitch of the 𝒏̂∥ sample has a thermal sensitivity of 1.2 ± 0.1 nm/°C (taken from a linear fit over  

40 – 185°C) whereas the pitch of the 𝒏̂⊥ sample exhibits a higher thermal sensitivity of -2.2 ± 0.1 nm/°C 

(taken from a linear fit over 60 – 160 °C).  Figure 4-10c also shows data for an isotropic µLCE, which 

has as an identical chemical composition to its nematic counterpart, but is instead polymerized in the 

isotropic phase, as described previously.[175] The isotropic µLCE does not shape actuate and has a 

thermal sensitivity of 0.21 nm/°C, which can be attributed to the general thermal expansion of isotropic 

materials. This demonstrates the importance of, and uniqueness offered by, anisotropy in the thermal 

actuation response of the nematic µLCE diffraction gratings. 
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4.4.4 Strain Response of μLCEs 

 

Figure 4-11: Tensile strain testing on 𝒏̂∥ nematic μLCE. (a) Relationship between grating pitch (𝑑) and 

strain. Pitch measurements are taken using optical diffraction patterns (diamonds) and AFM 

(triangles). (b) Relative height (ℎ) of the μLCE surface relief grating as a function of applied strain, 

measured via AFM. Dashed horizontal lines denote the static height (ℎ0). (c) Cross-sectional line 

profiles from AFM scans of the μLCE i) at rest, ii) at 41% strain and iii) at 146% strain. 

Application of tensile strain changes the macroscopic dimensions of the μLCE and thus the dimensions 

of the grating structure embedded in the surface. Mechanical tests are performed on the 𝒏̂∥ μLCE with 

strains applied perpendicular to 𝒏̂ and 𝒈. A linear increase in pitch of up to 1110nm (167% as measured 

by diffraction) is observed as the LCE is stretched by a factor of 156%. The surface topography of the 

strained µLCE is also characterized via AFM, imaged at multiple strain levels over the range tested 

during diffraction measurements. Figure 4-11a shows good agreement between the pitch values 

obtained via diffraction and AFM.  

In contrast to diffraction measurements, AFM enables the grating depth/height (ℎ) to be directly 

measured. Carrying out AFM measurements under strain, does not allow the typical strain rig (Figure 

5-2) to be used, due to restricted space under the AFM scanner head. As such, a manual approach is 

taken (outlined in appendix Figure B-8) by adhering each end of the μLCE sample to a glass slide using 

tape, and re-adhering one end of the sample at varying distances from the other to apply tensile strain. 

This approach also has the added benefit of a solid backing for the film, which helps prevent unwanted 

movement of the sample during scanning. 

The AFM results reveal the consequences of the selected LCE’s auxetic nature on the grating 

dimensions, in the form of nanoscale growth in feature height at large strains. At a moderate 41% strain, 

ℎ is reduced by 10% relative to the initial unstrained height (ℎ0) (Figure 4-11c.ii). This reduction in 

grating height is consistent with the initially positive Poisson’s ratio (i.e. non- auxetic) tensile response 
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of this LCE.[61,181] However, upon further straining to 82% and 146% strain, the feature height 

increases and exceeds its initial, unstrained height by 10% and 26% respectively (Figure 4-11c.iii). This 

behaviour is attributed to the onset of the auxetic response (Figure 4-11b). Worth noting is that the 

measured auxetic growth of 13 nm between 0% and 146% strain, is significantly larger than the ±3 nm 

error in the average height of the unstrained μLCE, thus the measured effect is not due to spatial 

variation in feature height but a real phenomenon and manifestation of the bulk material’s auxetic 

response. Curiously, the auxetic response in grating height, measured via AFM, exceeds the height of 

the original grating. This is a distinctly different response to that seen in the bulk dimensions of auxetic 

LCEs, where the samples never exceed their original thickness.[55,61,181] Therefore this suggests that 

the auxetic response of the LCE is enhanced at the surface, on the nanometre scale, when compared to 

the bulk response. The AFM surface profiles plotted in Figure 4-11c emphasize this unique topographic 

response, showing the linear increase in pitch and non-linear variation in height as the applied strain is 

increased.  

4.4.5 Diffraction Efficiency of μLCEs 

 

Figure 4-12: First order diffraction efficiency ( 𝜂1 ) of the µLCEs under various conditions.  

(a, b) 𝒏∥ and 𝒏⊥ µLCE upon heating, (c) 𝒏∥ µLCE  under strain. The grey dotted line is the theoretical 

predicted efficiency for the given grating depth and laser wavelength. 

The first order diffraction efficiency of the µLCEs is investigated under heating and applied strain. To 

do this, the associated powers of the zeroth (𝑃0𝑡ℎ) and first order (𝑃1𝑠𝑡) diffraction modes are measured 

at various temperatures and strains, using a Thorlabs PM100D power meter with a S120VC sensor. The 

experimental first order diffraction efficiency (𝜂1) is then calculated using Equation (4-3). 

 𝜂1(%) =
𝑃1𝑠𝑡

𝑃0𝑡ℎ + 𝑃1𝑠𝑡
∗ 100 (4-3) 

The measured thermal and strain response of 𝜂1 is shown in Figure 4-12. The grey dashed line on each 

subfigure is the theoretically predicted first order efficiency (𝜂1 ) for a sinusoidal grating profile, 

described by Meshalkin et al.[189] and provided in Equation (4-4) and (4-5), where Δ𝜑 is the phase 

difference, ℎ is the grating depth and 𝑛𝑎𝑣𝑔 is the average refractive index of the material. 
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 Δ𝜑 =
2𝜋

𝜆
(ℎ(𝑛𝑎𝑣𝑔 − 1)) (4-4) 

 

𝜂1 =
4

𝜋2
sin2 (

𝜋

2
 ) sin2(Δ𝜑) (4-5) 

Given that the nematic µLCEs are birefringent materials, circularly polarized light was used during 

these experiments to allow the refractive index of the µLCEs to be approximated as a single, average 

refractive index (𝑛𝑎𝑣𝑔), with a value of 1.57 [190] in the theoretical prediction. The agreement between 

theoretical predictions and measured values of 𝜂1 for the un-actuated samples, as indicated by the grey 

dashed lines in Figure 4-12, validates this approach. The measured diffraction efficiency is comparable 

to the previously reported diffraction efficiency of refractive index modulated diffraction gratings on 

LCEs (0.7% at room temperature, 1.2% peak efficiency).[178] 

The diffraction efficiency upon heating of the 𝒏∥ and 𝒏⊥ µLCE is shown in Figure 4-12a and Figure 

4-12b respectively, where either an increase (𝒏∥) or decrease (𝒏⊥) in diffraction efficiency is observed. 

The result can be understood due to the changes in pitch observed in Figure 4-10. Very low modulation 

gratings have a peak efficiency at a wavelength 𝜆Δ = 3.4 × 𝛼𝑑 where 𝛼 = ℎ/𝑑  is the modulation, ℎ is 

the grating depth and 𝑑 is the groove spacing.[186] Substituting values into this, 𝜆Δ is 180 nm and 231 

nm for the 𝒏∥ and 𝒏⊥ µLCE respectively at room temperature. The diffraction efficiency measurements 

are performed using a 404 nm laser. Upon heating, the pitch increases for 𝒏∥, and therefore 𝜆Δ shifts 

closer towards 404 nm and an increase in efficiency is observed. Conversely, the pitch decreases for 

𝒏⊥, and 𝜆Δ shifts away from 404 nm and a decrease in efficiency is observed. It is noteworthy that this 

is an optically anisotropic system and that the diffraction efficiency also depends on refractive index, 

which in this case would be accessed by the two constituent linear modes of the circularly polarised 

light.[191] 

The diffraction efficiency of the 𝒏∥ µLCE was also investigated under strain and the results are shown 

in Figure 4-12c. The application of strain perpendicular to the grating grooves, increases the pitch and 

an increase in diffraction efficiency is observed due to the shift of 𝜆Δ towards 404 nm. The change in 

pitch is linear with respect to the applied strain (𝜀), as shown in Figure 4-11a. By applying a linear fit 

to the efficiency data, a cross-over in behaviour becomes apparent at strains close to 100%, where a 

change in gradient is observed (gradient = 0.67 for 𝜀 < 100% and 1.79 for 𝜀 > 100%). The change in 

gradient may be explained by the onset of the auxetic response in these materials causing an increase 

in feature height upon strain and thus an increase in Δ𝜑 and 𝜂1. Any possible effect of auxeticity is hard 

to deconvolute from changes in measured efficiency, due to strain induced changes in 𝜆Δ, however it is 

interesting to note that the change in gradient occurs near the onset of the auxetic response. 
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4.4.6 Durability Testing 

In section 4.4.3 and 4.4.4, the µLCEs are subjected to temperatures of up to 240°C and strains of up to 

157%. The upper thermal limit of stability of the samples was investigated via Thermogravimetric 

analysis by performing a temperature ramp at a rate of 10°C/min. The onset of thermal decomposition 

of the samples was found to be 382°C (appendix Figure B-9). The effect of high temperature and high 

strains on the surface topography of the grating was assessed via AFM. Figure 4-13 shows AFM profile 

scans of the µLCEs pre- (cyan) and post- (red) test conditions.  

 

Figure 4-13: AFM surface profilometry of nematic µLCE films. (a) 𝒏∥ µLCE pre- (cyan) and post- (red) 

heating to 240°C. (b) 𝒏⊥ µLCE pre- (cyan) and post- (red) heating to 240°C. (c) 𝒏∥ µLCE pre- (cyan) 

and post- (red) straining to 156%.    

Figure 4-13 shows the grating profiles of 𝒏∥ (Figure 4-13a) and 𝒏⊥(Figure 4-13b) samples that have 

been heated to 240°C and allowed to cool back to room temperature (referred to as ‘post-heating’). The 

post-heating pitch and amplitude were 702 ± 10 nm and 53 ± 2 nm for the 𝒏∥ µLCE, in agreement with 

the pre-heating pitch and amplitude (707 ± 10nm, 53 ± 3nm). The post-heating first order diffraction 

efficiency (𝜂1) of the device was 1.97 ± 0.2% which is agreement with the pre-heating 𝜂1 (1.95 ± 0.2%) 

and theoretical predictions for the pristine sample (1.97%). The post-heating pitch and amplitude were  

989 ± 10 nm and 61 ± 2 nm respectively for the 𝒏⊥ µLCE, with a reduction in both pitch and amplitude 

relative to the original sample (1010 ± 5 nm, 68 ± 3 nm). The post-heating 𝜂1  of the device was  

2.5 ± 0.2%, which is lower than the pre-heating 𝜂1 (3.76 ± 0.2%) and may be an indication of thermal 

damage to the µLCEs at temperatures of 240°C.[57] Figure 4-13c shows the grating profile of the 𝒏∥ 

pre- (cyan) and post- (red) straining to 156%. The pitch and amplitude of the sample post-strain (i.e. 

strained to 156% and then allowed to relax back to unstrained state) was 696 ± 10 nm and 50 ± 2, which 

is in agreement with the pre-strain values (707 ± 10 nm, 53 ± 3 nm). 

The dimensional stability of the μLCE gratings is assessed under repeated thermal and mechanical 

actuation by measuring the pitch of the 𝒏̂∥ µLCE over 50 cycles. The post-cycled pitch (𝑑) is compared 

with the pre-cycled pitch (𝑑0 = 707 ± 10 nm) of the 𝒏̂∥ μLCE, as measured directly after fabrication 

and prior to any actuation. After 50 cycles between 20°C to 100°C the thermally actuated μLCE was 

found to have a  pitch of 711 ± 15 nm, with a <1% change relative to 𝑑0. Similarly, after 50 cycles 

between 0 and 30% strain, the mechanically actuated μLCE had a pitch of 713 ± 17 nm (<1% change).  
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4.5 Summary 

In this work, tunable LCEs with sub-micron features have been obtained via intrinsic anisotropic 

deswelling. These µLCEs are well suited as optical diffraction gratings with a high sensitivity to 

external thermal and mechanical stimuli. By utilizing the intrinsic anisotropic deswelling of these LCEs, 

a pitch anisotropy of 303nm was found (1010nm vs. 707nm) in a chemically identical sample. A pitch 

tunability range of 130nm was achieved by altering the amount of the non-polymerizable mesogenic 

component of the LCE during synthesis; the lower and upper bounds being limited by the nematic-to-

isotropic transition temperature, and phase separation and crystallization respectively. With further 

investigation this range could likely be extended by introducing other non-polymerizable mesogenic 

components/mixtures, to suppress crystallization and retain a wide temperature range in the nematic 

phase.  

The sensitivity of the µLCEs to thermal stimuli was investigated, showing a -322nm and +212nm 

change in initial pitch for the 𝒏̂⊥and 𝒏̂∥ respectively over a temperature range of 215oC. The sensitivity 

of the µLCEs to mechanical stimuli was investigated with the 𝒏̂∥  µLCE variety, showing a 167% 

(1110nm) increase in pitch over its operational strain range. Diffraction efficiency measurements 

revealed an increase in first order diffraction efficiency for the 𝒏∥ µLCE and a decrease for the 𝒏⊥ 

µLCE upon heating. This change is related to the relative shift in peak efficiency wavelength of the 

gratings, due to temperature driven changes in pitch.  

The auxetic response, a known behaviour in these systems, is also observed in the µLCE gratings as 

confirmed by AFM, where a growth in grating height of +26% relative to the initial height, is observed 

at a strain of 146%. An increase in first order diffraction efficiency is observed with applied strain, 

related to the change in the gratings’ peak efficiency wavelength due to strain-driven changes in pitch. 

A cross-over in diffraction efficiency behaviour is observed at a strain of 100%, which may be related 

to the auxetic response increasing the depth of the surface features. For deformable diffraction gratings, 

a reduction in peak diffraction efficiency is observed under strain due to a reduction in surface feature 

height.[170,182] Thus, the observed auxetic response in the all-acrylate µLCEs may provide a 

fundamental benefit to their use as mechano-optical diffractive devices. Additionally, it is expected that 

this response will provide additional functionality to strain-tunable micro-textures in general, for 

example, controlling surface hydrophobicity.[192] 

Preliminary durability tests confirm that the fidelity of the grating profiles is retained under thermal and 

mechanical actuation of up to 50 cycles.  Evidence of a reduction in surface feature height is present in 

samples taken to 240°C, in agreement with previous thermal studies of these materials,[57] helping 

guide the operational range of µLCEs for device applications. 
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Chapter 5 Liquid Crystals on Spontaneously Wrinkled 

Surface Topographies 

5.1 Motivation and Overview 

The following chapter focuses on the use of spontaneous wrinkling as a means of adding texture to 

polyimide (PI) LC alignment layers. This simple, non-lithographic patterning technique provides access 

to a wealth of topographic length scales and geometries, capable of profoundly influencing nematic 

director orientation. In this work, a variety of interesting alignment outcomes have been demonstrated 

through the interactions between LCs and wrinkled surfaces, such as: uniform director alignment, tilted 

homeotropic alignment, surface anchoring transitions and complex in-plane director modulation driven 

by spatial confinement. 

The chapter begins by first introducing the spontaneous wrinkling phenomena and how it can be used 

in micro and nanoscale fabrication and LC devices. The remainder of the chapter covers the fabrication 

and subsequent transfer of a linear wrinkled texture into planar and homeotropic PI alignment layers, 

using the imprinted polyimide (IPI) methodology detailed in section 3.2.2.b. These wrinkle-imprinted 

polyimide (WIP) surfaces are used to investigate the wrinkles’ topographic influence on director profile, 

under different surface anchoring conditions. 

5.2 Introduction to Spontaneous Wrinkling 

Spontaneous wrinkling was first demonstrated as a viable, non-lithographic approach to micro-

fabrication by Bowden et al., using metal deposition and thermal actuation of polydimethylsiloxane 

(PDMS).[193] Deposition induced wrinkling offers excellent control over surface composition and 

enables the resulting wrinkled surface to be used as its own standalone device without further processing 

e.g. pliable surface-enhanced Raman spectroscopy (SERS) surfaces [194] and stretchable MOSFETs 

and p-n diodes.[195] However, the specialist equipment involved in deposition processes limits its 

general accessibility, driving the development of more facile methods of wrinkle generation. 

Since initially reported,[196] surface oxidation has been widely adopted for creating 

polydimethylsiloxane (PDMS) wrinkles, owing to its simplicity and broad range of attainable 

periodicities from hundreds of microns to hundreds of nanometers, via ultraviolet ozone (UVO) and 

plasma oxidation treatments.[197–199] These oxidative processes convert PDMS to a bilayer system 

comprised of a glassy surface layer, 10 to a few 100nm thick,[200,201] bound to the bulk PDMS below. 

Initiating wrinkling requires the oxidized PDMS to be perturbed in some way, such as: release of a 

mechanical pre-strain,[198,202,203] thermal actuation [199,204] or swelling via solvent 

immersion.[205,206] A schematic of the strain-route from a flat PDMS slab to a wrinkled PDMS slab 
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is shown in Figure 5-1. Wrinkle periodicity (𝑑) scales proportionally with oxidized layer thickness (ℎ𝑓) 

and inversely with mechanical pre-strain (𝜀𝑝𝑟𝑒) as given by equation (5-1),  

 𝑑 = 2𝜋ℎ𝑓
(𝐸𝑓 3𝐸𝑠) ⁄

1 3⁄

(1+𝜀𝑝𝑟𝑒)(1+𝜉)1 3⁄    (5-1) 

where 𝐸𝑓  and 𝐸𝑠  are the plain strain moduli of the oxide film and PDMS slab respectively and  

𝜉 = 5𝜀𝑝𝑟𝑒(1 + 𝜀𝑝𝑟𝑒)/32.[207] As UVO treatments form relatively thick surface layers, they typically 

result in longer-periods (𝑑 > 1µm), whereas air and oxygen plasma treatments, which create thinner 

surface layers, more readily form shorter-periods (𝑑 < 1µm) as low as 100s of nanometres.[202,203]  

 

Figure 5-1: Schematic of PDMS wrinkling. (a) A compliant PDMS slab with initial length (L0), is (b) 

elongated by a distance (x) via tensile strain (εpre). (c) Under static strain, plasma oxidation forms a 

stiff surface layer on the PDMS slab, with a thickness (hf). (d) Upon strain release, the bulk compliant 

PDMS contracts whereas the surface layer buckles/wrinkles to relieve the internal stresses accumulated 

during its strained formation, resulting in a periodic wrinkle texture with a wrinkle periodicity (d). 

Wrinkled PDMS surfaces have found inter-disciplinary application in areas such as, biological cell 

contact guidance,[208] dynamic diffractive optics,[209] microfluidic particle trapping,[197] soft 

polymer metrology [210] and security substrate fabrication.[211] The shape-memory properties of 

wrinkled PDMS has enabled reversible tunability of both surface adhesion [212] and optical 

transmittance [213] via mechanical actuation. These applications broadly rely on a periodic surface 

topography, an inherent property of spontaneously wrinkled surfaces that makes them well-suited for 

exploring alignment interactions between LCs and surface relief structures, as introduced in section 2.3. 

Integrating wrinkled surfaces in to LC systems has demonstrated spatial confinement of nematic defect 

lines [214] and enhanced viewing angles of selective reflection in cholesteric LC films.[215] The 

anisotropic, grating-like morphology of periodic wrinkles lends itself to surface alignment applications, 

as shown by Ohzono et al. in both static [107] and dynamic [216] LC devices. Micro [148] and 

nanoscale [217] wrinkled textures have previously been transferred into planar LC alignment layers via 

soft lithography,[131,132] providing uniform director alignment intended for display-oriented 

applications. The work described in this chapter explores LC alignment on wrinkled surfaces with 

planar and homeotropic anchoring. Planar wrinkles are used to demonstrate a simple experimental 

approach, using birefringence colour observations, to confirm that the nematic director aligns parallel 

to the wrinkle grooves. Homeotropic wrinkles are investigated for the first time as an LC alignment 

layer, shedding light on topography-induced director tilt, surface anchoring transitions and modulated 

director profiles. 
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5.3 Methods 

5.3.1 Wrinkle Fabrication 

A wrinkled texture is fabricated using a cured slab of PDMS (Sylgard-184, Dow Corning Inc.). A PDMS 

precursor mixture is prepared as detailed in section 3.2.2.a and thermally cured in a non-stick casting 

vessel at 80°C overnight. Rectangular sections are cut from the as-cast PDMS slab, with dimensions of 

30 x 6 x 1mm (L x W x H). Extensive works by Cabral and Nania et al. on PDMS wrinkling via 

mechanical strain, are used as a guide for selecting appropriate process variables to form wrinkles on 

the micron and sub-micron length scale.[198,203] 

Uniaxial tensile strain (𝜀) is applied parallel to the long axis of the PDMS slab, using a custom strain 

rig, and the elongation is measured with a micrometer to apply 60% strain. This strain level was selected 

to target a sub-micron wrinkle periodicity, based on preliminary tests at 40% strain producing a 

periodicity of ≈1μm. The strained slab is oxidized for 5 minutes in a PE-25 plasma etcher (Plasma Etch 

Inc.) with a 13.56MHz radio-frequency (RF) power source, using an RF power of 40W, a chamber 

pressure of 700mtorr and an oxygen flow rate of 35cc/min. The applied strain is gradually released after 

etching, resulting in the spontaneous formation of a wrinkled texture. This process is shown 

schematically with accompanying images in Figure 5-2. 

 

Figure 5-2: PDMS wrinkling via mechanical strain and plasma oxidation. Schematics (top row) and 

images (bottom row) of a PDMS sample at each stage of the wrinkling process. (a) The PDMS slab is 

secured in a uniaxial strain rig and pulled taut to measure the initial slab length (L0). (b) Clamp 

separation is increased to apply 60% tensile strain (ε) and a plasma treatment is applied, where the 

PDMS slab is elongated by a distance (x), where ε = x/L0 = 0.6. (c) Tensile strain is released after 

plasma treatment, inducing surface wrinkling. Note the change in appearance of the PDMS slab 

(denoted by the dashed lines) from highly transmissive in (a) and (b), to strongly diffractive in (c), due 

to interactions between visible light and the microscale, periodic features of the wrinkled surface. 
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5.3.2 Wrinkle-Imprinted Polyimide 

The wrinkled PDMS slab is used as a working stamp to imprint spin-coated layers of planar (SE-2170) 

and homeotropic (SE-4811) PI on indium tin oxide (ITO) coated glass (Figure 5-3). The solvent-rich 

PI films are imprinted at 70°C for 2 minutes, evaporating the solvent and transferring the wrinkled 

texture in to the PI, followed by baking at 200°C for 30 minutes to complete imidization. LC devices 

are fabricated with planar and homeotropic wrinkle-imprinted polyimide (WIP) surfaces, both of which 

are assembled opposite flat, unpatterned layers of homeotropic PI. This results in a hybrid aligned 

nematic (HAN) device geometry when using a planar WIP surface and a vertically aligned nematic 

(VAN) device geometry when using a homeotropic WIP surface. Both device variants do not feature 

any mechanically rubbed surfaces and are capillary filled with MLC-6204 (Merck) in the isotropic 

phase at 70°C (𝑇𝑁𝐼  = 66.0°C). MLC-6204 is selected because it has well characterised physical 

properties, as summarized in Table 3-1 in section 3.1.3.b. 

 

Figure 5-3: Schematic of transferring wrinkled PDMS surface textures in to LC devices. (a) PI thin film 

is spin coated on 1mm thick, indium tin oxide (ITO) coated glass. (b) Wrinkled PDMS slab is placed in 

conformal contact with the solvent-rich PI film at 70°C, solidifying the imprinted PI layer as the solvent 

evaporates. (c) Wrinkle-imprinted polyimide (WIP) surfaces, with a wrinkle periodicity and height of 

the order of 900nm and 100nm respectively, are assembled in a parallel-plate configuration, opposite 

an ITO substrate coated with a flat, homeotropic PI layer. The cavity between the PI surfaces, with a 

thickness of the order of 10μm, is capillary filled with LC in the isotropic phase at 70°C (MLC-6204, 

Merck). 

5.4 Results and Discussion 

5.4.1 Wrinkled Topography Analysis 

As the WIP surface topography and resulting LC alignment are the focus of this study, it is important 

identify the key features of the WIP surfaces and their associated dimensions. To do this, a combination 

of optical microscopy and AFM, with a Bruker MultiMode® 8-HR in tapping mode, is used. 

Topographic analysis of the WIP surface texture is presented in Figure 5-4. The WIP surfaces are 

comprised of periodic wrinkles with grooves (𝒈) aligned parallel to Y, and aperiodic protrusions 

(referred to as ‘walls’) aligned quasi-parallel to X (Figure 5-4a,b). The wrinkles have a sub-micrometre 

periodicity (𝑑) of 900 ± 20nm, as expected from the larger applied strain of 60% relative to the 

micrometre periodicity obtained during initial tests at 40% strain, and a height (ℎ) of 125 ± 10nm. Pitch 

and height values are both taken as the average of 30 measurements, across 6 line profiles from distinct 

locations on a 40 x 40μm AFM scan of the WIP surface (Figure 5-4c).  
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During device fabrication, the wrinkled PDMS is used as a stamp (Figure 5-3b), which results in the 

features on the WIP surface being inverted relative to those on the original PDMS slab. This inversion 

is most prominent in the aperiodic features, which begin as valleys in the wrinkled PDMS surface. 

These valleys are fissures or cracks in the stiff oxide surface layer, formed as a result of strain-induced 

necking and subsequent relaxation of the PDMS slab upon strain release.[201,211,213] The schematic 

in Figure 5-2b shows an exaggerated representation of this strain-induced necking, where the width of 

the PDMS slab narrows under strain, relative to the width at rest. Aligned quasiparallel to the  

applied strain (parallel to X in Figure 5-4a,b), these inverted cracks or walls (Figure 5-4d), have a mean  

spacing of 13 ± 1μm and a mean height of 230 ± 2nm; protruding above the peaks of the wrinkles  

by 50 - 100nm. 

 

Figure 5-4: Surface topography of wrinkle-imprinted polyimide (WIP) alignment layers. (a) Optical 

microscopy image of a WIP surface captured with a 100x microscope objective. Scale bar = 10µm.  

(b) AFM scan of a WIP surface highlighting the protruding ‘wall’ features quasi-parallel to X, and the 

periodic wrinkles parallel to Y. (c) AFM height profile of the grating-like wrinkles along line 1 – 2 in 

(b), with a groove direction (𝒈), an average pitch (𝑑) of 900 ± 20nm and an average height (ℎ1) of  

125 ± 10nm. (d) AFM height profile of a ‘wall’ feature on a WIP surface, along line 3 – 4 in (b), with 

a mean spacing of 13 ± 1μm and a mean height (ℎ2) of 230 ± 5nm. 

5.4.2 Planar Wrinkles 

Identifying the key topographic features of the WIP surfaces and their associated dimensions via surface 

metrology, enables more definitive links to be made between observed LC alignment properties and 

specific surface features. The first and arguably simplest LC-wrinkle system studied, is one where the 

wrinkled topography is transferred in to a PI layer with planar anchoring. This planar WIP surface is 

used to investigate how the azimuthal orientation of the director ( 𝒏̂) is affected by the wrinkled 

topography. 
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5.4.2.a Alignment Uniformity  

To emphasize the influence of the topography and minimize the influence of the opposing substrate, 

the WIP surface is left un-rubbed and assembled opposite a flat, un-rubbed homeotropic PI surface in a 

HAN device geometry with a thickness of 10 ± 1μm, as shown in Figure 5-5a. POM observations of 

the HAN device (Figure 5-5b,c), highlight the contrasting alignment properties of (i) wrinkled areas 

and (ii) flat, unpatterned PI areas. This shows how the wrinkles promote uniform alignment of 𝒏̂ in 

region (i), signified by a uniformly extinct and second-order orange birefringence colour on rotation, 

on an otherwise planar-degenerate PI layer, indicated by the typical Schlieren texture observed in region 

(ii). The second-order orange is distinguished from first-order orange using the sequence of 

birefringence colours observed upon cooling through the nematic phase (see appendix C.1). These POM 

observations of the wrinkle-flat boundary strongly resemble POM images from previous reports on 

nematic LC alignment at a grating-flat boundary, where azopolymer alignment films are selectively 

patterned with conventional linear surface relief gratings.[106] 

 

Figure 5-5: HAN LC device comprised of a planar WIP surface opposing a flat, homeotropic PI surface. 

Filled with MLC-6204 with an LC layer thickness (𝑑𝐿𝐶) of 10±1µm. (a) Schematic of the HAN device 

geometry, indicating the region of interest (ROI) on the boundary between (i) a wrinkled PI area and 

(ii) a flat PI area. (b,c) POM images of the ROI indicated by the red box in (a), imaged at 59°C (nematic 

phase), with the wrinkle grooves (𝒈) at 0° and 45° with respect to the crossed polarizers (P,A). The 

images show homogeneous director alignment in the wrinkled area (i), and planar degenerate 

alignment in the unpatterned PI area (ii). Scale bars = 100µm. 

5.4.2.b Director Orientation 

Identifying uniform alignment of 𝒏̂ is a trivial task using POM, by observing whether a spatially 

uniform bright and dark state is present upon rotation, as shown in region (i) of Figure 5-5b,c. However, 

confirming the azimuthal orientation of 𝒏̂  is less trivial and requires additional optics such as 

compensation plates. Given that the wrinkled topography closely resembles a linear surface relief 

grating, it is expected that 𝒏̂ would align parallel to the micro-scale grooves (𝒈) due to their associated 

azimuthal anchoring strength (𝑊𝜓) of approximately 4 × 10-6 Jm-2, calculated using equation (2-10) 

from Berreman’s theory, as covered in section 2.3.1.[74] For completeness, this is confirmed optically 

for this system. 
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The inherent layout of the WIP substrates, with adjacent (i) wrinkled and (ii) unpatterned areas of the 

same PI material, provides a built-in reference point for confirming azimuthal director orientation; in 

the form of nematic point defects within the Schlieren texture of region (ii). These 4-brush, |𝑠| = 1 point 

defects have well-known director profiles associated with the 𝑠 = +1  and 𝑠 = −1  variants, 

distinguishable by how their dark brushes rotate under sample or polarizer rotation.[218] Using this 

approach (detailed in appendix C.2), an 𝑠 = −1 defect is identified in region (ii) to be used as a 

reference point. This is shown highlighted with a yellow circle in Figure 5-5c and Figure 5-6a, which 

are POM images of the same region of interest (ROI), at the same temperature, without and with a full-

wave compensation plate respectively. 

With the addition of the full-wave plate (λ-plate), the colour of the four bright brushes surrounding the 

𝑠 = −1 defect change from second-order orange (Figure 5-5c), to alternating colours depending on the 

director orientation with respect to the slow axis (𝜆𝑝) of the λ-plate (Figure 5-6a,b). The orientation of 

𝒏̂ in the uniformly-aligned region (i), can now be inferred using the known 𝒏̂ profile around the 

identified 𝑠 = −1 defect in region (ii), shown overlaid on the magnified POM image in Figure 5-6b. 

Given that the observed pink birefringence colour of the homogeneously-aligned region (i), matches 

the colour of the 𝑠 = −1 defect brush where 𝒏̂ is parallel to 𝒈 in region (ii), this confirms that 𝒏̂ is also 

parallel to 𝒈 in region (i). 

 

Figure 5-6: POM images of the same region of interest (ROI) shown in Figure 5-5c, with the addition 

of a full-wave compensation plate (λ-plate) with slow axis orientation, 𝜆𝑝. Used to confirm the relative 

orientation of the director (𝒏̂) and the wrinkle grooves (𝒈). (a) Broad view of the ROI on the boundary 

of (i) wrinkled and (ii) unpatterned PI areas. Yellow circle in region (ii) highlights the 𝑠 = −1 point 

defect used a reference point. Scale bar = 100µm (b) Enlarged image of 𝑠 = −1 reference defect 

highlighted in (a). Overlaid green dashes show the known 𝒏̂ profile surrounding a 𝑠 = −1 point defect. 

Imaged at 59°C. Scale bar = 20µm.  
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5.4.3 Homeotropic Wrinkles 

The previous section addressed how the azimuthal director orientation is influenced by a wrinkled 

topography with planar anchoring; a device geometry previously studied in other works.[107,217]  Yet 

to be explored is how a wrinkled topography with homeotropic (HT) anchoring impacts director 

orientation, investigated here using a homeotropic WIP surface in a VAN device geometry with a 

thickness of 12 ± 1μm (Figure 5-7c). The general layout of the homeotropic WIP substrate is the same 

as the planar version in the previous section, with a flat area of unpatterned PI (1) surrounding a textured 

area of wrinkled PI (2). This once again allows for the direct comparison of alignment characteristics 

in each area within the same device, using POM with orthoscopic and conoscopic illumination. 

 

Figure 5-7: VAN device featuring a homeotropic WIP surface opposite a flat, homeotropic PI surface. 

Filled with MLC-6204 with an LC layer thickness (𝑑𝐿𝐶) of 12±1µm and imaged at 20°C. (a) POM 

image of a device region without wrinkles i.e. flat homeotropic PI on both surfaces. P, A = polariser 

and analyser orientations. (b) POM image of a device region with homeotropic wrinkles. Insets show 

conoscopy figures captured in each region, using broadband green illumination (𝜆 = 533 ± 52𝑛𝑚). 

Scale bars = 50µm (c) Schematic of VAN device geometry, indicating (1) flat PI and (2) wrinkled PI 

regions shown imaged in (a) and (b), and the groove direction (𝒈). (d) Intensity profiles of the inset 

conoscopy figures in (a) and (b), measured along the orange dashed lines X-Y, showing isogyre splitting 

in region (2) as a result of degenerate director tilt induced by the wrinkled surface topography. 
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5.4.3.a Topography-Induced Tilt 

The alignment influence of the homeotropic wrinkles is first investigated at room temperature (20°C). 

Flat areas of polyimide remain extinct under rotation between crossed polarisers, as the director is 

aligned orthogonal to the substrate plane (Figure 5-7a). This is confirmed by conoscopic examination 

of the flat areas producing a Maltese cross (inset Figure 5-7a), indicating a vertically aligned optic axis 

or homeotropic director alignment.[124,219] The wrinkled polyimide areas exhibit slightly modulated 

transmission upon rotation, maximised when the wrinkle grooves (𝒈) are at 45° to the polariser 

orientations, as shown in Figure 5-7b. Split isogyres are observed in the associated conoscopy figure 

(inset Figure 5-7b), splitting along the line X-Y or parallel to 𝒈, indicating tilt of the optic axis away 

from vertical.[220] From the figure, it can be inferred that the tilt is degenerate, since the splitting is 

centrosymmetric, and that it is occurring in a plane perpendicular to 𝒈 i.e. the director is orthogonal to 

the wrinkled surface and splaying over the peaks and troughs of the periodic wrinkles.  

This topography-induced director tilt is quantified by measuring the splitting or angular separation of 

the isogyres (dark bands in the conoscopy figures). The splitting is measured by taking grayscale 

intensity profiles of the conoscopy figures along the lines X-Y, and plotting the intensity as a function 

of pixel position to locate the intensity minima (Figure 5-7d). The separation of the intensity minima 

(2𝐸) in pixels, is converted to an angular value by calibrating the conoscopy figures using the diffraction 

pattern of a 1.04μm pitch linear diffraction grating (details in appendix C.3).[122] The measured, 

apparent double-angle made by the optic axes (2𝐸) is 21.0 ± 2.0°, which converts to an axial double-

angle (2𝑉) of 13.4 ± 1.0°.[121] Since the tilt is degenerate, V represents the average tilt of the optic 

axis from vertical (𝜙) induced by the wrinkled topography, where 𝜙 = 6.8 ± 0.7°. The director pretilt 

(𝜃𝑃) on the wrinkled surface can be approximated from the measured value of 𝜙, using the method 

described later in section 6.4.3.a. This assumes a linearly varying director tilt profile (𝜃(𝑧 𝑑𝐿𝐶⁄ )) 

between 𝜃𝑃 on the wrinkles, and 𝜃1 (≈ 90°) on the opposing flat PI surface. 𝜃𝑃 is approximated by 

varying its value until the average director orientation (𝜃𝑎𝑣𝑔) of 𝜃(𝑧 𝑑𝐿𝐶⁄ ) satisfies 𝜃𝑎𝑣𝑔 = 90 − 𝜙. For 

the homeotropic WIP device in question, this results in 𝜃𝑃 = 77 ± 2° at 20°C. 

5.4.3.b Surface Anchoring Transition 

The previous section covered the LC alignment properties of the homeotropic WIP device in its 

equilibrium state at room temperature (20°C). From here onwards, discussions will be focused on this 

device’s behaviour at elevated temperatures with 𝑇/𝑇𝑁𝐼 > 0.95 (𝑇𝑁𝐼  = 66.0°C). As summarised in 

Table 3-1, MLC-6204 has significantly reduced splay and bend elastic constants at these high 

temperatures (𝑘11  ≤ 4pN, 𝑘33  ≤ 5pN) relative to those at room temperature (𝑘11  = 7pN, 𝑘33  = 

11pN).[119] This results in the director having greater orientational freedom, which allows the 

topography of the wrinkled surface to play a more dominant role in the overall alignment of the device.  
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The homeotropic WIP device exhibits a stark change in optical properties around 4°C below 𝑇𝑁𝐼 , where 

its appearance changes from near-extinct at 60°C (𝑇 𝑇𝑁𝐼⁄  = 0.98) to markedly transmissive at T ≥ 62.5°C 

(𝑇 𝑇𝑁𝐼⁄  ≥ 0.99) (Figure 5-8). This contrast in optical properties is attributed to a surface anchoring 

transition from a slightly tilted to a more significantly tilted director profile, caused by the competing 

influence of the topography of the wrinkled texture, and the homeotropic anchoring of the PI. The 

notable features of this tilted/frustrated director profile will be explored in the following sections. 

 

Figure 5-8: POM images of the homeotropic WIP device on heating through 60°C to 62.7°C, showing 

the change in optical properties due to a surface anchoring transition. (a) Device at 60°C appearing 

near-extinct due to bulk HT alignment. (b) Onset of surface anchoring transition at 62.5°C, indicated 

by small patches of the field of view (FOV) transitioning from extinct to transmissive. (c) Majority of 

FOV becomes transmissive at 62.7°C, as tilted director profile propagates on heating. Addition of a  

λ-plate (a2-c2), with slow axis (𝜆𝑝) perpendicular to the wrinkle grooves (𝒈), shows an additive colour 

shift to blue, indicating director tilt parallel to 𝜆𝑝 and hence perpendicular to 𝒈. Scale bar = 100μm. 

From the POM observations shown in Figure 5-8, analysis of this frustrated director profile is performed 

using the observed birefringence colours and how they change with the addition of a full-wave plate. 

The most striking feature of this frustrated alignment state is the increased transmission through  

crossed polarisers (Figure 5-8c), compared to the initially slightly tilted homeotropic configuration  

(Figure 5-8a). This induced birefringence is associated with the presence of a larger component of 𝑛𝑒 

in the propagation direction of the incident linearly polarised light, as a result of the anchoring transition. 

Given the initial VAN geometry of this device (Figure 5-7c), this induced birefringence suggests that 

the anchoring transition results in a tilted director configuration on the wrinkled surface, which leads to 

a HAN director profile overall. 
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5.4.3.b.i Tilt Direction  

The tilt direction is determined through the addition of a full-wave plate between the polariser and the 

sample, with its slow axis (𝜆𝑝) at 45° to the polariser orientations (P, A). When 𝜆𝑝 is aligned parallel 

the slow axis of the LC (𝑛𝑒), this gives an additive condition where a blue-cyan birefringence colour is 

observed.[221,222] As shown in Figure 5-8c.2, the tilted alignment state exhibits a blue-cyan 

birefringence colour when 𝜆𝑝 is aligned perpendicular to the wrinkle grooves (𝒈), confirming that the 

induced director tilt is occurring in a plane perpendicular to 𝒈. This is illustrated in Figure 5-9a, which 

shows the tilt occurring in the XZ plane of the defined coordinate system, where 𝒈 is parallel to the Y 

axis. For reference, the XY axes in Figure 5-9a are consistent with XY labels used previously in Figure 

5-4 and Figure 5-8 and from here onwards. Director tilt occurring perpendicular to the grooves of a 

grating-like surface with homeotropic anchoring, has previously been reported by Cattaneo et al. in 

their frustrated-alignment LC devices; the optical textures of which closely resemble those of the 

homeotropic WIP device after the surface anchoring transition.[113]  

 

Figure 5-9: Director tilt in the homeotropic WIP device. (a) Tilt shown in 3D space on a CAD 

representation of the wrinkled surface, with wrinkle grooves (𝒈) (parallel to Y), slow axis of λ-plate 

(𝜆𝑝) as oriented in Figure 5-8c.2 (parallel to X) and director tilt in XZ plane. (b) Degree of degenerate 

pretilt (𝜃𝑝) of the director (𝒏̂) prior to the surface anchoring transition, as covered in section 5.4.3.a. 

(c) Degree of 𝜃𝑝 after the surface anchoring transition. 

5.4.3.b.ii Degree of Tilt  

With the tilt direction confirmed, further characterisation of this alignment state is carried out by 

quantifying the amount of tilt induced by the surface anchoring transition. Ideally, the induced tilt of 

this now HAN director profile would be measured using the crystal rotation method.[113,223] Given 

that this alignment state only exists at high temperatures and is not spatially uniform, this makes using 

the crystal rotation method experimentally complex and ultimately unfeasible in the case of the 

homeotropic WIP device. Instead, a semi-quantitative approach is used to approximate the pretilt on the 

wrinkled surface (𝜃𝑃), by comparing the observed retardation (Γ) and corresponding birefringence of 

the device (Δ𝑛𝑒𝑓𝑓) in the tilted alignment state, with theoretical values of Δ𝑛𝑒𝑓𝑓 calculated for HAN 

director profiles with linearly varying director orientations.  
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The observed, first-order pale-yellow birefringence colour of the HT WIP device (Figure 5-8c.1) 

corresponds to an approximate retardation of Γ = 250 ± 50nm when compared with the Michel-Lévy 

chart (Figure 2-4).[49] ∆𝑛𝑒𝑓𝑓 can then be calculated using the measured LC layer thickness (𝑑𝐿𝐶) of 

12 ± 1μm and the relation, 

 Γ = ∆𝑛𝑒𝑓𝑓𝑑𝐿𝐶. (5-2) 

To account for the uncertainty associated with visually determining Γ, the upper and lower values of  

Γ (±50nm) and 𝑑𝐿𝐶  (±1μm) are used to calculate a range of possible ∆𝑛𝑒𝑓𝑓  values, resulting in 

∆𝑛𝑒𝑓𝑓 = 0.015 − 0.027 . Theoretical HAN director profiles are then generated by defining linear 

director tilt profiles (𝜃(𝑧 𝑑𝐿𝐶⁄ )) for 0° ≤ 𝜃𝑃 < 90° using, 

 𝜃(𝑧 𝑑𝐿𝐶⁄ ) = (𝜃1 − 𝜃𝑃)(𝑧 𝑑𝐿𝐶⁄ ) +  𝜃𝑃, (5-3)  

where 𝑧 𝑑𝐿𝐶⁄  is the normalised distance in to the LC slab and 𝜃1 is the assumed pretilt of the opposing 

flat homeotropic PI surface (≈ 90°). These tilt profiles (appendix C.4.a) are then used along with the 

refractive indices of MLC-6204 at 𝑇 𝑇𝑁𝐼⁄  = 0.99 (𝑛𝑒 =1.595 and 𝑛𝑜 =1.507) in Equation (5-4), to 

calculate how the effective refractive index varies with distance through the slab (𝑛𝑒𝑓𝑓(𝑧 𝑑𝐿𝐶⁄ )). 

 𝑛𝑒𝑓𝑓(𝑧 𝑑𝐿𝐶)⁄ =
𝑛𝑒𝑛𝑜

√𝑛𝑒
2𝑠𝑖𝑛2(𝜃 (𝑧 𝑑𝐿𝐶)) +  𝑛𝑜

2𝑐𝑜𝑠2(𝜃 (𝑧 𝑑𝐿𝐶))⁄⁄
 (5-4) 

𝑛𝑒𝑓𝑓(𝑧 𝑑𝐿𝐶⁄ )) − 𝑛𝑜 is then plotted as a function 𝑧 𝑑𝐿𝐶⁄  (appendix C.4.b), and each function is integrated 

for 𝑧 𝑑𝐿𝐶⁄  between 0 and 1 to obtain the total birefringence of the slab (∆𝑛𝑒𝑓𝑓) for each value of 𝜃𝑃. 

The range of measured ∆𝑛𝑒𝑓𝑓  values determined from polarised microscopy observations are then 

cross-referenced with these calculated values, using a plot of ∆𝑛𝑒𝑓𝑓 as a function 𝜃𝑃 (appendix C.4.c), 

to extract an approximate director pretilt on the wrinkled surface of 𝜃𝑃 = 35 ± 9°. 

5.4.3.c Spatial Confinement 

Another prominent feature of the LC alignment following the surface anchoring transition, is the 

tendency for the newly formed alignment state to self-organize in to elongated domains, aligned quasi-

parallel to X (Figure 5-10a). As discussed in section 5.4.1, the aperiodic wall features of the WIP 

surfaces, formed by the inversion of cracks in the PDMS slab, are also aligned quasi-parallel to X. This 

elongated domain structure is therefore attributed to spatial confinement of the near-surface director, 

imposed by the presence of the protruding wall structures on the WIP surface. The measured mean  

wall spacing of 13±1μm, is in good agreement with the width of the elongated domains shown in Figure 

5-10a.2,a.3, which are of the order 10−20μm wide (parallel to Y).  
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Figure 5-10: Comparison of alignment characteristics between VAN devices with (a) a homeotropic 

WIP surface and (b) a homeotropic PI surface imprinted with a linear surface relief grating (SRG), 

following a surface anchoring transition. Confirms the origin of the alignment domains observed in the 

homeotropic WIP device. (a.1) Optical microscopy image of a WIP surface. (a.2,a.3) POM observations 

of the homeotropic WIP device, exhibiting alignment domain formation. (b.1) Optical microscopy 

image of an imprinted SRG. (b.2,b.3) POM observations of the SRG device used as a control, exhibiting 

a near-uniform optical texture, without domains. Groove direction (𝒈), full-wave plate slow axis (𝜆𝑝). 

5.4.3.c.i Origin of Confinement 

To confirm that the domain structure is indeed caused by the walls, a control device is fabricated 

featuring a homeotropic polyimide imprinted with a linear surface relief grating (SRG); replacing the 

wrinkled texture in the homeotropic WIP device (Figure 5-7c). The imprinted SRG has a pitch within 

15% (1040 ± 5nm), and a height within 5% (130 ± 5nm) of the dimensions of the periodic wrinkles. 

AFM analysis of this imprinted linear SRG surface is shown in appendix B.5. The resulting VAN device 

geometry, featuring a homeotropic SRG, has the same anchoring conditions and a comparable periodic 

surface topography to the hometropic WIP device, without the protruding wall structures found on the 

WIP surface. Optical microscopy images of the WIP and SRG surfaces are shown in Figure 5-10a.1 

and Figure 5-10b.1 respectively, highlighting the comparable periodic grooves (𝒈) and the lack of 

features perpendicular to 𝒈 in the case of the SRG.  

POM observations of the control device show a similar anchoring transition at 𝑇 𝑇𝑁𝐼⁄  = 0.99, exhibiting 

a first-order white birefringence colour (Figure 5-10b.2). The addition of a full-wave plate, with 𝜆𝑝 

perpendicular to 𝒈, shows a similar blue-cyan birefringence colour (Figure 5-10b.3), indicating director 

tilt perpendicular to 𝒈, as seen in the WIP device. The distinguishing feature of the resulting LC 
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alignment in the control device, is the lack of elongated domains, following the anchoring transition. 

This observation provides strong evidence that the domain formation in the homeotropic WIP device is 

due to the protruding wall features and their ability to spatially confine the frustrated alignment state. 

5.4.3.c.ii Temperature Dependence 

The domains formed by the spatial confinement, vary in size as a function of temperature. Within 0.3°C 

of the onset of the anchoring transition, the domains are approximately 10−20μm wide (parallel to Y 

in Figure 5-11a), which is of the order of the mean wall spacing, 13 ± 1μm. As the temperature of the 

system is increased to 0.9°C above the anchoring transition onset temperature, the domains broaden 

substantially to widths of ≈100μm (Figure 5-11b). Within these broader domains, large 4-brush defects 

are observed, around which the director orientation rotates azimuthally. This is indicated by the 

alternating yellow and blue birefringence colours in the λ-plate POM image shown in Figure 5-11b.2. 

The demonstrated temperature dependency of the domain size in this tilted alignment state, offers a 

potential facet of thermal tunability for future devices, which could utilize a spatially confined, 

frustrated alignment configuration. 

 

Figure 5-11: POM images showing the broadening of spatially-confined alignment domains on heating. 

(a) Homeotropic WIP device at 62.8°C (0.3°C above anchoring transition onset temperature). (b) 

Homeotropic WIP device at 63.4°C (0.9°C above anchoring transition onset temperature). Wrinkle 

groove direction (𝒈), full-wave plate slow axis (𝜆𝑝) and scale bars = 100μm. 

5.4.3.d Modulated Director Profile 

The final aspect of the hometropic WIP system that will be discussed, is the intriguing, modulated 

director profiles observed following the surface anchoring transition. These observations shed light on 

an alignment configuration, induced by the combined influence of a frustrated director profile and 



73 

 

topographic spatial confinement, which bears a resemblance to the modulated director profiles found in 

planar optical LC devices.[224–226] Optical characterisation of this alignment state is presented, 

providing a base understanding of the modulation’s origin, which has potential applications in 

engineered versions of similar topography-based LC devices. 

5.4.3.d.i Alignment Overview 

POM observations of the modulated director profile, exhibited by the homeotropic WIP device, are 

shown in Figure 5-12. The POM images in Figure 5-12a−c are captured at 63.8°C, after cooling through 

the isotropic-nematic phase transition. This is in contrast to the previous POM images in section 

5.4.3b,c, which are all captured on heating in the nematic phase. At this temperature on cooling, the LC 

is in a biphasic state with island-domains of the nematic phase, surrounded by remaining isotropic 

regions (extinct areas around the perimeter of Figure 5-12a,b). Observing the anchoring transition of 

the LC, whilst additionally confined in these biphasic regions, showed that the length (parallel to X) 

was maximized while minimizing splitting of the tilted alignment domains. This ultimately leads to 

clearer images of the modulated director profile with more pronounced features (Figure 5-12c), 

compared to images captured on heating without the biphasic regions (Figure 5-12d).  

 

Figure 5-12: POM observations of the modulated director profile in the homeotropic WIP device,  

(a−c) at 63.8°C after cooling through the isotropic-nematic phase transition and (d) at 62.7°C on 

heating through the nematic phase. (a) Wrinkle grooves (𝒈) at 45° to the polarisers (P,A). (b) 𝒈 aligned 

parallel to a polariser. (c) Enlarged image of the region indicated by the white box in b.2, with proposed 

director (𝒏̂) profile denoted by black arrows. Full-wave plate slow axis (𝜆𝑝). 
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Rotating the device between crossed polarisers, highlights the key features of the alignment state. With 

𝒈 at 45° to the polarisers (P, A), the elongated domains have a uniform pale-yellow birefringence colour 

throughout, separated by dark lines parallel to X (Figure 5-12a.1). These dark lines coincide with the 

wall orientation on the WIP surface, suggesting near-vertical director orientation on the walls, with 

some slight tilt causing them to appear grey rather than completely extinct.  

Upon rotating the device by 45°, such that 𝒈 ∥ P, the elongated domains remain mostly pale-yellow in 

appearance, but now exhibit a central dark band (Figure 5-12b.1). Given the known tilt direction is 

parallel to X, confirmed by the blue-cyan appearance of the λ-plate image in Figure 5-12a.2, it is safe 

to assume that these central dark bands correspond to the azimuthal director orientation also being 

parallel X, rather than parallel to Y. In this orientation, the dark lines separating the elongated domains 

appear completely extinct, further supporting the director being aligned vertically on the wall features. 

5.4.3.d.ii Identifying Modulation 

With the general properties of the alignment state covered, the following discussion focuses on the 

director modulation, revealed through λ-plate observations of the device with 𝒈 parallel to one of the 

polarisers (Figure 5-12b.2). The addition of a λ-plate shows that the director orientation is splaying in 

the XY plane across the width of the domains, indicated by the contrasting cyan and pale-yellow colours 

separated by a central, diffuse magenta band. This behaviour is emphasized in Figure 5-12c, which 

shows enlarged views of the region indicated by the white box in Figure 5-12b.2.  

These enlarged views show that there are two distinct length scales over which the director orientation 

varies; one is a gradual change over a distance of ≈15μm, of the order of the mean wall spacing  

(13 ± 1μm), and the second is a sharp change over a distance of ≈2μm, which is of the order of the 

width of the wall features, as shown in the AFM profile in Figure 5-4d. The proposed director (𝒏̂) profile 

associated with these colour changes is denoted by the black arrows in Figure 5-12c, showing the 

periodic nature of this modulated alignment state, with a periodicity of ≈15μm. This proposed profile 

is supported by observations made by Yao et al., showing optical textures comparable to those in Figure 

5-12c, and associated director profiles surrounding field-driven defect arrays in vertically-aligned LC 

devices.[221] Figure 5-12d shows the same director modulation observed on heating, demonstrating the 

potential for periodicities ≤10μm. 
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5.4.3.d.iii Origin of the Modulation 

To aid in understanding the origin of this director modulation, schematics of the key contributing 

alignment behaviours are presented in Figure 5-13. Broadly speaking, the observed modulation is 

thought to be caused by director field distortions, simultaneously occurring in two orthogonal planes of 

reference.  

 

Figure 5-13: Schematic representations of, (a) director (𝒏̂) splay in the YZ plane associated with the 

wall features, (b) director tilt in the XZ plane associated with the periodic wrinkles and (c) the proposed 

modulated director profile between two adjacent wall features. The ‘nail representation’ is used in (c) 

to signify tilt, where the ‘T’ or nail symbols indicate the projection of 𝒏̂ onto the plane of the page. The 

head of the nail symbols protrude out of the plane of the page. 

The most notable contribution to the director modulation comes from the near-vertical director 

alignment on the protruding wall features. Given the dark/extinct appearance of the wall features shown 

in Figure 5-12, the director is likely to be near-vertical on the peaks of the walls and is then expected to 

splay in the YZ plane over the remaining width due to the homeotropic anchoring of the polyimide, as 

shown in Figure 5-13a. Similar director profiles have been reported around micro-pillar structures 

coated in homeotropically aligning polymers.[22,23]  

As previously established in section 5.4.3.b.i, the periodic wrinkle texture induces director tilt in the 

XZ plane via a surface anchoring transition (Figure 5-13b). As the surface topography transitions from 

a wall to the wrinkled texture, the wall-induced director splay in the YZ plane, combines with the 

wrinkle-induced director tilt in the orthogonal XZ plane, resulting in a net azimuthal director 

reorientation in the XY plane that manifests as director splay between adjacent wall features or across 

the width of the alignment domains (parallel to Y). A two-dimensional overview of this three-

dimensional modulated director profile is depicted in Figure 5-13c, showing the proposed tilt and XY 

orientation of the director between two adjacent wall features, using the ‘nail representation’ of the 

director (T symbols).  
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5.5 Summary 

In this chapter, a spontaneously formed linear wrinkle texture, with sub-micron scale features, has been 

simply manufactured and transferred in to planar and homeotropic PI alignment layers, to study how 

LC surface alignment is affected by the resulting topography under different anchoring conditions.  

A planar wrinkle-imprinted polyimide (WIP) surface is shown to uniformly align the nematic director, 

emphasized through the use of a hybrid-aligned nematic (HAN) device geometry, to minimize the 

opposing surface’s influence on azimuthal director orientation. Full-wave plate observations of the 

planar WIP device, provide optical confirmation of the director (𝒏̂) aligning parallel to the grooves (𝒈) 

of the periodic wrinkle texture. This was facilitated by the imprinted polyimide (IPI) workflow, which 

inherently forms regions of unpatterned PI surrounding the applied working stamp. This unpatterned, 

planar PI region results in a Schlieren texture containing point defects, which were used as in-built 

reference points to confirm the orientation of 𝒏̂ in the wrinkled area. 

Wrinkles with homeotropic anchoring have been explored for the first time, with conoscopy 

observations indicating topography-induced, degenerate director tilt. A surface anchoring transition is 

observed in the homeotropic WIP device as 𝑇 → 𝑇𝑁𝐼, resulting in a frustrated alignment configuration 

with the director tilted in a plane perpendicular to 𝒈. Microscale confinement and spatial modulation of 

the director is also observed, notably attributed to director distortions induced by PDMS surface-

cracking artefacts; a by-product of the wrinkling process that is typically ignored. These findings 

showcase PDMS wrinkling as a versatile, exploratory tool for studying LC-surface interactions and 

demonstrate a facile method of inducing microscale director modulation, which may aid in the design 

of engineered surfaces with similar functionality. The insight gained into the origin of these modulated 

surface alignments, has potential implications in the design of LC-based waveguides, flat optics and 

AR-VR devices. 
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Chapter 6 Liquid Crystal Surface Alignment and Pretilt 

on Sub-micron Homeotropic Gratings  

6.1 Overview 

In the previous chapter, a spontaneous patterning approach was used to create wrinkled LC alignment 

layers with a periodic grating-like morphology. In this chapter a high-precision micropatterning 

technique is used, in the form of electron-beam (e-beam) lithography, to fabricate bespoke surface relief 

gratings for transfer in to polyimide alignment layers. These tailored structures provide a precision 

testbed for characterising and elucidating the complex LC alignment behaviour induced by surface 

relief gratings with homeotropic anchoring. 

A selection of gratings with square-wave profiles are fabricated with periodicities ranging from 300nm 

to 1.2μm. Initially patterned into a grown oxide layer on a silicon wafer, the grating structures are copied 

using replica moulding to allow transfer into LC alignment layers via soft lithography; the length-scale 

limitations of which will be discussed. The gratings are transferred into a homeotropic polyimide and 

the resulting LC alignment is analysed via orthoscopic and conoscopic polarized microscopy. 

Observations indicate the presence of a uniformly aligned, frustrated director profile that is stable at 

room temperature, induced by surface anchoring transitions on the homeotropic grating structures. 

Similar alignment behaviour was exclusively observed at high temperatures and therefore significantly 

reduced elastic constants, in the homeotropic wrinkle device discussed previously in section 5.4.3.b. 

Conoscopic examination shows that this frustrated alignment state possesses a controllable and spatially 

uniform surface pretilt at the grating interface, with a magnitude that scales inversely with the grating 

period/pitch. This highlights the potential for controlling LC surface pretilt by altering the lateral 

dimensions of surface relief gratings with homeotropic anchoring. 

6.2 Introduction 

As the focus of this chapter is on the LC alignment properties of homeotropic grating structures, a brief 

introduction is first given to the areas of LC alignment on homeotropic surface topographies and surface 

anchoring transitions, with the aim of highlighting how the work in this chapter relates to and builds 

upon prior knowledge in these areas. 

Early studies of LC alignment on obliquely evaporated silicon oxide, demonstrated that adding 

homeotropically aligning surfactants to the column-like relief structures, provided a means controlling 

pretilt direction via distortion of the near-surface director field.[73] Aside from pretilt control, surface 

protrusions with homeotropic anchoring have also been used to guide the formation LC alignment 

domains in Multi-Domain Vertical Alignment (MVA) displays, leading to wider viewing angles and 
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higher contrast ratios than typical VAN displays.[227] The most notable and commercially successful 

use of homeotropic surface relief structures for LC alignment, is the Zenithal Bistable Display (ZBD). 

[16,228,229] This low-power display technology relies upon homeotropic blazed grating structures to 

distort the near-surface director field, giving rise to two unique surface pretilts at the grating interface. 

This forms the basis of the ZBD’s optical modulation, by reversibly switching between two 

energetically stable and topologically distinct director configurations.[17,230]  

The most recent exploration of the ZBD platform was carried out by Jones,[77] wherein device 

performance was studied as a function of polar anchoring strength on the grating surface [71] and, of 

particular relevance to the work in this chapter, initial investigations were carried out on the LC 

alignment properties of sub-micron scale homeotropic gratings. These e-beam fabricated gratings were 

transferred in to LC devices with the standard embossing methodology used in ZBD 

manufacturing,[128,231] utilizing specialized apparatus not readily available to all researchers. 

Conventional PDMS replica moulding of the gratings was attempted, but was found to only partially 

fill the grating masters and leave behind residue upon demoulding, resulting in poor fidelity replicas 

and spoiled master structures. Given the wider accessibility of replica moulding and the ability to 

imprint polyimides with PDMS, the work in this chapter revisits the replication of e-beam grating 

structures with PDMS. This aims to determine the limits of the technique and demonstrate the potential 

for creating sub-micron scale features with homeotropic anchoring, using a simple imprinting process 

and conventional polyimide alignment layers. 

Although the work in this chapter is inspired by the bistable grating alignment exhibited by ZBD 

devices, bistability is not the focus of this investigation. Instead, the tilted alignment state with frustrated 

surface anchoring, known as the ‘defect state’ in ZBD terms, is exclusively studied to gain an insight 

into the relationship between grating dimensions and pretilt on the grating surface. Sub-micron scale 

homeotropic grating systems and associated surface anchoring transitions have been studied extensively 

by Cattaneo et al., where the impact of grating depth on the overall alignment and surface pretilt of 

frustrated director configurations was reported.[113] Similar anchoring transitions and frustrated 

surface alignments have also been demonstrated on topographies without homeotropic anchoring, such 

as self-assembled nanoparticle arrays [112] and microgroove grids with alternating groove 

directions.[232] The work by Cattaneo et al. and subsequent theoretical modelling of anchoring 

transitions on homeotropic gratings,[233] serve as critical references for the work in this chapter, which 

specifically focuses on how surface alignment properties, such as pretilt angle, are affected by the lateral 

grating dimensions for a fixed grating depth. 
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6.3 Methods 

This section covers the experimental approach used to fabricate the surface relief gratings and transfer 

them into LC devices. Grating design will be discussed, to give an overview of the range of structures 

selected for the study, followed by their fabrication via electron-beam lithography (EBL) and dry-

etching. Emphasis is placed on how the gratings are copied from the original silicon wafer via replica 

moulding, and the considerations made to account for their fine features. This includes pre-treating the 

wafer to aid demoulding and using a modified replica moulding process to create a more robust 

working-stamp for pattern transfer. 

6.3.1 Grating Design 

A 100mm diameter silicon wafer is used as the supporting substrate for the grating master structures in 

this work. The grating dimensions and arrangement of the wafer are specified by considering the 

following factors: 

 Resolution limit of the EBL resist (UV60); 

 Minimizing the time required for the EBL system to write the pattern; 

 Dimensions and layout of the final LC device for effective characterisation; 

 Ease-of-handling during pattern transfer.  

The linear gratings are fabricated by first writing a line-space pattern in to an EBL resist layer (UV60, 

Microresist Technology). The lower bound of the grating pitch parameter space is therefore dictated by 

the minimum achievable linewidth (𝑙) that can be reliably written into the UV60 resist, which is 150nm. 

This corresponds to a minimum grating pitch of 300nm, when using the highest density line-space ratio 

of 1:1. The upper bound of the pitch parameter space is specified by incrementally varying the linewidth 

between 150nm and 350nm, with line-space ratios of 1:1 – 1:2.5. The grating profiles associated with 

these line-space ratios are represented schematically in Figure 6-1. In relation to the final relief 

structures, a ‘line’ corresponds to a trench in the pattern and a ‘space’ corresponds to a ridge in the 

pattern. (Figure 6-1d).  

 

Figure 6-1: Schematic surface relief grating profiles with line/trench width (𝑙), space/ridge width (𝑤), 

pitch (𝑑) and line-space ratios of a) 1:1, b) 1:1.5, c) 1:2 and d) 1:2.5. The terms ‘line’ and ‘space’ are 

defined in d). 
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A summary of the grating dimensions selected for fabrication is presented in Table 6-1, where gratings 

with the same linewidth (𝑙) are grouped into ‘arrays’ numbered 1 through 5, for ease of reference.  

Table 6-1: Summary of grating dimensions selected for study, showing the grating pitch (𝑑) for a given 

line-space ratio and linewidth (𝑙). Gratings with the same linewidth are grouped into ‘arrays’ numbered 

1 through 5. Highlighted columns denote the structures used in the final LC devices, chosen based on 

the observed structural stability of the PDMS working stamps discussed in section 6.4.1. 

 

With the grating dimensions selected, the arrangement of the supporting wafer is now considered. Given 

that each grating is comprised of sub-wavelength scale lines (<400nm), which are sequentially written 

by the EBL system, the write time for each grating area can be substantial. The area occupied by each 

grating is therefore specified to best suit the length scale on which the final device will be observed. 

The final LC devices are characterised with POM, using a 20x microscope objective with a 1mm2 field 

of view. Each grating area is therefore sized at 5 x 5mm, providing adequate area to avoid any non-

uniformities that may occur during replication and pattern transfer. 

As covered in Table 6-1, gratings with the same linewidth are grouped into arrays, where each array 

contains four grating areas with a different line-space ratio. The wafer, array and final LC device layouts 

are summarized schematically in Figure 6-2. Since the aim of the study is to characterise the relationship 

between grating dimensions and LC alignment properties, each array of four gratings is arranged to fit 

within a typical 30 x 30mm active area of a LC device. For a given array, this enables the optical 

properties associated with each grating area to be compared at a fixed LC layer thickness, as all four 

grating areas are contained within the same parallel-plate device. This simplifies analysis because any 

variation in optical properties can be confidently attributed to changes in grating dimensions, rather 

than a difference in LC layer thickness, which would be difficult to avoid if separate devices were being 

compared. Additionally, spacing the gratings in this way means that when the full wafer replica is 

cleaved into individual working stamps for each array, the physical size of each stamp is of the order 

of 25 x 25mm (represented approximately in Figure 6-2b). This is a practical size for easy handling and 

provides a sufficiently large stamp contact area that maximizes the stability of the hotplate press 

apparatus used during imprinting, ultimately leading to more controlled and uniform pattern transfer. 
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Figure 6-2: (a) Wafer, (b) array and (c) LC device arrangements, with grating areas denoted by purple 

boxes.  

6.3.2 Master Fabrication  

The grating master structures used in this work were fabricated in collaboration with the Leeds 

Nanotechnology Cleanroom, in the Electronic and Electrical Engineering department at the University 

of Leeds. Process development and fabrication of the grating masters was performed by Dr. Mark 

Rosamond. The adopted process flow is summarized in Figure 6-3.  

 

Figure 6-3: Process flow for patterning grating master structures into a silicon-oxide layer, on a silicon 

wafer. (a) Oxide layer is grown on the wafer using plasma-enhanced chemical vapour deposition 

(PECVD), with a layer thickness (𝑡) of 372 ± 3nm. (b) A layer of UV60 (deep-UV photoresist) is spin 

coated on the oxide layer. (c) Line-space pattern is written into the photoresist using electron-beam 

lithography and developed to create an etch mask. (d) Anisotropic dry etching, with trifluoromethane 

(CHF3) and Argon (Ar) process gases, transfers the mask pattern into the underlying oxide layer. The 

oxide is cleared in the etched regions (entirely removed to expose the underlying silicon surface). 

The grating fabrication process revolves around the use of nanoscale patterning via EBL. An oxide 

layer is first grown on the surface of a 100mm diameter silicon wafer, using a plasma-enhanced 

chemical vapour deposition (PECVD) process. The thickness of the grown oxide layer is measured with 

a reflectometer (Thetametrisis FR-Pro D VIS/NIR), with a measured thickness of 372 ± 3nm. The oxide 

layer is spin coated with a high resolution, positive-tone photoresist (UV60 – 0.58, Microresist 

Technology), which serves as a mask for the subsequent etch process. The grating arrays and global 

alignment markers are written into the UV60 resist layer with a JEOL JBX-6300FS e-beam lithography 

system.  

After exposure, the pattern is developed and transferred into the underlying oxide layer via reactive-ion 

etching (RIE) with trifluoromethane (CHF3) and Argon (Ar) process gases. The RIE process was 

performed at a chamber pressure of 58mtorr, with gas flows of 25sccm (standard cubic centimetres per 

minute) for both CHF3 and Ar, with an RF power of 90W. As illustrated in Figure 6-3d, the etch is 
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carried out until the oxide layer is cleared i.e. the underlying silicon surface is exposed. This allows the 

resulting feature heights to be confidently inferred from the previously measured thickness of the 

PECVD oxide layer. Any remaining UV60 is stripped from the wafer using a remover and the patterned 

wafer is re-coated with a conventional positive-tone photoresist (Microposit S1813). This is used to add 

larger labels to each grating area for identification, patterned with conventional optical lithography 

using the EBL-patterned global markers for alignment. Once developed, the labels are transferred into 

the oxide layer using the same RIE process as detailed above. 

6.3.3 Pattern Transfer 

As in the previous chapters, the aim of fabricating surface relief structures is to transfer them in to 

polyimide LC alignment layers via imprinting with a soft working stamp. In cases where the original 

relief structures have sub-micron scale dimensions, this soft lithographic approach benefits from 

modification to combat deformation and collapse of the copied structures. This structural instability is 

associated with the inherent flexibility of polydimethysiloxane (PDMS) and the tendency of adjacent 

features to adhere to one another.[234,235] The following section details the methodology used to create 

a soft replica of the sub-micron silicon-oxide grating structures, highlighting the additional steps taken 

to maximize the fidelity and robustness of the final working stamp. The overall process flow from 

grating master structures to LC device integration, is illustrated schematically in Figure 6-4. 

 

Figure 6-4: Process of transferring silicon-oxide grating structures in to a polyimide LC alignment 

layer via a soft replica. (a) Anti-stick coating of perfluorooctyltrichlorosilane (FOTS) is vapour 

deposited on the grating master structures, to assist in demoulding. (b) A high-modulus PDMS 

(hPDMS) prepolymer is spin coated on the FOTS-treated wafer and partially cured. (c) The wafer is 

then cast in a conventional ‘soft’ PDMS (sPDMS) prepolymer, followed by thermal curing. (d) The 

PDMS is demoulded from the wafer, forming a composite-PDMS working stamp with a stiff hPDMS 

surface layer supported by a compliant sPDMS backing. (e) A spin coated layer of homeotropic 

polyimide (SE-4811) is imprinted with the composite stamp and (f) assembled in to a parallel-plate LC 

device, opposite a flat layer of SE-4811. 
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6.3.3.a Anti-stick Coating 

To aid demoulding of the PDMS replica from the grating structures, an anti-stick coating of 

1H,1H,2H,2H-Perfluorooctyltrichlorosilane (FOTS) (Alfa Aesar), is vapour-deposited on the wafer 

prior to replication (Figure 6-4a). Anti-stick coatings are well-established in nanoimprint lithography 

processes, where they help prolong the lifespan of working stamps.[236] This is particularly important 

when handling sub-micron or nanoscale relief structures, where the adhesion between the master and 

the replica, or imprint layer, is more prominent.[237] Application of a FOTS coating reduces the surface 

energy of the grating structures, due to the fluorinated tail groups of the FOTS molecules. This 

minimizes adhesion between the gratings and the PDMS, leading to a smoother demoulding process 

and an increased likelihood of a faithful replica.[238] 

The FOTS coating is applied to the wafer using a room temperature vapour-deposition process, as 

reported in other works.[239] A glass desiccator is used as the deposition chamber, which is cleaned 

with acetone and purged with nitrogen gas prior to deposition, to minimize humidity and the unwanted 

polymerization of chlorosilanes due to the presence of water.[237] The wafer and a glass coverslip are 

cleaned in isopropanol and dried in an oven at 130°C for 1 hour. The wafer is exposed to an ultraviolet-

ozone treatment for 5 minutes before transfer in to the desiccator, to increase the number of –OH groups 

on the surface for the silanes to bond to.[240]. After a 15 minute nitrogen purge, 15μL of FOTS solution 

is dispensed on the coverslip adjacent to the wafer and the chamber is evacuated, sealed and left under 

vacuum for 2 hours for the deposition to take place. The chamber is then vented and the wafer is rinsed 

in acetone, dried and placed in an oven at 90°C for 1 hour to complete the reaction.[241] The reduced 

surface energy of the FOTS-treated silicon-oxide surface, is confirmed by the increased contact angle 

of a 10μL droplet of de-ionized water, relative to that of an untreated surface (Figure 6-5). 

 

Figure 6-5: Imaged contact angles of 10μL droplets of de-ionized water on (a) untreated (𝜃𝑈) and (b) 

FOTS-treated (𝜃𝑇) sections of PECVD silicon-oxide. This shows the increased hydrophobicity/reduced 

surface energy of the master wafer, as a result of the FOTS anti-stick coating. 
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6.3.3.b Composite-PDMS Replication 

The grating structures in this work are comprised of densely packed line features, with widths of the 

order of 150−350nm. The conventional approach to replica moulding (section 3.2.2.a), relying solely 

on Sylgard-184 PDMS (sPDMS), can lead to the deformation and collapse of structures on this length 

scale, due to the material’s low Young’s modulus. To address this limitation, a two-layer replica 

moulding technique was employed, initially developed by Odom et al.[242] This approach uses a 

composite-PDMS working stamp, formed from a high-modulus PDMS (hPDMS) surface layer and an 

sPDMS supporting slab, with respective Young’s moduli of 8−12MPa and 2−3MPa.[243] The use of 

a compliant sPDMS support slab, ensures conformal contact with the substrate during imprinting and 

helps mitigate cracking of the relatively brittle hPDMS surface layer.[244] 

This composite-PDMS methodology is used to create a soft replica of the grating wafer, using the 

original work and subsequent detailed reports of the method as guidance.[242,245] The sPDMS 

(Sylgard 184, Dow Corning, Inc.) and hPDMS (PP2-RG07 Gelest® hPDMS, Gelest, Inc.) precursor 

mixtures are prepared with prepolymer:crosslinker ratios of 10:1 and 1:1, in quantities of 50ml and 2ml 

respectively. Once thoroughly mixed, the precursors are degassed in a vacuum desiccator for 45 

minutes. The hPDMS mixture is poured on to the FOTS-treated wafer and spin coated at 1000rpm for 

40s (Figure 6-4b), followed by partial curing in an oven at 80°C for 4 minutes. A partial cure is identified 

by the spun hPDMS layer being tacky to the touch, tested in sacrificial areas of the wafer. The hPDMS-

coated wafer is then placed in a FOTS-treated petri dish, on a shallow bed of the sPDMS mixture, to 

prevent air being trapped under the wafer. The remaining sPDMS is cast on top of the wafer and cured 

in an oven at 80°C overnight (16 hours), resulting in an overall slab thickness of ≈3mm (Figure 6-4c). 

The composite-PDMS replica is then slowly demoulded from the wafer (Figure 6-6b), and cleaved into 

25 x 25mm sections to form the individual working stamps for each grating array. 

 

Figure 6-6: (a) Photograph of the original wafer, with square regions of linear surface relief gratings 

patterned via electron-beam lithography. Arrow denotes one of four sacrificial grating areas on the 

wafer perimeter, used for cross-sectional imaging via SEM. (b) Photograph of the composite-PDMS 

replica of the wafer. 
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6.3.4 LC Device Geometry 

The grating structures are transferred in to LC devices by imprinting a spin-coated layer of homeotropic 

polyimide (SE-4811) on ITO glass (Figure 6-4e), using the composite-PDMS replicas as working 

stamps (imprinting process detailed in section 3.2.2.b). The imprinted grating surfaces are assembled 

in a parallel-plate configuration opposite an unpatterned layer of SE-4811, forming a vertically-aligned 

nematic (VAN) device geometry. The device is capillary filled with MLC-6204 in the isotropic phase 

at 70°C, with an LC layer thickness (𝑑𝐿𝐶) of the order of 7μm. Images of the working stamps and LC 

devices, along with a schematic cross-section of the device geometry, are shown in Figure 6-7. 

 

Figure 6-7: (a) Photograph of (1) composite-PDMS working stamps and (2) assembled LC devices.  

(b) Schematic cross-section of LC devices featuring homeotropic grating structures with a height (h), 

and an LC layer thickness (𝑑𝐿𝐶) of the order of 7μm. Vertical black dashed lines indicate the boundaries 

of grating and non-grating regions in the devices, highlighting the expected hybrid-aligned nematic 

(HAN) and vertically-aligned nematic (VAN) director profiles in each area. 

6.4 Results and Discussion 

The results of this study are now presented. Initial focus is placed on the observed limit of structural 

stability in the composite-PDMS working stamps, to ensure the most stable grating replicas are selected 

for pattern transfer in to the final LC devices. The impact of these homeotropic grating structures on 

LC surface alignment is then reported, where orthoscopic polarized microscopy provides an overview 

of the resulting alignment state and conoscopy is used to quantify the topography-induced changes in 

optical properties. Theoretical modelling of the bulk director profile is then discussed, as a means of 

extracting approximate values of surface pretilt at the LC-grating interface. 

6.4.1 Stability of Composite-PDMS Replica 

The fidelity of the composite-PDMS replicas is assessed using cross-sectional scanning-electron 

microscopy (SEM). Sacrificial areas of the original wafer and the corresponding PDMS replica (Figure 

6-6), are cleaved perpendicular to the grating groove direction, providing a cross-sectional view of the 

grating structures. Prior to imaging, a layer of gold is sputter-coated on the samples to improve image 

contrast. 
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6.4.1.a Feature Collapse – Grating Array (1) 

To better understand the limits of composite-PDMS replication, the structures with the finest features 

are used as an initial reference point (grating array 1, linewidth = 150nm). Figure 6-8 summarizes the 

cross-sectional SEM images captured of the original etched grating structures (Figure 6-8a) and the 

subsequent PDMS replicas (Figure 6-8b) of grating array 1. At a line-space ratio of 1:2.5, the PDMS 

replica shows good structural stability with no collapse of the 150nm wide ridges on the PDMS surface 

(Figure 6-8b.1). The peaks of the PDMS ridges are more rounded than the base of the silicon-oxide 

trenches from which the replica was taken. This is likely due to the hPDMS precursor struggling to 

entirely fill the trenches, given their 150nm width and ≈370nm height, along with the fluorinated anti-

stick coating used, which can inhibit resins from filling microstructures.[246] Aside from a loss of 

fidelity in the profile of the structures, the height of the PDMS ridges remains within 1-2% of the oxide 

trench depth, indicating that the hPDMS filled the majority of the trenches and shrunk minimally after 

curing and demoulding. For the remaining line-space ratios of 1:2, 1:1.5 and 1:1, the replica became 

unstable, exhibiting lateral collapse of the PDMS ridges after demoulding. This can be seen in Figure 

6-8b.2−b.4, where two or more adjacent ridges coalesce to form one wider ridge, due to the inherent 

flexibility of PDMS and the surface adhesion experienced between neighbouring features upon 

demoulding.[234,247]  

 

Figure 6-8: SEM cross sections of grating array 1 (linewidth = 150nm), with line-space ratios of  

(1) 1:2.5, (2) 1:2, (3) 1:1.5 and (4) 1:1. (a) Original, etched silicon-oxide grating structures and  

(b) composite-PDMS replicas. (b.2, b.3) Examples of paired ridges (two ridges coalescing in to one) 

due to lateral collapse. (b.4) Left and middle coalesced ridges show a three-ridge collapse. Scale  

bars = 200nm. 
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6.4.1.b Stable Features – Grating Array (3) 

Given that only one out of the four grating regions in array 1 resulted in a stable PDMS replica, this 

array cannot be used for pattern transfer. Grating array 3, with linewidths of 250nm (100nm wider than 

array 1) was instead selected for SEM analysis, anticipating a reduction/removal of lateral collapse 

during demoulding, owing to the wider and therefore more robust ridges on the resulting PDMS replica. 

Figure 6-9 shows cross-sectional SEM images of the original etched oxide structures (Figure 6-9a) and 

subsequent composite-PDMS replica (Figure 6-9b) of grating array 3. At this linewidth of 250nm, the 

PDMS replica remains structurally stable at all line-space ratios, even at a ratio of 1:1 where the ridges 

are most densely packed and likely to adhere to one another (Figure 6-9b.4). The peaks of the PDMS 

ridges appear rounded relative to the sharp corners of the etched trenches, again suggesting that the 

hPDMS precursor did not fill into the corners of the trenches, as discussed in section 6.4.1.a. 

 

Figure 6-9: SEM cross sections of grating array 3 (linewidth = 250nm), with line-space ratios of  

(1) 1:2.5, (2) 1:2, (3) 1:1.5 and (4) 1:1. (a) Original, etched silicon-oxide grating structures and  

(b) composite-PDMS replicas. At this linewidth, the PDMS structures remain stable at all line-space 

ratios. 

6.4.1.c Device Considerations 

Using the information gathered from SEM analysis of the PDMS replicas, the choice of grating 

structures that will feature in the final LC devices is now considered. As covered in section 6.4.1.a, the 

PDMS replica of grating array 1 is unsuitable for pattern transfer, as three out of four of the associated 

grating regions suffered from lateral collapse and therefore no longer match the dimensions specified 

in the initial design. In contrast, the PDMS replica of grating array 3 was found to be structurally stable 

in all four grating regions after demoulding, with no indication of lateral collapse. With this in mind, 

the structures in array 3 were selected as the minimum linewidth gratings to be studied in the final LC 

devices; chosen over the lower-linewidth grating array 2 to err on the side of caution with respect to 

stamp deformation during imprinting.[235] Within array 3, the grating pitch varies between 500nm and 

875nm, so in order to maximize the range of grating pitches in the study, array 5 is also selected for 

investigation, with grating pitches between 700nm and 1225nm (dimensions summarized in Table 6-1). 
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This enables the grating-mediated LC surface alignment and associated optical properties to be 

characterised over a broad pitch range of 725nm, with grating arrays 3 and 5 contained within their own 

individual LC devices (see Figure 6-7a.2). 

6.4.1.d Imprinted Pitch Confirmation via Diffraction 

After imprinting the polyimide alignment layers with the composite-PDMS stamps, the pitch of the 

resulting polyimide gratings is confirmed via optical diffraction patterns. This is done to ensure that the 

PDMS structures didn’t deform or collapse during the imprinting process and that faithful pattern 

transfer was achieved, prior to final device assembly. Optical diffraction was chosen over SEM for pitch 

measurements, because it is non-contact and therefore won’t impact surface alignment properties, non-

destructive since no sample cleaving is required and feasible given that the gratings are on transparent 

ITO-glass substrates (as opposed to the opaque silicon wafer that supported the master structures). The 

diffraction experiment was performed with 404nm wavelength laser light as previously detailed in 

sections 3.3.2 and 4.3.3.a, and the results are summarised below in Figure 6-10.  

 

Figure 6-10: Pitch measurements of imprinted polyimide gratings via optical diffraction. (a) Plot of 

grating pitch for a given line-space ratio in grating arrays 3 and 5, as specified in the initial design 

(diamonds) and as measured via optical diffraction (triangles). (b) Transmission diffraction grating 

schematic showing the grating groove direction (𝒈 ) and zeroth (m=0) and first order (m=±1) 

diffraction modes. (c) Combined image of the diffraction patterns produced by 404nm laser light 

incident on each of the four imprinted gratings within array 3. Line-space ratios from top to bottom of 

the image are: 1:2.5, 1:2, 1:1.5 and 1:1. The patterns are projected on a screen at 91±1mm from the 

sample. 
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Excellent agreement in observed between the grating pitch specified in the original design and the 

imprinted polyimide grating pitch measured via optical diffraction, for all imprinted gratings in arrays 

3 and 5 (Figure 6-10a). The pitch is calculated by first measuring the lateral separation of the zeroth 

and first order diffraction modes (Figure 6-10b), from the diffraction patterns on the scaled  

projection screen (Figure 6-10c). The corresponding diffraction angle (𝜃𝑑) is then calculated from  

𝜃𝑑 = tan−1(𝑥 𝐿⁄ ), using this lateral separation (𝑥) and the distance between the screen and the sample 

(𝐿). The diffraction angle is then used in 𝑚𝜆 = 𝑑 sin(𝜃𝑑), along with laser wavelength (𝜆) and the 

diffraction order (𝑚=1) to extract the grating pitch (𝑑). All measured pitch values are within ≤2% of 

the design specifications, confirming that the imprinted polyimide gratings are a faithful replication of 

the original silicon-oxide master structures, and that the PDMS stamps remained structurally stable 

during imprinting. Additionally, the agreement between designed and measured pitch values indicates 

reliability in the diffraction apparatus, given that the master structures are fabricated with a high 

precision electron-beam lithography system. 

6.4.2 Liquid Crystal Device Characterization 

Two liquid crystal devices are fabricated as detailed in section 6.3.4, one featuring grating array 3 with 

an LC layer thickness of 6 ± 1μm, and the other featuring grating array 5 with an LC layer thickness of 

8 ± 1μm. After filling the devices with MLC-6204 in the isotropic phase at 70°C (Table 3-1), the devices 

are characterised at 20 °C using polarised microscopy with orthoscopic and conoscopic illumination.  

6.4.2.a Birefringence Colour Observations 

The resulting alignment in both devices was examined under white light illumination between crossed 

polarisers, using a 20x microscope objective. The images presented in Figure 6-11 are captured on the 

boundary of grating and non-grating regions within the device containing grating array 3. Only images 

of the array 3 device are shown here, as the general alignment characteristics and trends between grating 

regions are comparable between array 3 and array 5 devices. 

Given that opposing homeotropic polyimide surfaces impose a vertically-aligned nematic (VAN) 

director profile (Figure 6-7b), which remains extinct under rotation between crossed polarisers, the most 

striking aspect of these devices is the marked transmission observed in the grating areas. Simultaneously 

imaging the grating and non-grating areas within the device, highlights their contrasting optical 

properties (Figure 6-11). As shown in the 0° (Figure 6-11.1) and 45° (Figure 6-11.2) images, the 

brighter/transmissive regions occupying the majority of the images correspond to areas where the 

homeotropic polyimide has been imprinted with a grating structure (Figure 6-11.4), whilst the 

dark/extinct regions correspond to areas of flat, unpatterned polyimide that give rise to a typical VAN 

director profile.  
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Figure 6-11: Polarised microscopy images of an LC device featuring a homeotropic polyimide surface 

imprinted with grating array 3 (filled with MLC-6204, LC layer thickness = 6 ± 1μm, imaged at 20°C). 

The images show different grating areas within the device, with line-space ratios of (a) 1:2.5, (b) 1:1.5 

and (c) 1:1. The grating groove direction (𝒈) is varied between (1) 0° and (2, 3) 45° to the crossed 

polarisers (P, A), with full-wave plate slow axis orientation (𝜆𝑝) indicated in (3). Schematic cross 

sections of the grating profiles are shown in (4), indicating linewidth (𝑙), spacewidth (𝑤) and pitch (𝑑). 

Surface pretilt on the grating surface (𝜃𝑃) is also shown, as a reference point and approximate guide 

as to how the gratings are influencing surface director orientation. Scale bar = 100μm. 

The observed transmission in the grating areas is attributed to the presence and increased birefringence 

of a hybrid-aligned nematic (HAN) director profile (Figure 6-7b), established via a surface anchoring 

transition on the grating surface.[113] As covered in section 5.4.3.b on wrinkled surface textures with 

homeotropic anchoring, this transition in surface anchoring occurs due to a combination of the grating 

structure’s topographic distortion of the near-surface director field and the homeotropic anchoring 

associated with the polyimide. The balance of these competing alignment contributions results in a net 

tilt of the director away from the surface normal near the grating interface, resulting in a HAN director 

profile that is a free energy minimum of the system. Interestingly, the grating devices in this work 

exhibit a stable, tilted alignment configuration at room temperature, in contrast to the homeotropic 

wrinkle devices in section 5.4.3.b, which only displayed surface anchoring transitions at temperatures 

close to the nematic-isotropic transition, with reduced elastic constants. This is most likely due to the 

greater anchoring energy (𝑊𝜓, Equation (2-10)) or elastic distortion associated with these imprinted 

grating structures, with a height of ≈300nm and pitches between 1200 – 500nm giving rise to  

𝑊𝜓 ≈ 9 × 10-6 −122 × 10-6 Jm-2, compared to the wrinkled surfaces with 𝑊𝜓 ≈ 4 × 10-6 Jm-2. This 
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larger 𝑊𝜓 enables the gratings to induce sufficient director field distortion and cause an anchoring 

transition, despite being opposed by the higher elastic constants of MLC-6204 at room temperature 

(Table 3-1).[113]  

With the grating grooves (𝒈) at 45° to the crossed polarisers (Figure 6-11.2), the transmissive grating 

areas display first-order white birefringence colours with a retardance (Γ) of 150−200nm. The observed 

colour varies between a grey-white in the longer-pitch areas (Figure 6-11.a2), to a brilliant white in the 

shorter-pitch areas (Figure 6-11.c2). Although difficult to distinguish optically, this change in shade 

from grey-white (lower Γ) to brilliant white (higher Γ) with decreasing grating pitch, is the first 

indication that the grating dimensions provide a means of tuning the optical properties of this frustrated 

alignment state. For the array 3 device shown in Figure 6-11, with an LC layer thickness of 6 ± 1μm, 

the Michel-Lévy chart (Figure 2-4) indicates that this subtle variation in retardance corresponds an 

approximate change in effective-birefringence (Δ𝑛𝑒𝑓𝑓) from 0.024 ± 0.003 to 0.034 ± 0.005, between 

the 875nm and 500nm pitch grating areas respectively. As the LC layer thickness is the same in each 

grating area, this change in Δ𝑛𝑒𝑓𝑓 can be attributed to the grating geometry altering the component of 

𝑛𝑒 contributing to the overall birefringence of the slab, in the form of varying the pretilt (𝜃𝑃) at the LC-

grating interface. Given that Δ𝑛𝑒𝑓𝑓 increases as the grating pitch decreases, this suggests that shorter 

pitch gratings result in a more significant tilt of the director away from the surface normal and therefore 

a lower 𝜃𝑃. The array 5 device, with an LC layer thickness of 8 ± 1μm, also shows a similar inverse 

relationship between Δ𝑛𝑒𝑓𝑓 and grating pitch, with approximate Δ𝑛𝑒𝑓𝑓 values of 0.018 ± 0.003 and 

0.025 ± 0.003 in the 1225nm and 700nm pitch grating areas respectively. The apparently lower Δ𝑛𝑒𝑓𝑓 

in the array 5 device indicates that these longer-pitch, wider-linewidth grating structures result in less 

director tilt away from the surface normal (higher 𝜃𝑃), relative to grating array 3. 

The addition of a full-wave plate with its slow axis (𝜆𝑝) at 45° to the polarisers, allows the direction of 

tilt to be inferred from the observed change in colour relative to the inherent colour of the compensation 

plate. The images in Figure 6-11.3 show the appearance the array 3 device with 𝒈 at 45° to the polarisers 

and 𝜆𝑝 perpendicular to 𝒈. In the extinct non-grating areas, a first-order magenta is observed as the 

incident linearly polarised light only experiences the LC’s fast axis (𝑛𝑜) and therefore shows the full-

wave plate’s inherent retardation of Γ ≈ 500𝑛𝑚 . However, the grating areas show a blue-cyan 

birefringence colour with Γ > 500𝑛𝑚 , corresponding to an additive condition indicating that a 

component of the LC’s slow axis (𝑛𝑒) is aligned parallel to 𝜆𝑝. As 𝒈 and 𝜆𝑝 are perpendicular, and the 

increased 𝑛𝑒 contribution is attributed to director tilt, this confirms that the tilt is occurring in a plane 

perpendicular to 𝒈.  
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With the tilt direction confirmed, the suspected source of the non-zero transmission observed in the 

grating areas at the 0° orientation (Figure 6-11.1) is now discussed. A typical HAN state appears extinct 

when the azimuthal director orientation is aligned parallel to a polariser, as demonstrated by the HAN 

device with planar wrinkles shown in Figure 5-5b. The fact that the devices in this work appear a dull-

grey birefringence colour in the grating areas, suggests that although the polar director tilt is 

predominantly perpendicular to 𝒈, there is an azimuthal component to the tilt that induces a slight twist 

in the HAN director profile, resulting in non-zero transmission between crossed polarisers. The POM 

images in Figure 6-12 confirm the tilt’s azimuthal deviation, where the first-order magenta of the full-

wave plate (bottom of images) is shifted in the grating areas to blue (additive) or orange (subtractive), 

indicating that the azimuthal director orientation is tending towards parallel or perpendicular to 𝜆𝑝 

respectively, and not at 45° to 𝜆𝑝 (i.e. not tilted exactly perpendicular to 𝒈). This twisting is thought to 

be caused by the strong azimuthal anchoring (𝑊𝜓) associated with the underlying grating grooves, 

which despite their homeotropic anchoring, still want to preferentially align the director parallel to 𝒈, 

effectively ‘pulling’ the tilted director towards 𝒈. Similar alignment behaviour has been reported by 

Shiina et al., where gratings with planar anchoring are rubbed perpendicular to the grooves and the 

director is found to deviate from the rubbing direction due to the grating’s azimuthal anchoring.[103]  

 

Figure 6-12: Polarised microscopy images of the 1:1 line-space ratio grating area of the array 3 device, 

with the grating grooves (𝒈) aligned parallel to one of the polarisers, highlighting the azimuthal 

deviation of the tilted HAN director profile. Images captured (a, c) with and (b) without a full-wave 

plate with slow axis orientation (𝜆𝑝). (b) Extinct and (a, c) first-order magenta regions at the bottom of 

the images correspond to areas without a grating, with a VAN director profile. Scale bar = 100μm. 

The domain structures shown in Figure 6-11c and Figure 6-12b are regions of opposing tilt direction, 

related to tilt degeneracy in the absence of an applied rubbing direction or a blazed grating 

profile.[230,248] Although these tilt domains are prevalent in the grating area with a 1:1 line-space 

ratio, no such domains are observed in grating areas with line-space ratios >1:1 (Figure 6-11a, b). It is 

suggested that this may be due to the more varied spacing of edges/corners on the grating structures 

with higher line-space ratios, compared to the consistent spacing of edges in a grating with a 1:1 line-

space ratio. The edges of the grating structures are points of high curvature, which act as pinning sites 

for the defects that are likely stabilizing this tilted alignment state,[17] and hence a more varied spacing 

of these tilt-inducing defects may be disrupting the formation of the tilt domains. 
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6.4.2.b Conoscopy 

Analysis of the birefringence colours via polarised microscopy, allows a semi-quantitative  relationship 

between grating dimensions and optical properties to be inferred, using the Michel-Lévy chart. As 

shown in Figure 6-11.2, the observed colours are varying shades of first-order white, which are difficult 

to accurately distinguish but do indicate a variation in director tilt with grating dimensions, warranting 

a more detailed evaluation. Hence, to gain a more quantitative understanding of the alignment 

properties, the devices are examined via conoscopy and the resulting conoscopic figures are used to 

differentiate and analyse the optical properties associated with each grating area. Conoscopy is 

performed with broadband green light (𝜆 = 533nm, bandwidth = 52nm, see appendix A.1), an 80x 

microscope objective (Olympus ULWD MS Plan 80x, NA=0.75) and a Bertrand lens, as described in 

section 3.1.3.c.i. Figure 6-13 shows a summary of the imaged conoscopic figures produced by the array 

3 and array 5 devices. 

 

Figure 6-13: Conoscopic examination of LC devices featuring homeotropic grating structures.  

(a) Schematic cross-sections of the homeotropic polyimide surface topographies where the conoscopic 

figures in (b) and (c) were captured, indicating grating linewidth (𝑙), spacewidth (𝑤) and pitch (𝑑). 

Numbering denotes (1) an area of flat unpatterned polyimide, (2) a grating area with a 1:2.5 line-space 

ratio and (3) a grating area with a 1:1 line-space ratio. (b, c) Conoscopic figures produced by the 

devices containing grating array 3 and array 5 respectively, with grating groove (𝒈) and polariser 

orientations (P, A). The grating pitch associated with each figure is indicated in the top-right of the 

images. Horizontal white lines denote the vertical position of the melatope in each figure, highlighting 

the change in position and thus optic axis orientation between different device areas. 

Conoscopic examination of the devices shows a clear distinction between grating and non-grating areas, 

but importantly between areas with different grating dimensions, which was difficult to ascertain 

conclusively via birefringence colour observations. In the device regions without a grating structure, 
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the conoscopic figures show a central dark cross (Figure 6-13.1), also known as the melatope or the 

point where the isogyres (dark bands) intersect. This central melatope indicates a vertically aligned 

optic axis, as expected from the opposing homeotropic alignment layers imposing a VAN director 

profile.[124,219] In contrast, the conoscopic figures obtained from the grating areas show an off-centre 

melatope position (Figure 6-13.2, 3), relative to the central position in the VAN areas. This shift in 

position indicates that the average optic axis of the device is uniformly tilted in the grating 

areas,[124,249,250] with comparable conoscopy figures to those observed in magnetically aligned 

photo-curable LC films [251] and chemically nanopatterned LC devices [252] with tilted optic axes. 

Since the opposing unpatterned polyimide substrate imposes vertical director alignment, this tilt of the 

optic axis must be due to varying amounts of surface pretilt on the grating substrate leading to a HAN 

director profile. 

The extent by which the melatope shifts relative to the centre, varies as a function of grating dimensions, 

where a larger shift and thus a greater tilt of the optic axis is observed as the grating pitch decreases, in 

agreement with the birefringence colour observations in 6.4.2.a. This shift variation is highlighted in 

Figure 6-13, where the horizontal white lines on the conoscopy figures serve as a visual aid, indicating 

the vertical position of the melatope in each image. Since each of the grating areas is opposed by the 

same unpatterned homeotropic polyimide surface, this change in tilt of the optic axis must be due to a 

difference in surface pretilt on the gratings in each area, demonstrating the controllability offered by 

altering the grating geometry.  

6.4.2.b.i Analysing Conoscopy Figures 

Although the conoscopy figures show the presence of a tilted optic axis and that the tilt varies between 

different grating areas, further analysis is required to quantify the amount of tilt induced by each grating 

geometry. The following section will cover how data was extracted from the conoscopy figures and the 

calibration process used to convert distances on the images from pixel values, to angular deviation. 

To measure the tilt of the optic axis, the shift in melatope position from the centre of each figure needs 

to be measured. A summary of how this measurement was carried out is presented in Figure 6-14. Using 

ImageJ software (National Institutes of Health, USA), the conoscopy figures shown in Figure 6-13 are 

converted to grayscale (Figure 6-14a) and intensity profiles are taken across the images (Figure 6-14b). 

The melatope position is identified as the minima of each intensity profile, denoted by the vertical 

dashed lines on the plot in Figure 6-14b. The shift in melatope position in the grating areas, with a tilted 

optic axis (Figure 6-14a.2, 3), is measured relative to the melatope position in a non-grating area, with 

a vertically aligned optic axis (Figure 6-14a.1). This corresponds to measuring the distance, in pixels, 

between the tilted minima position (orange or green dashed lines) and the vertical minima position (blue 

dashed line) using the intensity profile data shown in Figure 6-14b. 
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Figure 6-14: Method of measuring the shift in melatope position from conoscopy figures with varying 

degrees of optic axis tilt. (a) Grayscale versions of the conoscopy figures shown in Figure 6-13.c, from 

device regions with (1) unpatterned polyimide, (2) a 1225nm pitch grating and (3) a 700nm pitch 

grating. (b) Plot of grayscale intensity profiles taken along the horizontal, yellow dashed lines on each 

figure in (a). The blue, green and orange vertical dashed lines indicate the positions of the intensity 

minima/melatopes in the images of device areas (1), (2) and (3) respectively. The same colour-coding 

and vertical dashed lines are shown in the corresponding images in (a) for reference.  

To extract the tilt angle of the optic axis from the measured shifts in melatope position, diffraction 

patterns are imaged under the same conoscopic illumination conditions as the devices, but with the 

condenser aperture narrowed to reduce the effective spot size. The same imprinted polyimide grating 

substrates, as were used in section 6.4.1.d, are applied here as transmission diffraction gratings to 

produce the diffraction patterns. As the diffraction angle for a given grating pitch is well defined by 

𝑚𝜆 = 𝑑 sin(𝜃𝑑), the positions of the first-order diffraction maxima in these images (Figure 6-15c), 

provides an angular point of reference for converting distances in pixels to angular deviation. This 

approach is summarized in Figure 6-15 and has previously been used by Miller and Gleeson to calibrate 

the back focal plane of an objective lens for analysing Kossel diagrams.[122] 

The diffraction patterns produced by three of the gratings in grating array 5 are shown in Figure 6-15c, 

where the orange dashed lines show how the first-order maxima positions correlate to different radial 

positions (𝑅) from the centre of the conoscopy figure in Figure 6-15a. The plot in Figure 6-15d shows 

these maxima positions, in pixels, plotted against 𝑚𝜆 𝑑⁄ , where a good linear fit is found for  

|𝑅| < 300𝑝𝑥. The error in the gradient of this linear fit indicates the accuracy of using the melatope 

position on a conoscopic figure to measure the angle of a sample’s optic axis, which is 1.0%. For values 

of |𝑅| > 300𝑝𝑥 , the maxima positions begin to deviate from this linear relationship with 𝑚𝜆 𝑑⁄ , 

indicated by the higher residuals of the linear fit for |𝑚𝜆 𝑑⁄ | > 0.7. This indicates some distortion in 
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the back focal plane at these distances from the centre of the figures, and hence measurements are not 

taken at these distances. Therefore for |𝑅| < 300𝑝𝑥, the linear fit in Figure 6-15d serves as a conversion 

tool, allowing a given pixel position in the conoscopy figures to be converted to a value of 𝑚𝜆 𝑑⁄  and 

subsequently angular orientation (𝜃𝑑), since 𝑚𝜆 𝑑⁄ =  sin(𝜃𝑑). At this point it is worth noting that all 

of the measured shifts in melatope position from the tilted conoscopy figures, are within 100−187px 

from the centre of the figures. This range falls well within the linear regime established from the 

diffraction angle measurements (linear fit in Figure 6-15d), ensuring that the back focal plane is well 

calibrated and free of optical distortions for converting to tilt angles at these positions. 

 

Figure 6-15: Calibration of the back focal plane of the objective via diffraction patterns, to convert 

distances on conoscopy figures to angular deviation. (a) Conoscopic figure with central melatope, 

defining the radial distance (𝑅 ) from the centre of the figure. (b) Schematic of the transmission 

diffraction grating arrangement used to image the diffraction patterns. (c) Diffraction patterns of (1) 

1225nm pitch, (2) 875nm pitch and (3) 700nm pitch gratings imaged on the back focal plane, using the 

same optical setup as used in (a). The vertical orange dashed lines show how the positions of the first-

order (𝑚 = 1) diffraction maxima, with well-defined diffraction angles (𝜃𝑑), relate to different values 

of 𝑅 in the conoscopy figures. (d) Plot of 𝑚 = 1 diffraction peak positions on the imaged diffraction 

patterns (green diamonds), against 𝑚𝜆 𝑑⁄ = 𝑠𝑖𝑛 𝜃𝑑. The good linear fit to the diffraction peaks (blue 

dashed line) indicates minimal optical distortions in back focal plane for values of |𝑅| < 300px.  

6.4.2.b.ii Induced Tilt of Optic Axis 

Using the image analysis and conversion approach detailed in the previous section, the grating-induced 

tilt of the optic axis is extracted from the conoscopy figures of the array 3 and array 5 devices. The 

results are presented below in Figure 6-16, where the tilt of the optic axis away from the surface normal 

(𝜙) and the associated shift in melatope position, are plotted against grating pitch (Figure 6-16a) and 

mark-space ratio (Figure 6-16b) for each device. For a given device, wherever two data points are 

plotted for the same x-axis value, this corresponds to measurements of conoscopy figures that were 

captured in the same grating area, on either side of a tilt domain wall (domain structures shown in Figure 

6-11c). It is also worth noting that the initial tilt angle obtained from the shift in melatope position 
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represents the apparent angle of the optic axis in air (𝐸), which is converted to the true interior angle 

within the LC medium (𝑉) by accounting the for average refractive index of the LC (𝑛𝑎𝑣𝑔) using the 

relation sin(𝐸) = 𝑛𝑎𝑣𝑔 sin(𝑉), as detailed by Dana et al.[121] Herein, the tilt angle of the optic axis 

(𝜙) represents the true interior angle of the optic axis within the LC. 

 

Figure 6-16: Analysis of conoscopy figures produced by devices containing grating arrays 3 and 5, 

with respective grating linewidths (𝑙) of 250nm and 350nm. The calculated tilt of the optic axis away 

from the surface normal (𝜙) and measured shift in melatope position are plotted against (a) grating 

pitch and (b) mark-space ratio (𝑤/𝑙), where (a.1) and (b.1) show the equations of the linear fits in each 

the plot. (c) Schematic of the HAN director profile in the devices, approximating how the director 

orientation (blue rods) varies throughout the layer. An average optic axis (OA) is indicated to 

approximate the tilt represented by the conoscopy figures, which is some average of the different 

director orientations in the device. Pretilt at the grating interface ( 𝜃𝑃 ) and the dimensions of 

ridges/marks (𝑤), lines/spaces (𝑙) and pitch (𝑑) are also included for reference. 

The data in Figure 6-16a show that both devices exhibit an inverse relationship between grating pitch 

(𝑑) and optic axis tilt (𝜙). The solid lines show linear fits to the two data sets, indicating that for a given 

grating linewidth (𝑙), 𝜙 increases linearly as the pitch is decreased. An increase in 𝜙 corresponds to a 

decrease in pretilt (𝜃𝑃) on the grating surface, since the optic axis measured via conoscopy represents 

an average of the director orientations over the HAN director profile (Figure 6-16c). The pretilt on the 

grating surface therefore scales proportionally with grating pitch. The mark-space ratio (𝑤 𝑙⁄ ) is 

introduced in Figure 6-16b, which is the ratio of the ridge/mark width (𝑤) to the line/trench width (𝑙) 

(see Figure 6-16c for reference). This is introduced here to allow for a more direct comparison to the 

work by Jones,[229] where the pretilt on a homeotropic grating surface is shown to increase linearly 

with increasing mark-space ratio, in a comparable defect-driven alignment state. The data in Figure 

6-16b show that 𝜙 is inversely proportional to the mark-space ratio, but as discussed earlier, 𝜙 and 𝜃𝑃 



98 

 

are inversely proportional, which means that this data also shows that 𝜃𝑃 scales proportionally with 

mark-space ratio, in agreement with the previous report of Jones. 

Figure 6-16a.1,b.1 detail the equations of the linear fits for each plot, highlighting the difference in 

gradient between the grating arrays, where the smaller-linewidth grating array 3 possesses the steeper 

gradient of the two. These observations provide insight for future device applications, in terms of 

selecting an appropriate grating linewidth to best suit the tuning requirements i.e. if a specific tilt angle 

is required for a given device, it may be beneficial to use gratings with a larger linewidth to hone in on 

this tilt value, such that incremental changes in pitch/mark-space ratio result in smaller changes in tilt, 

as per the shallower gradient exhibited by the array 5 device. However, opting for larger-linewidth 

gratings does limit the range of accessible tilt angles, since the measured range of 𝜙 in the array 5 device 

is 5.6°, compared to the broader range of 6.2° in the array 3 device. For applications where a spatially 

modulated tilt angle is required and the length-scale over which the modulation occurs needs to be as 

small as possible, spatially varying the pitch of a smaller-linewidth grating would best suit this scenario, 

given the steeper gradient exhibited by the array 3 device.  

6.4.2.b.iii Distinguishing Tilt Direction 

As discussed in section 6.4.2.a, these tilted alignment states have a tendency to form domains with 

opposing tilt directions separated by reverse-tilt disclination lines. These regions of opposing polar 

director orientation, or reverse-tilt domains, are often formed in twisted-nematic and planar devices 

upon electric field application or transitioning from the isotropic to nematic phase, in the absence of an 

applied rubbing direction.[98,253] Without a rubbing direction the near-surface director does not have 

a preferential tilt direction, as is the case in the homeotropic grating devices in this work. Also, the 

symmetric nature of the square-wave grating profile used, similarly leads to a lack of tilt preference, as 

opposed to asymmetric grating profiles which are known to have an inherent pretilt and tilt 

direction.[230,248]  

The polarised microscopy image in Figure 6-17a shows an example of these tilt domains, as observed 

in the 500nm pitch grating area of the array 3 device. Visually, the domains on either side of the 

disclination lines are indistinguishable, as shown in Figure 6-17b.1, which is an enlarged view of the 

device region marked by the orange box in Figure 6-17a, spanning a disclination line. However, 

conoscopy observations enable the tilt direction of adjacent domains to be readily distinguished, by 

simply observing the direction in which the melatope shifts on either side of the disclination lines. 

Figure 6-17c shows the conoscopy figures captured on the left (Figure 6-17c.1) and right (Figure 

6-17c.2) of the disclination line shown in Figure 6-17b.1, where the melatopes have shifted in opposite 

directions in the two domains. This signifies that the optic axis in each domain is tilted in an opposing 

direction relative to one another. Schematic director profiles associated with these observations are 

shown in Figure 6-17b.2, indicating the two resulting HAN configurations with opposing surface 
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pretilts on either side of the disclination line (orange dashed line). Conoscopy has previously been used 

to differentiate between reverse-tilt domains in HAN devices, but likely due to a higher effective 

birefringence or greater optic axis tilt, melatopes are not visible in the conoscopic figures and therefore 

only slight shifts in isogyre position indicate the presence of opposing tilt directions.[98] Here, the 

visibility of the melatopes results in a more striking contrast in the conoscopy figures on either side of 

the tilt disclinations (Figure 6-17c), supporting the previous findings with improved clarity. 

 

Figure 6-17: Differentiating between adjacent HAN domains with opposing tilt directions. (a) Polarised 

microscopy image of the 500nm pitch grating area in the array 3 device, showing an overview of the 

tilt domain structure. Green dashed line denotes the boundary between grating (HAN) and non-grating 

areas (VAN). Scale bar = 100μm. (b.1) Enlarged view of the area marked with the orange box in (a), 

spanning a reverse-tilt disclination line. (b.2) Schematic highlighting the HAN director profile on either 

side of the disclination line (marked by the orange dashed line). (c) Conoscopy figures imaged in the 

left (L, c.1) and right (R, c.2) regions shown in (b.1). (d) Enlarged view of the area marked by the blue 

box in (a), showing the alternating appearance of consecutive tilt disclination lines. Scale bar = 20μm. 

Upon closer observation of the polarised microscopy image in Figure 6-17a, the domain walls can be 

seen to alternate in appearance between black and grey-green, as shown in the Figure 6-17d. This 

alternation suggests the presence of two distinct domain wall structures within the HAN areas, similar 

to those reported in work on field-driven defects in hybrid-aligned nematic layers.[254] As such, when 

transitioning between domains of opposing tilt direction, these domain wall structures are expected to 

be alternating between tilt-in (/ \) and tilt-out (\ /) configurations, where the slashes indicate the local 

tilt direction at the grating interface on either side of a domain wall. These observations are reminiscent 

of the distinct optical properties of ‘thick’ and ‘thin’ defect lines in the vertical chevron structures found 

in ferroelectric-smectic LCs, which are also attributed to a variation in tilt direction on either side of the 

defects.[255]. Seeing as conoscopic examination allows the reverse-tilt domains to be differentiated 

with relative ease, it should be possible to combine these observations with fine-adjustment sample 

translation to map out the arrangement of tilt-domains and identify specific domain wall structures 

within LC devices, which may be of use in focused studies on nematic disclination dynamics and 

morphology.[254]  
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6.4.3 Modelling Bulk Director Profile 

The conoscopic analysis of the devices provides an insight in to the average optic axis orientation in the 

grating areas, allowing general relationships between grating dimensions and pretilt on the grating 

surfaces to be inferred. In order to relate the conoscopy measurements to a specific pretilt value for each 

grating area, the non-uniform director tilt profile of the HAN configuration needs to be estimated to 

understand how the director orientation varies throughout the device. The following section will cover 

the preliminary steps taken to extract pretilt from the conoscopy figures using theoretically predicted 

HAN profiles as a reference point. 

6.4.3.a Extracting Pretilt from Conoscopy Figures 

Pretilt measurements of HAN devices have previously been reported, whereby the angular dependent 

phase retardation was measured and pretilt values were derived from theoretical fitting to the 

data.[113,223]. This proven robust method of measuring the pretilt angle is beyond the scope of this 

work, however the conoscopic approach used here is better-suited for small sample areas and allows 

high resolution observation of tilt variation across domain walls, as shown in section 6.4.2.b.iii. From 

these previous works, the bulk director orientation (𝜃(𝑧 𝑑𝐿𝐶⁄ )) within a HAN cell can be assumed to 

vary linearly between the pretilt on the grating surface (𝜃𝑃) and the pretilt on the unpatterned surface 

(𝜃1 ). This assumption is based on the single-elastic constant approximation which is valid for 

sufficiently large LC layer thicknesses.[223] This linear variation in 𝜃 is represented by Equation (6-1) 

and plotted as a function of 𝑧/𝑑𝐿𝐶 for three different grating pretilt values in Figure 6-18a, where 𝑧 is 

the distance in to the LC layer and 𝑑𝐿𝐶 is the overall thickness of the LC layer.  

 
𝜃(𝑧 𝑑𝐿𝐶⁄ ) = (𝜃1 − 𝜃𝑃)(𝑧 𝑑𝐿𝐶⁄ ) +  𝜃𝑃 

 

(6-1) 

 

 

Figure 6-18: (a) HAN director profiles with a linearly varying director orientation (𝜃) with distance 

(𝑧) in to the thickness (𝑑𝐿𝐶) of an LC slab, for various surface pretilts (𝜃𝑃). (b) Schematic of HAN 

director profile defining key device parameters such as, the pretilt on the grating surface (𝜃𝑃) and the 

unpatterned polyimide surface (𝜃1), the average director orientation (𝜃𝑎𝑣𝑔) for the HAN profile with a 

given 𝜃𝑃 and the average tilt of the optic axis from the surface normal (𝜙) obtained via conoscopy. 
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The value of 𝜃1 on the unpatterned polyimide substrate is taken to be 90°, validated by the conoscopy 

figures captured in the non-grating device areas that exhibit a central melatope position and therefore a 

vertically-aligned optic axis (Figure 6-13.1). Equation (6-1) is then used with values of 𝜃𝑃 between 0 - 

90°, to generate a range of potential HAN director tilt profiles (𝜃(𝑧 𝑑𝐿𝐶⁄ )). As indicated in the schematic 

in Figure 6-18b, an average director tilt (𝜃𝑎𝑣𝑔) is calculated by taking the average over 𝜃(𝑧 𝑑𝐿𝐶⁄ ). This 

average director orientation is then approximated to be equivalent to the average optic axis orientation 

(𝜙) obtained via conoscopy, as previously employed in the conoscopic examination of hybrid-aligned 

LC devices by Park et al.,[252] where 𝜃𝑎𝑣𝑔 = 90 −  𝜙. The pretilt angle is then determined for a given 

conoscopy figure by finding the value of 𝜃𝑃 that results in a 𝜃𝑎𝑣𝑔 that satisfies this relation. The results 

of this analysis are presented below in Figure 6-19a where 𝜙 and the corresponding values of 𝜃𝑃 are 

both plotted against mark-space ratio for each device studied. This indicates that over all of the grating 

areas measured across the two devices, the inferred pretilts on the grating surfaces range from 61 - 74°. 

Although broader pretilt ranges have been demonstrated by varying the depth [113] and the mark-space 

ratio of homeotropic grating structures,[229] the results presented here highlight the potential of 

adjusting lateral grating dimensions over a large range as a means of fine-tuning surface pretilt over a 

narrow range of ≈13°. 

 

Figure 6-19: (a) Plot of the optic axis tilt (𝜙) obtained from conoscopy, and the inferred grating pretilt 

(𝜃𝑃) for each value, as a function of grating mark-space ratio (𝑤 𝑙⁄ ). (b) Schematic grating profiles 

with mark-space ratios of 1.0 and 2.5 and their associated surface pretilts. 
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6.5 Summary 

In this chapter, precision grating structures have been transferred into homeotropic polyimide alignment 

layers, to explore the relationship between lateral grating dimensions and LC surface alignment 

properties under frustrated surface anchoring conditions. 

A composite-PDMS replication approach was used to create soft working stamps from rigid grating 

master structures. Scanning-electron microscopy revealed pattern instability and lateral collapse of the 

PDMS features at a linewidth of 150nm, whilst at a linewidth of 250nm, structural stability was 

observed for all tested line-space ratios. These findings provide a case study for the widely adopted 

composite-PDMS replication methodology, highlighting its limits for structures of the order of 300nm 

in height. Faithful pattern transfer into polyimides was achieved using the imprinted polyimide 

methodology, as confirmed by optical diffraction measurements, allowing homeotropic gratings with 

as low as 500nm pitch to be fabricated and incorporated into LC devices. 

Birefringence colour observations showed that the homeotropic grating structures resulted in areas of 

increased effective birefringence of 0.018 – 0.034, within the predominantly extinct VAN devices. This 

is attributed to surface anchoring transitions and resulting director pretilt on the grating surfaces 

inducing stable HAN director profiles at room temperature, caused by the competing influence of the 

polyimide’s homeotropic anchoring and the gratings’ topographic distortion of the director field. Lower 

pretilt was inferred from the increased retardation exhibited by areas with lower grating pitch/mark-

space ratio and full-wave plate observations confirmed that the induced tilt was occurring in a plane 

perpendicular to the grating grooves.  

Conoscopic examination of the devices enabled grating areas with comparable optical appearance to be 

easily distinguished and provided quantitative analysis of the tilted alignment states. Conoscopy figures 

showed that the grating areas possessed a uniformly tilted average optic axis with tilt angles of 8.1 – 

14.7° from vertical, scaling inversely with grating pitch/mark-space ratio. The resolution capability of 

conoscopic tilt measurements was demonstrated over distances of ≤100μm, through the identification 

of opposing tilt directions on either side of tilt domain walls. Theoretical modelling of HAN director 

profiles was used to infer pretilt values on the grating surfaces from the optic axis tilts measured via 

conoscopy, yielding pretilts of 61 - 74° for the 500 – 1200nm pitch gratings studied.  
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Chapter 7 Conclusions and Future Work 

7.1 Conclusions 

The work presented in this thesis has focused on the interactions between liquid crystals and 

micropatterned polyimide surface topographies. At the interface between a solid surface and a liquid 

crystal medium there exists a combination of chemical and physical interactions, which influence the 

near-surface molecular orientation and thus the bulk properties due to the elasticity of the LC phase. 

Surface alignment is a broad area of LC research centred on controlling and exploring these surface 

interactions, and is a critical parameter in the development of functional LC devices. The overall aim 

of this thesis was to demonstrate an accessible means of incorporating micron and sub-micron scale 

surface relief structures in to LC devices, using conventional polyimide alignment layers and their 

inherent chemical alignment properties, to augment the physical influence of the relief structures. 

Chapter 2 introduced the relevant background physics of nematic liquid crystals and also the 

fundamental aspects of surface alignment such as, anchoring strengths, types of surface anchoring, 

alignment layer materials and treatments, and the alignment properties of surface relief structures. With 

topographically patterned alignment layers being the focal point of this work, notable literature utilizing 

surface relief structures for LC alignment was reviewed in section 2.3, providing context for the three 

chapters of experimental work and highlighting the novelty and potential applications of the results. 

The methods used throughout the experimental work are summarized in Chapter 3, covering the 

preparation and analysis of LC devices, general microfabrication techniques used to fabricate the 

polyimide relief structures and the surface metrology used to measure the critical dimensions of the 

surface features. 

7.1.1 Micropatterned Liquid Crystal Elastomers 

In the first results chapter (Chapter 4), planar polyimides imprinted with commercially-sourced linear 

grating structures were investigated as both alignment layers and moulds for fabricating micropatterned 

liquid crystal elastomers (μLCEs). As the grating structures were comprised of planar polyimide, 

conventional rubbed alignment could be used to override the topographic anchoring of the gratings, 

allowing a global easy axis to be defined with an arbitrary azimuthal director orientation relative to the 

underlying grating grooves. Although rubbed topographies have previously been applied in low 

molecular mass LC systems,[83,103] this is the first application of this approach in LCE fabrication, 

facilitating the fabrication of monodomain LCE films and also a means of controllably miniaturizing 

structures on the surface of the μLCEs via anisotropic deswelling. The extent by which the original 

grating pitch of the mould (1040nm) reduced upon deswelling, was dependent on whether the grating 

grooves were parallel (𝒏̂∥) or perpendicular (𝒏̂⊥) to the nematic director. The 𝒏̂⊥ pitch reduced by only 

3% (1010nm) whereas the 𝒏̂∥ pitch reduced by 32% (707nm), demonstrating the sub-micron capability 
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of the μLCE platform. These pitch reduction factors were found to be consistent across three 

individually fabricated, chemically identical samples made using the same methodology, highlighting 

the repeatability of the deswelling mechanism and the suitability of all-acrylate LCEs as general 

substrates for feature size reduction. 

Further dimensional tunability was demonstrated by varying the concentration of the non-reactive liquid 

crystalline component in the LCE precursor, which is responsible for swelling the polymer network 

during polymerisation and therefore dictates the amount of deswelling that occurs upon its subsequent 

removal. This additional control over the deswelling, via changes in chemical composition, provides a 

simple means of fine-tuning feature sizes, given that compositional adjustments can be readily made 

with standard laboratory practices, demonstrating the multi-faceted dimensional tunability offered by 

μLCE films. 

The use of linear grating structures provided a clear reference point for quantifying the anisotropic 

deswelling behaviour, but also enabled the μLCE films to be applied as diffractive optical elements. 

The stimuli-responsiveness of the all-acrylate LCEs allowed for tunable grating dimensions and thus 

diffractive properties, which was explored by changing the temperature of the system and applying 

uniaxial tensile strain. Optical diffraction patterns were used to observe and quantify the opposing 

thermal responses of the 𝒏̂∥ and 𝒏̂⊥ μLCEs, where the grating pitch was found to expand and contract 

respectively upon heating, by as much as 33% over a 215°C temperature range. The associated changes 

in diffraction angle, with linear regimes spanning ≈55% of the operational temperature range, 

demonstrates the potential for μLCEs to be applied as diffraction-based thermal sensors, whose 

response can be tailored by simply changing the grating orientation with respect to the nematic director. 

The first-order diffraction efficiency was also investigated as a function temperature and upon heating 

was found to increase in 𝒏̂∥ samples and decrease in 𝒏̂⊥ samples; attributed to the changes in pitch 

shifting the peak efficiency wavelengths of the grating structures closer to (𝑛̂∥), and further away from 

(𝑛̂⊥) the 404nm wavelength laser light used in the diffraction experiments.  

The strain response of the 𝑛̂∥  μLCEs was studied via diffraction experiments and atomic force 

microscopy (AFM). A linear variation in grating pitch was inferred from diffraction angle 

measurements of the μLCEs, as they were subjected to tensile strains of up to 156%. To gain a deeper 

insight into how the grating dimensions changed under strain, AFM was used to profile the structures 

whilst the films were under different static strains, varied in coarse increments of 20−40%. The 

variation in grating pitch from AFM showed good agreement with the linear response obtained from 

diffraction measurements and interestingly, given the depth measurement capability of AFM, the 

grating height was found to initially decrease at moderate strains (≤40%) and then begin increasing at 

higher strains (≥80%), attributed to the auxetic strain response of this class of LCEs. This is the first 

known demonstration of auxetic behaviour in microscale surface relief structures. A significant 
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nanoscale growth in feature height was observed, with the grating height increasing beyond the original 

height of the grating at rest, by as much as 26%. The impact of this auxetic growth in feature height on 

the μLCEs diffractive properties was investigated by measuring the first-order diffraction efficiency 

(𝜂1) as a function of strain. With the strain being applied perpendicular to the grating grooves, the pitch 

continuously increased along with the diffraction efficiency, as a result of the pitch increasing towards 

the required pitch for maximum 𝜂1  at the 404nm wavelength used in the experiment. This same 

increasing 𝜂1  behaviour was also observed during the pitch-expanding thermal response of the 𝑛̂∥ 

μLCE. However, a clear transition in the linear behaviour of 𝜂1 was observed at ≈100% strain, after 

which point the increase in 𝜂1 per unit strain was found to increase by a factor of 2.7, resulting in an 

overall higher sensitivity of 𝜂1 to mechanical strain. This behaviour may be associated with the auxetic 

response increasing the height and thus the phase modulation of the grating structures. 

Thermal and mechanical durability testing was also performed on the μLCEs, to gauge the dimensional 

stability of the grating structures under thermal and mechanical extremes and repeat actuation. Exposing 

the μLCEs to temperatures as high as 240°C showed some reduction in diffraction efficiency, 

suggesting potential damage at these temperatures, in agreement with previous thermal studies of this 

LCE composition.[57] Samples that were taken to a maximum strain of 156% and then allowed to relax 

for ≈2 hours, showed little change in grating dimensions, with pitch and height agreeing with pre-

strained values within error.  Preliminary cycle tests of the samples between temperatures of 20−100°C 

and strains of 0−30% for 50 cycles, also showed minimal change in grating pitch and height, both 

falling within <1% of the dimensions prior to testing. 

7.1.2 Spontaneously Wrinkled Polyimide Alignment Layers 

In the second results chapter (Chapter 5), a non-lithographic microfabrication technique was used to 

create periodic surface relief structures, which were then used to pattern planar and homeotropic 

polyimide alignment layers. The structures were formed via spontaneous wrinkling, an accessible 

means of pattern generation that relies on the formation of a stiff surface layer on a compliant substrate, 

which then buckles in a periodic fashion as the substrate is perturbed. In this work, a 60% tensile strain 

was applied to a compliant slab of polydimethylsiloxane (PDMS), which was then exposed to an oxygen 

plasma treatment to form a stiff silicon-oxide layer on the surface. Upon strain release, a wrinkled 

surface topography was formed due to the oxide layer buckling in response to the internal stresses 

associated with its formation under strain. The wrinkled PDMS slabs were used directly as stamps to 

transfer the wrinkled textures in to planar and homeotropic polyimides. The resulting wrinkle-imprinted 

polyimide (WIP) surfaces were measured with AFM, and the periodic wrinkles were found to have a 

pitch of 900 ± 20nm and height of 125 ± 10nm. The WIP surfaces also featured aperiodic features 

protruding above and aligned perpendicular to the wrinkles, formed as an artefact of the imprinting 
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process where cracks (valleys) in the PDMS oxide layer were inverted into walls (peaks) in the 

imprinted polyimide layer. 

Both planar and homeotropic WIP surfaces were assembled in to LC devices opposite flat layers of 

homeotropic polyimide, forming hybrid-aligned nematic (HAN) and vertically-aligned nematic (VAN) 

device configurations respectively. The grating alignment capability of the periodic wrinkles, with an 

azimuthal anchoring strength (𝑊𝜓) of approximately 4 × 10-6 Jm-2, was demonstrated in the HAN 

device, where a uniform azimuthal director orientation was observed in device areas with a wrinkled 

texture, on an otherwise planar-degenerate polyimide surface. The director orientation was confirmed 

to be aligned parallel to the wrinkle grooves, using full-wave plate observations and 𝑆 = ±1 point 

defects in an adjacent region of Schlieren texture as a reference point. The VAN device was used to 

study how LC alignment was affected by homeotropic anchoring combining with the wrinkled surface 

topography. At room temperature, the device appeared predominantly extinct with a slight increase in 

transmission when the wrinkle grooves were aligned at 45° to the crossed polarisers. Conoscopic 

examination of the device at 45°, showed centrosymmetric splitting of the isogyres in the conoscopy 

figure, indicating the presence of degenerate tilt of the director away from vertical, attributed to the 

director splaying over the peaks and troughs of the wrinkles.  

Upon heating the device with homeotropic wrinkles to 𝑇 𝑇𝑁𝐼⁄ ≈ 0.95 , more complex alignment 

behaviour emerged in the form of a surface anchoring transition that caused the optical appearance to 

change from extinct to highly transmissive. This transition was attributed to the reduced elastic 

constants close to 𝑇𝑁𝐼, which allowed the initially supressed physical alignment contribution of the 

wrinkled topography to now distort the near-surface director field, resulting in a frustrated alignment 

state with an induced surface pretilt that increased transmission. Birefringence colour observations were 

used to approximate the pretilt (𝜃𝑃) induced by the surface anchoring transition, with 𝜃𝑃 = 35 ± 9°. 

Full-wave plate observations of this alignment state confirmed that the azimuthal orientation of the 

induced tilt was perpendicular to the wrinkle grooves. The resulting optical texture also contained an 

elongated domain structure, where the domains had comparable widths to the average separation of the 

aperiodic wall structures formed during imprinting. These domains were attributed to the protruding 

wall structures imposing spatial confinement on the tilted alignment state, which was confirmed by a 

lack of domain formation in an identically made VAN device with the wrinkled texture replaced with a 

regular linear grating structure (without walls). The presence of the walls also produced an interesting 

director modulation effect, where between adjacent walls, the azimuthal director orientation was found 

to splay continuously, resulting in an overall spatially modulated director profile across multiple wall 

structures. This is thought to be caused by the director remaining near-vertically aligned on the 

protruding walls, which then combines with the tilted director orientation in the adjacent wrinkled areas 

to pull the tilt direction away from perpendicular to the grooves. 
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7.1.3 Liquid Crystal Alignment on Sub-Micron Homeotropic Gratings  

The final results chapter (Chapter 6) focused on exploring the relationship between LC alignment 

characteristics and the dimensions of sub-micron pitch gratings with homeotropic anchoring. A variety 

of precision grating structures were fabricated on silicon via electron-beam lithography, with different 

pitches and mark-space ratios. Once treated with an anti-stick monolayer coating, the silicon gratings 

were copied using a modified replica moulding process, forming a composite-PDMS replica of the 

structures to be used as a working stamp for imprinting polyimide. Given the fine features of the master 

gratings, with linewidths between 150nm and 350nm, and the inherent flexibility of PDMS, scanning 

electron microscopy was used to image cross-sections of the PDMS replicas to assess their structural 

stability and how faithfully the original structures were copied. At a linewidth of 150nm, the PDMS 

replicas exhibited significant lateral collapse at all mark-space ratios other than 1:2.5, where adjacent 

peaks coalesced and the original grating dimensions were lost. However, at a linewidth of 250nm, no 

lateral collapse was observed and all the grating structures on the PDMS replica were found to be stable, 

for mark-space ratios ranging from 1:1 to 1:2.5. These findings provide a case study on taking 

composite-PDMS replicas of sub-micron relief structures, helping guide future efforts to create soft 

replicas of structures on this length scale, which is an integral part of making the polyimide imprinting 

workflow an accessible means of patterning industry-standard LC alignment materials. 

The stable PDMS replicas were then used to imprint layers of homeotropic polyimide, resulting in a 

range of 8 unique grating structures with pitches between 500nm and 1200nm. Optical diffraction 

patterns were used to check the pitch of the imprinted gratings prior to device assembly, which 

confirmed that the PDMS stamps didn’t deform during the imprinting process and that even the shortest 

pitch of 500nm (250nm line, 250nm space) was faithfully transferred. With the imprinted gratings 

assembled opposite flat layers of homeotropic polyimide in a VAN geometry, the grating areas of the 

devices were found to be markedly transmissive at room temperature, whilst the adjacent non-grating 

areas remained extinct as per the homeotropic anchoring on both surfaces. This increased transmission 

was attributed to surface anchoring transitions on the grating substrate, similar to those seen in the 

homeotropic wrinkle device close to 𝑇𝑁𝐼, where the competing influences of the surface topography 

and the homeotropic anchoring result in a distorted director field and a net pretilt of the director away 

from vertical, leading to an overall HAN state in the grating areas. Full-wave plate observations 

confirmed that the induced tilt was occurring in a plane perpendicular to the grating grooves. 

Optically, the grating areas were hard to distinguish given their birefringence colours were various 

shades of first-order white. These different shades indicated that the induced pretilt varied as a function 

of grating dimensions, so in order to quantify this relationship, conoscopy was used to measure the 

average optic axis tilt of the LC slab in each of the grating areas. The resulting conoscopy figures 

exhibited off-center melatope positions that were shifted further from the center as the grating pitch 

decreased, corresponding to an increasingly tilted optic axis. To extract the tilt angle of the optic axis, 
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angular calibration of the conoscopy figures was carried out by imaging the diffraction pattern of a 

linear grating with known pitch and diffraction angle, allowing the different melatope positions on the 

figures to be converted to tilt angles. The optic axis tilt angles were converted to approximate director 

pretilt on the grating surface by assuming a linear variation in director tilt over the thickness of the 

induced HAN director profile. The resulting pretilt angles were found to vary between 61 - 74° for 

grating pitches of 500 – 1200nm, demonstrating the ability to fine-tune surface pretilt angles by making 

broad changes to the lateral dimensions of homeotropic surface relief gratings. Conoscopy observations 

also enabled simple and precise identification of the tilt direction on either side of reverse-tilt domain 

walls, formed due to tilt degeneracy in the absence of a predefined tilt direction e.g. by rubbing or a 

blazed grating profile. This demonstrated the ≤100μm capability of conoscopy for mapping the tilt 

distribution in LC devices, with the potential for higher resolutions via precision translation and higher 

magnification optics. 

7.2 Future Work 

7.2.1 Imprinting Apparatus 

The imprinting apparatus that was relied upon for patterning polyimides throughout this thesis, is a 

simple but effective attachment that mounts to a laboratory hotplate and enables imprinting to be carried 

out at elevated temperatures. Whilst it has proven to be an indispensable tool in this work, there are 

certain features that could be added to improve its versatility, usability and repeatability.  

During imprinting, air can often get trapped between the target resist layer and the stamp as they are 

brought together, resulting in pattern defects. One approach that is used to mitigate this in dedicated 

imprint lithography systems is ‘centre-to-edge’ imprinting, where the centre of a stamp is the first point 

of contact with the resist layer and then the remainder of the stamp is brought into contact from this 

central point, minimizing the chance of air being trapped.[238] Smaller scale imprint systems with 

similar functionality have also been demonstrated by Haslinger et al.,[256] where stamps are mounted 

to a deformable membrane over a pressurized chamber, which would allow for a similar central contact 

point during imprinting. Incorporating a simplified version of this functionality in to the hotplate press 

would be a beneficial upgrade to reduce air inclusions, and could be achieved by adding a spring-loaded 

pin in the centre of the foot of the hotplate press, which bulges the stamp upon initial contact and then 

retracts as sustained pressure is applied. The addition of an imprint pressure sensor would also help 

improve repeatability, particularly when optimizing a given resist for a particular feature height. This 

would most easily be implemented using a thin-film pressure sensor. 
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7.2.2 Micropatterned Liquid Crystal Elastomers 

7.2.2.a Intermediate Rubbing Directions 

The work on micropatterned liquid crystal elastomers (μLCEs) was a feasibility study and initial 

demonstration of incorporating micro-scale relief structures in to all-acrylate LCEs. As such, there are 

various lines of investigation that could be pursued to build upon the results presented in this thesis, the 

first of which keeps the vast majority of the experiment the same and simply varies the rubbing 

direction. The results in section 4.4.2 showed that, due to the inherent anisotropic deswelling of the 

μLCEs, the resulting pitch of the embedded grating structures was dependent on the orientation of the 

grating grooves with respect to the rubbing-defined director orientation. This was demonstrated at the 

two extremes where the grooves were either parallel or perpendicular to the director, with respective 

pitch reduction factors of 32% and 3%. Given the potential for μLCEs to be applied as general substrates 

for miniaturizing feature sizes, it would worthwhile to explore the reduction factors at intermediate 

angles between parallel and perpendicular to the director, as a means of calibrating the deswelling and 

allowing specific reduction factors to be targeted. Varying the rubbing direction relative to the grooves 

in 15° increments between 0 and 90° would be sufficient to establish whether the reduction factor varies 

linearly or otherwise between the two extremes.  

7.2.2.b Homeotropic μLCEs 

Planar anchoring was the only alignment configuration studied in this work, however fabricating μLCEs 

with homeotropic anchoring, as previously demonstrated on unpatterned LCEs by Wang et al.,[55] has 

the potential to minimize feature-height reduction and provide alternative μLCE device functionality. 

Using the same polyimide imprinting approach, homeotropic surface relief structures could be 

fabricated and used to form a μLCE film with the director oriented perpendicular to the plane of the 

film. The impact on deswelling should be two-fold in this scenario; firstly, the in-plane deswelling 

should now be isotropic with a reduction factor of the order of 32% (as observed in the 𝑛̂∥ planar 

sample), which would be beneficial for retaining the arrangement of structures with two-dimensional 

periodicity upon deswelling, and secondly, the reduction in feature height should now be of the order 

of 3% (as observed in the 𝑛̂⊥  planar sample) rather than the ≈50% height reduction in the planar 

configuration, which would help maximize the phase modulation of a diffractive optical element.[186] 

In a homeotropic configuration, the auxetic response of the μLCE would be observed in the plane of 

the film, in the form an expansion in lateral feature dimensions perpendicular to the direction of applied 

strain. This contrasting mechanical response, relative to the planar μLCE’s increase in thickness/feature 

height under strain, has the potential to demonstrate new functionalities such as an oscillation in 

structural pitch about the auxetic threshold. This offers a unique diffractive response for strain-tunable 

optical elements, which could also be used as a characterisation technique for optically tracking the 

dimensional changes induced by the auxetic response in all-acrylate LCEs.  
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7.2.2.c Reflective μLCEs and Surface Wettability 

The final suggestions for future research on μLCEs, require more significant changes to the 

experimental approach used in this work, but have the potential to expand μLCE device capabilities and 

enable a broader range of physical phenomena to be investigated. The transmission μLCE diffraction 

gratings explored in this work, allow for simple measurement of the diffractive properties and 

demonstrates the inherent transparency of LCE medium. However, transmission diffraction gratings are 

rarely applied in optical systems due to the benefits offered by reflection gratings, such as, greater 

spectral flexibility since light doesn’t pass through a substrate, more compact optical systems due to 

mirror-like operation (beam folding) and higher diffraction angles.[186] Guerrero et al. converted an 

elastomeric transmission grating in to a reflection grating via thermal evaporation of a reflective gold 

layer on to the surface, however upon strain application a reduction in reflectivity and diffraction 

efficiency was found due to buckling of the stiff gold layer on the compliant elastomeric substrate.[257] 

An alternative method for creating reflective elastomeric gratings, which avoids the limitations of metal 

thin-film deposition, is supersonic cluster beam implantation (SCBI).[258,259] This room temperature 

process involves directing a supersonic beam of neutral metallic clusters towards a polymer target, 

which penetrate the polymer surface and form a reflective nanocomposite surface layer. Deformable 

reflection gratings have been realized using this technique to metallize PDMS surface relief 

gratings,[260,261] and should therefore be transferrable for converting μLCEs in to reflective 

components. 

Aside from optical functionality, the patterned surface topography and stimuli-responsiveness of the 

μLCEs offers a potential means of actively controlling surface wettability, with implications for anti-

fouling, droplet manipulation and varifocal liquid lenses.[262] Both mechanical and thermal actuation 

of μLCEs, featuring topographic patterns such as pillar arrays, are capable of changing the dimensions 

of the surface structures and potentially the wetting state of liquids in contact with the surface.[263] 

The height and spacing of periodic microstructures influence the resulting water contact angle of a 

surface, where taller structures tend to be more hydrophobic (larger contact angle) [244] and those with 

wider spacings tend to be more hydrophilic (smaller contact angle).[192] With this in mind, a 

particularly interesting experiment would be to apply uniaxial strain parallel to the grooves of a planar, 

𝑛̂⊥ μLCE grating sample, and monitor the changes in wetting characteristics using a contact angle 

goniometer (e.g. Droplet Lab [264] or L2004A1 by Ossila Ltd.). This would reduce the pitch of the 

grating as a function of strain due to necking, likely increasing the contact angle, followed by a unique 

increase in feature height once the auxetic threshold is surpassed, further increasing the contact angle 

and potentially causing wetting state transitions. 

 

 



111 

 

7.2.3 Spontaneously Wrinkled Alignment Layers 

7.2.3.a Alternative Wrinkle Geometries 

The wrinkle structures studied in thesis are a simple linear groove structure, formed by applying a 

uniaxial tensile strain to a compliant PDMS slab. There exists a wide range of potential wrinkle 

geometries that can be accessed by changing how the PDMS slab is prepared and perturbed, which will 

each have a unique and potentially favourable impact on LC surface alignment. Bowden et al. 

demonstrated how pre-patterning a PDMS slab with relief structures, enabled the wrinkling process to 

be guided and controlled to create intricate wrinkle textures that are dictated by the shape and 

arrangement of the relief structures.[196] Combining such patterns with the polyimide imprinting 

process described in this thesis, could allow for interesting patterned LC alignment configurations that 

combine the confinement of the wrinkled and pre-patterned structures with the surface anchoring of 

either planar of homeotropic polyimides. 

An interesting wrinkle geometry to explore in LC systems would be one with a radially concentric or 

ripple-like texture, so as to impose circular grating alignment where the azimuthal director orientation 

varies continuously around the center of the pattern. The fabrication of concentric wrinkle textures has 

previously been demonstrated using a radial-strain approach, where a circular PDMS slab is stretched 

over a central pillar,[265] or by solvent swelling a pre-indented oxide layer.[266] Alone, concentric 

wrinkle textures on PDMS have been used for macroscopic optical focusing,[265] so incorporating 

these textures in to LC devices may enable this same focusing capability to be electrically tunable. 

Circular alignment of the nematic director has been used to study the polar nature of the ferroelectric 

nematic phase [267] and to create polarisation converters.[268] The ability for concentric wrinkles to 

impose circular director alignment, as confirmed during the preliminary investigations presented in 

section 7.2.3.a.i, means that they could be applied in similar applications as mentioned above, with the 

added benefit of being able to easily scale up to large areas and cater for large-aperture optical systems. 

7.2.3.a.i Preliminary Work on LC Alignment with Concentric Wrinkles 

The preliminary work carried out on the fabrication of concentric wrinkle textures and their LC 

alignment properties is now summarised. Using a similar radial-strain approach to the one reported  

by Li et al.,[265] a range of concentric wrinkle textures were formed on 1mm thick, 32mm diameter 

circular PDMS slabs, using a strain rig with an adjustable-height central pillar to apply strains (𝜀) of  

52−112% (Figure 7-1a,b). Under strain, the PDMS was exposed to an oxygen plasma treatment, where  

two different doses (𝐷  = Applied RF power (W) ×  Exposure time (s)) were selected to target  

sub-micron pitch (𝑑 ) wrinkles, by staying within the stiff oxide layer’s ‘skin formation regime’  

where the layer thickness ( ℎ𝑓 ) remains small and therefore minimizes 𝑑  (Equation (5-1)).[203]  
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Upon strain release, concentric wrinkle textures were formed on the PDMS slabs (Figure 7-1c), 

confirmed visually by the diffractive optical appearance closely resembling that of a CD (Figure 7-1d), 

which feature concentric microscale grating structures. The dimensions of the wrinkles were measured 

with AFM, where at 𝐷 = 3.6kJ (lower ℎ𝑓) wrinkles formed with 𝑑 = 390 – 560nm and an average 

height (ℎ) of ≈ 20nm, and at 𝐷 = 7.2kJ (higher ℎ𝑓 ) wrinkles formed with 𝑑 = 410 – 780nm and  

ℎ ≈ 45nm.  

 

Figure 7-1: Fabrication and alignment properties of concentric wrinkle textures. (a,b) Circular PDMS 

slab mounted in the radial-strain apparatus at low and high tensile strains. (c) Visual appearance of 

wrinkled PDMS slab after oxygen plasma etching and strain release. Scale bar = 10mm. (d) Image of 

a CD as a reference point, with similar diffractive optical appearance to the wrinkled slab.  

(e) Schematic geometry of the LC device containing the concentric wrinkle texture. Upper, unpatterned 

planar polyimide surface is rubbed with a rubbing direction (RD) and the lower, wrinkle-imprinted 

polyimide surface is left unrubbed. Filled with 5CB, with an LC layer thickness (𝑑𝐿𝐶) of 10 ± 1μm.  

(f−h) Polarised microscopy images of the filled wrinkle device at different analyser (A) orientations.  

(i−l) Device geometry and polarised microscopy images of the reference device made by Wang et al., 

with the same bulk director configurations and comparable optical appearance to the wrinkle device. 
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The texture with the highest azimuthal anchoring strength (𝑊𝛷) was selected using Equation (2-10)  

(𝑑 = 410 ± 20nm, ℎ = 42 ± 5nm, 𝑊𝜓 ≈ (2.4 ± 0.7) × 10-6 Jm-2), and then imprinted in to a layer of 

planar polyimide (SE-130) using the imprinting methodology detailed in section 3.2.2.b. This planar 

wrinkle texture was left unrubbed and assembled in to a device opposite a flat, rubbed layer of SE-130 

(Figure 7-1e). This device geometry was chosen to match the resulting alignment found in the devices 

constructed by Wang et al.,[27] which utilize a cylindrical cavity to impose circular or azimuthal 

director alignment via confinement (Figure 7-1i), rather than the concentric groove structures used in 

this work. Polarised microscopy images of the wrinkle device, with different analyser orientations, are 

shown in Figure 7-1f−h. Below in Figure 7-1j−l, are the corresponding polarised microscopy images 

from the devices of Wang et al., with the same polariser orientations for a direct comparison to the 

wrinkle device. Both devices display a comparable 2-brush optical texture, due to the bulk director 

profile continuously varying between uniformly aligned (extinct in Figure 7-1f,j) and twisted nematic 

with a ≈90° twist (bright in Figure 7-1f,j). This optical appearance and agreement with the observations 

of Wang et al., confirms that the wrinkles are continuously varying the azimuthal director orientation 

with the director aligned parallel to the grooves. This is the first known demonstration of using a 

spontaneously formed concentric wrinkle texture, to promote circular or azimuthal surface alignment 

of the nematic director in a liquid crystal device. 

7.2.3.b Exploring Director Modulation with Precision ‘Wrinkle-Wall’ Structures 

One of the most intriguing observations made whilst studying the LC-wrinkle systems, was the spatially 

modulated azimuthal director orientation induced by the wrinkled textures with homeotropic anchoring 

(section 5.4.3.d). This alignment behaviour was attributed to the spatial confinement imposed by the 

‘wall’ structures formed during imprinting, combined with the surface anchoring transitions and 

resulting director tilt caused by the periodic wrinkles. The periodicity of this modulation was found to 

be of the order of 10−20μm, which is comparable to the spacing between adjacent walls and suggests 

that controlling this spacing may offer a means of controlling the modulation periodicity. As such, it is 

suggested that fabricating precision microstructures to mimic these ‘wrinkle-wall’ textures would be a 

valuable future investigation, where the resulting surfaces would ideally be comprised of a periodic 

linear grating with protruding wall structures running perpendicular to the grating grooves, with 

different spacings, heights and shape profiles. The aim of this would be to establish whether these 

structures could serve as a topography-driven alternative for creating complex modulated director 

profiles, such as those defined by photoalignment [225,226,269] or grating alignment [21] in flat optical 

components. As demonstrated in section 5.4.3.b, the surface anchoring transition that causes the tilted 

and modulated alignment state is temperature dependant, and can therefore be switched on or off by 

heating or cooling the system respectively. This approach may therefore offer an alternative means of 

reversibly adding or removing director modulation from LC devices. 
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7.2.4 Sub-Micron Homeotropic Gratings 

7.2.4.a Electrooptic Response of Current Devices and Inverted Master Structures 

The alignment properties of the homeotropic grating structures was the focus of Chapter 6, where it was 

shown that a HAN director profile was formed as a result of a surface anchoring transition inducing 

director tilt on the grating surface. The electrooptic response of these HAN states was not investigated 

in this work, but would be worthwhile revisiting to determine properties such as the response time and 

whether the alignment state is bistable (using driving schemes similar to those used in Zenithal Bistable 

Displays [270]). During the pattern transfer process, it was found that at a linewidth of 150nm, the soft 

PDMS replicas suffered from lateral collapse where the 150nm wide PDMS peaks coalesced (section 

6.4.1.a). A possible way to improve the stability of the PDMS replicas, to allow shorter pitch grating 

structures to be imprinted using this approach, would be to invert the original silicon-oxide master 

structures so that the narrower lines are peaks rather than valleys in the more rigid oxide layer. When 

the PDMS replicas are then taken of these structures, the narrow oxide peaks would become 150nm 

wide valleys in the PDMS which would be less likely to collapse given the now wider peaks (spaces) 

supporting them on either side (inverse of patterns shown in Figure 6-9b). 

7.2.4.b Impact of Rubbing on Tilt Degeneracy and Potential Device Applications 

The homeotropic grating devices investigated in this work showed varying levels of tilt degeneracy, in 

the form of reverse-tilt domain walls, as shown in Figure 6-11c. These domain walls form due to a lack 

preferential tilt direction on the grating surface, stemming from the imprinted polyimide layer being 

untreated and assembled in to a device directly after imprinting. A benefit of using polyimides is that a 

robust and uniform tilt direction can be readily defined via mechanical rubbing, and therefore an 

interesting future study would be to use the same fabrication method described in this work, but with 

mechanical rubbing applied perpendicular to the grooves of the grating substrate. It is likely that the 

rubbing will only interact with the peaks of the imprinted grating structures, but this may be enough to 

introduce a tilt preference. Establishing whether a similar tilted alignment state can be obtained in these 

devices and if the applied rubbing is sufficient to remove the tilt degeneracy, would broaden the 

applicability of these alignment layers for LC systems requiring tilted surface alignments. If the rubbing 

treatment is found to be capable of producing uniform tilt in these systems, an interesting device 

geometry to explore would be one with rubbed homeotropic gratings on both cell surfaces and parallel 

rubbing directions. Given that the grating dimensions can be used to adjust the pretilt angle on the 

grating surface (Figure 6-19a) and intermediate tilt angles have been demonstrated in comparable 

homeotropic grating systems,[113] this parallel rubbed configuration may have the ability to create and 

stabilize an optically-compensated bend (OCB) mode or Pi-cell geometry for high-speed electrooptic 

responses.[271–273]  
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7.2.4.c Detailed Director Profile Analysis 

During this work, conoscopy was used to measure the average tilt angle of the optic axis for a given 

device, from which the pretilt angle on the grating surface was estimated by assuming that the director 

tilt varied linearly as a function of cell thickness. The homeotropic gratings studied in this work, with 

tilt induced by the grating’s topographic distortion of the near-surface director field, bear a close 

resemblance to the homeotropic gratings found in Zenithal Bistable Displays and are therefore likely to 

behave in a similar way. In related work by Jones,[230] a comment is made on the ZBD’s grating-

induced deformation of the director field being limited to the vicinity of the grating surface, and that a 

uniform director profile exists at distances beyond half of the grating pitch away from the surface (𝑧 >

500𝑛𝑚). If this is also the case for the grating systems in this work, the quoted pretilt values are 

potentially overestimates of the actual value i.e. if the deformation decays in a ‘ZBD-like’ fashion, the 

pretilt on the grating must be lower (more significantly titled from vertical) to produce the same first-

order white birefringence colour. Confirming the actual director profile in these devices is non-trivial, 

but one potential route that could provide some insight is confocal Raman microscopy.[274] This 

technique is capable of distinguishing between planar, intermediate and homeotropic director 

orientations and by capturing images at different depths, a 3D representation of the director profile can 

be obtained. Limited by the microscope’s Z resolution (ideally need 1μm step size), this may not be 

able to provide a precise map of the director profile, but should be sufficient to determine whether the 

tilt/director deformation has decayed within 1-2μm of the grating surface.
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Appendix A Experimental Methods 

A.1 Broadband Green Light Spectrum – Conoscopy Experiments 

 

Figure A-1: Spectrum of broadband green light referred to in the conoscopy methods section (3.1.3.c.i) 

and used during conoscopy experiments on devices with homeotropic wrinkles (section 5.4.3) and 

homeotropic gratings (section 6.4.2.b). This light is produced by placing a green filter over the white 

light source of a Leica DM2700P optical microscope. The light’s bandwidth of 52nm is taken from a 

Gaussian fit of the spectrum (red), as the full width at half of the maximum/peak intensity. 

A.2 Blue Laser Spectrum (PL205, Thorlabs) – Diffraction Experiments 

 

Figure A-2: Spectrum of Thorlabs PL205 blue laser diode, used during diffraction experiments on 

micropatterned liquid crystal elastomers (section 4.4) and imprinted polyimide grating structures 

(section 6.4.1.d).
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Appendix B Micropatterned LCEs 

B.1 Rubbed vs Unrubbed Polyimide Gratings in μLCE Cell Geometry 

 

Figure B-1: Polarised microscopy observations of the same cell geometry used to fabricate nematic 

μLCE films in Chapter 4, comparing (a) rubbed and (b) unrubbed imprinted polyimide (IPI) grating 

surfaces. This comparison is referred to in the sections on μLCE fabrication (section 4.3.2.a) and 

resulting appearance and alignment (section 4.4.1). Devices are imaged at 20°C, filled with E7 and the 

confining surfaces are separated by 100μm thick spacer film. (a) Homogeneously rubbed IPI cell shows 

uniform extinction in both mutually-orthogonal grating regions, indicating that the surface alignment 

is dominated by the applied rubbing direction (𝑅𝐷𝑃𝐼) and not the grating topography. If this wasn’t the 

case it would be most visible in the left-hand region where the grating grooves and 𝑅𝐷𝑃𝐼  are 

perpendicular, which would have increased transmittance if any induced twist was present. (b) 

Unrubbed IPI cell showing significant transmission in the left-hand region, where 𝑅𝐷𝑃𝑉𝐴  is 

perpendicular to the IPI grating grooves. This indicates that a twisted nematic (TN) director profile is 

present, due to the director aligning parallel to the grating grooves on the IPI surface, in the absence 

of an applied rubbing direction. 

The cells used to fabricate the nematic μLCEs in Chapter 4 are somewhat atypical, as they feature an 

imprinted planar polyimide (PI) alignment layer with two competing surface anchoring contributions. 

One is from the linear surface relief grating imprinted in to the PI layer, acting to align the nematic 

director (𝒏̂) parallel to the grooves to minimize the free energy.[74,75] The other is from the subsequent 

mechanical rubbing applied to the imprinted polyimide (IPI) surface, which acts to align 𝒏̂ parallel to 

the applied rubbing direction (RDPI) by reorienting the near-surface polymer backbones of the PI 

layer.[64,65] The aim of these μLCE cells is to form a homogeneously aligned, monodomain μLCE 

films where 𝒏̂  is aligned parallel to the RD, ignoring the alignment influence of the underlying, 

mutually-orthogonal grating regions. This is targeted as a means of demonstrating the anisotropic 

deswelling and stimuli responses of the nematic μLCEs, using the common dimensions shared by each 
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IPI grating region as a reference point. Given this atypical geometry, it seems appropriate to confirm 

that the alignment on the rubbed IPI surfaces is in fact dominated by the mechanical rubbing. This is 

demonstrated in Figure A-1, using individual cells with the same geometry as those used for the μLCEs, 

with rubbed (Figure A-1a) and unrubbed (Figure A-1b) IPI substrates opposed by a rubbed PVA 

surface. 

B.2 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) was performed using a TA Instruments Q20 DSC to determine 

phase transitions in the precursor mixture. 10mg of LCE precursor mixture was pipetted into a TZero 

Aluminum pan and an empty pan was used as a reference. DSC cycles were performed from 100°C to 

-20°C at a rate of 10°C/min. These data are referred to in the sections on LCE synthesis (section 4.3.2.b) 

and the deswelling tunability offered by changing the composition of the LCEs (section 4.4.2.c). 

 

 

Figure B-2: DSC traces of the (a) 54.6 mol% 6OCB precursor mixture. (b) 45.7 mol% 6OCB precursor 

mixture and (c) 70.7% 6OCB precursor mixture. The nematic-to-isotropic transition temperature, 𝑇𝑛𝑖, 

for each sample is shown. The 70.7 mol% 6OCB precursor mixture displays a cold crystallization (𝑇𝑐𝑐) 

and melting (𝑇𝑚) peak on heating. 
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B.3 Visual Appearance of μLCE Film 

 

Figure B-3: Photograph of a fabricated μLCE film in ambient white light, highlighting the structural 

colour in the 𝒏̂⊥ region of the film, caused by the diffractive nature of the periodic grating structure. 

The variation in colour is due to the sample being at an angle relative to direction of observation, which 

shows the wavelength dispersion of white light associated with the 1st order diffraction mode. This is 

referred to in section 4.4.1 on the appearance and alignment of the μLCE films. 

B.4 Polarised Light Appearance of μLCE Film – No Colour Bands 

 

Figure B-4: Confirmation that the birefringence colour bands shown in Figure 4-7b.ii in section 4.4.1 

are an artefact of the screen backlight used to illuminate the sample. (a, b) Monodomain μLCE film 

illuminated with an alternative white light source, imaged between crossed polarisers (P, A), with the 

rubbing direction (RD)/director orientation at (i) 0° and (ii) 45° to the polarisers. The images in (a.ii) 

and (b.ii) show the expected saturated white appearance of the μLCE film, compared to the  

banded appearance when imaged in the same orientation using the screen backlight shown in (c).  

Scale bar = 10mm. 
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B.5 Atomic Force Microscopy Data 

 

Figure B-5: (Left) AFM scan of an imprinted polyimide (IPI) grating, with a pitch of 1040 ± 5nm and 

a height of 130 ± 5nm, used as a mould in Chapter 4 for fabricating µLCEs and as a reference surface 

for the homeotropic wrinkle device in section 5.4.3.c.i. (Middle, Right) AFM scans of µLCEs fabricated 

with the nematic director parallel (𝒏̂∥) and perpendicular (𝒏̂⊥) to the grating orientation. 

 

Figure B-6: AFM scans of 𝒏̂∥  µLCEs with varying concentrations of 4'-hexyloxy-4-cyanobiphenyl 

(6OCB). 

 

Figure B-7: AFM scans of 𝒏̂∥ µLCEs under strain, at various fractional lengths (𝐿/𝐿0), where applied 

strain (𝜀) = (𝐿/𝐿0)− 1 . 

 

Figure B-8: Photographs showing the manual strain approach used to perform AFM measurements on 

μLCE films under strain, referred to in section 4.4.4 on the strain response of the μLCEs. The images 

show a μLCE film with both ends secured to a glass slide using adhesive tape, at (a) 0% and (b) 110% 

tensile strain. The strain is adjusted by moving one end of the film and re-adhering it in a different 

location. Strain is calculated from measurements of the sample length/tape separation at each strain 

increment. Scale bars = 5mm. 
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B.6 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q50 TGA to determine the 

decomposition temperature of the µLCE, as referred to in section 4.4.6 on durability testing the µLCE 

films. 2mg of the µLCE film was loaded into the TGA and a temperature ramp from 20°C to 500°C at 

a rate 10°C/min was performed. The degradation temperature, 𝑇deg,  was defined as the temperature in 

which 5% mass loss has occurred. 

 

Figure B-9: TGA results on the 54.6 mol% 6OCB µLCE with thermal degradation (defined as the 

temperature at 5% mass loss) occurring at 𝑇𝑑𝑒𝑔 = 382°C. 
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Appendix C Wrinkled LC Alignment Layers 

C.1 Birefringence Colours of HAN Device with Planar Wrinkles 

 

Figure C-1: Polarised optical microscopy (POM) observations of the hybrid aligned nematic (HAN) 

device discussed in section 5.4.2.a, featuring a planar wrinkle-imprinted polyimide surface. The device 

has an LC layer thickness of 10 ± 1μm and is imaged upon cooling from 60 to 30°C, on the boundary 

between wrinkled (uniform) and flat (Schlieren) polyimide regions. Temperatures and approximate 

retardations (𝛤) associated with the observed colours are indicated on the POM images. A section of 

the Michel-Lévy colour chart, adapted from reference [49], is shown at the bottom of the figure, with a 

rectangular highlighted region indicating a range of 2nd (II) order birefringence colours that 

correspond closely to those shown in the POM images above. The sequence of colours observed in the 

POM images upon cooling therefore confirms that the observed orange colour at 59°C is 2nd order 

orange (𝛤 ≈  950nm), rather than 1st order orange (𝛤 ≈  450nm). 
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C.2 Identifying Sign of |𝒔| = 𝟏 Point Defect 

 

Figure C-2: POM observations of the HAN device with planar wrinkles, discussed in section 5.4.2. 

These images confirm the sign (±) of the |𝑠| = 1 point defect, which is used as a reference point in 

section 5.4.2.b to confirm the azimuthal director orientation. (a) Broad view of the device with the 

reference defect highlighted by the orange box. Scale bar = 200μm. (b – d) Enlarged views of the  

4-brush |𝑠| = 1 point defect at successive stages during clockwise (CW) sample rotation, with scale 

bars = 5μm. The dark brush marked with the pink ⨂ symbol in (b) is used as a reference point. This 

brush can be seen to rotate CW as the sample is rotated CW, indicated by the orange and turquoise ⨂ 

symbols in (c) and (d) respectively. This matching sense of rotation between the sample and the brushes 

confirms that this is a 𝑠 = −1 defect, as the brushes of a 𝑠 = +1 defect would rotate in the opposite 

sense relative to the sample rotation.[218] 

C.3 Conoscopy: Calibrating Back Focal Plane via Diffraction 

 

Figure C-3: Conoscopy figure calibration using the diffraction pattern of a linear surface relief grating, 

as referred to in section 3.1.3.c.i on the conoscopy methodology and section 5.4.3.a on the tilt of 

homeotropic wrinkles. (a) 3D topographic data from a 5x5μm atomic force microscopy scan of the 

calibration grating. (b) Cross-sectional height profile of the grating, with pitch (𝑑=1040nm), taken 

along line A-B in (a). (c) Conoscopic figures with identical fields of view, produced by (c.1) the 

calibration grating, imaged without an analyser, and (c.2) a vertically aligned nematic LC device with 

homeotropic wrinkles, imaged between crossed polarisers. The diffraction pattern in (c.1) shows the 

grating’s zeroth (𝑚 = 0) and first (𝑚 = ±1) order diffraction modes, with 𝑥𝑐 denoting the separation 

of 𝑚 = 0 and 𝑚 = ±1 in pixels. This is measured from the centre of each maxima (⊕), located using 

the ‘Analyze Particles’ tool in ImageJ analysis software (NIH, USA). (d) The ‘degrees per pixel’ 

calibration factor for the conoscopy figures is calculated by relating the diffraction angle (𝜃𝑑) of light 

with a given wavelength (𝜆), from a grating with pitch (𝑑), to the zeroth and first order maxima 

separation (𝑥𝑐) shown in (c.1). 
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C.4 Director Tilt and Effective Birefringence Profiles 

 

Figure C-4: Supporting data used to approximate wrinkled surface pretilt (𝜃𝑝) in the homeotropic 

wrinkle device discussed in section 5.4.3.b.ii, following the surface anchoring transition. (a) Theoretical 

linear director tilt profiles (𝜃(𝑧 𝑑𝐿𝐶⁄ )) as a function of normalized slab thickness (𝑧 𝑑𝐿𝐶⁄ ), for a hybrid-

aligned nematic (HAN) device geometry with different 𝜃𝑝 on one surface, generated from equation 

(5-3). (b) Corresponding variation in (𝑛𝑒𝑓𝑓 (𝑧 𝑑𝐿𝐶⁄ )) − 𝑛𝑜 ) for each tilt profile, calculated using 

equation (5-4) for the effective refractive index (𝑛𝑒𝑓𝑓), and the refractive indices of MLC-6204 at  

𝑇 𝑇𝑁𝐼⁄  = 0.99 (𝑛𝑒=1.595 and 𝑛𝑜=1.507). (c) Resulting birefringence of the LC slab (∆𝑛𝑒𝑓𝑓) as a 

function of 𝜃𝑝, calculated by integrating the functions in (b) from 𝑧 𝑑𝐿𝐶⁄  = 0 to 𝑧 𝑑𝐿𝐶⁄  = 1. The two 

blue cross (×) symbols on the y-axis denote the top and bottom of the range of ∆𝑛𝑒𝑓𝑓 values obtained 

from comparing the observed birefringence colours of the device with the Michel-Lévy chart  

(Figure 2-4). The orange shaded areas indicate how these measured values are cross-referenced with 

the calculated ∆𝑛𝑒𝑓𝑓 data to obtain a range of 𝜃𝑝 for the wrinkled surface.

 


