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Summary 
 

 

 The rapid developments in information and communication technology in recent 

years have been facilitated to a large extent by the technological and industrial progress in 

producing portable Liquid Crystal Displays (LCDs). For instance, transflective LCDs are 

widely used in cellular phone displays or Personal Digital Assistants (PDAs) and 

transmissive LCDs are commonly employed in notebook computer screens and recently 

in desktop computer screens. Both LCD types require an illumination system, 

conventionally a backlight system, which illuminates the LCD from behind the screen. 

More recently also frontlight systems for reflective LCDs were developed in which the 

screen is viewed through the frontlight. These reflective LCDs maximise the use of 

ambient light and consequently the power consumption is reduced. The light losses 

within both back- or frontlit LCD systems remain however high, and consequently, the 

displays are limited in brightness, energy efficiency and battery life which is mainly due 

to light absorption in the polarisers and colour filters. Here, new illumination systems for 

LCDs are investigated in which the energy efficiency is enhanced by direct emission of 

linearly polarised light from the lightguide, whereas the orthogonal polarisation direction 

is internally recycled and re-used.  

  A first mechanism which was used to emit linearly polarised light from the 

lightguide is based on anisotropic scattering of light, i.e. one linear polarisation is 

scattered, whereas the orthogonal polarisation direction is much less or, ideally, not 

scattered. A polymeric film is produced from a blend of commercially available polymers 

(e.g. PET, Core-Shell particles) using conventional sheet extrusion and solid-state uniaxial 

drawing processes. The resulting oriented film consists of an isotropic dispersed phase, 

which is matched in refractive index to the ordinary refractive index of the oriented 

continuous phase. Simultaneously, a high refractive index difference is generated 

between the dispersed phase and the extraordinary refractive index of the oriented layer. 

The lightguide is constructed by laminating this film on a conventional polymeric 

substrate (e.g. PC, PMMA), which acts as a waveguide upon conventional edge-lighting. 

As a consequence, p-polarised light encounters a transparent material and is trapped in 

the lightguide by Total Internal Reflection (T.I.R.). S-polarised light is highly scattered 

and coupled out of the lightguide, in which the linear polarisation direction is preserved. 

By optimising the scattering power, a diffusive scattering process was obtained resulting 

in a broad linearly polarised angular distribution of light centred at the normal direction. 



viii  Summary 

 

The polarised contrasts that were achieved typically amounted 20, i.e. a slight amount of 

p-polarised light is still coupled out. The lightguides did, however, show a significant 

inhomogeneity in emitted light intensities in the direction away from the light source, 

which limits their usefulness to small area backlights (e.g. cellular phone displays). 

 A second mechanism used to generate linearly polarised light was based on 

polarisation selective Total Internal Reflection. Edge-lit waveguides were produced in 

which the isotropic refractive index of the substrate was between the ordinary and 

extraordinary refractive index of an oriented top film. It was found that the refractive 

index of the substrate and the adhesive must be considerably larger than the ordinary 

refractive index of the oriented layer to obtain a useful critical angle for T.I.R. at the 

interface of the substrate/adhesive with the oriented layer. This was achieved in practice 

by adhering an oriented PET film to a PC substrate. Additionally, collimated edge-lighting 

is required in order to effectively internally reflect p-polarised light at the interface, 

trapping the p-polarisation in the substrate in order to be recycled through depolarisation. 

S-polarised light is refracted into the oriented layer where it is coupled out at a suitable 

outcoupling structure. By focussed laser writing, tilted line structures were written and a 

predominant emission near the normal direction was obtained. More idealised micro-

grooves were prepared using micro-machining techniques, which were also able to emit 

preferentially towards the substrate side at near normal angles. The maximum polarised 

contrasts were however in both cases limited to approximately 12, which was mainly 

attributed to optical retardation in the substrate in combination with the polarisation 

independent outcoupling mechanism.  

 In an alternative approach, the polarisation separation and outcoupling processes 

were combined using a sufficiently large and polarisation-selective critical angle for T.I.R. 

at a suitable micro-structure. A highly birefringent PEN layer was used with a micro-

machined light outcoupling structure, which was laminated to a PMMA substrate. 

Subsequently, a coating was applied on the micro-structured film using an isotropic cured 

acrylate, which was matched in refractive index to the ordinary direction of the oriented 

layer. A concentrated highly s-polarised light emission at normal angles was obtained 

using conventional uncollimated edge-lighting. The polarised contrasts exceeded 100 at a 

large angular range near this normal direction. Such characteristics are extremely useful 

in backlight applications. Though the collimated polarised emission was mainly directed 

towards the backward side, with a forward – backward ratio of 6, this requires a further 

optimisation for frontlight applications. 

 Finally, it was investigated whether highly polarised light can be extracted from a 

waveguide using Bragg diffraction in holographic volume phase gratings. It was derived 

theoretically and confirmed experimentally that such diffraction can be realised provided 

that the grating planes are sufficiently tilted and the grating spacing is sufficiently small. 
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These holographic structures were prepared by recording an interference pattern as a 

refractive index modulation by holographic UV-polymerisation of a monomer-polymer 

mixture. It was shown that the holograms can be written in transmission using UV-light 

and reconstructed by diffraction at waveguided angles with visible light. Alternatively, 

waveguide mode holographic writing needs to be applied when holographic gratings with 

larger tilt angles and smaller grating spacings are needed. By optimising the resulting 

grating characteristics, a highly collimated emission at the normal direction was achieved, 

which is due to the high angular selectivity of the grating. The diffraction is inherently 

dispersive, resulting in colour separation of visible light, which, in principle, can be used 

as an energy efficient colour generation mechanism. The diffraction at the tilted grating is 

strongly directed towards one-side of the lightguide, which is an essential feature for 

frontlight applications. Equally important for frontlights is the high transparency of the 

grating layer in transmission. A highly linearly polarised contrast exceeding 80 was also 

achieved by designing the grating to operate for a specific wavelength at an incident angle 

of 45° with the grating plane. 

 In conclusion, several new designs for polarised light emitting lightguides were 

evaluated. The emission characteristics of these lightguides with respect to, for instance, 

angular distribution and polarised contrast were evaluated both from a theoretical and 

experimental viewpoint. It was found that these lightguides are potentially useful for LCD 

applications such as back- and frontlight illumination with an enhanced optical 

performance compared to conventional systems. Off course, a further assessment is 

required with respect to the actual usefulness of the lightguide designs in specific LCD 

systems, which is linked to their optical performance and the manufacturing potentials 

for large-scale application.  



 

 

 



 

 

 
 

Notation 
 
 
b0 initial film width (prior to stretching) (mm) 
be final film width (after stretching) (mm) 
c obliquity factor (-) 
CRmax maximum contrast ratio (-) 
CRint integrated contrast ratio (-) 
CR0° contrast ratio at the normal direction (-) 

d grating thickness (µm) 
d0 initial film thickness (prior to stretching) (mm) 
de final film thickness (after stretching) (mm) 
D diameter (mm) 
D dielectric displacement  vector 
Din unscattered displacement vector 
D scattered displacement vector 
E electric field vector 
E electric field amplitude (-) 
Et refracted electric field amplitude (-) 
Er reflected electric field amplitude (-) 
f focal length (mm) 
F dipole propagator 
H horizontal 
I light intensity (W/sr) 
Iint integrated luminance (lm/m2) 
I0° luminance at the normal direction (cd/m2) 
k wave vector 

k̂  unit wave vector 
k propagation number/constant (nm-1) 
K grating vector amplitude (nm-1) 
l0 initial film length (prior to stretching) (mm) 
le final film length (after stretching) (mm) 

n̂  director (unit vector in orientation direction) 
n relative refractive index (-) 
ne extraordinary refractive index (-) 
ne external refractive index (Chapter 7) (-) 
nglue refractive index of the glue layer (-) 
no ordinary refractive index (-) 
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no,x ordinary refractive index in the x-direction (width direction) (-) 
no,z ordinary refractive index in the z-direction (depth direction) (-) 
ns refractive index of the substrate (-) 

ô  ordinary unit vector 
p p-polarisation  
P light power (W) 
r observer position vector (Chapter 2) 
r Fresnel reflection coefficient (Chapter 4) (-) 
R reflectance (-) 
s s-polarisation  
t Fresnel transmission coefficient (-) 
T transmittance (-) 
u polarization vector  
V vertical 
y position on oriented layer perpendicular to the orientation direction (mm) 
 
 
Greek symbols: 
 

αe external half angle between interfering beams (°) 

δδδδ unit tensor 

∆n birefringence (-) 

∆n refractive index modulation (Chapter 7) (-) 

εεεε dielectric tensor  

εεεεpart dielectric tensor of the scattering particles  

ê  extraordinary unit vector 

ε⊥ dielectric constant perpendicular to the orientation direction (-) 

ε// dielectric constant parallel to the orientation direction (-) 

η diffraction efficiency (-) 

κ coupling constant (nm-1) 

Λe external periodicity of the interference pattern (nm) 

Λi grating spacing (nm) 

λ draw ratio (-) 

λB Bragg wavelength (nm) 

λe external wavelength (nm) 

λi internal wavelength (nm) 

ϕ azimuthal angle (°) 

ϕ micro-structure tilt angle (Chapter 5 and 6) (°) 

ϕp tilt/slant angle of the grating plane (°) 

ϕK tilt/slant angle of the grating vector (°) 
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φ phase shift (°) 

θ inclination angle (°) 

θB Bragg angle (°) 

θc critical angle  (°) 

θce critical angle for extraordinary waves (°) 

θco critical angle for ordinary waves (°) 

θc(s→a) critical angle of the substrate to air (°) 

θc(s→t) critical angle of the substrate to the top layer (°) 

θd angle of diffraction (°) 

θe external angle (°) 

θi incident angle (°) 

θp` internal Brewster angle (°) 

θr angle of reflection (°) 

θt angle of refraction (°) 

υ modulation parameter (-) 

ξ dephasing parameter (-) 
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Subscripts: 
 
B Bragg 
c critical 
d dispersed phase (Chapter 2, 3) 
d diffracted (Chapter 7, 8) 
D sodium D-line (589.3 nm) 
e external 
e extraordinary (with respect to refractive index) 
i internal 
i,max maximum incident 
i,min minimum incident 
K grating vector 
o ordinary 
p p-polarised 
p grating plane (Chapter 7, 8) 
r reflected 
r reference (Chapter 7, 8) 
s s-polarised 
s scattered (Chapter 2) 
s signal beam/diffracted beam (Chapter 7, 8) 
t refracted/transmitted 
x spatial x-direction 
y spatial y-direction 
z spatial z-direction 
0 zeroth order 

 



 

 

 

 

Chapter 1 
 

Introduction 
 

 

1.1 Information and communication technology 
 

The process of globalisation has drastically changed our world over the last thirty 

years and has resulted in an increasing worldwide economical, political and technological 

integration. As a result, we live in a world of fading political and economical borders, 

global consumer markets, multi-national corporations, international decision-making, 

cooperation and communication. This globalisation was facilitated by the progress made 

in information and communication technology, which enables fast worldwide 

communication at low cost. For instance, the advent of the internet boosted the 

availability of information via World Wide Web and communication via e-mail has 

become a daily routine. It is expected that the information and communication 

technology will exert an increasing influence in our working and living environment in 

the near future, with an emphasis on accessibility, mobility and portability. 

 Modern information and communication technology relies to a large extent on the 

visual display of information. For this purpose, a range of displays is needed which spans 

in complexity from displaying simple monochrome information to the more advanced 

high resolution, high-frequency true-colour images. Current customer expectations 

require these displays to be low cost, low weight, low volume, thin and portable. A wide 

variety of flat-panel display types were hence developed: Liquid Crystal Displays (LCDs), 

Plasma Display Panels (PDPs), Field Emission Displays (FEDs), Light Emitting Diodes 

displays (LEDs) and Electroluminescent displays (ELs). The most widespread of these 

technologies are the LCDs due to their low cost, comparatively low power consumption, 

full-colour display capability, readability using ambient light, low weight and flatness. 

Hence, LCDs are the market leader in portable applications such as watches, pocket 

calculators, notebook computers and cellular telephone displays. However, several 

disadvantages remain: the narrow viewing angle, the difficulty of manufacturing in large 

display sizes and low transmissivity. These factors form the impetus behind present 

research and development.    

        



2  Chapter 1 

 

1.2 Liquid Crystal Displays 
 

Liquid Crystal Displays (LCDs) are a passive display technology, which means that 

they do not emit light but modulate incident ambient light or the light of a suitable light 

source. Hence, LCDs are in fact electro-optical light shutters. The most conventional LCD 

is the so-called twisted nematic LCD (TN-LCD), which is shown schematically in Figure 

1.1. 

0 V V

light 
transmission

complete 
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Figure 1.1:  Schematic representation of a Twisted Nematic (TN) Liquid Crystal Display cell: 1 
incident unpolarised light, 2 polariser, 3 glass substrate with ITO electrodes and PI 
orientation layer, 4 nematic LC, 5 analyser.   

 

The nematic Liquid Crystal material is situated in the small gap between two glass 

substrates. The glass plates are covered on the inside with a transparent Indium Tin 

Oxide (ITO) electrode and with rubbed polyimide orientation layers. The orientation 

layers impose a uniform orientation of the nematic liquid crystal molecules parallel to the 

rubbing direction. As the orientation layers at the bottom and top glass slide are crossed, 

the nematic liquid crystal twists over 90° across the cell. At the outside of the top and 

bottom glass plates two conventional absorbing polarisers are used parallel to the 

orientation layers and hence are crossed with respect to each other. When no voltage is 

applied to the cell, the incident light is linearly polarised by the first polariser, twisted by 

the cell over 90° and transmitted through the second polariser (analyser). This is the 
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bright state of the LCD cell. When a sufficient voltage is applied to the cell, the LC 

molecules will align themselves in the direction of the electric field. Therefore, the twist 

disappears and the incident light is blocked by the two crossed polarisers, resulting in a 

dark state. Using an intermediate voltage, intermediate brightness levels (grey-scales) can 

be achieved. Furthermore, by adding a red, green or blue (RGB) absorptive colour filter to 

each pixel, also colour screens can be produced. By selectively addressing the electric 

fields of the pixel cells of the display a complete image is produced.  

A more advanced version of the TN-LCD is the super twisted nematic LCD (STN-

LCD) in which the nematic LC-molecules rotate over a higher twist angle of ≥ 200° (e.g. 

270°) across the cell, which enhances the contrast, viewing angle and response time. Both 

TN and STN-LCDs can be passive-matrix displays (PM-LCDs), which refers to the 

addressing of the pixel by row and column electrodes. This addressing scheme limits the 

response time and the number of grey levels of these LCDs, making them inadequate for 

video quality applications. Therefore active matrix LCDs (AM-LCDs) were developed 

which can address each pixel independently, providing a much faster response time. To 

achieve this individual addressing, each pixel is provided with a thin film transistor (TFT) 

to control the pixel’s on-off state. The LC-effects used in such TFT-LCDs are either the 

TN, Vertically Aligned Nematic (VAN)1,2,3 or In Plane Switching (IPS)4 effects. These 

TFT-LCDs are currently widely used in notebook computer screens. The PM-LCDs are 

generally used as either reflective, transflective or transmissive LCDs, whereas AM-LCDs 

are usually transmissive LCDs. These different LCD types are schematically shown in 

Figure 1.2. 
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Figure 1.2:  Schematic comparison of LCD types with respect to their illumination (a) reflective 

LCDs (b) transmissive LCDs (c) transflective LCDs. 
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Reflective LCDs (Figure 1.2a), such as watch displays and calculator displays, use 

ambient light to illuminate the display. This can be achieved by placing a reflector behind 

the rear polariser, or by using only a front polariser-reflector combination where the front 

polariser also has an analyser function for the reflected light. Obviously, reflective LCDs 

work best in outdoor or well-lit indoor environments. Transmissive LCDs however 

(Figure 1.2c), such as notebook computer screens, do not reflect ambient light. Instead, 

they require a backlight to be visible. In a transflective display (Figure 1.2b), such as a 

cellular phone display, both ambient and backlit light are used separately or 

simultaneously. This is achieved by using a transflector, which is usually a metallised film 

with a combined 70% reflection of ambient light and 30% transmission of backlit light. 

The backlight consists of a suitable light source that can be placed either directly behind 

or at the edge of the display. These are referred to as direct and edge-backlighting 

respectively. Edge-backlighting is most popular due to its thinner package and lower 

power consumption. The smaller size edge-lit displays such as cellular-phone displays use 

Light Emitting Diode (LED) light sources, the larger size edge-lit notebook computer 

screens use Cold Cathode Fluorescent Lamps (CCFLs). The light emitted by the lamp is 

coupled into one or more of the side-faces of a transparent polymeric substrate (Figure 

1.3).  

lightguide

LCD-cell

analyser

back reflector

polariser

CCFL printed dot pattern

end reflector

diffuser and/or BEF

 
Figure 1.3:  Schematic cross-section of a conventional LCD backlight system. 

 
This light is trapped by Total Internal Reflection (T.I.R.) and is coupled out of the 

backlight by scattering at a printed dot pattern or a surface relief structure.5 The emission 

of light from the backlight towards the LCD is unpolarised and the outcoupling structure 

is usually patterned to achieve a homogeneous light distribution along the waveguide. 

This pattern is often masked by the presence of an external diffuser foil. Also, in order to 

increase the amount of light emitted at the normal direction, an external prismatic 

redirecting foil, a so-called Brightness Enhancement Foil (BEF), is frequently used.6 
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 As an alternative to a backlit transflective LCD, the LCD can also be illuminated 

from the viewers’ side of the LCD (Figure 1.4). In such an arrangement, a frontlight is 

inserted on top of the front polariser (analyser) of a reflective LCD panel.  
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Figure 1.4:  Schematic representation of a conventional frontlight system. 

 

Compared to transflective LCDs, two main advantages are gained: there is no need for a 

transflector, which significantly improves the efficient use of both ambient and frontlit 

light and the display suffers less from parallax effects. As the viewer sees the LCD 

through the frontlight, it is essential to achieve a highly preferential emission towards the 

LCD side (LCD side/viewer side ratio > 25) and a high transparency of the lightguide. 

Conventional frontlights use directionally outcoupling micro-structures in the lightguide 

which emit unpolarised light towards the LCD (see Figure 1.4). Frontlit LCDs are however 

only limitedly used commercially due to the insufficient LCD side/viewer side contrast 

and image disturbance problems.7  

 The backlit transflective and transmissive LCDs are widely used in portable 

applications. A major problem of these LCDs is the low light efficiency (3 to 10%), which 

limits the battery lifetime and brightness of LCDs.8 The typical efficiency of the various 

display components is shown in Figure 1.5. The major energy consuming display 

components are the polarisers and colour filters, which are both based on energy 

inefficient absorbing processes. The conventional colour filters are patterned polymeric 

layers to which absorbing pigments are added which absorb a specific part of the visible 

wavelength spectrum. The spectral transmittances of the filters are optimised for red, 

green and blue (RGB) colours. 
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Figure 1.5:  Illustration of the light efficiency of various LCD components.  

 

Typically these colour filters absorb 70% of the incident light, which only yields a 30% 

efficiency. The conventional polarisers are composed of stretched Poly(Vinyl Alcohol) 

(PVAl) films doped with iodine crystals or dichroic organic dyes.9,10,11,12 These 

anisotropically absorbing molecules are macroscopically aligned with the PVAl by 

complex formation.13 Hence, the incident light is linearly polarised by preferential 

absorption of the electric field vector (i.e. polarisation direction), which is parallel to the 

orientation axis of the dichroic molecules. The absorbed light component is thermally 

dissipated in the polariser film, which results in a poor transmission efficiency of 

generally 40-45% and in a heat-up and consequent degradation of the sheet polariser in 

combination with high-intensity light sources (e.g. LCD projection systems).           

 

1.3 Recent developments in non-absorbing LCD-components 
 

Extensive research and development efforts were devoted to exploring the use of 

non-absorbing materials in order to generate linearly polarised light and/or colour more 

energy efficiently.8 A variety of routes were proposed to enhance this light/energy 

efficiency. For instance, reflective and scattering polarisers were investigated and 

developed, which produce linearly polarised light based on anisotropic (i.e. polarisation-
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dependent) reflection or scattering respectively.14,15,16,17,18,19,20,21 These sheet polarisers 

convert the unpolarised light emitted by the LCD-backlight system into linearly polarised 

light while redirecting the orthogonal polarisation to the backlight system where it is 

recycled, ideally until it has the appropriate polarisation to be transmitted by the film.  

In the reflective polarisers, the anisotropic reflection of light is generated using 

polarisation dependent Bragg reflection at appropriately spaced alternating layers.14,15,16 

These reflectance based polarisers can be subdivided into two types: Bragg reflection of 

circularly polarised light in a cholesteric liquid-crystalline material14,15 and Bragg reflection 

of linearly polarised light by alternating isotropic and anisotropic polymeric layers, in 

which the isotropic layer is matched in refractive index with one of the refractive indices 

of the anisotropic layer.16 In the former type, circularly polarised light is reflected with the 

same handedness as the helical structure of the cholesteric LC-material, while the 

opposite circular polarisation direction is transmitted by the film. A quarter-wave foil is 

used to convert the circularly polarised light into linearly polarised light. A gradient in the 

helical pitch is generated to obtain reflection in the complete visible wavelength range. By 

recycling and depolarisation of the reflected light via scattering in the backlight system, 

an increase in display brightness up to 80% is obtained at normal incidence.15 The 

drawback of these reflective polarisers is the use of relatively costly materials and/or non-

conventional production processes. Furthermore, the anisotropic reflection works best 

with perpendicularly incident light but has a deteriorated performance at large incident 

angles.15 

A second mechanism to produce linearly polarised light in a non-absorbing 

manner uses anisotropic scattering of light.17,18,19,20,21 Such a scattering polariser film 

consists of a two-phase polymer blend in which one of the phases is oriented, whereas the 

other phase is isotropic and matched in refractive index to one of the refractive indices of 

the oriented phase. In practice, the matrix material is usually the birefringent phase and 

the refractive index of the isotropic dispersed phase is matched to the ordinary refractive 

index of the matrix.17,18,19 Light polarised in the matching direction is transmitted while 

the other linear polarisation encounters a refractive index mismatch between the phases 

and is consequently scattered. In previous studies it was shown that these so-called 

scattering polarisers can be produced from low-cost polymeric materials using 

conventional production processes such as cast-film extrusion in combination with solid-

state uniaxial drawing.17,18,19 The scattering polarisers can have polarising properties 

comparable with absorbing polarisers without the disadvantage of absorbance and the 

resulting light loss and thermal heat-up.17,22 By appropriate material selection and proper 

control of the morphological properties of the film, the backscattering of one linear 

polarisation direction can be optimised to approximately 75%.18,19 This backscattered 
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polarisation can be recycled and depolarised in the backlight system in a similar way as 

the reflective polarisers, in order to obtain an enhanced energy efficiency.  

 

1.4 Objectives 
 

In this thesis, several new approaches are studied which have the potential to 

increase the energy efficiency or the display brightness of edge-lit LCDs by using non-

absorbing optical mechanisms in the LCD-illumination system. The focus is directed 

towards increasing the efficiency of the lighting system and the first polariser (see Figure 

1.5). For this purpose, the polarising function is integrated in the lightguide, in order to 

directly emit linearly polarised light. An efficiency gain can be achieved by internally 

recycling the unwanted polarisation direction. In contrast to the previously reported 

separate reflective and scattering sheet polarisers, the integration of the polarising and 

recycling function in the lightguide, potentially reduces light loss, complexity, thickness, 

weight and cost. Additionally, it is attempted to enhance the LCD performance by 

achieving suitable (i.e. preferentially near normal) emission characteristics by the 

outcoupling mechanism. Three major approaches are used to achieve a linearly polarised 

light extraction from a lightguide system.  

The first approach uses an anisotropically scattering polymeric layer in the 

lightguide to couple linearly polarised light out by scattering. This layer consists of an 

appropriate dispersion of a polymeric phase in an oriented polymeric matrix. In such use 

of an anisotropic scattering layer, the desired polarisation is the scattered one, whereas 

the undisturbed polarisation which hence remains trapped in the lightguide, is to be 

recycled. 

In a second approach, linearly polarised light is coupled out of the lightguide at 

micro-structures which are patternable in order to obtain a homogeneous outcoupling. 

The approach is subdivided in two polarisation separation mechanisms. In the first 

mechanism, polarisation separation is achieved by polarisation dependent Total Internal 

Reflection (T.I.R.) at an isotropic substrate-anisotropic layer interface. The corresponding 

refracted linear polarisation direction is coupled out of the lightguide by micro-structures 

consisting either of direct laser written surface relief/volume structures or micro-

machined surface relief structures in the anisotropic polymeric layer. In the second 

mechanism, polarisation separation and light outcoupling are simultaneously achieved at 

a micro-structured anisotropic-isotropic interface. 

A third approach involves periodic holographic phase grating structures recorded 

in photopolymer mixtures, which couple waveguided light out by Bragg diffraction. In 

order to achieve a linearly polarised light emission, the polarisation dependence of the 

diffractive light outcoupling is investigated.  
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1.5 Scope of the thesis 
 

In chapter 2, the optical properties of anisotropically scattering polymer films are 

reviewed and studied more extensively, both theoretically and experimentally, with 

respect to the polarisation preservation in the polarisation separation process of 

anisotropic scattering. This is important due to the fact that upon integrating such a 

scattering polariser film in the lightguide, the scattered polarisation is coupled out and 

used in the LCD cells. Obviously, in this light extraction process, depolarisation upon 

scattering is undesired.  

The construction and performance of the anisotropically scattering polarised 

lightguides are evaluated in chapter 3. Special attention is directed towards the influence 

the scattering properties of the anisotropically scattering layer and the substrate material 

on the observed polarised contrasts and outcoupling angles. Furthermore, the light 

outcoupling homogeneity is studied on the typical scale of a mobile telephone display.    

In chapters 4 and 5 polarisation selective Total Internal Reflection (T.I.R.) at an 

isotropic - anisotropic polymeric interface is studied as polarisation separation 

mechanism. Microstructures are used to couple out the linear polarisation that is 

refracted at the interface, which offers the possibility of producing gradients to control the 

outcoupling homogeneity. In chapter 4, the micro-structuring is performed by direct laser 

writing in oriented polymeric films. In chapter 5 micro-machining techniques (diamond 

ruling) are used to produce more idealised structures in these anisotropic polymeric 

layers. The light outcoupling in these approaches is based on refraction, reflection and 

T.I.R.  

In chapter 6, polarisation separation is integrated with the outcoupling 

mechanism at an isotropically filled micro-structure in an anisotropic polymeric layer 

adhered to a conventional polymeric substrate. The micro-structure is appropriately 

designed to achieve preferential emission by selective T.I.R. at the anisotropic-isotropic 

micro-structure interface.  

In chapters 7 and 8 holographic grating structures are investigated for light 

outcoupling purposes. In chapter 7 Bragg diffraction of waveguided light by holographic 

phase gratings is discussed theoretically. In chapter 8, such grating structures are 

produced in photopolymer mixtures and subsequently characterised to evaluate their 

potential use in illumination systems for LCDs.  

Finally, the different approaches towards the outcoupling of polarised light from 

the lightguide systems are discussed and compared in the technology assessment with 

respect to their performance, manufacturability and applicability in LCD back- and 

frontlight systems.  
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Chapter 2 
 

Optical Properties of Scattering Polarisers 
 

 

2.1 Introduction 
 

A ‘scattering polariser’ film is a special type of volume scatterer, as the film has an 

anisotropic scattering power.1,2,3 The scattering process is therefore referred to as 

‘anisotropic scattering’. As a result, one linear polarisation direction of the incident light 

encounters a large scattering power in the film and is therefore selectively scattered in the 

bulk, whereas the orthogonal polarisation direction encounters a small scattering power 

(ideally zero) and is directly transmitted without significant scattering. The advantages of 

scattering polarisers over conventional absorbing sheet polarisers are significant, 

especially in Liquid Crystal Display (LCD) applications. The absence of light absorption 

enables a more efficient generation of polarised light by appropriate recycling of wrongly 

polarised light. The absence of light absorption also avoids heating and degradation of the 

polarisers in heavy-duty applications such as projection LCDs.1,2,3  

The scattering polarisers consist of a dispersion of a cross-linked or a 

thermoplastic polymer in an oriented and birefringent polymeric matrix (Figure 2.1).1,2,3 A 

refractive index match in a plane perpendicular to the orientation direction is generated 

between the continuous and dispersed phase, whereas a large mismatch in refractive 

index exists parallel to the orientation direction. Ordinary waves (light polarised 

perpendicularly to the plane of the propagation direction and the orientation direction) 

have no polarisation component parallel to the orientation direction. Therefore, they do 

not experience a mismatch in refractive index and are not scattered. Extraordinary waves 

(polarised in the plane of the propagation direction and the orientation direction) do have 

a component parallel to the orientation direction and thus experience a mismatch in 

refractive index between the continuous phase and the dispersed phase; hence they are 

scattered. As a consequence, light that has a polarisation component in the mismatching 

direction is scattered and the film has an opaque (white) appearance, whereas light 

polarised in the matching direction is directly transmitted, resulting in a transparent 

state.1,2,3 This enables a spatial separation of both linear polarisation directions. 
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Figure 2.1:  Schematic representation of a scattering polariser: a dispersed phase of refractive 

index nd in an uniaxially oriented matrix with refractive indices no and ne. 
Usually, nd is matched to no and ne >> nd. Light polarised parallel to the matching 
direction is unaffected, light polarised parallel to the mismatching direction is 
highly scattered.  

 

Two types of linear polarisers can be produced by changing the anisotropic 

scattering power of the film (i.e. refractive index mismatch, concentration of scatterers, 

thickness of the film and morphology) with respectively a high and a low efficiency for the 

backscattering of light in the opaque state.1,2,3 Both types can be produced from 

commercially available polymeric materials using conventional production processes. The 

polymeric materials are extruded into films by a sheet-extrusion process and subsequently 

uniaxially stretched in order to achieve the desired mismatch in refractive indices in the 

drawing direction and the match perpendicular to this direction.   

The predominantly backscattering linear polarisers can be used as polariser films 

in Liquid Crystal Display applications to enhance their brightness and energy efficiency 

by recycling of backscattered light (Figure 2.2).2,3 It was shown that up to 75% of s-

polarised light could be scattered backwards to be recycled by depolarisation at the 

reflector, whereas 90% of p-polarised light was transmitted in the direction of the LCD.  

The predominantly forward scattering polarisers1 can potentially be used in, for 

instance, backlight applications in order to couple out linearly polarised light, whereas 

conventional LCD backlights couple out unpolarised light by scattering at a printed dot 

pattern or surface relief structure.4 In such a configuration (Figure 2.3), an anisotropically 

scattering layer is incorporated into the lightguide system. One linear polarisation is 

coupled out of the lightguide by anisotropic volume scattering and used in the LCD. The 

orthogonal linear polarisation is trapped in the lightguide until it has adapted the desired 

polarisation by, for instance, optical retardation in the light guiding process or 

depolarisation at an end reflector.  
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Figure 2.2: LCD set-up using a separate scattering polariser film combined with a 

conventional unpolarised light emitting backlight. P-polarised light is transmitted 
by the film and used in the LCD-panel. S-polarised light (dashed lines) is scattered 
backwards and recycled in the backlight.  
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Figure 2.3: LCD set-up using a polarised light emitting backlight in which an anisotropic 

scattering layer is integrated in the lightguide. S-polarised light is coupled out of the 
lightguide and used in the LCD-panel. P-polarised light (dashed lines) is trapped 
and recycled in the lightguide (e.g. at a depolarising end reflector). 
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In such an approach, it is the scattered polarisation that is directed towards the 

LCD and the ‘transmitted’ polarisation that is to be recycled. Therefore, in such an 

arrangement the polarisation state of the scattered and, as a consequence, outcoupled 

light is essential: no significant depolarisation upon multiple scattering should occur. 

Hence, in this chapter the polarisation direction of the scattered and transmitted light by 

a scattering polariser film is analysed both theoretically and experimentally in order to 

establish the potential usefulness of the backlight configuration as shown in Figure 2.3 in 

LCD-illumination. 

 

2.2 Theory 
 

Here, an ideal scattering polariser film is considered, i.e. there is only a refractive 

index mismatch in the orientation direction, whereas in the orthogonal directions the 

refractive index matching is perfect. Therefore, the matrix material is perfectly uniaxial 

and the dispersed phase is perfectly isotropic. In order to evaluate the potential usefulness 

of such a scattering polariser layer in a polarised lightguide, it essential that only one 

linear polarisation is scattered of which the polarisation state is not altered in the 

(multiple) scattering process. More formerly stated, this means that it must be proven 

that in an ideal scattering polariser film only the field component is scattered that is 

parallel to n̂ , the dielectric symmetry axis of the uniaxial medium (in this system: the 

orientation direction), and that the scattered field within the film is in the plane of n̂  and 

the propagation direction.  

The first point is easily understood: the optical contrast is only present in the direction 

parallel to n̂ . The second point implies that scattered waves are extraordinary waves. 

Thus, ordinary field components are not scattered and extraordinary field components are 

only scattered into extraordinary waves, irrespective of the number of scattering events 

and irrespective of the distances between the scatterers. 

In an uniaxial medium, the dielectric tensor εεεε is given by: 

 
εεεε = (δδδδ - nn ˆˆ ) ε⊥ + nn ˆˆ ε// (2.1) 

 

where δδδδ is the unit tensor, ε⊥ and ε// are the dielectric constants perpendicular and parallel 

to n̂  respectively. The direct product nn ˆˆ  is a tensor. In general, the direct product of two 

vectors ab is defined as the tensor whose i,j component is given by aibj. The dielectric 

tensor in the scattering particles is assumed to differ from the dielectric tensor of the 

medium only in ε//: 
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εεεεpart
 - εεεε = ∆∆∆∆εεεε = ∆ε nn ˆˆ  (2.2) 

 

If the particles are perfectly optically isotropic, ∆ε = ε⊥-ε//. The dielectric constants are 

related to the corresponding refractive indices n by: ε = n2.5,6 

The inverse dielectric tensor in the scattering particles εεεεpart
-1 differs from the inverse of the 

dielectric tensor in the medium by: 

 

εεεεpart
-1 - εεεε-1 = [(ε// + ∆ε)-1 - ε//

-1)] nn ˆˆ  (2.3) 

 

In an uniaxial medium, the divergence of the electric field E is not zero, but the 

divergence of the dielectric displacement vector D=εεεε•E is. Therefore, a treatment in terms 

of displacement vectors is preferred. The displacement vector D is written as a sum of the 

unscattered displacement vector Din and a scattered part Dscat. 

 

D = Din + Dscatt  (2.4) 

 

The direction of Din is the polarisation vector uin before scattering. 

     In reference 6, the following expression has been derived for the scattered 

displacement vector: 

 

Dscat = F• (εεεεpart
-1 - εεεε-1)• [δδδδ    - F• (εεεεpart

-1 - εεεε-1)]-1• Din  (2.5) 
 

Here, F is the dipole propagator (Green’s function) for a uniaxial medium. In Fourier 

representation:6 

                                                                
                                                             (2.6) 

 
where k is the wave vector and ω the frequency; no and ne are the ordinary and 

extraordinary refractive indices. The unit vectors ô  and ê  depend on the propagation 

direction /ˆ kk =  k  and on the orientation direction n̂ ; /ˆˆˆ kno ×≡  kn ˆˆ × is 

perpendicular to both n̂  and k̂  and oke ˆˆˆ ×≡ is perpendicular to k̂ in the ( k̂ , n̂ ) plane 

(see Figure 2.4).  
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Figure 2.4: Definition of the used orthogonal co-ordinate system. 
 

Equation (2.5) is written in a formal notation that does not explicitly show spatial 

dependence; the notation is explained in Appendix A. 

Equation (2.5) can be rewritten as:     

 

Dscat = F • (εεεεpart
-1 - εεεε-1) • Din + F • (εεεεpart

-1 - εεεε-1) • ΦΦΦΦ    • (εεεεpart
-1 - εεεε-1) • Din  (2.7)  

 

where the details of the expression for the tensor 

 

ΦΦΦΦ = [δδδδ    - F • (εεεεpart
-1 - εεεε-1)]-1 • F  (2.8) 

 

are immaterial to the points set out to derive. It contains multiple scattering up to all 

orders. Substitution of Equation (2.3) into Equation (2.7) yields 

 

Dscat = F • n̂  ΦΦΦΦ’ n̂• Din  (2.9) 

 

In spatial coordinates, this reads 
 

Dscat (r) = ∫ dr1 dr2 F(r - r2) • n̂ΦΦΦΦ’(r2, r1) n̂• Din(r1)  (2.10) 

 

where r is the position of the observer and the integrations are over the positions r1 of the 

first scattering event and over the positions r2 of the last scattering event. The details of 

the scalar 

 

ΦΦΦΦ’(r1, r2) = [(ε// + ∆ε(r1))
-1 - ε//

-1)] { δ(r1-r2) + n̂•ΦΦΦΦ(r1, r2) • n̂ [(ε// + ∆ε(r2))
-1 - ε//

-1)] }          (2.11) 
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are not relevant to the discussion.  

From Equation (2.9), one sees immediately, that components of the incoming 

wave Din that are perpendicular to n̂ , are not scattered. This is one of the two points that 

need to be proven.  

To prove the second point, i.e. that scattered waves are extraordinary waves, it is 

assumed that the observer is far from the last scattering event (| r - r2 | is much larger than 

the wavelength for any r2 for which ∆ε(r2) is unequal to zero). Then the transverse-wave 

approximation is valid for the propagator F(r - r2) in Equation (2.10). It may be shown (see 

reference 6) that, in this approximation, F(r - r2) has two terms, one proportional to ssoo ˆˆ  

and the other proportional to ssee ˆˆ  (subscript s denotes the scattered field). Here the 

ordinary and extraordinary polarisation vectors are related to the propagation direction 

sk̂ ≡ (r - r2)/ |r - r2| of the scattered wave /ˆˆˆ ss kno ×≡  skn ˆˆ ×  and sss oke ˆˆˆ ×≡  analogous 

to the definitions of ô  and ê  (see Fig. 2.4). The term proportional to ssoo ˆˆ  does not 

contribute to Dscat (r) due to the scalar product F• n̂  in Equation (2.10). Substitution of the 

other term (proportional to ssee ˆˆ ) in Equation (2.10) leads to the result that Dscat (r) is in 

the direction of sê . This proves the second point. In principle, this polarisation direction 

depends on r2; this dependence may be dropped if the distance from the scattering 

polariser to the observer is larger than the largest dimension of the scattering polariser.  

 Summarising, it was shown theoretically that in an ideal uniaxial anisotropically 

scattering film only the incident extraordinary electro-magnetic waves are scattered and 

that they are scattered only to extraordinary waves. Therefore, upon analysis of the linear 

polarisation direction of the scattered light, no depolarisation due to scattering is to be 

expected. This is verified experimentally in the following sections.  

  

2.3 Experimental 
 

2.3.1 Materials and production 
The matrix material used to produce the scattering polarisers was Poly(ethylene 

terephthalate) (PET, Arnite D04 300) kindly supplied by AKZO Nobel (Arnhem, The 

Netherlands). As the dispersed phase rubbery Core-Shell (CS) particles (Rohm and Haas, 

Paraloid EXL 3647) were used. These spherical particles have a diameter of 200 nm and 

consist of a styrene-butadiene (S-BR) rubbery core and a Poly(methyl methacrylate) 

(PMMA) shell.  

A blend of 90% wt/wt PET and 10% wt/wt CS-particles was prepared on a co-

rotating twin-screw extruder at a temperature of 280 °C.1 The blend was extruded into a 

film using a cast-film extruder. Subsequently, a tape with an initial length of 40 mm, 
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initial width of 10 mm and initial thickness of 0.25 mm was uniaxially stretched to a draw 

ratio of 4.5 on a tensile tester at a temperature of 85 °C.1  

 

2.3.2 Characterisation 
 The refractive indices of the used materials were measured with an Abbe 

refractometer using the trirefringence technique.7 The extraordinary refractive index (ne,x), 

ordinary refractive index in the plane of the film (no,y) and in the depth direction of the 

film (no,z) were measured from reference uniaxially oriented PET films. The isotropic 

refractive index of the CS-particles was verified from a compression moulded sheet at 200 

°C. 

 The morphology of the drawn blends was studied using Scanning Electron 

Microscopy (SEM, Cambridge Stereoscan 200) from fracture surfaces perpendicular and 

parallel to the stretching direction.  In order to ensure brittle fracture, the samples were 

cut with a razor blade in liquid nitrogen. Subsequently the fracture surfaces were etched 

in an oxygen plasma for 10 minutes to enhance the contrast and finally sputtered with a 

gold/palladium layer. 

 Forward scattering profiles were measured with the scattering polariser film 

between two parallel and two perpendicular conventional absorbing polarisers (analysers) 

in an experimental set-up as shown schematically in Figure 2.5. The sample was inserted 

with the drawing direction parallel and perpendicular to the polarisation direction of the 

incident light respectively.  

PMT

fibre

light collector

analyser (s or p)

eye piece

incident collimated 
light beam

polariser (s or p)
sample

collected light

θ

 
Figure 2.5:  Schematic representation of the used light scattering measurement set-up. 
 

A collimated light beam of 2 mm diameter was incident on the film at an angle normal to 

the film surface. The incident light was filtered using a green bandpass filter with a 
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central wavelength of 561 nm and a full width at half maximum (FWHM) of 21 nm. The 

angular light distribution response of the film was measured with the two analysers in the 

parallel and in the crossed position at scattering angles ranging from –70° to +70° both in 

a plane perpendicular and parallel to the orientation direction with a Display Measuring 

System (DMS-703, Autronic-Melchers). In this set-up a light collector, collects the 

transmitted light from a 200 µm spot diameter at the sample with an angular resolution 

of 0.2°. The light collector was rotated over an inclination angle θ (scattering angle) from 

–70 to +70° in 0.5° steps. The light collector was attached to a Photo Multiplier Tube 

(PMT), which measures the luminance (in cd/m2) of the collected light from the sample. 

 

2.4  Results and discussion 
 

2.4.1 Refractive indices 
The refractive indices of uniaxially drawn Poly(ethylene terephthalate) are plotted 

as a function of the draw ratio in Figure 2.6. These data agree well with literature 

data.8,9,10  
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Figure 2.6: Refractive indices of uniaxially drawn Poly(ethylene terephthalate) at 85°C as a 

function of draw ratio. Both the ordinary refractive indices no,y (♦) and no,z (•) 

and the extraordinary refractive index ne are indicated ( ). 
 

As can be seen from these data, PET is a positively birefringent material, i.e. the 

extraordinary refractive index increases and the ordinary refractive index decreases upon 

drawing. This birefringence ∆ne↔o has a maximum of 0.15 at the maximum draw ratio of 

approximately 4.5. The uniaxial character of the drawing step is obvious from the equality 

of the ordinary refractive index in the width (no,y) and in the depth (no,z) direction. The 

isotropic refractive index of the dispersed phase is indicated with a dashed line. Hence, at 

the maximum attainable draw ratio of the PET film there is an approximate match 

between the refractive index of the dispersed phase (nd) and the ordinary refractive index 
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of the PET. Table 2.1 shows the refractive index values of stretched PET and the isotropic 

CS particles. 
 

Table 2.1: Refractive indices of isotropic PET, CS and stretched PET (draw ratio 4.5).   
  ni: isotropic refractive index, no: ordinary refractive index, ne: extraordinary 

refractive index, ∆ne↔o: birefringence PET, ∆no↔d: refractive index difference no – 

nd, ∆ne↔d: refractive index difference ne – nd.  

material ni no,y no,z ne ∆ne↔o ∆no↔d ∆ne↔d 

PET 1.576 1.534 1.534 1.685 0.151 0.004 0.155 

CS 1.530 - - - - 0.004 0.155 

 

From Table 2.1 it is evident that the matching in refractive indices in the plane 

perpendicular to the orientation direction is not perfect: a refractive index difference 

∆no↔d of 0.004 remains between the ordinary refractive index no of the matrix PET and 

the isotropic refractive index nd of the CS dispersed phase. To achieve a better matching, 

the film should be stretched to a slightly higher draw ratio (approximately 5) in order to 

further decrease the no to the level of nd. However, in our experimental set-up, the 

maximum attainable draw ratio is limited to approximately 4.5 due to clamp breakage. In 

literature, somewhat higher draw ratios of up to 6 were reported for uniaxial drawing of 

PET at a similar temperature.8,11,12,13,14  

 

2.4.2 Morphology 
The morphology of the drawn 90wt% PET / 10 wt% CS film is shown in the SEM 

micrographs of Figure 2.7. The dark holes in the fracture plane correspond to the 

preferentially etched CS particle positions. In a plane perpendicular to the drawing 

direction (Figure 2.7a) the 200 nm diameter CS particles are randomly distributed in a 

slightly agglomerated way. Sometimes, individual 200 nm diameter particles can be 

distinguished, but more often the particles are grouped in small clusters. In a plane 

parallel to the orientation direction (Figure 2.7b), the particles are found to be aligned in 

rows of individual particles. The particles themselves are not deformed during the 

extrusion and stretching process due to their cross-linked nature and hence remain 

spherical. This observation supports the assumption that the individual particles remain 

isotropic in refractive index in the processing steps. However, the agglomerates of the 

individual particles are aligned in the orientation process to form a so-called pearl-

necklace kind of morphology (Figure 2.7b). Hence, despite the monodispersity of the 

individual particles, a kind of particle size distribution occurs in the arrangement of these 
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particles. The rows of individual particles have an approximate average aspect ratio 

(length/diameter) of 20. 

10 µµµµm10 µµµµm

 
Figure 2.7: Morphology of stretched 90 wt% PET/ 10 wt% CS (draw ratio 4.5) for a cross 

section in a plane (a) perpendicular and (b) parallel (orientation direction at 38°) 
to the orientation direction. 

 

2.4.3 Light scattering 
The angular distribution of light in the forward direction was measured with the drawing 

direction of the films perpendicular (transparent state, Figures 2.8a and 2.9a) and parallel 

(light scattering state, Figure 2.8b and 2.9b) to the polarisation direction of the incident 

light. The scattered and transmitted light was analysed both parallel and perpendicular to 

the incident polarisation direction in order to study depolarisation effects. The measured 

intensities in Figure 2.8 and 2.9 are normalised with respect to the maximum of the 

reference collimated light beam and plotted logarithmically as a function of the scattering 

angle θ. The scattering is measured in a plane perpendicular to n̂  (the orientation 

direction, which is taken to be the x-direction) in Figure 2.8 and in a plane parallel to n̂  in 

Figure 2.9. The scattering angle θ is defined in this plane as the inclination angle with 

respect to the normal on the film, i.e. with the input direction of the incident collimated 

beam.  
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Figure 2.8a: Angular distribution of light transmitted in the forward direction with the 

polarisation direction of incident light perpendicular to the drawing direction 
(transparent state). The measurement was performed in a plane perpendicular to 
the drawing direction.  (a) without sample, analysers parallel, (b) without sample, 
analysers perpendicular. (c) with sample, analysers parallel, (d) with sample, 
analysers perpendicular. 
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Figure 2.8b: Angular distribution of light scattered in the forward direction with the 

polarisation direction of incident light parallel to the drawing direction (scattering 
state). The measurement was performed in a plane perpendicular to the drawing 
direction. (a) without sample, analysers parallel, (b) without sample, analysers 
perpendicular. (c) with sample, analysers parallel, (d) with sample, analysers 
perpendicular.  
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Figure 2.9a: Angular distribution of light transmitted in the forward direction with the 

polarisation direction of incident light perpendicular to the drawing direction 
(transparent state). The measurement was performed in a plane parallel to the 
drawing direction.  (a) without sample, analysers parallel, (b) without sample, 
analysers perpendicular. (c) with sample, analysers parallel, (d) with sample, 
analysers perpendicular. 
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Figure 2.9b: Angular distribution of light scattered in the forward direction with the 

polarisation direction of incident light parallel to the drawing direction (scattering 
state). The measurement was performed in a plane parallel to the drawing 
direction. (a) without sample, analysers parallel, (b) without sample, analysers 
perpendicular. (c) with sample, analysers parallel, (d) with sample, analysers 
perpendicular.  

 

In the transparent state (Figures 2.8a and 2.9a), the light distribution in the 

forward direction is only moderately influenced by the presence of the sample (compare 

curves (a) and (c)).  Thus most of this incident linearly polarised light is directly 
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transmitted at angles close to normal incidence. This is due to the approximate matching 

in refractive indices between the matrix ordinary refractive indices (no,y and no,z) and the 

refractive index of the dispersed phase (nd). However, as indicated in Table 2.1 a small 

matching imperfection ∆no↔d of 0.004 was found to be present. Hence, a small amount 

of light (note the logarithmic intensity scale) is scattered at larger angles, which is 

probably due this refractive index matching imperfection, inhomogeneties and/or surface 

roughness scattering.  

In the scattering state of the film the direct transmittance peak at normal 

incidence is no longer present (Figures 2.8b and 2.9b curve (c)), indicating that all of the 

incident polarised light is scattered and that multiple scattering events are present.15 

Therefore, for this polarisation, the film acts as a diffuser in which the scattered light is 

distributed over large angles. This highly scattering state is due to the large refractive 

index difference ∆ne↔d of 0.155 between the phases encountered by this linear polarisation 

direction. Thus only the extraordinary incident electric field component (polarisation) is 

significantly scattered by the film, which is in agreement with the first point proven in the 

theoretical section 2.2. 

By comparing the difference in scattering in the plane perpendicular (Figure 2.8) 

and parallel (Figure 2.9) to the drawing direction it becomes evident that the shape of the 

scattering profile is anisotropic. There appears to a more pronounced scattering 

perpendicular to the orientation direction than parallel. This corresponds to the 

morphological observations in Figure 2.7. The dispersed phase was found to be 

consisting of rows of individual particles aligned in the drawing direction. These 

structures effectively behave as ellipsoidal particles, which scatter incident light more 

strongly perpendicular than parallel to their long axis.16    

Figures 2.8 and 2.9 also show measurements with crossed analysers, both without 

a sample (reference curve b) and with a sample inserted between them (curve d). 

Considering the measurements in a plane perpendicular to the orientation direction 

(Figure 2.10a), the x-component of the scattering direction sk̂ is zero. In that case, the 

unit vector sô  is in the direction of (0, - zk̂ , yk̂ ) and the unit vector sê is in the x-direction 

(parallel to n̂ ). Thus, if the analyser is in the x-direction, it selects extraordinary waves; if 

the analyser is in the y-direction, it selects ordinary waves. Considering the 

measurements in a plane parallel to the orientation direction (Figure 2.10b), the y-

component of the scattering direction sk̂ is zero. In that case, the unit vector sô  is in the 

y-direction (perpendicular to n̂ ) and the unit vector sê is in the direction of (- zk̂ ,0, xk̂ ). 

Again, if the analyser is in the y-direction, it selects ordinary waves; if the analyser is in 

the x-direction, it selects extraordinary waves.  
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Figure 2.10: Scattering measurement in a plane (a) perpendicular and (b) parallel to the 

orientation direction (x-direction). The y-direction corresponds to the width 
direction, the z-direction to the depth direction of the drawn film. Also indicated 
are the scattering propagation vector sk̂ and the ordinary sô and extraordinary sê  
wave vectors. 

 

Only a very small intensity rise can be observed when a sample is present between 

crossed analysers (note the logarithmic intensity scale in Figures 2.8 and 2.9). These 

measured signals are quite noisy due to the low light intensities that were measured 

compared to the detection limit of the PMT-detector. Furthermore, large intensity 

differences are observed between two parallel and two crossed analysers (Figure 2.8 and 

2.9 curves c and d). This is not surprising in the case of the transparent state, as 

depolarisation in a transparent material is not to be expected. However, also in the 

scattering state of the film a large intensity difference (roughly 2 orders of magnitude) is 

observed between two parallel and two crossed analysers (Figure 2.8b and 2.9b curves c 

and d). This indicates that also in the multiple scattering process, the polarisation 

direction is preserved and hence no significant depolarisation occurs. Thus, the 

experimental evidence agrees well with the theoretical prediction that in an ideal 

scattering polariser extraordinary waves are scattered only to extraordinary waves, which 

results in the absence of depolarisation. This difference is caused by the special scattering 

situation of a scattering power in only one principal direction. 

The stretched film is however for several reasons a non-ideal scattering polariser. 

Firstly, the refractive index matching between ordinary matrix and the dispersed phase 

refractive index (∆no↔d = 0.004) is non-ideal. Also, upon stretching strain-induced 

crystallization occurs in the semi-crystalline PET matrix, which leads to local amorphous 

and crystalline regions with a slightly differing refractive index.17,18,19,20 Thirdly, as 

observed from optical microscopy, contaminations (such as dust particles) exist due to the 

extrusion process, which also locally might effect the matrix orientation and result in 
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some scattering. Finally, surface roughness effects are likely to contribute to a non-ideal 

behaviour of the film. However, despite these effects, the film acts as an almost ideal 

scattering polariser, i.e. depolarisation effects are negligible. 

The scattering polariser film combines the properties of a polariser and a diffuser, 

i.e. a spatial separation of the two principal linear polarisations occurs: the ordinary and 

extraordinary waves. The ordinary wave is directly transmitted while the extraordinary 

wave is diffusely transmitted (or scattered backwards2,3). Moreover, in agreement with the 

theoretical section, the original polarisation direction of incident light is preserved (in the 

sense that ordinary waves are transmitted without being scattered and extraordinary 

waves are scattered to extraordinary waves only). Both spatially separated linear 

polarisations can therefore be used in different applications. In transmissive LCD 

applications the film can be used as a separate polariser sheet in addition to or as a 

replacement of the conventional absorbing sheet polarisers used (Figure 2.2), as was 

studied previously.1,2,3 In such a configuration the directly transmitted polarisation (Fig. 

2.8a and 2.9a curve c) is used, whereas the scattered polarisation should preferably be 

highly backscattered to achieve light recycling in the backlight system.2,3 However, a 

scattering polariser can potentially also be used integrated in the LCD lightguide system 

(Figure 2.3), where the multiply scattered polarisation (Fig. 2.8b and 2.9b curve c) is 

coupled out, whereas the non-scattered polarisation is trapped by T.I.R. in order to be 

recycled in the lightguide. Such intra-lightguide recycling has the potential to be more 

energy efficient than the above-mentioned external recycling process. This new approach 

towards the use of scattering polarisers is more extensively studied in chapter 3.  

 

2.5 Conclusions 
 

A scattering polariser film acts as a linear sheet polariser, which achieves spatial 

light separation of two orthogonal linear polarisations by selective scattering. Thus one 

linear polarisation direction (ordinary waves) is directly transmitted and the orthogonal 

polarisation direction (extraordinary waves) is multiply scattered. It was shown both 

theoretically and experimentally that in this separation process, these linear polarisation 

directions are preserved even at multiple scattering events, as the extraordinary waves are 

scattered to extraordinary waves. This enables the use of the scattered linear polarisation 

direction in the extraction of linearly polarised light from a lightguide for use in LCD-

illumination applications.  
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Chapter 3 
 

Anisotropically Scattering Polarised Lightguides 
 

 

3.1 Introduction 
 

 The recent rise of mobile communication and personal information systems has 

boosted the demand for portable, lightweight and energy efficient Liquid Crystal Displays 

(LCDs). The smaller display sizes, such as used in mobile telephones and Personal Digital 

Assistants (PDAs), use monochrome displays which can be viewed in reflection with 

sufficient ambient light conditions or in transmission with low ambient light intensities. 

For the latter purpose the display is illuminated by a backlight system. There is however 

an increasing demand for full-colour displays in such applications for e.g. photo, video 

and internet purposes. Due to the additional light losses introduced by the colour filters 

and the colour perception dependence on the illumination conditions, a full-colour 

reflective display is difficult to achieve.1 Therefore, nowadays full-colour portable systems, 

such as notebook computer screens, are transmissive displays, which only operate using 

the illumination by a backlight. A major drawback of such backlit displays, as discussed in 

chapter 1, is their limited energy/light efficiency of approximately 5%, which significantly 

limits the battery lifetime in portable applications.2 

An efficiency improvement is gained when the backlight directly emits linearly 

polarised light and the orthogonal polarisation is recycled. Such a polarised backlight 

system reduces or obviates the need for an external polariser, reducing the associated 

absorbance losses. The integration of the polarisation function into the backlight system 

also reduces thickness and weight by the omission of the first external polariser, provided 

that a sufficient polarised contrast for the specific application is achieved. In case of 

insufficient contrast, the conventional separate polariser can be used to merely act as a 

clean-up polariser to further enhance the polarised contrast without significant additional 

light losses. For the overall energy efficiency to increase, an optical recycling mechanism 

has to be applied in order to convert the preferentially trapped polarisation direction to the 

desired one. Such an internal recycling process is likely to be more efficient than the 

external recycling process applied with the separate reflecting or scattering sheet 

polarisers (see chapter 1). This intra lightguide recycling process can potentially be 
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achieved by applying a diffuse (depolarising) end reflector, a combination of a quarter-

wave foil and a specular end reflector, or optical retardation in a slightly birefringent 

lightguide or incorporated retarding layer.  

Some polarised backlight systems were reported or proposed previously.3,4,5,6 Broer 

et al. proposed a polarised backlight system consisting of microstructures embedded in 

the lightguide filled with anisotropic LC-based material which couples out polarised light 

by reflection or refraction.3 Tanase et al. described a light pipe polariser that emits 

polarised light by reflection at inclined intra lightguide surfaces at the Brewster angle.4,5,6 

For the process to function properly, a collimated lightguide input is needed. Both 

proposals need a non-conventional production process and/or use rather exotic and 

therefore relatively expensive materials. In these micro-optic outcoupling structures, 

additional diffuser foils might be needed to mask the microstructures. These approaches 

will be more extensively discussed in chapters 4, 5 and 6. 

Here however, anisotropic volume scattering is studied as a polarised outcoupling 

mechanism by incorporating an anisotropically scattering layer in the lightguide. The 

resulting so-called ‘scattering polarised backlight’ was already schematically shown in 

Figure 2.3. As shown previously, such an anisotropically scattering film can be produced 

using common polymeric materials and conventional processes.7,8,9 A polarised emission 

is achieved by scattering one linear polarisation direction while preserving this linear 

polarisation in the scattering process (see chapter 2). The orthogonal polarisation 

direction encounters a transparent state and remains therefore trapped by Total Internal 

Reflection in order to be internally recycled. In this chapter, the incorporation of such an 

anisotropic scattering layer in the lightguide is studied experimentally and the optical 

properties are characterised with respect to the observed polarised contrasts and 

outcoupling angles, in order to establish the potential of such a scattering polarised 

lightguide in back- or frontlight applications.       

 

3.2 Experimental 
 

3.2.1 Materials and production 
The matrix material used to produce the scattering polarisers, was Poly(ethylene 

terephthalate) (PET, Arnite D04 300) kindly supplied by AKZO Nobel (Arnhem, The 

Netherlands). As the dispersed phase rubbery Core-Shell (CS) particles (Rohm and Haas, 

Paraloid EXL 3647) were used. These spherical particles have a diameter of 200 nm and 

consist of a styrene-butadiene (S-BR) rubbery core and a Poly(methyl methacrylate) 

(PMMA) shell. Poly(carbonate) (PC) and PMMA sheets were purchased from Goodfellow. 

PC Compact Disc substrates, in the following referred to as PC (CD-grade) was supplied 

in 1 mm thick sheets by the Philips Research Laboratories (Eindhoven, The Netherlands). 
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The monomers bisphenol A ethoxylated diacrylate, tripropyleneglycoldiacrylate (TPGDA), 

phenoxyethylacrylate (POEA), 9-vinylcarbazole and the UV-initiator 1-hydroxy-

cyclohexylphenylketone were purchased from Aldrich.   

A blend of 90% wt/wt PET and 10% wt/wt CS-particles was prepared on a co-

rotating twin-screw extruder at a temperature of 280 °C.7 The blend was subsequently 

extruded into a film with varying thickness using a cast-film extruder at 280 °C. Similarly 

also a pure PET film was extruded. Tapes of varying initial length, initial width and initial 

thickness were cut from the extruded PET/CS and PET films and uniaxially stretched to 

draw ratios of 4 - 4.5 on a tensile tester at a temperature of 85 °C.7 This draw ratio was 

determined by measuring the displacements of ink marks on the film.  

 The stretched PET/CS films were laminated onto PC or PMMA substrates of 1 or 2 

mm thickness as shown in Figure 3.1. The films were centrally positioned on the 

substrates but separated at least 10 mm from the side faces of the substrate. 

substrate

anisotropically 
scattering 
top film

adhesive

optional 
end reflector

s-polarised

p-polarised

 
Figure 3.1: Lightguide samples produced by lamination of an anisotropically scattering film 

onto a polymeric substrate. 
 

The side faces of the substrates were extensively polished. The films were laminated onto 

the substrates using acrylate monomers and subsequently cured with UV-light. Usually, 

bisphenol A ethoxylated diacrylate (+ 1 wt% UV-initiator) was used as the adhesive layer 

in case of a PC substrate and a 65.5 wt% Bisphenol A ethoxylated diacrylate + 33.5 wt% 

TPGDA + 1 wt% UV-initiator mixture in case of a PMMA substrate. In specific cases, a 

82.5 wt% POEA + 16.5 wt% 9-vinylcarbazole + 1 wt% UV-initiator mixture was applied.  

 

3.2.2 Characterisation of refractive indices 
 The refractive indices of the stretched PET films were measured similarly to 

section 2.3.2. The refractive indices of the used acrylate adhesives were measured from 

acrylate films cured with UV-light between cover sheets. All refractive indices were 

measured at 20 °C and apply to the sodium D line wavelength (589.3 nm, i.e. nD
20 values).   

 



34  Chapter 3 
   

 

3.2.3 Morphological characterisation 
 The morphology of the drawn blends was studied using Scanning Electron 

Microscopy (SEM, Cambridge Stereoscan 200) from fracture surfaces perpendicular and 

parallel to the stretching direction. In order to ensure brittle fracture, the samples were 

cut with a razor blade in liquid nitrogen. Subsequently, the fracture surfaces were etched 

in an oxygen plasma for 10 minutes to enhance the contrast and finally sputtered with a 

gold/palladium layer. 

  

3.2.4 Light outcoupling characterisation 
The lightguide samples were illuminated by conventional edge-lighting into the 

side face of the polymeric substrate using a cold cathode fluorescent lamp (CCFL) as an 

unpolarised, uncollimated white light source. When a collimated light input beam was 

desired, a PMMA wedge (with side faces of 0.5 and 2 mm thickness respectively and a 12 

mm length) was inserted between the CCFL and the substrate.  

The emitted luminance (cd/m2) by the lightguide was analysed polarisation 

dependently at scattering angles θ (inclination) of 0° to +/- 80° and azimuthal angles ϕ of 

0° to 360° using an Eldim EZ Contrast 160R. This measuring set-up consists of a lens 

system with a working distance of 1.3 mm which collects light from the measuring spot 

up to steep angles of 80° with respect to the normal (Figure 3.2). 

CCD
array

sample holder

lens
system

x,y co-ordinates

CCFL

substrate

oriented top film

θ,ϕ co-ordinates

forward backward

polariser

optional reflector

 
Figure 3.2: Schematic representation of the Eldim EZ Contrast set-up used for polarised 

angular light distribution measurements. 
 
The collected light cone is imaged onto a CCD array at which the incident light 

luminance or the CIE colour coordinates were measured.10,11 By inserting different 

apertures in the set-up measuring spot sizes of 2, 1.5, 1, 0.5 and 166 µm in diameter can 

be selected. A beam splitter directs part of the collected light to a camera system, which 

enables visual positioning of the sample in the focal point. A conventional absorbing 

polariser (analyser) was rotated between the sample and the light collecting lens in order 
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to measure the emitted luminances polarisation dependently. In some experiments, a 

diffuse (paper) reflector or specular (high reflective mirror (HRM, 3M)) was used as end 

face reflector of the substrate (applied without optical contact). 

A Minolta LS110 luminance meter was used to measure the emitted luminance 

(cd/m2) along the normal direction with a spot size diameter of 1 mm and an angular 

collection cone with a half angle of 0.2°. Again a conventional absorbing polariser was 

inserted for polarisation dependent measurements. This set-up enabled a quick 

evaluation of the scattering properties of the lightguide in both the forward (scattering 

film side) and backward (substrate side) directions.  

  

3.3  Results and discussion 
 

3.3.1 Influence of sample size on refractive indices and morphology of 

PET/CS blends on uniaxial orientation 
 The influence of initial dimensions of the unoriented PET and PET/CS films prior 

to drawing on the refractive indices and morphology of the resulting stretched films upon 

uniaxial orientation, is extensively shown in Appendix B. For small initial lengths l0 over 

initial width b0 aspect ratios (l0/b0 < 1), deviations from ideal uniaxial orientation were 

found, i.e. the symmetry in the plane perpendicular to the orientation direction is lost 

both with respect to refractive indices (no,z < no,y) and morphology. However, at high 

aspect ratios (l0/b0 > 1), good agreement with uniaxial orientation is found. Due to 

limitations in the used experimental stretching set-up, relatively large oriented film areas 

(e.g. 50*50 mm) could be achieved only with a limited aspect ratio (l0/b0 < 1). Possible 

effects on the refractive index matching and the scattering properties of the film should 

be taken in mind in the interpretation of the outcoupling characteristics. With small scale 

sample sizes, large aspect ratios could be used to ensure uniaxial properties.  

 

3.3.2 Interpretation of the angular luminance measurements 
 In the following sections, the angular light outcoupling characteristics of the 

studied backlight systems are determined polarisation dependently. In the 

measurements, the average overall light incoupling direction of the CCFL lamp is in the 

y-direction, which corresponds to a ϕ angle of 90° as is schematically depicted in Figure 

3.3a. The measured luminance (cd/m2) at the spherical angles θ and ϕ is two 

dimensionally plotted by projecting the spherical co-ordinates to a x,y-surface as shown in 

Figure 3.3b.  
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Figure 3.3:  Schematic representation of the polarised outcoupling measurements, (a) light 

collection from the sample (b) corresponding measurement (luminance (cd/m2) 
plotted as greyscales). 

 

The concentric circles in such a representation relate to iso-inclination angles. The centre 

of the plot corresponds to the normal direction, the outer circle to the maximum 

inclination angle of 80°. The measured luminances (cd/m2) are plotted as different 

colour- / greyscales, as can be read from the colour- / greyscale bar at the right side of the 

plot. The polarised contrasts are found by dividing the s-polarised by the p-polarised 

angular distribution. Three important contrast values are used: CRmax is the maximum 

contrast observed in the angular distribution (usually determined in a region near the 

normal direction), CR0° is the contrast value at the normal direction (0° inclination angle) 

and CRint is the contrast ratio based on the integrated luminances of the entire angular 

measurement. The most important principal cross-section plane is the yz-plane, in which 

normal angles are defined as 0° inclination angle, angles facing away from the lamp input 

side are defined as positive inclination angles and angles facing towards the lamp input 

side are defined as negative inclination angles. The measurements are performed at a 

central x-position on the anisotropic film at different y-positions (y equals 0 at the edge of 

the anisotropic film facing the lamp input side). The influence of the presence of the 

analyser (polariser) between the sample and the measuring set-up on the measured 

luminances is discussed in Appendix C.   
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3.3.3 Influence of the light input direction with respect to the anisotropic 

layer 
 The polarised backlight system which is to be investigated consists of an 

anisotropically scattering film adhered to a transparent substrate (as schematically shown 

in Figure 2.3 and 3.1). The oriented PET/CS film which is used as the anisotropically 

scattering layer, can be applied with different orientations with respect to the side face of 

the substrate to which the CCFL light is coupled in. Two principal possibilities occur: the 

drawing direction of the film can be perpendicular or parallel to the overall CCFL 

incoupling direction, which is schematically shown in Figure 3.4a and 3.4b respectively. 

The drawing direction in the perpendicular case is referred to as horizontal (H), in the 

parallel case as vertical (V) drawing direction.  
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Figure 3.4:  Schematic representation of H- and V-positioning of the oriented anisotropically 

scattering film on the substrate. (a) H-direction (b) V-direction. 
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Figure 3.5:  Polarised emission by a 90wt% PET/10 wt% CS oriented film adhered to a 2 mm 

thick PMMA substrate (60*60 mm), film thickness 50 µm, area 50*50 mm, 

λ=4.3, l0/b0 = 0.3. A comparison is made between a horizontal (H) and vertical 
(V) positioning of the orientation direction. (a) polarised angular luminance 
distribution in the yz-plane (b) polarised contrast. 

 

 Figure 3.5a shows the polarised luminances measured in the principal cross-

section (yz-plane) for a stretched 90 wt% PET / 10wt% CS film which was adhered to a 

PMMA substrate. As can been seen, a top film with a horizontal (H) drawing direction 

yields a large difference between s- and p-polarised light, whereas this difference is much 

less pronounced in the case of a vertical (V) drawing direction. This difference can be 

explained by considering the two cases in the principal cross-section yz-plane (Figure 3.4a 

and b respectively).  

When the top film is in the H-direction (Fig. 3.4a) s-polarised light vibrates parallel 

to the extraordinary direction and therefore, a large difference between the extraordinary 

refractive index (ne) of the matrix and the refractive index (nd) of the dispersed phase is 

encountered, which results in a significant amount of scattering. The propagation 

direction of waveguided light is therefore considerably altered by scattering which leads to 

an emission of light from the backlight when the scattered rays are incident at the top 

film - air interface at smaller angles than the corresponding critical angle for Total 

Internal Reflection (θc≈36.5°). The maximum light outcoupling is found at an inclination 

angle of +55°. The scattering power of the film is however large enough to emit 28% of 

this maximum luminance value at the normal direction. P-polarised light partly projects 

to the refractive indices in the x and the z direction (no,x and no,z respectively, see Figure 

3.4a), which depends on the propagation angle in the oriented film. Hence, p-polarised 

light encounters a small difference (ideally zero, see chapter 2) between the 

corresponding weighted average ordinary refractive index no,av of the matrix and the 

refractive index of the dispersed phase nd. If the film is purely uniaxially oriented, no,av = 

no,x = no,z. As was already observed in chapter 2 in transmission, the non-ideal matching 

leads to some residual scattering. However, this scattering power is much less than for s-
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polarised light, which results in smaller deviations from the internal waveguiding 

directions and consequently a predominant emission at large inclination angles (Figure 

3.5a). The difference between s- and p-polarised light outcoupling results in polarised 

contrasts of up to 6, which are highest near the normal direction (Figure 3.5b). 

When the top film is in the V-direction (Fig. 3.4b) s-polarised light vibrates parallel 

to the ordinary x-direction. Thus, s-polarised light encounters the “transparent” state of 

the anisotropically scattering layer. Due to the mentioned small amount of residual 

scattering, some s-polarised light is coupled out of the lightguide at large inclination 

angles (Figure 3.5a; V, s-pol). P-polarised light projects partly to the refractive index 

mismatching y-direction of the film. P-polarised light therefore encounters a weighted 

average refractive index noe,av between no,z and ne depending on the propagation direction 

through the film. The resulting refractive index difference (noe,av – nd) between the phases 

is therefore reduced compared to the H-positioning of the film. Only small waveguided 

angles which are close to the corresponding critical angle θc will project more to the ne 

direction than the no,z direction. Most waveguided angles project largely to the no,z 

direction, which highly diminishes the refractive index difference between the phases. 

Hence, the reduced scattering power of the film results in a shift of the p-polarised 

outcoupling towards large inclination angles (Figure 3.5a; V, p-pol). The scattering power 

for p-polarised light is still significantly higher than for s-polarised light, which results in 

higher outcoupled luminances. The contrast is reduced to approximately 2 near the 

normal direction and the corresponding intensities are low. 

From the difference between the H-direction and V-direction positioning of the 

oriented film it can be concluded that an overall light input from the lamp perpendicular 

to the orientation direction of the film (H-direction) is to be preferred. This is due to the 

higher contrasts that are observed and the higher polarised luminances that are emitted 

near the normal direction. Therefore, in the following sections, only the H-direction 

positioning of the anisotropically scattering layer is studied.   

 

3.3.4 Influence of film thickness of the anisotropically scattering layer 
In order to study the effects of the scattering power of the anisotropically scattering layer 

on the polarised light emission by the lightguide, stretched PET/CS films of differing 

thickness were laminated on a PMMA substrate. A lightguide with a relatively weakly 

scattering PET/CS film (80 µm thickness) is compared with a more strongly scattering 

sample (380 µm thickness). Figure 3.6 shows the measured polarised angular light 

outcoupling distributions of both samples at y-positions on the top film close to the light 

incoupling side (y=5 mm). Also shown are cross-sections at the principal planes (ϕ = 0° 

plotted at the bottom side, ϕ = 90° plotted at the right side), which are plotted in a 

vectorial way to visualise the actual outcoupling directions from the measuring spot. 
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Figure 3.6: Polarised angular luminance (cd/m2) measurements (y=5mm) of an 

anisotropically scattering layer adhered to a 1 mm thick PMMA substrate. Left 

side: 90 wt% PET/10 wt% CS of 80 µm thickness. Right side: 95 wt% PET/5 wt% 

CS of 380 µm thickness. Vector representations of the emission are also shown. 
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The relatively weakly scattering film has its maximum s-polarised light 

outcoupling at an inclination angle of 40° (see Figure 3.6). The distribution is however 

broad, i.e. along the normal direction the emitted s-polarised luminance has only dropped 

to 82% of this maximum luminance. The film hence still scatters s-polarised light 

significantly. In case of the more strongly scattering lightguide, larger deviations from the 

internal propagation directions can occur, resulting in an angular s-polarised light 

outcoupling with maximum luminances centred in a broad region along the normal 

direction. In both cases however, p-polarised light is only slightly scattered and is 

therefore mainly coupled out at a steep inclination angle of 70° and to a much lower 

extent (compare the s- and p-polarised cross sections which are plotted on the same scales 

in Figure 3.6). The s/p contrasts are highest in a cross-section near the ϕ = 0° direction as 

shown in Figure 3.6. The highest local contrasts amount 17.0 in case of the relatively 

weakly scattering film and 22.8 for the strongly scattering film. The integrated contrast 

ratios over the complete angular range are 6.3 and 8.8 respectively, which indicates that 

most p-polarised light remains trapped in the lightguide.  

 In the highly scattering sample, such a high amount of multiple scattering occurs 

that the emitted s-polarised angular distribution resembles a diffusive scattering process. 

In such diffuse scattering, the original intra lightguide propagation direction does not 

significantly influence the outcoupled angles anymore. The sample hence has a milky 

white, paper-like appearance when analysed with s-polarised light and appears 

transparent for p-polarised light. In diffuse scattering the principal cross-section should 

be symmetrical and identical in all ϕ cross-sections.  

0

50

100

150

-80 -60 -40 -20 0 20 40 60 80

inclination angle (°)

lu
m

in
an

ce
 (

cd
/m

2 )

0

10

20

30

40

po
la

ris
ed

 c
on

tr
as

t (
-)

0°,   s-pol
90°, s-pol
0°,   p-pol
90°, p-pol
0°,   contrast
90°, contrast

0°(s)

90°(s)

0°(p)

90°(p)

 
Figure 3.7: Polarised angular luminance distribution and polarised contrasts in the principal 

cross-section planes (ϕ=90° and 0°) of an anisotropically scattering lightguide 

consisting of 95wt% PET/5wt% CS film (380 µm thickness) adhered to a 1 mm 
thick PMMA substrate. 
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However, upon a closer inspection at the principal cross-section on a linear scale (Figure 

3.7), it appears that the maximum luminances are found at off-normal inclination angles 

of approximately -50° and +50° in the xz-plane (ϕ=0°). These effects can be explained by 

the presence of the analyser in the measurement, similar to the discussion of Appendix 

C. The s-polarised light of the ϕ=0° cross-section is TM-polarised with respect to the plane 

of incidence on the analyser, whereas the s-polarised light at the ϕ=90° cross-section is 

TE-polarised. For the TM-polarised beam a Brewster angle of 56.5° exists at which no 

reflection losses occur at the analyser (assuming n=1.5, see also Appendix C, Figure 

C.2).12,13 This corresponds quite well to the maximum luminances positions found in the 

ϕ=0° cross-section. At smaller and higher inclination angles, less light is transmitted 

through the analyser due to additional reflection losses.  
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Figure 3.8: Measured and corrected polarised angular luminance distribution in the principal 

cross-section planes (ϕ=90° and 0°) of an anisotropically scattering lightguide 
consisting of 95wt% PET/5wt% CS film (380 µm thickness) adhered to a 1 mm 
thick PMMA substrate. In the correction, external and internal reflection losses at 
the analyser are added to the measurement. 

 

Figure 3.8 shows a correction for these Fresnel reflection losses by adding the calculated 

TE- and TM-reflection losses to the measured luminances of the s-polarised cross-

sections. The resulting corrected curves approach better a Lambertian shape. They are 

however still not completely equal. It must however be taken in mind that the diffusive 

type of scattering occurs inside the scattering layer which is anisotropic in nature. In the 

final refraction upon outcoupling again Fresnel reflection losses occur. Also, the s-

polarised light in the ϕ=0° plane encounters a weighted average of ne and no,z and is hence 

less strongly refracted than the s-polarised light in the ϕ=90° plane which projects only to 

ne. Bearing this in mind, it can be concluded that the s-polarised scattering in the film is 

closely diffusive.          

 From the measurements it is shown that an increase in scattering power of the 

film results in outcoupled s-polarised angles at smaller inclinations angles (i.e. more 
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towards the normal). The most desirable emission characteristics in terms of polarised 

contrast and outcoupling angles, can hence be achieved when a sufficient amount of 

multiple scattering occurs, resulting in a broad distribution along the normal direction. 

Even in such an extreme scattering case, the highly scattered light remains linearly 

polarised, which further supports the observations of chapter 2.  

 

3.3.5 Positional dependence of light outcoupling  
The positional dependence of the polarised light outcoupling from the backlight 

samples was studied on a 50 * 50 mm area. For this purpose a stretched 90 wt% PET/ 10 

wt% CS film (l0/b0=0.8, λ=4.2) with a thickness of approximately 100 µm was adhered to 

a 2 mm thick PC substrate (60*60 mm). Measurements were performed on the sample 

at y-positions of 5, 15, 25, 35 and 45 mm at a centred x-position of 25 mm as shown in 

Figure 3.9.  

At positions close to the lamp, s-polarised light is coupled out with a maximum 

luminance at an inclination angle of 40° (Figure 3.9, y=5mm). The light distribution is 

however quite broad, i.e. at the normal direction 75% of the maximum luminance value is 

still present. This indicates that the top film is highly scattering for s-polarised light. 

Meanwhile, p-polarised light is coupled out to a much lesser extent and in a concentrated 

region near a 70° inclination angle. The resulting contrast ratios are highest in a region 

close to the normal direction and amount: CRmax = 20.6, CR0° = 16.6 and CRint = 4.7.  

At positions further away from the light source, the maximum s-polarised light 

luminance region is gradually split up into two regions which are symmetrically off-axis 

from the principal ϕ=90° direction (y-direction). These azimuthal shifts are more 

pronounced with increasing y-position and their corresponding inclination angles 

increase. These results can be understood from the following. The s-polarised light that is 

waveguiding through the lightguide system in the yz-plane (corresponding to the ϕ=90° 

direction of Figure 3.9) fully encounters the (ne - nd) difference in refractive index between 

the PET matrix and the CS dispersed phase as was discussed in section 3.3.3. Skewed s-

polarised waveguided angles however, which deviate from this direction and correspond 

to a somewhat lower or higher ϕ value, do not fully project to the ne direction, but also 

project somewhat to the no,z direction, which increases with increasing deviations from 

the ϕ=90° direction. As a result, such skewed rays encounter a weighted average 

refractive index neo,av between ne and no,z. In practice, due to the much lower no,z value 

than ne, the refractive index difference between the phases (neo,av – nd) reduces. Hence, the 

scattering power of the skewed rays is smaller than the rays waveguiding in the yz-plane. 

Non-skewed rays are therefore coupled out relatively close to the light incoupling side and 

skewed rays couple out relatively more at distances further away from the lamp. 
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Furthermore, the deviation from the initial propagation direction is less pronounced 

resulting in an outcoupling at larger inclination angles. 
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Figure 3.9:  Polarised angular luminance (cd/m2) distributions and polarised contrasts at 

different y-positions for a lightguide consisting of a 90 wt% PET/ 10 wt% CS 

oriented film (l0/b0=0.8, λ=4.2, 100 µm thickness, 50*50 mm) adhered to a 2 mm 
thick PC substrate (60*60 mm). 
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Apparently, internal redistribution of light due to scattering is not sufficient to 

significantly replenish the preferentially outcoupled non-skewed rays. This corresponds to 

the observations made in chapter 2 of a preferential scattering in the plane perpendicular 

to the orientation direction of the film (yz-plane), whereas a redistribution in the xz-plane 

is needed to refill the depleted angular range. 

  The p-polarised light outcoupling is positionally much less affected, i.e. the 

maximum outcoupled region is found at steep angles of 70-75° (Figure 3.9). Both skewed 

and non-skewed p-polarised light encounters a weighted average no,av between no,z and no,x 

which will not differ much when both ordinary refractive indices are nearly equal. The 

residual p-polarised scattering power caused by the small difference between this no,av and 

nd (see chapter 2 and Appendix B), will therefore not depend much on the ϕ angle of the 

waveguided light and hence no split-up is observed. It is however expected that the 

probability of light extraction will depend on the internal inclination angle of the 

waveguided beams. Due to the low scattering power of the film for p-polarised light, 

waveguided angles are most likely to deviate only slightly from their path. Internal 

waveguided angles close to the critical angle θc are therefore most probable to be emitted 

at large external inclination angles.  

Despite the angular shift of s-polarised light, the local contrasts s/p are highest 

close to the normal direction in an inclination region between 0° < θ < -20° (Figure 3.9). 

The observed contrast values decrease somewhat with the y-position: the local maximum 

contrast CRmax drops from 20.6 to 14 and the integrated contrast CRint from 4.7 to 3.5. 

The contrast drop appears to be most significant at the entrance side of the backlight with 

a tendency to level off at higher y-positions. Therefore, the higher contrast values near the 

entrance side appear to be an edge effect: the initial incident luminance distribution in 

the top film is determined by the light incoupling characteristics of the lamp system and 

any subsequent internal redistribution. Initial small waveguided angles that are incident 

on the film in this edge region will be most effectively coupled out due to the small 

deviations from the critical angle. At positions far from the edge, these small angles are 

depleted but will gradually be refilled by the scattering redistribution characteristics of the 

film. S-polarised light outcoupling is therefore most effective in the edge region resulting 

in higher contrasts.  

The positional dependence was also checked for a less scattering anisotropic layer. 

A 90 wt% PET / 10 wt% CS film (l0/b0 = 0.3, λ=4.0) with a thickness of 55 µm was 

adhered to a 1 mm thick PC substrate. Figure 3.10 shows that the positional angular 

outcoupling dependence is not very significant, though the emitted intensities decrease 

considerably. 
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Figure 3.10: Polarised angular luminance (cd/m2) distributions and polarised contrasts at 

different y-positions for a lightguide consisting of a 90 wt% PET/ 10 wt% CS 
oriented film (l0/b0=0.3, λ=4.0, 55 µm thickness, 50*50 mm) adhered to a 1 mm 
thick PC substrate (60*60 mm). 

 

The s-polarised and p-polarised light are both coupled out at larger inclinations angles 

(maximum luminances at 55° and 75° respectively) than the above-mentioned 100 µm 

thick film, as a result of the smaller scattering power. The s-polarised angular region is 

only slightly broadened with position but is not found to split up into two separate regions 

at the length scales of consideration. This is due to the lower scattering power which 

causes a more localised outcoupling and less depletion of waveguided light. The 

constrained morphology of the film, as discussed in Appendix B, might also promote 

redistribution in the xz-plane. The corresponding contrast ratios are positionally only 

slightly affected.     

Besides the angular positional deviations, also a luminance drop occurs as a 

function of y-position. This intensity inhomogeneity is more elaborately discussed in 

section 3.3.9. 

 

3.3.6 Influence of the substrate birefringence  
In order to study the effect of birefringence in the PC substrate on the polarised 

emission, a comparison was made with a PC (CD-grade) substrate, which was processed 

to minimise optical anisotropy. Between crossed polarisers it could be easily seen that the 

PC substrate retards incident linearly polarised light. It was however not possible to 

completely darken the polarisers by rotating the sample. The sample therefore apparently 
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has no uni-directional orientation direction. Nevertheless it was attempted to evaluate the 

amount of the birefringence by measuring the refractive indices of the layer in different 

directions. The refractive index of the PC was found to be in between 1.584 and 1.587. The 

PC (CD-grade) was found to be isotropic with a refractive index of 1.585. The substrates 

were compared by adhering to both substrates a diffusely scattering film similar to the 

film used in section 3.3.4 on a PMMA substrate. With the aid of a Minolta luminance 

meter, the luminance along the normal directions was measured polarisation 

dependently both in the forward and the backward direction (defined as the side of the top 

film and the opposite side respectively).  

 

Table 3.1:  Luminance measurements at 0° in the forward (top film side) and the backward 
(substrate side) direction for s- and p-polarised light. The sample consisted of a 95 

wt% PET / 5 wt% CS film (380 µm, λ=4.3) adhered to a 1 mm thick PC and PC 
(CD-grade) substrate using a cured Bisphenol A ethoxylated diacrylate adhesive 
with refractive index 1.568. 

material 

 

 

(-) 

forward 

luminance 

s-polarised 

(cd/m2) 

forward 

luminance 

p-polarised 

(cd/m2) 

contrast 

s/p 

 

(-) 

backward 

luminance 

s-polarised 

(cd/m2) 

backward 

luminance 

p-polarised 

(cd/m2) 

contrast 

s/p 

 

(-) 

PC 80.9 5.9 13.7 82.8 14.7 5.6 

PC (CD-

grade) 
90.1 4.1 22.0 100.0 4.0 25.0 

 

As can be seen from Table 3.1, the PC (CD-grade) substrate yields considerably higher 

polarised contrasts in both the forward and backward direction. This sample also emits 

somewhat more to the backward direction than to the forward side with a slightly higher 

contrast ratio of 25. The PC substrate yields a much lower backward polarised contrast 

ratio of 5.6. The amount of depolarisation introduced by the PC substrate was evaluated 

using a polarised HeNe laser beam, which was analysed parallel and perpendicular to the 

polarisation direction. The laser light was incident at the normal on the substrate at a 

position close to the top film. An incident polarisation direction parallel and 

perpendicular to the orientation direction of the top film was analysed for both the PC 

and the PC (CD-grade) substrate as shown in Table 3.2.    
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Table 3.2:  Transmission measurements of depolarisation by optical retardation of a linearly 
polarised HeNe (632.8nm) laser beam for a 1 mm thick PC and PC (CD-grade) 
substrate at normal incidence.  

material 

 

(-) 

s-incidence 

s-analysis 

(%) 

s-incidence 

p-analysis 

(%) 

p-incidence 

s-analysis 

(%) 

p-incidence 

p-analysis 

(%) 

PC 87.5 12.5 13.0 87.0 

PC (CD-grade) 99.9 0.1 0.1 99.9 

 

The measurements show that incident linearly polarised light is partly depolarised with 

respect to the analyser only in the case of the PC substrate. If the depolarisation 

percentages are applied to the emission of the PC (CD-grade) sample in the backward 

direction, the contrast is reduced from 25 to 5.5, which is in very good agreement with the 

measured contrast of 5.6 for the PC sample in the backward direction. More surprisingly 

the birefringence in the substrate also significantly reduces the observed contrasts in the 

forward direction (see Table 3.1). This is due to reflections from the backward outcoupled 

and partly depolarised scattering distribution. The reflections at normal incidence are 

approximately 4% but can rise significantly at larger inclination angles. This reflected 

light will travel at least 2 mm through the substrate increasing the amount of 

depolarisation even further. The partly depolarised reflected light distribution interacts 

with the anisotropic film, i.e. s-polarised light is highly redistributed and p-polarised light 

slightly, and adds to the direct forward emission, reducing the polarised contrasts.  

The slightly birefringent PC substrate is found to reduce the polarised contrasts 

due to optical retardation. On the other hand, a birefringent substrate promotes recycling 

of the trapped p-polarised light, which reduces p-polarised light losses. Which of these 

effects is to be preferred will depend on the balance between the two effects and the 

effectiveness of competitive recycling processes. 

 

3.3.7 Influence of the substrate material 
 The influence of the substrate material was studied by comparing a PET/CS film 

adhered to a PC substrate and a PMMA substrate. The same PET/CS film was used as 

shown in Figure 3.9 of section 3.3.5 and adhered onto PC and PMMA substrates. Figure 

3.11 compares the highest local contrasts (CRmax) and integrated contrasts (CRint) at 

different y-positions (at a central x-position on the top film of 25 mm).  
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Figure 3.11: Maximum s/p polarised contrast ratio (CRmax, left scale) and integrated s/p 

contrast ratio (CRint, right scale) as a function of y-position. A comparison is 
made between a PC and a PMMA substrate (60*60 mm, 2 mm thick). In both 
cases the anisotropically scattering layer consists of 90wt% PET/10wt% CS 

(50*50 mm, de=100 µm, l0/b0=0.8, λ=4.2).  
 

The observed local and integrated contrast values are clearly higher in case of a PC 

substrate. For instance, the highest local contrast at the 25 mm position, drops from 15.3 

for PC to 11.4 for PMMA. This effect can be explained by considering the refractive 

indices of the different layers (Table 3.3). 

 

Table 3.3:  Refractive indices of PMMA, PC and stretched PET (de=100 µm, l0/b0 = 0.8, λ = 
4.2). ns corresponds to the substrate refractive index. In the case of the slightly 
birefringent PC, this value corresponds to an average refractive index. nadhesive 
corresponds to the cured refractive index of the used adhesive to adhere the top film 
to the substrate.  

material 

(-) 

ns  

(-) 

no,z  

(-) 

no,x  

(-) 

ne 

(-) 

nadhesive 

(-) 

PMMA 1.490 - - - 1.588b 

PC 1.586a - - - 1.588b 

PET - 1.534 1.538 1.680 - 

a The refractive index of PC is an average value due to a slight birefringence of the substrate 
b cured POEA/9-vinylcarbazole mixture 

 

The refractive index of the PC substrate is in between the ordinary PET refractive index 

and the extraordinary PET refractive index of the top film. Hence, for p-polarised light a 

critical angle θc of approximately 75.6° exists between the two layers, as schematically 
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shown in Figure 3.12a. The refractive index of PMMA is however much lower for both 

polarisations directions than the refractive indices of the top film. As a consequence, no 

such critical angle for Total Internal Reflection (T.I.R.) exists (Figure 3.12b).  
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Figure 3.12: Schematic representation of refraction and T.I.R. at the substrate – oriented PET 

interface. (a) PC substrate (b) PMMA substrate. 
 
Figures 3.13a and b shows the corresponding Fresnel transmittances of s-polarised (TE) 
and p-polarised (TM) light from the substrate towards the PET film (neglecting the 
influence of the adhesive layer). 
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Figure 3.13: Fresnel transmittance for refraction at the substrate – oriented PET interface. (a) 

PC substrate (b) PMMA substrate. 
 

Only in the case of PC, polarisation dependent T.I.R. occurs for incident angles larger 

than this critical angle (Figure 3.13a). This prevents part of the incident p-polarised light 
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distribution to enter the top film and pre-polarises (s-polarisation) the light refracted 

towards the top film. In the case of PMMA, part of the s- and p-polarised incident light on 

the interface is reflected, resulting in the shown transmittances of Figure 3.13b. These 

reflections are however external reflections in which T.I.R. cannot occur. The reflection 

losses are most severe for s-polarised light compared to p-polarised light due to the larger 

refractive index difference between the substrate and the top film. As a consequence, the 

refracted light towards the PET film is in this case also slightly pre-polarised, but of the 

unwanted p-polarisation. It can thus be concluded that a PC substrate increases the s/p-

contrast of the backlight system by selective T.I.R. of p-polarised light at the interface with 

the oriented layer. In practice, the interaction with the PET occurs in the adhesive layer. 

The refractive index of this layer is important in the reflection and transmission 

characteristics at the interface as is discussed elaborately in section 4.2, but if chosen 

appropriately, does not influence the principles as outlined above.   

 

3.3.8 Uncollimated versus collimated light input 
 In order to further exploit the above-mentioned polarisation dependent T.I.R. 

effect, the PC and PMMA samples of the previous paragraph were also tested with a 

collimated light input in the substrate. A wedge was used which collimates the emitted 

CCFL light in the yz-plane to a degree of collimation of 24° (half angle) as shown in 

Figure 3.14.  
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Figure 3.14: Angular luminance (cd/m2) distribution of the wedge used to collimate the CCFL 

light. (a) entire angular range (b) principal cross-sections. 
 

In the principal yz-cross section (ϕ=90°), this translates by refraction to an angle of 14.87° 

in PC and 15.84° in PMMA. With respect to the interface with the PET/CS top film this 

yields an initial minimum incident angle of 75.13° and 74.16° respectively, which is close 

to the critical angle θc at this interface in the case of PC (θc(PC→PET)=75.6°). Figure 3.15 
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shows the s-polarised light outcoupling in the case of a PC substrate for an uncollimated 

and a collimated light input at 3 different positions on the sample. In the figures, the 

measured intensities between the uncollimated and collimated measurements cannot be 

compared due to the incorporation of the wedge in the set-up to obtain a collimated light 

input.  
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Figure 3.15: S-polarised angular luminance (cd/m2) distribution at different y-positions for 

uncollimated and collimated CCFL edge-lighting. The lightguide consists of 

oriented 90wt% PET/ 10wt% CS (50*50 mm, de=100 µm, l0/b0=0.8, λ=4.2) 
adhered to a PC substrate (60*60 mm, 2 mm thick). 

 

In the case of a collimated light input, the maximum luminance region appears to be 

more broadened close to the input side (y=5mm) but suffers less from the split up into 

two off-axis regions. This is due to the fact that in the collimated light input (Figure 3.14) 

small waveguided angles are suppressed in the yz-plane but not in the lateral xz-plane. 

Off-axis skewed rays close to this xz-plane can therefore be expected to contribute 

relatively more to the outcoupling, broadening the distribution. Meanwhile, the overall 
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distance of the first interaction with the top film increases, which results in less depletion 

of waveguided light. This causes the distribution to change less significantly with the y-

position, improving the angular homogeneity. This can also be seen from a much less 

significant drop in integrated luminance, i.e. a decrease with a factor of 2.3 is observed 

compared to 7.8 in case of an uncollimated light input (Figure 3.15). The main difference 

between the collimated and uncollimated light input is observed in the contrast values, 

which rise significantly in case of a PC substrate. For instance, CRmax at the 25 mm y-

position rises from 15.3 to 23.5. This increase occurs for all y-positions, as shown in Figure 

3.16 for the highest local contrast values CRmax (left scale) and the integrated local contrast 

values CRint (right scale). 
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Figure 3.16: Maximum s/p polarised contrast ratio (CRmax, left scale) and integrated s/p 

contrast ratio (CRint, right scale) as a function of y-position. A comparison is made 
between collimated and uncollimated edge-lighting. The lightguide consists of a 

90wt% PET/10wt% CS (50*50 mm, de=100 µm, l0/b0=0.8, λ=4.2) layer adhered 
to a PC substrate (60*60 mm, 2 mm thick).  

 

The resulting highest local contrasts are well centred along the normal direction (not 

shown) at all positions and are in between 16 and 26 at a 50 mm range (Figure 3.16). As 

was expected, collimation of light relatively increases the amount of p-polarised light that 

is totally internally reflected at the PC-PET interface, which is more significant than the 

increase of external reflection of the s-polarised light (see the decrease of transmittance in 

Figure 3.13a). This pre-polarises the refracted light towards the film, increasing the 

observed contrasts. Whereas the contrast of the uncollimated light input seems to level off 

with y-position, the higher contrast of the collimated input decreases at all y-positions. 

This might be attributed to a depletion of s-polarised light, whereas the p-polarised light is 

mainly internally reflected and therefore much less depleted. As shown in section 3.3.6 

the PC substrate is slightly birefringent, which, in combination with the large optical path 
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lengths, retards polarised light. This effect might on the one hand increase the contrast by 

recycling of p-polarised light but on the other hand, it will also convert part of the strongly 

broadened s-polarised light to p-polarised light. This reduces the degree of collimation of 

p-polarised light, increases the amount of p-polarised light that is present in the top film 

and reduces the observed contrast. The balance between these effects determines the 

overall observations.  

The same tests were performed with the PMMA sample. Figure 3.17 shows the 

measured maximum local contrast (CRmax, left scale) and the integrated contrast (CRint, 

right scale) as a function of y-position.  

0

5

10

15

20

0 10 20 30 40 50

y-position (mm)

C
R

 m
ax

 (
-)

0

2

4

6

8

10

C
R

 in
t (

-) uncollimated
collimated
uncollimated
collimated

 
Figure 3.17: Maximum s/p polarised contrast ratio (CRmax, left scale) and integrated s/p 

contrast ratio (CRint, right scale) as a function of y-position. A comparison is made 
between collimated and uncollimated edge-lighting. The lightguide consists of a 

90wt% PET/10wt% CS (50*50 mm, de=100 µm, l0/b0=0.8, λ=4.2) layer adhered 
to a PMMA substrate (60*60 mm, 2 mm thick).  

 

The collimation of the input light results in slightly higher contrast values, except for 

positions close to the light input side (y=5 mm). The collimation will initially hamper the 

outcoupling of s- and p-polarised light due to the larger angles that have to be overcome 

in order for the light to be coupled out. However, as s-polarised is intensively scattered, it 

will be redistributed more quickly than p-polarised light. As the PMMA is isotropic, no 

retardation effects which convert the broadened s-polarised to p-polarised light can occur. 

This might explain why the contrasts increase slightly with respect to the uncollimated 

broad light input case. However, the effect is not very significant, contrary to the 

observations with the PC substrate. 
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3.3.9 Outcoupling homogeneity 
The positional dependence of the emitted luminance by the PC backlight sample 

of section 3.3.7 and 3.3.8 is shown in Figure 3.18a (integrated luminance) and Figure 3.18b 

(luminance at the normal direction) for both an uncollimated (left scale) and a collimated 

(right scale) light input in the substrate.  
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Figure 3.18: Integrated luminance (a) and luminance at the normal direction (b) for s- and p-

polarised light as a function of y-position for uncollimated (left scale) and 
collimated edge-lighting (right scale). The lightguide consists of a 90wt% 

PET/10wt% CS (50*50 mm, de=100 µm, l0/b0=0.8, λ=4.2) layer adhered to a PC 
substrate (60*60 mm, 2 mm thick).  

 

The luminances decrease with increasing y-position on the PET/CS top film as a 

consequence of the light extraction from the lightguide by the scattering process. The 

most predominant luminance drop is found in the case of an uncollimated light input in 

the substrate (left scale). By comparing the first (5 mm) and last (45 mm) y-position, the s-

polarised luminance difference amounts a factor of 7.8 for the integrated luminance and 

11.2 for the luminance along the normal direction. When a collimated light input is used 

in the substrate, this luminance difference is much less pronounced, i.e. a factor of 2.3 

and 2.6 respectively. This is due to the fact that the collimated incident light results in 

large y-distances at which this light distribution is initially refracted towards the top film. 
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An uncollimated light distribution in the substrate however, comprises also an angular 

range close to θc (small angles with the normal), which has its initial refraction into the 

top film at small y-positions (e.g. approx. the first 5 mm for the smallest angles). As these 

small angles are most likely to be coupled out in the scattering process, the drop in 

intensity is most significant close to the lamp (Figure 3.18a and 3.18b left scale). The 

collimated light input thus improves both the observed contrasts (section 3.3.8), the 

outcoupled angular homogeneity (section 3.3.8) and the outcoupled luminous 

homogeneity.  

 Apart from the luminance decrease of the highly scattered s-polarised light, also 

the low p-polarised light intensities still considerably diminish (Figure 3.18). As a 

consequence, the polarised contrasts do drop but not significantly (see also Figure 3.9). 

This p-polarised depletion suggests that internal recycling is occurring, in which p-

polarised light is converted to s-polarised light, which is highly coupled out of the 

lightguide. As a consequence, the residual small p-polarised emission also significantly 

decreases across the lightguide area. Such recycling might be a consequence of optical 

retardation or phase shifts of skewed rays at T.I.R. in the lightguide. From the 

measurement it can however not be concluded to what extent such an effect is occurring.   

 In order to improve the outcoupling homogeneity with uncollimated edge-lighting, 

the influence of an end face reflector was studied. Figure 3.19a and 3.19b shows the 

influence of both a specular and a diffuse end face reflector on the integrated luminances 

and luminances at the normal direction respectively. The presence of the reflector 

increases the amount of light outcoupling especially at positions close to the end face. The 

diffuse reflector results in the highest increase of the observed luminances. Such a 

reflector redistributes the angular light distribution of the end face and acts as a virtual 

diffuse light source resulting in an uncollimated light distribution, which is redirected 

towards the lightguide. 
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Figure 3.19: Integrated luminance (a) and luminance at the normal direction (b) for s- and 

p-polarised light as a function of y-position for a 90wt% PET/10wt% CS (50*50 

mm, de=100 µm, l0/b0=0.8, λ=4.2) layer adhered to a PC substrate (60*60 mm, 
2 mm thick). A comparison is made between the use of a specular and diffuse end 
face reflector and the absence of such a reflector.  

 

The corresponding angular luminance distributions at the y-position closest to the end 

face are shown in Figure 3.20.  

s-polarised

no reflector specular reflector diffuse reflector

Iint = 58.83 lm/m2 Iint = 97.97 lm/m2 Iint = 143.3 lm/m2

p-polarised

Iint = 17.02 lm/m2 Iint = 25.32 lm/m2 Iint = 36.83 lm/m2
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Figure 3.20: Polarised angular luminance (cd/m2) distributions at a y-position of 45mm with 

(diffuse and specular) and without an end face reflector. The lightguide consists 

of a 90wt% PET/10wt% CS (50*50 mm, de=100 µm, l0/b0=0.8, λ=4.2) layer 
adhered to a PC substrate (60*60 mm, 2 mm thick).  

 

In the case of the diffuse reflector, a distribution similar to the closest lamp position (y=5 

mm, uncollimated, Figure 3.15) is added in a mirrored manner to the distribution at the 
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position closest to the end face (y=45 mm, no reflector, Figure 3.20). When a specular 

reflector is used however, the light distribution at the end face is merely specularly 

reflected without the additional angular redistribution and mimics a mirrored extension 

of the lightguide. The distribution close to the end face (y=45mm, no reflector, Figure 

3.20) is therefore added with a similar mirrored distribution, resulting in only slight 

changes in the observed angular distribution (y=45 mm, specular reflector, Figure 3.20). 

The absolute amount of outcoupled luminance has however clearly increased. Table 3.4 

shows the remaining difference between the measuring position close the lamp side (y=5 

mm) compared to the position close to the reflector side (y=45 mm). Clearly, the diffuse 

end face reflector results in the best outcoupling homogeneity across the sample due to 

its redirecting and simultaneous redistributing properties. Still however, the sample 

remains 4 times brighter at the normal direction close to the lamp side than close to the 

reflector side. Apparently, the backlight couples out a large part of the incident 

waveguided light before it can reach the end reflector. When this limited light flux at the 

end face is redirected to the backlight only a moderate increase in emitted luminances is 

observed near the reflector side (Figure 3.19).  

 

Table 3.4:  Influence on the homogeneity of light outcoupling using different end face reflectors 
at a lightguide consisting of a 90 wt% PET/ 10 wt% CS oriented film (l0/b0=0.8, 

λ=4.2, 100 µm thickness, 50*50 mm) adhered to a 2 mm thick PC substrate (60*60 
mm). Iint(5mm)/Iint(45mm) and I0°(5mm)/I0°(45mm) correspond to the ratio of 
the integrated luminance and normal luminance respectively between the first 
(y=5mm) and last (y=45mm) measuring position on the sample.  

end face 

reflector 

type 

Iint(5mm)/ 

Iint(45mm) 

(-) 

I0°(5mm)/ 

I0°(45mm) 

(-) 

CRint 

y=45mm 

(-) 

CR0° 

y=45mm 

(-) 

no reflector 7.8 11.2 3.46 11.2 

specular 4.9 6.4 3.87 12.1 

diffuse 3.4 4.0 3.89 12.3 

 

The polarised contrasts near the reflector side only slightly increase upon application of a 

reflector. The highest contrasts are observed with the diffuse end reflector, which 

depolarises the incident light from the end face. 

 A diffuse end face reflector is hence to be preferred due to its reflecting and 

simultaneous redistributing and depolarising properties. For the specific sample studied, 

this resulted in a residual luminance ratio of 4.0 between positions close to the CCFL 

lamp and close to the reflector side. The scattering power of the used anisotropically 

scattering layer was however not optimised for the used backlight size. In order to further 
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increase the outcoupled light homogeneity, such an optimisation is needed for each 

backlight dimension at consideration, in order to tune the amount of light that can be 

reflected back from the end face. Alternatively, two-sided edge-lighting may be used to 

illuminate the lightguide. It is expected however, that such an optimisation will become 

increasingly more difficult with increasing backlight size. 

 A visualisation of the polarised emission is shown in the photograph shown in 

Figure 3.21 in which the left side of the lightguide is analysed for p-polarised light and the 

right side for s-polarised light.  
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Figure 3.21: Photograph of the polarised emission by an anisotropically scattering polarised 

lightguide consisting of stretched 90wt% PET/10wt% CS (50*50 mm) adhered to 
a 2 mm thick PC substrate. Left side: p-polarised analysis, right side: s-polarised 
analysis. The uncollimated CCFL edge-lighting is incident from the top, a specular 
reflector is applied at the bottom. 

 

Conventional edge-lighting is incident into the substrate from the top, whereas at the 

bottom a specular reflector is applied. The measured polarised contrasts and 

inhomogeneous luminance in the y-direction is clearly visible. Measurements of the 

colour co-ordinates (not shown) of the emission across the lightguide showed a slight 

shift from a white to a yellowish-white emission. The effect could however hardly visually 

be observed. 
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3.3.10 Evaluation with respect to back- or frontlight applications 
  The polarised backlights based on anisotropic scattering resulted in polarised 

contrasts (15-25), which are sufficient for backlight systems in e.g. cellular telephone 

applications. For more demanding LCD-applications, the conventional absorbing 

polariser will act as a clean-up polariser to enhance the contrast to the desired level, 

without much additional light loss. A predominant emission close to the normal direction 

could be achieved which is a highly desirable outcoupling characteristic. However, the 

emission across the sample was inhomogeneous. In the extrusion process in which the 

dispersed phase is distributed in the matrix material no possibilities exist to achieve a 

gradient in the concentration of the dispersed phase across the film. Therefore, the 

possibilities for homogeneity control of the polarised light emission from the backlight 

are limited to the use of reflectors, edge-lighting from multiple sides, wedge shaped 

substrates or the use of additional micro-optic structures. However, an important 

parameter in optimising the homogeneity of outcoupling is the scattering power of the 

anisotropic film. This scattering power should be tuned to the specific backlight size in 

order for an end face reflector to be effective. Collimated edge-lighting also improves the 

observed contrasts (when an appropriate substrate is used) and the homogeneity of light 

emission. However, the additional optical components to achieve such a collimated light 

input from a conventional lamp increase the backlight both in size and complexity. Such 

light collimation seems therefore only useful in large size backlight systems. Upon 

increasing the active area of the backlight it is expected that achieving a homogeneous 

light emission will become increasingly more difficult. Such larger area polarised 

backlights will need a relatively low scattering power of the top film, which results in a 

predominant light emission at large inclinations angles. Additional conventional 

prismatic Brightness Enhancement Foils (BEFs) are therefore likely to be needed in order 

to enhance the normal brightness but this adds to complexity, thickness and cost.14 An 

additional complication is the fact that such larger display types (e.g. notebook computer 

screens) use a polariser situated at 45° with respect to the primary directions. An 

additional retarding film will therefore be needed to rotate the emitted linearly s-polarised 

light to this 45° direction. Alternatively, the oriented film may be adhered at 45° to the 

substrate, but this is expected to yield a reduced polarised contrast and asymmetric 

luminance distribution. For these reasons, the polarised backlights seem to be the most 

promising for the smaller size backlights such as used in cellular telephone displays. In 

such applications, the emitted s-polarised light can directly be used in the LCD. However, 

a complication is the fact that such small area backlights conventionally use several LEDs 

instead of a CCFL, which hampers the achievement of a homogeneous emission. 

In a polarised frontlight it is essential that the lightguide emission is directed 

towards the LCD-panel rather than towards the viewer. The anisotropically scattering 
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lightguides do not possess such a characteristic. There is however still an opportunity for 

use in a frontlight system by absorbing the s-polarised emission towards the viewer's side 

with a p-transmitting polariser. This has an additional advantage of viewing the LCD 

through the lightguide in its transparent state, which minimises disturbances of the 

viewed image. The disadvantage of this approach is however the occurring contrast 

inversion when switching from frontlight to ambient light operation. 

In this chapter it was not established to what extent a recycling process of the 

preferentially trapped p-polarised light will increase the overall energy efficiency. For this 

to be determined, a polarised backlight system should be optimised with respect to 

homogeneity and compared to a conventional backlight of equal size and lamp light 

input. Such an optimisation of a complete polarised backlight system is beyond the scope 

of this thesis.    

 

3.4 Conclusions 
 

Anisotropically scattering polymer films were evaluated for use in a new polarised 

lightguide system. For optimal performance, it was found that the light from the lamp 

has to be coupled into the side-face which has its normal perpendicular to the orientation 

direction of the anisotropic top film. By changing the scattering power of the anisotropic 

film, the outcoupled angular distribution of the preferentially emitted s-polarised light 

could be influenced from an emission at high inclination angles to angles near the 

normal direction. In all cases, the p-polarised light was coupled out of the lightguide to a 

much smaller extent than s-polarised light and in a narrow distribution at large 

inclination angles (e.g. 70°). The polarised contrasts achieved were highest at near normal 

directions and amounted up to 23. A positional dependence of the outcoupled s-polarised 

light distribution was found. At positions far from the incoupling side, skewed 

waveguided rays dominate the light outcoupling, resulting in a splitting-up of the 

maximum intensity region. The resulting contrast ratios were found to be highest close to 

the lamp side. The substrate refractive index has a significant influence on the polarised 

contrast values. Highest contrasts (in between 21 and 14 at a 50*50 area) were found in 

the case of a substrate such as PC, which has a refractive index in between the ordinary 

and extraordinary refractive index of the PET top film. This was attributed to selective 

T.I.R. of p-polarised light at the substrate(adhesive)-PET interface. By collimating the 

incident light from the lamp this effect was exploited to a larger extent and the contrasts 

further increased to in between 26 and 16. The collimated light input also resulted in an 

improved homogeneity of the outcoupled luminance. By using an end face reflector, the 

homogeneity of the emission was further improved but still requires further optimisation.     
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Chapter 4 
 

Polarised Lightguides Based on Selective Total Internal 

Reflection (1) 

Focussed Laser Writing in Oriented Polymer Films 
 

 

4.1 Introduction 
 

The polarised backlight system reported in chapter 3 was found to emit linearly s-

polarised light with local contrast values of up to 25. However, it is difficult to achieve a 

homogeneous outcoupling across the backlight. It is therefore expected that the 

usefulness of this approach is limited to small size backlit LCDs (e.g. cellular phone 

displays). However, an additional polarisation separation process was found, based on 

polarisation selective Total Internal Reflection (T.I.R.). This yields a new opportunity to 

combine this process with patternable outcoupling structures in order to achieve a 

polarised backlight that has the potential of a homogeneous light emission at larger 

backlight sizes. Such an approach is studied in this chapter.  

Tanase et al. described an approach towards the use of micro-structures in 

polarised light emitting lightguides. Their so-called light pipe polariser emits polarised 

light by reflection at the Brewster angle at inclined intra lightguide prismatic surfaces.1,2,3 

As the reflection is only highly polarised near the Brewster angle, a highly collimated light 

input is needed to achieve a polarised contrast of up to 33 in a –10° to 10° viewing range.1 

The preferentially trapped polarisation is recycled using a quarter-wave foil and a reflector 

at the end face.2 Very smooth reflection surfaces are needed in order to obtain a polarised 

emission near the normal direction.1,3 The fabrication and patterning of such smooth 

prismatic structures is quite difficult.1,3 

Here, the intra lightguide polarisation separation process of polarisation selective 

T.I.R. at an interface of an isotropic substrate with an anisotropic top film, is investigated 

as shown schematically in Figure 4.1.  
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Figure 4.1: Schematic representation of a polarised lightguide using internal polarisation 

separation by selective T.I.R. at an isotropic substrate – anisotropic top film 
interface with subsequent outcoupling at a micro-structure. 

 

One linear polarisation direction is totally internally reflected at the isotropic-anisotropic 

interface, whereas the orthogonal polarisation direction is refracted towards the oriented 

layer. The refracted light is subsequently coupled out towards the LCD by patternable 

micro-structures at the surface of the oriented layer, which are made using a flexible 

focussed laser writing technique.  

 

4.2 Theory 
 

 At an interface of two transparent dielectric media with different refractive indices 

two main phenomena occur (Figure 4.2): refraction and reflection. Refraction results in a 

change of the propagation direction of the incident light, which is described by Snell’s law 

of refraction:4,5,6    

 

ti nn θθ sinsin 21 ⋅=⋅  (4.1) 

 

The incident angle with respect to the normal at the interface is defined by θi, the angle of 

the refracted beam is given by θt. The refractive indices n1 and n2 correspond to the 

incident and transmitted side of the interface respectively. The reflected electric field at 

the interface is reflected at an angle θr, which is equal in size to the incident angle θi, as 

described by the law of reflection:4,5,6 

 

ri θθ −=        (4.2) 

 

The amount of the incident light that is refracted or reflected depends on the refractive 

indices n1 and n2 of the two layers, the incident angle θi and the polarisation direction of 
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the incident light. Figure 4.2 shows the incident (E), refracted (Et) and reflected (Er) 

electric field amplitudes at the interface.  

θi
θr

plane of incidence

interface

n1

n2

θt

ETE

ETM Er,TE

Er,TM

Et,TE

Et,TM

 
Figure 4.2:  Schematic representation of refraction and reflection at an interface. ETE and ETM 

denote the electric field amplitude of the incident TE- and TM-polarised light. Et 
and Er correspond to the transmitted and reflected electric field amplitudes 
respectively. 

 

The electric field amplitude E can be considered either parallel or perpendicular to the 

plane of incidence (defined as the plane determined by the propagation direction and the 

normal to the surface). The parallel situation is called the Transverse Magnetic mode 

(TM-polarisation) and the perpendicular case is the Transverse Electric mode (TE-

polarisation).4,5 The transmission coefficient t and reflection coefficient r are defined 

respectively as the ratio of the refracted Et and reflected electric field amplitude Er with the 

incident electric field amplitude E. These coefficients depend on the incident polarisation 

direction and are given by the Fresnel equations for dielectric media:4,5 
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in which n corresponds to the relative refractive index (=n2/n1). 

 

The reflection and transmission coefficients r and t are related by:4,5 

 

TE: 1+= rt  (4.7) 

 

TM: 1+= rtn  (4.8) 

 

Instead of considering the amplitude of the electric field component, a consideration of 

the energy distribution at the interface is of higher practical interest. For this reason, the 

transmittance T is defined as the fraction of power P that is refracted and the reflectance 

R the fraction of power P that is reflected at the interface. They are related to the 

transmission and reflection coefficients by:4,5 
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Due to the conservation of energy across the interface and in the absence of additional 

scattering losses, the transmittance and reflectance are simply related by: 

 

1=+ RT  (4.11) 

 

Here it is attempted to effectively separate the principal polarisations directions at the 

interface of a waveguide consisting of a substrate and top layer. For this purpose, one 

linear polarisation should be highly reflected and the orthogonal polarisation highly 

transmitted. The above-mentioned Fresnel equations show a polarisation dependence of 

the transmittance and reflectance at the interface but this difference is limited in practice 
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using isotropic materials. In order to increase the polarisation dependency at the 

interface, here a waveguide is considered consisting of an isotropic substrate and an 

anisotropic top film. A principal yz-cross section of such a two-layer waveguide is shown 

in Figure 4.3. 

light source
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Figure 4.3:  Cross-section in the yz-plane of a bi-layered waveguide consisting of an oriented 

layer and an isotropic substrate. Two principal orientation directions of the 
oriented layer are shown: case a) orientation direction in the x-direction, case b) 
orientation direction in the y-direction. 

 

Light from a suitable light source (e.g. CCFL or LED) is coupled into the substrate. This 

light will be waveguided through the substrate until it reaches the interface with the 

anisotropic material. The TE-polarised beam encounters the refractive index nx of the top 

film in the x-direction (see Figure 4.3). The refractive index of the top film nt encountered 

by the TM-polarised beam depends on the propagation direction θi of the incident beam 

and is therefore a weighted average of the principal refractive indices nz and ny: 

  

TE: xTEt nn =,  (4.12) 

TM: iyiziTMt nnn θθθ 22
, cossin)( +=  (4.13) 

 

Here, positively birefringent uniaxially oriented layers are considered which can be placed 

in two principal directions, either with their orientation direction in the x- or in the y-

direction as indicated in Figure 4.3. In the former case (Figure 4.3, case a) TE-polarised 

light encounters the high extraordinary refractive index ne. As for an uniaxial orientation 

the ordinary refractive index no is: no = no,y = no,z, equation 4.13 reduces to nt,TM = no. In the 

latter case (Figure 4.3, case b) TE-polarised light encounters the low ordinary refractive 

index no,x and the TM-polarised beam a weighted average of no,z and ne. Due to the fact 

that waveguided angles θi are generally large, TM-polarised light will project more to the 

no,z direction, resulting in a weighted refractive index nt,TM(θi) that is much lower than ne. 
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As effective polarisation separation requires a large difference between the refractive 

indices encountered by the principal polarisation directions, evidently the former case a) 

is to be preferred and is considered in the following. 

The most effective polarisation separation that can be achieved at the interface is a 

complete reflection of one of the polarisation directions, whereas the orthogonal 

polarisation direction is refracted towards the oriented layer, where it is to be coupled out 

of the lightguide. Such a Total Internal Reflection (T.I.R.) will occur when a critical angle 

θc exists at the interface for only one polarisation direction. This critical angle can easily 

be derived from Snell’s law of equation 4.1 and is defined by:  

  

)(sin
1

21

n
n

c
−=θ  (4.14) 

 

As can be seen from equation 4.14 the critical angle will only exist if n1 ≥ n2 and hence will 

be absent if n1 < n2. Therefore, for a critical angle to exist only for one linear polarisation, 

the refractive index of the substrate ns should be higher than the ordinary refractive index 

no but lower than the extraordinary refractive index ne of the anisotropic layer. The 

prerequisite for polarisation selective T.I.R. to occur at the isotropic – anisotropic 

interface is therefore defined by: 

 

eso nnn ≤<  (4.15) 

 

Figure 4.4 shows the calculated transmittance (using equations 4.3, 4.4 and 4.9) of TM- 

and TE-polarised light at the interface of a PC substrate and an oriented PET top film, 

which meets the prerequisite of equation 4.15. Figure 4.5 shows similar calculations if 

this prerequisite is not met, such as in the case of a PMMA substrate and an oriented PET 

top film.  
In Figure 4.4 it is shown that the TM-polarised light is totally internally reflected at 

the interface provided that the incident angle is larger than the critical angle. This TM-

polarised light will also be referred to as p-polarised light and the TE-component as s-

polarised. The TE-polarisation will simultaneously be partly refracted towards the top film 

and partly externally reflected at the interface. As can be seen, the polarisation separation 

is only effective when the waveguided light is incident at angles higher than the critical 

angle at the interface θc(s→t). The smallest angle that can be waveguided in the substrate 

is determined by the critical angle θc(s→a) of the substrate – air interface. The incident 

angles in between θc(s→a) and θc(s→t) are therefore not separated with respect to their 

polarisation direction. When the prerequisite is not met and the refractive index of the 

substrate is lower than both refractive indices of the oriented film (Figure 4.5), no critical 
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angle exists at the interface and only a slight and a reversed polarised contrast can be 

achieved. 
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Figure 4.4:  Fresnel transmittance T as a function of incident angle θi for TE- (s) and TM- (p) 

polarised light at an isotropic PC substrate (ns = 1.585) – anisotropic uniaxially 

oriented PET interface (no=1.535, ne=1.68). The critical angle θc(s→a) of the 

substrate to air and θc(s→t) of the substrate to the oriented layer (for p-
polarisation) are also indicated. 
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Figure 4.5:  Fresnel transmittance T as a function of incident angle θi for TE- (s) and TM- (p) 

polarised light at an isotropic PMMA substrate (ns = 1.49) – anisotropic 

uniaxially oriented PET interface (no=1.535, ne=1.68). The critical angle θc(s→a) 
of the substrate to air is also indicated. 

  

 Figure 4.6 shows how the incident angle translates back to the incoupling side 

face of the substrate. The critical angle at the interface corresponds to a maximum angle 

θi,max that can be coupled into this side face (air to substrate) for which p-polarised T.I.R. 

will occur and is given by:  
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22
max, ))(cos()sin(N.A. tscsi nntsn −=→= = θθ  (4.16) 

 

in which θc(s→t) corresponds to the critical angle at the substrate – top film interface. 

The sine of this maximum angle θi,max is also called the Numerical Aperture (N.A.) of the 

waveguide. In order to achieve a maximum polarisation separation at the interface, the 

light input into the substrate should therefore be collimated in air at an angle θi,air within 

+θi,max and -θi,max. In the practical example of Figure 4.4 this results in a θi,max of  23.3°. 
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Figure 4.6:  Schematic representation of incident edge-light angles resulting in refraction of 

both polarisations at the substrate-oriented layer interface (θi,air > θi,max) and 

effective polarisation separation at this interface by selective T.I.R. (θi,air < θi,max). 
 
 Up to this point only a two-layer waveguide was considered. However, in practice, 

the top film is adhered to the substrate. Several situations can occur with respect to the 

refractive index nadhesive of the isotropic adhesive:  

1) if nadhesive < no < ns < ne, the same critical angle will exist for both polarisation directions 

at the substrate – adhesive interface. Angles that are still refracted towards the 

adhesive layer will not encounter a second critical angle at the adhesive – oriented 

film interface. No effective polarisation separation will therefore occur. 

2) if no < nadhesive < ns < ne, again a critical angle exists for both polarisations at the 

substrate – adhesive interface and a second critical angle occurs at the adhesive – 

oriented film interface for TM-polarised light. A significant part of the s-polarised 

light is therefore prevented from entering the top film, especially when the difference 

between nadhesive and ns is large. As a result the polarisation separation will be limited 

in this case.  

3) when no < ns < nadhesive < ne, a critical angle is only present at the adhesive – oriented 

film interface for TM-polarised light. As the difference between nadhesive – no is larger 

than ns – no the critical angle is smaller, which at first sight might seem to be an 

advantage. However, both critical angles are found to be identical when Snell’s law is 
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used to compensate for refraction at the substrate – adhesive interface. This is due to 

the fact that it is the substrate into which the light is coupled in, that determines the 

presence and magnitude of the critical angle with the oriented film. The adhesive 

merely translates this critical angle by refraction to a different value. 

The refractive index of the adhesive is thus important for a proper polarisation separation 

process to occur within the lightguide. An additional prerequisite can therefore be stated: 

the refractive index of the adhesive should be equal to or higher than the refractive index 

of the substrate. When the refractive index of the adhesive equals the refractive index of 

the substrate, the adhesive is optically an extension of the substrate and the waveguide 

can be considered a two-layer system. This situation is to be preferred. 

The principle of polarisation dependent T.I.R. was checked by programming a 

two-dimensional ray-tracing simulation. Figure 4.7 shows a realistic example, which 

meets the required prerequisites. The lightguide consists of a PC substrate, an 

intermediate adhesive layer with equal refractive index and an uniaxially stretched PET 

top film. Figure 4.7a shows the p-polarised (TM) case and 4.7b the s-polarised (TE) 

situation.  
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Figure 4.7: Two-dimensional ray-tracing simulation illustrating internal polarisation 

separation in a lightguide consisting of an isotropic PC substrate (ns=1.585), an 
adhesive layer (ng=1.585) and an uniaxially oriented PET layer (no=1.535, 
ne=1.68). At the edge of the substrate (left side) incident light angles in air of 10° 
and 80° are considered. (a) p-polarised light (b) s-polarised light. 

 

When the light is incident in the substrate side face at large angles with the normal (e.g. 

80°), no effective polarisation separation occurs. However, with sufficient collimation of 

the incident light (e.g. 10°) p-polarised light is totally reflected at the adhesive – top film 

interface, whereas s-polarised light is still refracted towards the top film.  

Summarising, effective internal polarisation separation by selective T.I.R. is to be 

expected when the following prerequisites are met: no < ns ≤ nadhesive < ne and -θi,max < θi,air 

< +θi,max. 
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4.3 Experimental 
 

4.3.1 Materials 
Sheets of Polycarbonate (PC, Lexan, 3 mm thick) and Poly(ethylene terephthalate) 

(PET, 1 mm thick) were purchased from Goodfellow. The monomer 

pentabromophenylacrylate was purchased from Polyscience. The monomer bisphenol A 

ethoxylated(1EO/phenol)diacrylate and UV-initiator 1-hydroxycyclohexylphenylketone 

were purchased from Aldrich.  

   

4.3.2 Structuring oriented films by focussed laser  writing 
 The PET films were oriented using a tensile tester equipped with a 

thermostatically controlled oven. Samples with length l0 60 mm, width b0 30 mm and 

thickness d0 1 mm were stretched to an approximate elongation of 4 at a temperature of 

85 °C and a speed of 50 mm/min. The draw ratio was determined using the displacement 

of ink marks.  

 The oriented PET films were subsequently structured using focussed laser writing 

techniques. A UV-laser line (351.1 nm + 351.3 nm) of an argon-ion continuous wave (CW) 

laser (Spectra-Physics Beamlock 2085-25S) was used in the laser writing process. The 

laser beam was of a TEM00 mode, which results in a Gaussian intensity profile across the 

beam.7,8 The diameter of the beam was 1.6 mm at 1/e2 of the maximum central intensity 

level. The divergence of the laser beam was 0.45 mrad (full angle). The laser beam was 

focussed onto the sample using a plano-convex synthetic fused silica lens (Melles Griot, 

N.A. = 0.25, f = 50 mm, D = 25 mm). The sample was positioned in the focal point using a 

manual translation stage (resolution 0.1 µm). The orientation direction of the PET films 

was parallel to the vertically polarised laser light. Line structures were written by 

translating the sample parallel to the orientation direction of the oriented PET films using 

computer controlled translation stages (Newport, PM-500, resolution 25 nm). The 

spacing between two adjacent lines was 100 µm. The incident laser power (mW) and 

writing speed (mm/s) were varied. Non-tilted structures were written with normal 

incidence of the focussed beam. Tilted structures were written by rotating the sample over 

20° and 45°, resulting in a tilted incidence of the laser beam with respect to the normal on 

the sample.  

 

4.3.3 Preparation of lightguide samples 
 Lightguide samples were prepared by adhering the laser structured PET films to a 

PC substrate. The adhesive was a monomer mixture of 77 wt% bisphenol A ethoxylated 

diacrylate and 22 wt% pentabromophenyl acrylate and 1 wt% UV-initiator. The adhesive 
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was cured by photopolymerisation at 70 °C. The dimensions of the resulting lightguides 

were: a structured PET top film of 10 mm width, 15 mm length and 0.5 mm thickness 

adhered to a PC substrate of 50 mm width, 50 mm length and 3 mm thickness. 

 

4.3.4 Characterisation 
 The refractive indices of the used materials were measured with an Abbe 

refractometer using the trirefringence technique.9 The refractive index of the acrylate 

monomer mixture was measured from an acrylate film cured with UV-light between 

cover sheets. All refractive indices were measured at 20 °C and apply to the sodium D line 

wavelength (589.3 nm, i.e. nD
20 values).  

 The absorbance of isotropic and oriented PET film was measured with a polarised 

UV-VIS spectrometer (Shimadzu MPC-3100 and UV-3102 PC UV-VIS-NIR scanning 

spectrophotometer) at a wavelength range of 300 – 500 nm. The oriented film was 

positioned with its orientation direction both parallel and perpendicular to the incident 

polarised light.  

 A Zeiss Universal polarised optical microscope was used to determine the effects 

of direct laser writing on the PET films in transmission. A Reichert Ultracut E microtome 

was used to prepare cross-sections of the laser written film. Thin slices were cut from the 

sample in order to achieve a suitable cross-section of the remaining material. These cross-

sections were studied in reflection using a Polyvar Reichert-Jung reflective optical 

microscope. The cross-sections were also viewed in transmission between crossed 

polarisers, in which the incident light is waveguided through the oriented layer. 

  The angular light distribution emitted by the sample was measured with a Display 

Measuring System (Autronic, DMS 703) in the principal yz-cross section plane 

(perpendicular to the orientation direction of the PET film) at inclination angles θ of –70° 

to +70°. A Cold Cathode Fluorescent Lamp (CCFL) was used as an unpolarised, 

uncollimated white light source. The light from the CCFL lamp was coupled into a side-

face of the substrate. A collimated light input was achieved using a PMMA wedge (with 

side faces of 1 and 3 mm thickness respectively and a 44 mm length and 55 mm width), 

which was inserted between the CCFL and the substrate. The light emitted by the sample 

at a measuring spot of 0.2 mm was collected by a light collector, which was connected to a 

Photo Multiplier Tube (PMT) detector (see also section 2.3.2). Polarised measurements 

were performed by placing a conventional absorbing sheet polariser in front of the light 

collector at the principal directions.  

A 3-dimensional polarised light distribution from the lightguide was measured at 

inclination angles θ of 0° to +/- 80° and azimuthal angles ϕ of 0° to 360° using an Eldim 

EZ Contrast 160R. More detailed information about this set-up is given in section 3.2.4. 

Again the PMMA wedge was used to collimate the incident light from the CCFL. 
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4.4  Results and discussion 
 

4.4.1 Refractive indices 
The refractive indices of the PC substrate, uniaxially drawn PET top film and the 

acrylate adhesive mixture are shown in Table 4.1. 

 

Table 4.1: Refractive indices of PC , stretched PET (l0/b0 = 2.0, λ = 3.75), and the cured 
acrylate adhesive mixture. ni corresponds to the isotropic refractive index, no,z and 
no,y to the ordinary refractive index in the depth and width direction respectively 
and ne to the extraordinary refractive index in the orientation direction.  

material 

(-) 

ni 

(-) 

no,z 

(-) 

no,x 

(-) 

ne 

(-) 

PC 1.586 - - - 

PET - 1.550 1.551 1.636 

adhesive 1.583 - - - 

 

The isotropic refractive index of the PC substrate shown in Table 4.1 is actually an average 

value due to a slight birefringence of the PC. Refractive indices in between 1.584 and 

1.587 were found at different directions in the PC sheet. No well-defined orientation 

direction could however be found. As relatively thick PET films were needed in the laser 

writing process, this resulted in practical limitations in the drawability, which limited the 

draw ratio to 3.75. The ordinary refractive indices were however still considerably lower 

than the PC refractive index. The refractive index of the acrylate adhesive mixture nearly 

equalled the PC refractive index. Hence, the refractive index prerequisites (section 4.2) for 

effective polarisation separation at the adhesive – PET interface were sufficiently satisfied.       

 

4.4.2 Light outcoupling from lightguides consisting of an unstructured 

oriented PET film adhered to a PC substrate 
 As a reference experiment, an unstructured oriented PET film was adhered to a 

PC substrate. A collimated light input in the substrate was used (see also section 4.4.4). 

The resulting light emission by the sample was measured (Figure 4.8) in a plane 

perpendicular to the orientation direction of the PET film and analysed polarisation 

dependently.  
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Figure 4.8:  Reference polarised luminance measurement of outcoupling by an unstructured 

oriented PET film adhered to a PC substrate in a plane perpendicular to the 
orientation direction (yz-plane) (a) s- and p-polarised emission (b) polarised 
contrast. 

 
Figure 4.8a shows some light emission by the sample at all angles, which increases 

towards large inclination angles. S-polarised light is clearly coupled out to a larger extent, 

resulting in a polarised contrast of 2 to 5. The observed emission by the sample is mainly 

attributed to scattering caused by surface roughness at the interfaces (especially with air) 

and the semi-crystallinity of the oriented PET. WAXS-experiments revealed the 

unoriented PET film to be amorphous (Figure 4.9a), whereas the oriented PET film was 

found to be semi-crystalline (Figure 4.9b).  

a) undrawn PET b) drawn PET

 
Figure 4.9: WAXS pattern of PET: (a) unoriented (b) oriented (vertical orientation 

direction). 
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This is due to strain-induced crystallisation in the stretching process, which is a well-

known phenomenon in literature.10,11,12,13 The small refractive index difference between 

the amorphous and crystalline regions results in some light scattering. The amount of 

light outcoupling as well as the directionality of the emission from the reference sample 

is however insufficient for practical applications. It is therefore concluded that an 

additional light outcoupling structure is needed to emit the polarised light more 

effectively. Therefore, in the next paragraph, micro-structuring of the PET films by 

focussed laser writing is studied.     

 

4.4.3 Micro-structuring oriented PET films by focussed laser writing 
A continuous wave (CW) UV-laser line of 351 nm was used to structure the 

oriented PET film. Figure 4.10 shows the absorbance for both linear polarisation 

directions in the UV-wavelength range.  
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Figure 4.10: Polarised UV-VIS measurement of the absorbance of oriented PET in the UV-

region. Contributions of reflections and scattering also add to the measured 
absorbance. The UV-laser writing wavelength of 351.1 nm is indicated by the 
dashed line. 

 

At wavelengths lower than 320 nm PET becomes highly absorbing. At 351 nm there is 

still a significant transmission through the sample, which amounts 53 % for s-polarised 

light and 71% for p-polarised light. In the measurement, also reflection and scattering 

losses contribute to the measured “absorbance”. It is therefore difficult to determine the 

true absorbance at the 351 nm wavelength. The significant difference in transmission 

between s- and p-polarised light can only partly be explained by the higher reflection 

losses for s-polarised light due to the higher extraordinary refractive index. Also the 

scattering properties of the oriented PET were found to be polarisation dependent (see 

also section 4.4.2). Finally the absorbing properties are also likely to depend on the 

molecular orientation within the sample and the direction of the transition moment of 

the absorption band with respect to the molecular axis. In conclusion, the absorbance at 
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the laser wavelength is limited and a significant amount of the incident light is directly 

transmitted through the PET film. 

Despite the limited absorbance at the laser wavelength, focussed laser writing 

enabled a structuring of the oriented PET films. Figure 4.11 shows a top view and a cross-

section of line structures that were written at the surface of the PET films parallel to the 

orientation direction.  

a)

b)

100 µm

 
Figure 4.11: Top view (a) and cross-section (b) of a typical example of laser written non-tilted 

line structures parallel to the oriented direction of the PET film. Line spacing: 100 

µm.  
 

The lines are actually grooves, which at the edges rise above the surface of the PET-air 

interface and at the centre penetrate within the PET film. This particular shape is caused 

by the presence of a melt pool at the surface of the PET. Similar melting effects were 

reported in literature for metals and polymers.14,15,16 The incident laser light consists of a 

focussed beam with a Gaussian type of intensity profile.8 The laser power is therefore 

highest at the centre of the beam and diminishes radially outwards. The absorbed energy 

is transferred into heat, which causes the PET to locally melt, introducing a melt pool at 

the surface.14,15 The intensity gradient across the beam induces a temperature gradient in 

the material. As the surface tension of the molten material is a function of temperature, a 

surface tension gradient is resulting which induces a so-called Marangoni flow.14 The 
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temperature gradient also induces flow by convection. Due to these effects a vortex-like 

flow occurs (see the schematic representation of Figure 4.12).14 This flow pattern in 

combination with the surface tension gradient, causes the typical groove shape.  

heat conduction

melt pool

marangoni flow

focussed
laser beam

∆T(x,t)

 
Figure 4.12: Schematic representation of melt pool formation in the focussed laser writing 

process. 
 

The occurring air hole in the centre of the melt pool is called a key-hole.14,15,17,18 

Depending on the laser power, additional effects can occur. Thermal degradation and 

photo-dissociative processes can result in gaseous products that are removed from the 

melt-pool.14,15,19,20,21,22,23,24 Also, melt-ejection can occur in which molten material is 

ejected from the melt pool due to rapid flows.14,15,25,26 Therefore, material can be removed 

from the melt-pool, increasing the key-hole size. There is a clear optical contrast between 

the melt-pool and the bulk region in Figure 4.11, resulting in a distinct boundary between 

the melt-pool and the surrounding material, which visualizes the melt pool shape. The 

optical contrast can either be observed as a slight increase in reflectivity or a discoloration 

of the melt pool. The reflectivity increase can be interpreted as an increase in average 

refractive index in the melt-pool region, as a result of relaxation and re-orientation in this 

molten region. A discoloration (yellowish / brown) of the melt pool can be observed at 

high laser energy flux levels, which is a result of thermal or photo-dissociative 

degradation.19,20,21,22 A heat affected zone (HAZ)14 which radially extends outside the melt 

pool region can faintly be observed in some samples using polarised analysis of the cross-

sections in transmission (i.e. waveguiding), as shown in Figure 4.19a. This can be 

interpreted as a thermally induced change in optical retardation compared to the bulk of 

the oriented layer. 
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 In order to determine the dimensions of the optical structures that could be 

written the laser power and the writing speed were varied. Figure 4.13 shows 

measurements of the melt width of the lines as a function of writing speed for different 

incident laser powers. The melt width is defined as the width of the melt pool at the 

surface of the film (see also Figure 4.14).  

0

20

40

60

80

100

0 5 10 15 20
writing speed (mm/s)

m
el

t w
id

th
 (

µm
)

600mW
400mW
200mW

 
Figure 4.13: Melt pool width as a function of writing speed at several laser powers for focussed 

laser writing of line structures in oriented PET parallel to the orientation direction.  
 

A higher laser power evidently results is larger melt widths. Similarly, a reduction of the 

writing velocity, increases the amount of absorbed energy and consequently the melt 

width size. A limited operating region exists for each power. At low speeds (roughly below 

1 mm/s) the lines discolour and eventually pyrolyse. At high speeds (roughly above 6 

mm/s) the lines become irregular and periodic ripples are formed.15 At even higher 

speeds, the lines break up and eventually disappear completely. Both effects will 

negatively affect the optical properties of the line structures and should therefore be 

avoided. Hence only in a limited writing speed region straight lines are obtained with 

melt widths of approximately 20 to 80 µm. 

At the corresponding straight-line region, a central power of 400 mW was chosen 

at which the melt width, penetration depth and peak height, as defined in Figure 4.14, of 

the melt pool were determined as a function of writing speed. Similar to the melt width, a 

higher writing speed results in lower penetration depths and peak heights of the melt 

pool. At low speeds, the melt width and penetration depth are nearly equal in size, 

whereas at high speeds, the melt width is clearly larger. As a consequence, not only the 

size of the melt pool changes as a function of writing speed but also the shape. This is 

visualized in Figure 4.15 for two different writing speeds. 
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Figure 4.14: Depth dimensions of the laser written lines at 400 mW as a function of writing 
speed measured from a principal cross-section. Shown are the size of the melt 
width, peak height and penetration depth of the melt-pool determined from optical 
microscope cross-section images (as indicated). 
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a) b)

 
Figure 4.15: Optical microscope image of cross-sections at different writing speeds (a) 5 mm/s 

(b) 1 mm/s.   
 

In conclusion, focussed UV-laser writing in PET produces lines, which consist of 

both a surface relief and a bulk structure. Changing the writing conditions could alter the 

dimensions and shape of the structures. In the following paragraph, the structured 

oriented PET will be evaluated with respect to its optical functionality in the proposed 

backlight system. 
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4.4.4 Light outcoupling from lightguides consisting of a non-tilted laser 

structured oriented PET film adhered to a PC substrate 
 A laser patterned oriented PET film which was adhered to a PC substrate was 

tested with a collimated and uncollimated light input. The polarised emission by the 

sample with uncollimated edge-lighting is shown in Figure 4.16. An uncollimated light 

input from a CCFL lamp results in a similar emission of s- and p-polarised light, which is 

mainly directed towards the forward direction (Figure 4.16a, backward emission is not 

shown). S-polarised light is only slightly more coupled out than p-polarised light, 

resulting in a small contrast of approximately 2 (Figure 4.16b). 
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Figure 4.16: Polarised angular luminance distribution in a cross-section perpendicular to laser 

written line structures in oriented PET adhered to PC. The s- and p-polarised light 
emission is shown for uncollimated CCFL edge-lighting (a) forward luminance (b) 
forward contrast (400 mW, 2 mm/s). 

 

Figure 4.17 shows the corresponding angular luminance distributions with a 

collimated edge-lighting of the lightguide (as shown in Figure 4.17d). Figure 4.17a shows 

that the emitted angular distribution has changed compared to Figure 4.16a, i.e. a distinct 

s-polarised intensity peak is found near a negative inclination angle of –20°, which has a 

polarised contrast of up to 9. Comparing Figure 4.17a and c also reveals that the emission 

is mainly directed towards the forward direction. The polarised difference between 

uncollimated and collimated edge-lighting shows the effect of polarisation dependent 

Total Internal Reflection at the interface as discussed in section 4.2. This effect is also 

present when uncollimated light is used, but the angular range smaller than the critical 

angle that is refracted towards the PET film, is nearly unpolarised and the effect is 

therefore much less noticeable. 
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Figure 4.17: Polarised angular luminance distribution of a lightguide consisting of a non-tilted 

laser written (400 mW, 2 mm/s) PET film adhered to a PC substrate. The 
measurement is performed using a collimated light input in a plane perpendicular 

to the line structures (ϕ=0°). (a) forward luminance (b) backward luminance (c) 

forward contrast (d) wedge emission used as collimated edge-light input at ϕ=0° 

and ϕ=90°. 
 

Based on the refractive indices reported in paragraph 4.4.1, the critical angle θc at the PC-

PET interface is found to be 77.8°. This angle translates to the angle θi,max in air of 19.6°. 

As can be seen from Figure 4.17d most of the collimated light is incident at the substrate 

side face at angles smaller than θi,max. Therefore, only with sufficient collimation a 

significant polarised contrast is observed by preventing the main part of p-polarised 

waveguided light to enter the PET layer.  

The emission characteristics of Figure 4.17a reveals, apart from the peak at –20°, a 

minimum intensity region near the normal direction and a high intensity emission at 

large inclination angles. These observations are a result of complex redistribution, 

refraction, reflection and scattering effects, which makes a detailed explanation of the 

results difficult. However, several outcoupling trends can be outlined as depicted 

schematically in Figure 4.18. The light outcoupling at high positive inclinations angles is 

likely to result from refraction and weak scattering as this results in relatively small 

angular deviations from the light propagation direction. The refractions will be mainly 
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dominated by refraction at the melt pool – air interface. This can either occur at the 

convex peaks at the PET surface or within the keyhole. Within the keyhole part of the 

refracted light will again be refracted at the opposing side of the melt pool and recoupled 

into the waveguide. This light can be coupled out at the second convex surface peak or, 

when the internal propagation direction of this light is sufficiently deviated, at the PET 

surface (see Figure 4.18).  

melt pool

bulk PET

air

keyhole

refraction

reflection
-20°

 
Figure 4.18: Schematic representation of several possible reflection and refraction effects at the 

melt pool. 
 

The refracted light within the keyhole can also be partly reflected at the opposing keyhole 

– melt pool interface. Such reflections will be especially strong when the incident angle at 

the surface is large (i.e. for relatively small waveguided angles). Depending on the keyhole 

shape this light might be reflected one or multiple times before being emitted from the 

waveguide system. Part of the reflected light can be refracted at the next encounter with 

the keyhole surface and hence be recoupled into the lightguide. The angular deviations 

from the propagation direction due to reflections are large and are likely to cause the 

measured maximum peak at –20° (see Figure 4.18).  

The s/p contrast of the polarised emission by the lightguide is positive at the 

complete angular range (Figure 4.17c). The highest local contrast is found at the reflection 

peak at –20° (Figure 4.17a). There are two main reasons why at this peak position the 

contrast is highest. First of all the s-polarised (TE-beam) reflection is much stronger than 

the p-polarised reflection (TM-beam) at large angles of incidence (section 4.2). Secondly, 

p-polarised light that is still refracted from the substrate towards the PET film is 

waveguided at much larger angles with the normal direction than s-polarised light, 

resulting at an incidence on the keyhole much nearer to the normal on this interface. 
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Subsequent reflections at the keyhole-air interfaces are much weaker and have an 

inappropriate angle for light outcoupling.  

Different melt pool shapes were tested as outcoupling structures and did show 

differences in outcoupling characteristics but this will not be discussed in detail, as for all 

samples, the undesirable features of a minimum intensity at near normal angles and a 

slightly polarised emission at large inclination angles was found.  

 

4.4.5 Light outcoupling from lightguides consisting of a tilted laser 

structured oriented PET film adhered to a PC substrate 
 In order to influence the emitted light distribution, structures were written with a 

20° and 45° incident laser beam direction (defined with respect to the normal). Such tilted 

laser writing resulted in grooves in which the keyhole was tilted to the same amount as 

the incident laser beam (Figure 4.19). 
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Figure 4.19: Polarised optical microscope image in transmission of a cross-section of tilted laser 

written line structures (400 mW, 2 mm/s) (a) 20° tilt angle (b) 45° tilt angle. The 
two possible light incoupling directions are schematically indicated.  

 

Due to the asymmetry of the resulting tilted grooves, a light incoupling in the substrate in 

two directions must be considered as defined in Figure 4.19: in the 1-direction the 

grooves tilt away from the light input, in the 2-direction towards the light input. Figure 

4.20 and 4.21 show the polarised emission for the direction 1 and direction 2 light input 

respectively. In both figures, the outcoupling in the forward and backward direction 

(defined as emission at the groove side and the opposite side respectively) is shown. 
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Figure 4.20: Polarised angular luminance distribution in a plane perpendicular to the line 

structures written in oriented PET adhered to a PC substrate in the forward and 
backward direction with 1-direction collimated incoupling (grooves tilting away 
from the light input direction). (a) forward, 20° tilt (b) backward, 20° tilt (c) 
forward, 45° tilt (d) backward, 45° tilt.  

 

By tilting the grooves away from the light input direction, the s-polarised peak at –20° in 

the non-tilted sample (Figure 4.17a) appears to shift to higher inclinations angles: -12° at 

20° tilt and 27° at 45° tilt. This is probably a direct consequence of the shifting of the 

keyhole direction, i.e. the internal and external reflections at the keyhole shift in the tilt 

direction of the keyhole surface. The convex peaks at the surface of the melt pool also 

become asymmetrical: at the left-hand side the surface peak is much larger than at the 

right-hand side (Figure 4.19). Some examples of outcoupling by refraction and reflection 

are shown in Figure 4.22a. For both samples, in the backward direction much less light is 

coupled out and of little polarised contrast compared to the forward direction. This results 

in local s-polarised forward-backward ratios of approximately 12.   
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Figure 4.21: Polarised angular luminance distribution in a plane perpendicular to the line 

structures written in oriented PET adhered to a PC substrate in the forward and 
backward direction with 2-direction collimated incoupling (grooves tilting towards 
the light input direction). (a) forward, 20° tilt (b) backward, 20° tilt (c) forward, 
45° tilt (d) backward, 45° tilt.  

 

When the grooves tilt towards the overall light input direction, different outcoupling 

characteristics are observed (Figure 4.21). Clearly, the tilting reduces the light emission in 

the forward direction and increases the backward outcoupling when a 2-direction 

incoupling is used. This is due to an increased reflection towards the backward side of the 

lightguide, as is schematically drawn in Figure 4.22. S-polarised light is coupled out to a 

larger extent than p-polarised light with an improved outcoupling distribution centred 

near the normal direction. Two peaks can be observed in the s-polarised distribution 

(Figure 4.21). The maximum peak near the normal direction is likely to result from total 

internal reflection at the melt pool - keyhole interface from mainly downward waveguided 

beams, whereas the less intense peak at negative inclination angles is probably due to 

internal reflection from upwards waveguided beams (Figure 4.22b). Residual p-polarised 

light that is not totally internally reflected at the PC substrate – oriented PET top film 

interface will be refracted towards the PET layer. This light is likely to consist of nearly 

parallel waveguided rays (large angle with the normal direction). At the melt pool – 

keyhole interface such beams will be internally reflected towards near normal angles. 

Only one distinct peak is observed therefore in the p-polarised distribution, which locally 
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suppresses the observed contrast. Near the normal the resulting polarised contrast is 

limited to 1.75, at negative inclination angles the highest polarised local contrast of 12.3 is 

found.   

θθθθc

T.I.R.i.r.

a) b)

 
Figure 4.22: Schematic representation of outcoupling at tilted structures of 45° in oriented PET 

for incoupling at the 1- (left side) and 2-direction (right side). (a): examples of 
outcoupling by refraction, total internal and external reflection, (b): examples of 
outcoupling by internal reflection (i.r.) and total internal reflection (T.I.R.). 

 
The three dimensional polarised light outcoupling distribution of the 45° tilted structures 

is shown in Figure 4.23 when a 2-direction incoupling is used. In the forward direction a 

limited outcoupling is observed which is mainly emitted at large inclination angles due to 

refraction or scattering at the structure. In the backward direction however, total internal 

reflection at the grooves causes a strong outcoupling in a distribution at near normal 

angles. The maximum local contrast that is achieved amounts 12.4. The ratio of s-

polarised emission towards the backward and the forward side amounts 11.9 at the 

normal direction and has a maximum of 13.9 at near normal angles. 

The observed polarised contrasts are still significantly lower than the contrasts that 

could be achieved by anisotropic scattering as described in chapter 3. There are several 

possible reasons as to why there is still a considerable amount of p-polarised light coupled 

out, limiting the observed contrasts. First of all the relatively high no of the used PET 

films resulted in a relatively large critical angle between PC and PET (θc=77.8°) and a high 

amount of collimation is therefore needed (θi,max=19.6°). The wedge used to collimated 

the incident light emitted some light at angles larger than θi,max (Figure 4.17d). 

Furthermore, the wedge collimates within the yz-plane but not in the lateral xz-plane.  
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Figure 4.23: Polarised angular luminance (cd/m2) distribution of the outcoupling of a 

lightguide consisting of 45° line structures in oriented PET adhered to a PC 
substrate. Collimated edge-lighting is used in the 2-direction. (a) forward s-, p-
polarised and polarised contrast (b) backward s-, p-polarised and polarised 
contrast.  

 

Additionally laterally skewed rays are less efficiently totally internally reflected at the 

substrate-top film interface because such TM-polarised beams encounter a weighted 

average refractive index which is higher than no. 

Also, retardation occurs within the PC substrate. Analogous measurements to section 

3.3.7 showed s- and p-polarised light to depolarise by 3% upon transmission along the 

normal through the substrate. Therefore, light coupled out in the backward direction will 

be partly depolarised. Moreover, also s-polarised light that is redistributed within the top 

film but that is still waveguided will partly depolarise through the large path lengths 

within the substrate and will result in a p-polarised refraction towards the oriented layer 

where it is coupled out by the non-selective structures. The bulk effect within the melt 

pool might also result in retardation, depending on the orientation due to flow within the 

melt pool and the competing relaxation in the resolidification process. Finally scattering 

at interfaces and within the bulk can depolarise and broaden the collimated light 

distribution.    
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4.5 Conclusions 
 

In order for polarisation dependent Total Internal Reflection at a 

substrate/adhesive – oriented layer interface to be effective as a polarisation separation 

means, it was discussed theoretically that several prerequisites should be met: the 

refractive index of the substrate must be higher (preferentially much higher) than the 

ordinary refractive index, but lower than the extraordinary refractive index of the oriented 

top layer and the refractive index of an adhesive layer between the substrate and the 

oriented layer should preferentially be equal or higher than the refractive index of the 

substrate. Also a sufficiently collimated light input must be used in the substrate for 

effective polarisation separation to occur. In order to fulfil the prerequisites, PC was used 

as the substrate material and stretched PET as the oriented layer. The outcoupling 

structures were obtained using focussed UV-laser writing in the oriented PET film. Part 

of the incident focussed light is absorbed and locally melts the PET at the surface. 

Translation of this melt pool results in groove structures, which consist of both a surface 

relief and a bulk structure. Only a collimated light input yielded a significant polarised 

contrast from the resulting lightguides, confirming the need for light collimation in order 

for the polarisation separation by selective T.I.R. to be effective. By changing the laser 

writing conditions, the size and shape of the groove structures could be altered, which 

had a complex influence on the light outcoupling through refraction and reflection at the 

structures. Outcoupling was mainly realised in the forward direction where locally a 

polarised contrast of 9 was achieved. Improved directionality of outcoupling was achieved 

by tilting the grooves towards the light input direction. This increased the amount of 

(total internal) reflection at the structure. A tilt angle of 45° yielded a mainly backward 

directed s-polarised emission near normal angles. The highest polarised contrast achieved 

in this configuration was 12.4.  
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Chapter 5 
 

Polarised Lightguides Based on Selective Total Internal 

Reflection (2) 

Micro-machining in Oriented Polymer Films 
 

 

5.1 Introduction 
 

In the previous chapter, polarisation separation within a lightguide by selective 

Total Internal Reflection (T.I.R.) at an isotropic substrate – anisotropic layer was 

combined with non-selective light outcoupling of the linearly polarised light at laser 

written structures in the oriented polymer layer. The outcoupling characteristics of non-

tilted laser written groove structures were however rather poor, i.e. refracted and reflected 

outcoupling directions did generally not coincide and light emission near normal angles 

was low. Improved performance was found upon tilting the grooves towards the light 

input direction. This increased the amount of (total) internal reflection at the structures 

and resulted in a preferential backward s-polarised outcoupling at normal angles. 

However, the grooves remained non-ideal outcoupling structures due to the presence of a 

bulk modification, convex peaks at the surface and a rounded tilted groove - air interface.  

In this chapter the process of polarisation selective T.I.R. at the substrate – 

oriented layer is combined with well-defined outcoupling structures in the oriented layer. 

The structures are micro-machined in the oriented layer and consist of a surface relief 

structure with at least one tilted flat surface. It is investigated whether with a proper light 

input distribution and direction, the structures couple out similarly to the tilted laser 

written structures but with improved directionality, polarised contrast and less light loss 

due to refraction. The structures have a similar shape to the micro-grooves that can be 

used in frontlight systems for LCDs as reported for isotropic polymers by Cornelissen 

et.al.1 Hence, the polarised light emitting micro-structured lightguide studied in this 

chapter will, apart from its backlight potentials, also be evaluated for use in frontlight 

systems.    
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5.2 Theory 
 

 A cross-section of the aimed micro-structure in an oriented polymeric layer is 

shown in Figure 5.1. The orientation is assumed to be uniaxial with its orientation 

direction perpendicular to the plane of the paper (the motivation for selecting this 

direction was discussed in section 4.2). Two principal linear polarisation directions are 

considered to be incident at the structure: s-(TE-)polarised light perpendicular to the 

plane of incidence and p-(TM-)polarised light parallel to the plane of incidence.  

ϕϕϕϕ
θθθθc

θθθθc
n2e=1.68

PET

n1 = 1
air

θce=36.5°
θθθθi,up

θθθθi,up’
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no,y
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ne

TE = s
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n2o=1.54

θco=40.5°
 

Figure 5.1:  Schematic representation of an asymmetric micro-groove structure in an oriented 

layer and the used angular definitions. θi refers to the waveguided angle in the 

oriented layer with respect to the normal direction at the flat surface, θi
’ to the 

incident angle with respect to the tilted face of the micro-groove, θc is the critical 

angle of the oriented layer with respect to air, ϕ is the tilt angle of the micro-groove 
and subscripts e and o denote the extraordinary and ordinary directions 
respectively.  

 

S-polarised light encounters the extraordinary refractive index (ne) and p-polarised light 

the ordinary refractive index (no) within the oriented layer. The micro-structure is 

sufficiently large in dimensions for geometrical optics to apply. Oriented PET is used as a 

practical example of the effects occurring at the micro-structure. Figure 5.2 shows the 

corresponding s- and p-polarised reflections at the PET-air interface as calculated with the 

Fresnel equations 4.5-4.6 and equation 4.10 given in section 4.2.1.  
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Figure 5.2:  Fresnel reflectance R for internal reflection of s-(TE-) and p-(TM-)polarised light 

as a function of incident angle at an uniaxially oriented PET-air interface 
(ne=1.68, no=1.54). 

 

In a waveguiding application, at the flat surface of the waveguide, only angles larger than 

the critical angle will be incident at the interface with air and are evidently trapped by 

Total Internal Reflection (T.I.R.). However, if the oriented layer-air interface is locally 

tilted such as within the micro-structure of Figure 5.1, the incident angular range must be 

redefined with respect to the new normal. For a downward and upward propagating beam 

this results respectively in: 

 

90' ,, −−= ϕθθ downidowni    90' ,, −+= ϕθθ upiupi               (5.1) 

 

in which θi,down’ and θi,up’ correspond to the incident angle at the tilted surface of the 

microstructure with respect to the normal, θi,down and θi,up correspond to the waveguided 

angle with respect to normal at the flat surface of the waveguide for downward and 

upward directed beams respectively and ϕ to the tilt angle of the micro-structure (see 

Figure 5.1). All angles are expressed in degrees. When θc exceeds ϕ, the maximum 

incident downward θi,down’(max) and upward θi,up’(max) beams at the tilted face of the 

micro-structure are determined by entering the critical angle θc within the oriented layer 

in equation 5.1 for the θi,down and θi,up values (θc is defined by equation 4.14). However, 

when ϕ exceeds θc, θi,down’(max) is determined by entering ϕ into equation 5.1 and 

θi,up’(max) by using θc. This means that the smallest waveguided angle (i.e. θc) cannot be 

incident at the tilted face of the structure and hence the largest incident downward angle 

equals –90°. All incident waveguided angles at the micro-structure are within this range 

of θi,down’(max) and θi,up’(max). This is the angular region of waveguided light which in 

principle can be incident at the structure. Whether this full angular range is actually 

present in practice, depends on the incoupled light distribution, refractive indices of the 
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layers and angular redistribution effects. Depending on the incident angle at the micro-

structure, three effects can occur within this angular range that result in light 

outcoupling: refraction, reflection and total internal reflection (Figure 5.3, surface 

scattering is not considered). 
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Figure 5.3:  (a) Refraction/reflection and (b) T.I.R. of waveguided s-polarised light at a 45° 

micro-structure in an oriented PET layer. All waveguided angles are considered to 
be probable. 

 

Incident angles at the micro-structure smaller than θc will be partly refracted towards air 

(see Figure 5.2 and Figure 5.3a). The angular change within this process is described by 

the law of refraction (Snell’s law, equation 4.1). The deviation from the incident 

propagation direction due to refraction is limited and is determined by the refractive 

index difference between the phases. Figure 5.3a illustrates that part of the refracted light 

is coupled out at large angles with the normal at the surface and part is coupled into and 

reflected at the vertical edge of the micro-structure. The part that is recoupled into the 
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lightguide remains trapped by T.I.R. at the flat surface. Related to this process is the 

occurring reflection at the same incident angle (Figure 5.3a), resulting in an angular 

change described by the law of reflection (equation 4.2). The reflected light enables a 

much larger deviation from the incident propagation direction than in the case of 

refraction. The incident beam at the tilted surface is therefore split up into two beams 

with a different direction and power. The energy distribution between the refracted and 

reflected wave is described by the equations 4.9 and 4.10 and shown in the particular case 

of oriented PET in Figure 5.2. The characteristic of splitting-up of the beams into different 

directions and with a different power is not very well suited for directional and energy 

efficient light outcoupling. However, when the angle with the normal is small, most of 

the incident light is refracted (typically 96%). The large angles to which the refraction 

occurs is however still not suited for the application in back- or frontlights. Only in the 

case of a backlight this refracted light can in principle be redirected towards normal 

angles using a prismatic Brightness Enhancement Foil (BEF)2
. This adds however to 

complexity and cost and will result in additional light losses and a potential loss of 

polarised contrast. A reflection process on the other hand, is a more promising 

outcoupling mechanism due to the much larger angular deviations that can be obtained 

(Figure 5.3a). For the process to be energy efficient, incident angles close to the critical 

angle are needed. The most efficient reflection however is Total Internal Reflection 

(T.I.R.), in which all incident light is reflected at the interface. Again large angular 

deviations can be obtained in order to couple out waveguided light into near normal 

angles (Figure 5.3b). The balance between the different processes depends on the incident 

angular range at the micro-structure and can be influenced by changing the tilt angle ϕ. 

Figure 5.4 shows calculations of the outcoupled angular range for three tilt angles in case 

of waveguiding of s-polarised light in a micro-structured oriented PET layer. In this 

representation all waveguided angles within the PET layer are considered, but the 

substrate material is not shown as this does not influence the emission principles and 

corresponding angles in air. 
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Figure 5.4:  Refraction, reflection and T.I.R. of waveguided s-polarised light at a micro-

structure in an oriented PET layer. Three tilt angles are compared: (a) 65°, (b) 
45°, (c) 25°. The waveguided angular region coupled out towards air via TIR, 
reflection and refraction at the micro-structure is shown considering all waveguided 
angles to be probable. 
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Figure 5.4a shows a large tilt angle of 65°, in which a large part of the incident 

light is totally internally reflected. However, this totally internally reflected light is not 

coupled out and remains trapped. Internally reflected light is coupled out mainly to 

unfavourable large angles at the backward side and with a reduced efficiency. The 

refracted light is directed towards the forward direction at a steep angular range but is re-

entering the waveguide when incident at the vertical side of the micro-structure (not 

shown). Decreasing the tilt angle to 45° (Figure 5.4b) increases the angular range that is 

totally internally reflected and results in a much more favourable outcoupling direction 

near normal angles. As a consequence, the angular range that is refracted is diminished 

and emitted more towards the normal. A steep tilt angle of 25° (Figure 5.4c) yields an 

even more favourable outcoupling by T.I.R. to the backward direction but significantly 

reduces the outcoupled angle of the refracted light in the forward direction, which is 

unfavourable for frontlight applications. On the other hand, a larger part of the refracted 

light will be incident at the vertical side of the groove where it is coupled in and 

waveguided. 

When such asymmetric structures are illuminated from the opposite side, a quite 

different outcoupling behaviour occurs (Figure 5.5). 
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Figure 5.5:  Refraction, reflection and T.I.R. of waveguided light incident at the vertical side of 

an asymmetric 45° micro-structure in an oriented PET layer. All waveguided 
angles are considered to be probable. Only two possible reflected beams are shown. 

 

The incident light at the micro-structure is mainly refracted at the vertical side of the 

groove which acts similarly as an end face of the lightguide, i.e. which leads to refraction 

at a large angular range in both the forward and backward direction as shown in Figure 

5.5. Part of this refracted light will re-enter the lightguide at the tilted surface and be 
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waveguided at a redistributed angular range. Also external reflection will occur at the 

tilted side face of the structure and contribute to the emission at the forward direction. 

Finally, also T.I.R. occurs for large incident angles at the vertical side face and at the tilted 

side face but does not result in outcoupling. For frontlight applications it is therefore 

important to suppress waveguiding through the system from this ‘wrong’ side. 

Alternatively, symmetric micro-grooves may be used which are likely to yield more 

forward refraction losses compared to the asymmetric ‘right’ side but less than the 

‘wrong’ side illumination.  

The above mentioned calculations merely serve to show trends in the outcoupling 

behaviour but do not predict an actual outcoupled angular range or angular intensity 

distribution. This depends to a large extent on the edge-lighting characteristics into the 

side-face, refractive indices of the different layers and redistribution and depletion of light 

in the lightguide. As was shown in chapter 4, in the application as a polarised lightguide, 

a suitable material combination (e.g. PC substrate and oriented PET top film) must be 

combined with a sufficiently collimated light input for effective polarisation separation to 

occur. In Figure 5.6 such a system is considered with a 45° micro-structure tilt angle in 

which the incident light is collimated within +θi,max and -θi,max (see also equation 4.16) and 

the initial situation that no angular redistribution has occurred within the lightguide is 

considered. 
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Figure 5.6:  Refraction, reflection and T.I.R. of waveguided light incident at the tilted side of an 

asymmetric 45° micro-structure in an oriented PET layer adhered to a PC 
substrate. Collimated edge-lighting within +/- 20° into the substrate is used. 
Internal redistributions are assumed to be absent. 
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As is shown in Figure 5.6, due to the collimation and subsequent refraction of the s-

polarised light towards the normal at the PC substrate – PET top film interface, the 

incident light within the oriented layer is concentrated into a narrow angular region. At 

the micro-structure interface this angular region is incident both downward and upward 

directed. The downward region will be totally internally reflected and coupled out to the 

backward side at approximately 34 to 41°. The upward directed light is partly refracted and 

coupled out to the forward side at unfavourable large angles and partly reflected to the 

backward side at -34 to -41° outcoupling angles. The splitting-up of the backward 

outcoupling results from the refraction towards the normal at the substrate – top film 

interface, preventing parallel beams (large angles) to be present within the PET layer, 

minimising the amount of light emitted at near-normal angles. However, when 

redistribution occurs within the lightguide (e.g. by previous micro-structures) the angular 

regions broaden and ultimately the above-mentioned waveguidable angular range should 

be considered (Figure 5.4b). 

 As was discussed previously, outcoupling by total internal reflection has the 

advantage that it is a highly efficient outcoupling mechanism and that large outcoupling 

angles can easily be achieved in order to realise near normal outcoupling. However, when 

considering outcoupling of linearly polarised light, phase shifts can occur upon total 

internal reflection that might affect the polarisation direction of the reflected light. The 

phase shifts φ that occur during internal reflection are given by:4,3   

 

TM: °= 180TMφ     if: θi < θp
’  

  °= 0TMφ     if: θp
’< θi < θc               (5.2) 
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in which θi is the incident angle at the interface, θc is the critical angle at the interface of 

consideration, θp
’ is the internal Brewster angle, n is the relative refractive index (n=n2/n1). 

φTM and φTE are the phase shifts occurring at internal reflection for TM- and TE-polarised 

light respectively. This phase shift is also called the phase angle. The Brewster angle θp
’ 

(also called the polarising angle) is the angle at which the reflectance of the TM-beam is 

zero, and is defined by:3,4 
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12 /'tan nnnp ==θ                     (5.4) 

 

When equation 5.2 and 5.3 are applied to the practical example of a lightguide consisting 

of a PC substrate and an oriented PET top film, phase shifts occur at three possible 

internal reflections: reflection of p-(TM-)polarised light at the substrate-top film interface 

and reflection of p- and s-(TE)-polarised light at the PET-air interface. Figure 5.7 shows 

the corresponding phase shift in these cases. 
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Figure 5.7: Phase shifts at internal reflection (a) at an isotropic PC substrate-oriented PET 

interface (b) at an oriented PET-air interface. (ns(PC)=1.585, ne(PET)=1.68, 
no(PET)=1.54). 

 

When considering the influence of the occurring phase shift on the linear polarisation 

direction of the incident light it is essential to realise that only differences in phase shifts 

φTM - φTE other than 0° or 180° will result in an altered polarisation state, when the 

incident light is composed of a TM- and TE-component (defined with respect to the plane 

of incidence), which are in phase. In other words, incident linearly polarised light at the 

interface that is polarised in between the principal TM- and TE-directions, can be 

decomposed in a TM- and TE-component, which are in phase. The phase shift differences 

between the two components can result in a recombination in the reflected beam, which 

leads to an altered polarisation state. Phase shifts other than 0° or 180° result in 

elliptically polarised light (Figure 5.8).4 Phase shifts of 90° (λ/4) will result in circularly 

polarised light only if the electric field components ETE and ETM are of equal magnitude. 



Polarised Lightguides Based on Selective T.I.R. (2) 101 

 

0 π/4 π/2 3π/4 π 5π/4 3π/2 7π/4 2π

ETM

ETE

ETM leads ETE:

0 7π/4 3π/2 5π/4 π 3π/4 π/2 π/4ETE leads ETM: 0

π/2
3π/2

π/2 π 3π/2 2π

ETE

ETM
ωt

 
Figure 5.8: Schematic representations of the influence of different phase shifts at T.I.R. for a 

linearly polarised light wave composed of a TE- and TM-polarised electric field 

component ETE and ETM respectively for |ETE| > |ETM|. 
 

However, in the consideration of the principal cross-section shown in Figure 5.4, the 

polarisation separation occurs at the PC-PET interface and results in linearly polarised 

light at the principal directions: p-(TE-) or s-(TM-)polarised light, which are spatially 

separated and not correlated in phase (even if p-polarised light is transmitted to the 

oriented layer). At subsequent internal reflection at the micro-structure, this TE- or TM-

polarised light will encounter a phase shift (Figure 5.7) but this does not alter the linear 

polarisation direction as there is no further decomposition of the TE- or TM-polarised 

light possible. However, when skewed rays are considered which are not propagating 

within the principal cross-section of Figure 5.1, the plane of incidence at the PC-PET 

interface does not coincide with the plane of incidence at the micro-structure PET-air 

interface anymore. As a result, TE-polarised light entering the PET film can be 

decomposed into a TE’- and TM’-component at the tilted micro-structure face (which are 

now defined to a different plane of incidence). Subsequent total internal reflection at this 

interface, will result in different phase shifts for both components and the reflected light 

will be elliptically polarised. The amount of ellipticity depends on the angular deviation 

from the principal cross-section. In small deviations, ETE’ will be much larger than ETM’ 

and little polarised contrast is lost. It is beyond the scope of this thesis to study the 

induced depolarisation due to these phase shift effects in detail. It is however important 

to consider a possible influence of these effects in the explanation of the experimental 

observations.         
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5.3 Experimental 
 

5.3.1 Materials and production 
Poly(ethylene terephthalate) (PET, Arnite D04 300) granulate was kindly supplied 

by AKZO Nobel (Arnhem, The Netherlands). Poly(carbonate) (PC) sheets were purchased 

from Goodfellow. The monomers phenoxyethylacrylate (POEA) and 9-vinylcarbazole and 

the UV-initiator 1-hydroxycyclohexylphenylketone were purchased from Aldrich.  

The PET was extruded into a film of approximately 200 µm thickness using a cast-

film extruder at 280 °C. PET sheets with an initial length l0 of 80 mm, initial width b0 of 

40 mm and initial thickness d0 of 180 µm were cut from the extruded film and uniaxially 

stretched on a tensile tester to a draw ratio of 4.3 at a speed of 200 mm/min and a 

temperature of 85 °C. The draw ratio was determined by measuring the displacements of 

ink marks on the films.  

 The stretched PET films were cut into pieces of 20 mm length and 20 mm width, 

which were laminated onto a PC substrate of 2 mm thickness, 40 mm length and 40 mm 

width. The films were adhered to the substrates using a monomer mixture (82.5 wt% 

POEA + 16.5 wt% 9-vinylcarbazole + 1 wt% UV-initiator), which was subsequently cured 

with UV-light. The adhered PET layer was flattened with a diamond chisel with a radius 

of 2 mm. The film was subsequently micro-machined by cutting micro-prismatic line 

structures with a diamond chisel in the orientation direction of the films. The diamond 

tool was triangular in shape with top angle of 45° and placed at an angle of 22.5° in order 

to machine prismatic line structures with a vertical side coincident with the normal 

direction and a tilted side of 45° with the normal. The film was machined over the 

complete area with a line spacing of approximately 190 µm and a groove depth of 20 µm. 

An air flow was used to cool the sample and remove debree.  

 

5.3.2 Characterisation 
 The refractive indices of the stretched PET films were measured with an Abbe 

refractometer using the trirefringence technique.5 This enabled the measurement of the 

extraordinary refractive index (ne,x) parallel to the orientation direction, ordinary refractive 

index in the plane of the film (no,y) and in the depth direction of the film (no,z). The 

refractive indices of the used acrylate adhesives were measured from acrylate films cured 

with UV-light between cover sheets. All refractive indices were measured at 20 °C and 

apply to the sodium D line wavelength (589.3 nm, i.e. nD
20 values).   

 A Zeiss Universal polarised optical microscope was used to study the micro-

machined grooves in the PET film in transmission and reflection, both from the top and 

the side faces of the oriented film.  
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The 3-dimensional polarised light distribution from the lightguides was measured 

at inclination angles θ of 0° to +/- 80° and azimuthal angles ϕ of 0° to 360° using an 

Eldim EZ Contrast 160R at a spot size of 0.5 mm. More detailed information about this 

set-up is given in section 3.2.4. A cold cathode fluorescent lamp (CCFL) was used as an 

unpolarised, uncollimated white light source. An additional PMMA wedge (with side 

faces of 0.5 and 2 mm thickness respectively and a 12 mm length) was inserted between 

the CCFL and the substrate in order to collimate the incident light from the CCFL. The 

measuring spot was situated at a central position on the micro-machined PET layer. No 

additional end reflectors or back reflectors were applied. 

  

5.4  Results and discussion 
 

5.4.1 Refractive indices 
The refractive indices of the materials used in the lightguide system are shown in 

Table 5.1.  

 

Table 5.1: Refractive indices of PC, stretched PET (l0/b0 = 2.0, λ = 4.3) and the adhesive. ni 
corresponds to the isotropic refractive index, no,z and no,y to the ordinary refractive 
index in the depth and width direction respectively and ne to the extraordinary 
refractive index in the orientation direction.  

material 

(-) 

ni  

(-) 

no,z  

(-) 

no,x  

(-) 

ne 

(-) 

PET - 1.5394 1.5399 1.689 

PC 1.586 - - - 

adhesive 1.5880 - - - 

 

Similarly to section 4.4.1 the PC was found to be slightly anisotropic within ±0.002 of the 

isotropic refractive index shown in table 5.1. The used adhesive nearly equals this 

refractive index and the ordinary refractive index of the PET is clearly smaller than the PC 

substrate refractive index. The prerequisite (see section 4.2) for effective polarisation 

separation by selective T.I.R. at the adhesive-PET interface is therefore met.  
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5.4.2 Light outcoupling by micro-grooves in an oriented PET film adhered to 

a PC substrate 
 Optical microscope pictures (Figure 5.9) showed the micro-machined line 

structures in the stretched PET film. An asymmetric shape with at one side a 45° face 

could clearly be distinguished. The vertical side however, was not accurately reproduced, 

i.e. a tilted face (±30°) was recognised which showed some variation across the sample 

(Figure 5.9).  

a) b)

200 µµµµm

 
Figure 5.9: Optical microscope images of the micro-machined grooves in the oriented PET 

layer: (a) top view (b) cross-section view. 
 

The groove width was found to be 22.5 µm, the line spacing 200 µm and the groove 

depth 15 µm. Some burrs were locally present in which remains of the removed material 

were found to rise above the flat surface of the film. No polarised microscopy analysis of 

the grooves was possible due to the slight birefringence of the PC substrate. Hence no 

indication of plastic deformation due to the micro-machining process could be 

established. The optical characteristics of the lightguide consisting of the micro-machined 

oriented PET adhered to a PC substrate were tested with a collimated side face input into 

the substrate from both sides. The collimation achieved from the wedge is shown in 

Figure 5.10 within the principal cross-section plane (ϕ=0°) and the lateral direction 

(ϕ=90°). It is clearly shown that the wedge acts as a one-directional collimator in which 

the collimated light is concentrated within a –22° to +22° angular range. Based on the 

refractive indices given in section 5.4.1 the critical angle at the adhesive-PET interface is 

76.0°, which translates to 22.6° in air at the PC substrate edge face. The degree of 

collimation of the wedge should therefore just be sufficient to selectively totally internally 

reflect p-polarised light at the adhesive-PET interface. 
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Figure 5.10: Cross-section of the angular dependent luminance emitted at the end face of the 

used wedge collimator in the xz-(ϕ=0°) and yz-(ϕ=90°) cross-section planes. 
 
Figure 5.11 shows measurements within the principal cross-section (perpendicular to the 

grooves) with the tilted face of the groove facing the overall light input direction. 
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Figure 5.11: Emitted polarised angular luminance distribution in the yz-plane (perpendicular 

to the grooves) of a lightguide consisting of a micro-machined (45° asymmetric 
grooves) oriented PET layer adhered to a PC substrate. The tilted faces of the 
grooves are facing the incident collimated edge-lighting, as schematically indicated. 
(a) forward side (b) backward side. 

 

In the forward direction, the light emission is mainly present at large inclinations angles, 

which is attributed to refraction at the micro-structure interface as shown schematically in 

Figure 5.4b and 5.6 in section 5.2. However, when the first interaction with the micro-

groove is considered, as shown in Figure 5.6, the refraction should be present at much 

larger angles. This is an indication that a broadening of the collimated angular range has 

occurred within the lightguide as assumed in Figure 5.4b. In the backward direction 

(Figure 5.11b), clearly much more light is coupled out at a broad angular range with a 

significant contribution at near normal angles. This broad range is not expected from a 

single interaction of the collimated light with the structure in which a concentrated 
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emission near +34° to +41° is expected (Figure 5.6). Within the measurement of Figure 

5.11b, a peak within a +35° to +47° angular range is found but the emission is clearly not 

limited to this concentrated range.  

In both directions s-polarised light is clearly coupled out to a higher extent than p-

polarised light, which is shown in the polarised contrasts as plotted in Figure 5.12a. The 

backward-forward ratios of s- and p-polarised light are shown in Figure 5.12b. 
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Figure 5.12: (a) Angular dependent polarised contrasts in the forward and backward direction 

(b) backward – forward ratios for s and p-polarised light. The lightguide consists of 
a micro-machined (45° asymmetric grooves) oriented PET layer adhered to a PC 
substrate. The tilted faces of the grooves are facing the incident collimated edge-
lighting, as schematically indicated. 

 

Though the wedge did provide sufficient collimation, obviously still a significant amount 

of p-polarised light is coupled out of the lightguide, which limits the polarised contrast to 

4-5. Several reasons might cause such a p-polarised emission: angular broadening of p-

polarised light within the substrate, depolarisation by scattering (either volume or surface 

scattering), phase shifts on T.I.R. or optical retardation effects. A disadvantage of the 

separate selective polarisation separation and non-selective outcoupling process is the fact 

that once s-polarised light is depolarised the resulting p-polarised light will be coupled out 

by the structure. The most likely cause of the limitation of the observed polarised contrast 

is expected to be retardation effects within the substrate. As mentioned in section 5.4.1 

the PC substrate is slightly birefringent (∆nmax ≈ 0.004). The resulting effect on incident 

linearly polarised light was estimated using a linearly polarised HeNe-laser beam (632.8 

nm). With incident light along the normal direction in transmission, an approximate 10% 

depolarisation was found for s-polarised light. This amount could locally vary within a few 

percent. Obviously, this limits the polarised contrast towards the backward direction to a 

maximum of approximately 9. Additionally, the trapped light will also be retarded. As the 

s-polarised light within the oriented layer is redistributed at the micro-structure, the 

broadened s-polarised waveguided light will result through retardation in a broadened p-

polarised angular range in the substrate. At the substrate-oriented layer interface, this p-



Polarised Lightguides Based on Selective T.I.R. (2) 107 

 

polarised light will refract towards the oriented PET and is subsequently partly coupled 

out by refraction, reflection or total internal reflection. In order to prevent these 

processes, PC of low birefringence (such as applied in Compact Disc substrates) should 

be used. This could however not be achieved in time for the results to appear in this 

thesis. 

 Though clearly more light is coupled out towards the backward side, the backward-

forward contrast of approximately 5 for s-polarised light is still too low for frontlight 

applications (backward – forward ratios exceeding 25 are required). It is remarkable to 

find a maximum p-polarised backward-forward ratio of 10, which is twice as high as the 

corresponding s-polarised ratio. This is not to be expected as the micro-structure is not 

very selective for both polarisation directions. However, when retardation effects within 

the substrate are considered this phenomenon can be understood: the preferential s-

polarised light coupled out in the backward direction will be partly depolarised and 

contribute to the p-polarised backward emission, increasing the p-polarised backward-

forward ratio. Simultaneously, the s-polarised backward-forward ratio will be decreased.    

 When the sample is illuminated from the opposite side, the outcoupling behaviour 

is quite different, as shown in Figure 5.13a and 5.13b. To the forward direction, the 

outcoupling is mainly directed towards large angles, whereas to the backward direction no 

clear preferential outcoupling direction can be distinguished. This is the consequence of 

the asymmetry of the structure as shown in Figure 5.5 even though in practice not a fully 

vertical edge was observed (Figure 5.9). 
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Figure 5.13: Emitted polarised angular luminance distribution in the yz-plane (perpendicular 

to the grooves) of a lightguide consisting of a micro-machined (45° asymmetric 
grooves) oriented PET layer adhered to a PC substrate. The ‘vertical’ faces of the 
grooves are facing the incident collimated edge-lighting, as schematically indicated. 
(a) forward side (b) backward side.  

 

The incident light at the micro-structure will mainly encounter the vertical side of the 

groove, which acts similarly as an end face, i.e. refraction towards air up to small 
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outcoupled angles. A predominant emission at large angles in the forward direction is 

indeed to be expected as the original light input is collimated and reflection losses are 

minimal at small angles with the normal of the vertical face. The corresponding polarised 

contrast and forward-backward contrast are shown in Figure 5.14a and 5.14b. 
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Figure 5.14: (a) Angular dependent polarised contrasts in the forward and backward direction 

(b) backward – forward ratios for s and p-polarised light. The lightguide consists of 
a micro-machined (45° asymmetric grooves) oriented PET layer adhered to a PC 
substrate. The ‘vertical’ faces of the grooves are facing the incident collimated edge-
lighting, as schematically indicated. 

 

The highest polarised contrast of 8.4 is found in the forward direction at 15° inclination 

angle. The intensity at this contrast peak is relatively low and will be partly determined by 

refraction and external reflection at the tilted face of the groove (Figure 5.5). These 

external reflections occur near the external Brewster angle for p-polarised reflections at 

the tilted side face which is given by θp = tan-1 (no).
4 This results in a Brewster angle of 

57.0°, which occurs for rays reflected towards +12° inclination angle. At this angle there is 

no p-polarised external reflection at the tilted face and the reflection contribution to the 

measured luminance will consist of s-polarised light, locally increasing the polarised 

contrast. This polarised contrast clearly does not coincide with the maximum intensity 

region at steep angles and is therefore of little practical interest. At the maximum 

intensity region of 50-70° the polarised contrast is low (2 to 3). The forward-backward 

ratio is typically 3-4 at these angles and diminishes towards lower angles as shown in 

Figure 5.14b. Obviously, due to the outcoupling at steep angles and the limited polarised 

and forward-backward contrast ratios, illumination from the wrong side but also 

reflections at the end face should be avoided, especially for frontlight applications. This 

limits however the possibilities of recycling the preferentially trapped polarisation 

direction and yields additional light losses at the end face. In order to circumvent these 

disadvantages symmetrical micro-grooves may be used which are independent of the 

edge-lighting side but will probably do so at the cost of additional refraction losses.  
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5.5 Conclusions 
 

A micro-structured polarised lightguide for back- and frontlight applications was 

made and evaluated based on polarisation separation within the lightguide system by 

selective T.I.R. at the interface of an isotropic substrate – anisotropic oriented layer and 

subsequent emission of the refracted polarised light at a non-selective micro-structure in 

the oriented layer. Using a proper micro-structure shape, the emission could be mainly 

directed towards the backward direction in a broad angular region, which is an important 

feature for frontlight applications. The corresponding backward-forward ratio of 5 was 

however still too low for practical use. The polarised contrasts were limited, i.e. a 

maximum of 9 was found. This was mainly attributed to intra lightguide angular 

redistribution of the collimated edge-light input in combination with depolarisation due 

to optical retardation in the non-ideally isotropic substrate. As the polarisation separation 

process is spatially separated from the non- polarisation specific outcoupling process, the 

lightguide is inherently sensitive to any form of depolarisation. Hence, no noticeable 

improvement compared to the outcoupling with the laser written structures of the 

previous chapter was found. It is expected however that the optical characteristics can be 

further improved by suppressing inhomogeneities in the micro-structure and by using 

completely isotropic substrates.  
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Chapter 6 
 

Polarised Lightguides Based on Selective Total Internal 

Reflection at Filled Micro-structures 

Simultaneous Polarisation Separation and Outcoupling 
 

 

6.1 Introduction 
 

In the previous chapter, polarisation separation within the lightguide by selective 

Total Internal Reflection (T.I.R.) at an isotropic substrate – anisotropic layer was 

combined with a subsequent separate light outcoupling of the linearly polarised light at a 

micro-machined groove structure. Emission at the tilted face of the structure by T.I.R. did 

result in a preferential broad emission at the backward side, but the observed polarised 

contrast and backward-forward ratios were limited. This was mainly attributed to the 

sensitivity of this two-step process to angular broadening of the collimated edge-lighting, 

in combination with internal depolarisation processes (e.g. optical retardation) as the 

outcoupling process is not polarisation selective.  

A polarised light emitting lightguide in which polarisation separation is integrated 

with the outcoupling of light was proposed previously by Broer et.al.1 The lightguide 

consists of a surface relief micro-structure in an isotropic substrate, which is filled with 

macroscopically aligned anisotropic LC-material (Figure 6.1a). The refractive index of the 

substrate matches the ordinary refractive index of the LC, similar to the matching in the 

anisotropically scattering films of chapter 2 and 3 but on a macroscopic scale. Therefore, 

only one linear polarisation direction encounters an optical contrast at the structures and 

is consequently coupled out by refraction or reflection. Here the opposite situation is 

studied in a 3-layer system (Figure 6.1b): a substrate, which merely serves as an 

incoupling medium, an anisotropic layer with a suitable micro-structure and an isotropic 

coating with a refractive index close to the ordinary refractive index of the anisotropic 

layer. The optical contrast achieved for the orthogonal polarisation is aimed to result in an 

emission at near normal angles by T.I.R. This new approach will be evaluated both 

theoretically and experimentally and compared with the process of polarisation separation 

by selective T.I.R. and subsequent outcoupling of the previous chapters. 
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Figure 6.1:  Polarised light emitting lightguides which integrate the polarisation separation and 

outcoupling. (a, top): Broer et.al. proposal consisting of a micro-grooved isotropic 
substrate filled with cured anisotropic LC material, matched in refractive index 
with the substrate for one linear polarisation. Emission of the orthogonal 
polarisation is due to reflection or refraction at the micro-groove. (b, bottom): New 
proposal consisting of a micro-grooved anisotropic layer adhered to an isotropic 
substrate and filled with an isotropic coating matched in refractive index to the 
ordinary refractive index of the oriented layer. Emission of linearly polarised light 
is mainly due to T.I.R. at the micro-structure.    

 

6.2 Theory 
  
 In the polarised light emitting lightguide approach discussed in chapter 5, the 

polarisation separation process was spatially separated from the outcoupling process. 

However, as the micro-groove structure is present in the oriented layer, the possibility 

arises to combine the polarisation separation and the outcoupling into a single step, by 

coating the microstructure (Figure 6.2). Again it is aimed to couple out s-polarised light 

by T.I.R. at the micro-structure interface. It is therefore evident that the extraordinary 

refractive index ne,x of the oriented layer must be significantly larger than the 

corresponding refractive index of the coating nc,x in order to achieve a sufficiently small 

critical angle θc2,3 at the interface. Additionally, for the p-polarised component such a 

critical angle for T.I.R. should not be present at the interface, or be so small that it is of 

little practical interest. Preferentially, the p-polarised light should also not be disturbed 

significantly by refraction or reflection. 
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Figure 6.2: Schematic representation of a coated micro-grooved anisotropic layer in order to 
achieve a critical angle for T.I.R. at the tilted micro-groove face for s-polarised light 
only, resulting in a linearly polarised outcoupling. P-polarised light remains 
undisturbed and is trapped in the lightguide in order to be recycled.    

 

The preferential prerequisites for efficient polarisation separation by selective T.I.R. are 

therefore (in case of a positively birefringent uniaxially oriented layer): 

 

ne
 >> nc,x (6.1) 

 

no  ≈  nc,y  ≈  nc,z (6.2) 

 

The coating might be an anisotropic macroscopically aligned LC-layer, which is preferably 

negatively birefringent (in order to achieve a high mismatch). Here however, an isotropic 

coating will be used which is approximately matched with the ordinary direction. In such 

a case, it is the birefringence ∆n = ne-no of the oriented layer that determines the refractive 

index difference at the interface and influences the critical angle. The oriented layer 

should therefore preferably have a high birefringence in order to achieve a sufficiently 

small critical angle, which leads to T.I.R. for a practical waveguided angular range. The 

approximate matching indicated in equation 6.2 is not necessarily needed. Both a 

somewhat higher and lower refractive index coating might be an advantage in a specific 

circumstance. If the nc is somewhat lower than no, an advantage is gained due to a smaller 

critical angle at the interface for s-polarised light but at the cost of p-polarised refraction 

and reflection losses. Also a critical angle for p-polarised light will exist but this angle is 

likely to be so small that T.I.R. occurs for a non-existing angular range in the waveguide. 

If the nc is somewhat higher than no, the critical angle for s-polarised light will be 
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increased when an isotropic coating is used. As a result the angular range for which T.I.R. 

occurs will decrease and a more collimated light output might be realised. 

 The influence of the tilt angle ϕ of the micro-structure on the outcoupling due to 

T.I.R. at the micro-structure tilted plane is shown in Figure 6.3 for three different tilt 

angles. There is a minimum incident internal angle θ i
i,min and a maximum incident 

internal angle θ i
i,max (both defined with respect to the normal at the flat surface) within 

the oriented layer which after T.I.R. at the tilted face of the micro-structure results in 

emission towards air (see Figure 6.3c, subscript i denotes incident, superscript i denotes 

internal). These angles correspond respectively to a maximum reflected internal angle      

θ i
r,max and a minimum reflected internal angle θ i

r,min (both defined with respect to the 

normal at the flat surface) after T.I.R. at the micro-structure (see Figure 6.3c, subscript r 

denotes reflected). After refraction these angles translate to the maximum reflected 

external angle θ e
r,max and minimum reflected external angle θ e

r,min within air. The angular 

region within these minimum and maximum angles is coupled out of the lightguide by 

T.I.R. at the micro-structure. 
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Figure 6.3:  Schematic representation of selective T.I.R. of waveguided light which results in a 

polarised emission from the lightguide at several tilt angles ϕ of the micro-groove 

relative to the critical angle with respect to air θc1,2 of the oriented layer: (a) ϕ < 

θc1,2 (b) ϕ =θc1,2 (c) ϕ >θc1,2. 
 

Figure 6.3a shows that if the tilt angle ϕ is smaller than the critical angle θc1,2 of the 

oriented layer with respect to air, the minimum incident internal angle θ i
i,min equals this 

critical angle θc1,2 (which is the smallest angle which can be waveguided in this layer). 

When ϕ exceeds θc1,2 (Figure 6.3c), θ i
i,min is determined by the reflected beam, which is 

incident at the θc1,2 on the outcoupling interface with air. Angles smaller than θc1,2 which 

exceed ϕ can be totally internally reflected at the micro-structure but will not result in 
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outcoupling of light, they remain trapped within the oriented layer (Figure 6.3c). The 

corresponding maximum external outcoupled angle θ e
r,max in air is therefore 90° if ϕ > 

θc1,2 and smaller than 90° if ϕ < θc1,2. The following formulas define the result for the 

minimum incident internal and corresponding maximum reflected internal and external 

angles in the different cases: 

 

if  ϕ < θc1,2:  2,1min, ci
i θθ =      →  2,1max, 2 cr

i θϕθ −= →  ))sin((sin max,
1

max, r
i

er
e n θθ −=  

if  ϕ = θc1,2:  2,1min, ci
i θθ =      →  2,1max, cr

i θθ =      →  °= 90max,r
eθ              (6.3) 

if  ϕ > θc1,2:  2,1min, 2 ci
i θϕθ −=   →  2,1max, cr

i θθ =     →  °= 90max,r
eθ  

 

The maximum incident internal angle θ i
i,max for which T.I.R. results in outcoupling and 

the corresponding outcoupled angle θ e
r,min are determined by the critical angle θc2,3 at the 

oriented layer – coating interface and the tilt angle ϕ. For all tilt angles the maximum 

incident internal and corresponding minimum reflected internal and external angles are 

given by: 

 

ϕθθ +−°= 3,2max, 90 ci
i    →  °−+= 903,2min, ϕθθ cr

i →  ))sin((sin min,
1

min, r
i

er
e n θθ −=        (6.4) 

 

provided that |θ i
i,max| > θc1,2 and |θ i

r,min| < θc1,2. From these equations it can be concluded 

that for ϕ < θc1,2, at a decreasing ϕ angle, θ i
i,min is fixed and θ i

i,max decreases, decreasing 

the angular region for which T.I.R. occurs. When ϕ > θc1,2, at an increasing ϕ angle, θ i
i,min 

increases more than the increase in θ i
i,max, which also results in a smaller angular region 

that leads to outcoupling by T.I.R. Similarly, both θ i
r,max and θ i

r,min decrease for ϕ < θc1,2 

but the former to a larger extent and if ϕ > θc1,2, θ i
r,max is fixed but θ i

r,min increases. 

Therefore, also the outcoupled angular regions decrease for deviations from ϕ = θc1,2. This 

can be seen more easily by defining ∆ϕ=ϕ-θc1,2 in order to express the equations with 

respect to the deviation from ϕc≡ϕ=θc1,2. Hence three situations can be distinguished: ∆ϕ 

< 0, ∆ϕ = 0, ∆ϕ > 0. Entering  ϕ=∆ϕ+θc1,2 into equations 6.3 and 6.4 and defining the 

internal angular region for which T.I.R. results in outcoupling ∆θ i
i= θ i

i,max - θ i
i,min and the 

corresponding internal angular reflected region ∆θ i
r= θ i

r,max - θ i
r,min, yields: 

 

if ∆ϕ<0: ϕθθ ∆+−°=∆ 3,290 ci
i  and i

i
r
i θθ ∆=∆  

if ∆ϕ=0:  3,290 ci
i θθ −°=∆   and i

i
r
i θθ ∆=∆               (6.5) 

if ∆ϕ>0: ϕθθ ∆−−°=∆ 3,290 ci
i  and i

i
r
i θθ ∆=∆  
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If ϕ deviates from θc1,2 at smaller angles (∆ϕ<0), a smaller ∆θ i
i and ∆θ i

r is found from 

equation 6.5. Similarly, if ϕ is larger than θc1,2 (∆ϕ>0), also a smaller ∆θ i
i and ∆θ i

r is 

achieved. Hence, when the tilt angle ϕ equals the critical angle θc1,2 of the oriented layer 

with respect to air, a maximum angular region is obtained for which outcoupling by 

T.I.R. occurs. Using equation 6.3 and 6.4, the resulting external outcoupled angular 

region ∆θ e
r=θ e

r,max - θ e
r,min is found. In practice, the maximum angular region for T.I.R. 

which is present when ϕ=θc1,2, does not need to result in a maximum outcoupling power 

as this will highly depend on the angular luminance distribution within the oriented 

layer.  

Therefore, the prerequisite for a concentrated emission by T.I.R. at near normal 

angles is that ϕ < θc1,2 in order for θ i
r,max to be smaller than 90°, i.e. suppressing 

outcoupling to very high outcoupling angles which are impractical to frontlight and 

backlight applications. In order to evaluate these effects of tilt angle on the outcoupling 

characteristics in practice, the above mentioned equations are applied to micro-groove 

structures present in uniaxially oriented thermoplastic PET and PEN 

(Poly(EthyleneNaphthalate)) polymeric layers. Figure 6.4 shows Fresnel reflection 

calculations at the micro-structure interface for these materials (at high orientation) when 

the micro-structure is coated with a refractive index that equals the corresponding 

ordinary refractive index.  
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Figure 6.4:  Calculated s-polarised Fresnel reflectance R at a PET-coating and PEN-coating 

interface. The refractive index of the coating equals the ordinary refractive index of 
the PET and PEN layer respectively: ne(PET)=1.68, no(PET)=1.54, 
ne(PEN)=1.86, no(PEN)=1.565. 

 

Due to the much higher birefringence of the PEN film (∆n≈0.295) the resulting critical 

angle (θc2,3=57.3°) is much smaller than for the PET film (∆n≈0.14, θc2,3=66.4°) but still 
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much larger than the PET-air interface of the previous chapter (θc=36.5°). Figure 6.5 

shows geometrical optics calculations for reflection and refraction at the micro-structure 

in oriented PET and PEN coated respectively with an isotropic coating, which complies 

with the prerequisite of equation 6.2. Unpolarised light incident at the structure at all 

possible waveguidable angles is considered in the case of a tilt angle of 45° (Figure 6.5a 

and c) and 25° (Figure 6.5b and d).  
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Figure 6.5:  Emission of linearly s-polarised light by T.I.R. at a filled micro-groove in oriented 

PET or PEN (a) 45°, PET (b) 25°, PET (c) 45°, PEN (d) 25°, PEN. 
 

Due to the prerequisite given in equation 6.2, only s-polarised light will be deviated and 

coupled out of the lightguide. The structure with a large tilt angle of 45° that exceeds the 

corresponding θc1,2  indeed emits the totally internally reflected angular region towards 

large angles (Figure 6.5a and 6.5c) with a maximum outcoupling angle of 90°. The 

smaller  θc2,3  and θc1,2 of PEN  result in  larger internal angles for which T.I.R.  occurs.  As  

θ i
i,max increases more than θ i

i,min, the angular region for which T.I.R. results in 

outcoupling, increases (∆θ i
i(PEN)=20.2° and ∆θ i

i(PET)=15.1°, see Figure 6.5a and 6.5c). 

Also, smaller outcoupled angles can be achieved by T.I.R. in the PEN case (23.3° 
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compared to 37.8°). By shifting the tilt angle ϕ of the structure to smaller tilt angles, the 

largest internal angle θ i
i,max for which T.I.R. results in outcoupling is reduced as well as 

the corresponding θ i
r,min. The smallest angle θ i

i,min diminishes even more strongly up to 

the situation where ϕ = θc1,2 whereas the corresponding θ i
r,max is fixed to θc1,2 which leads 

to an external outcoupling angle of 90°. A further reduction (ϕ < θc1,2) of the tilt angle 

fixes θ i
i,min to θc1,2 but reduces θ i

i,max to values lower than 90°. At the tilt angle of 25°, in 

the case of PET (Figure 6.5b) a near normal external outcoupled angular range is achieved 

which is relatively narrow (∆θ e
r(PET)=20.7°, ∆θ i

i(PET)=12.1°). In the similar PEN case 

(Figure 6.5d), due to the smaller θc2,3 and θc1,2 a larger angular region is coupled out to 

angles which are near the normal direction (∆θ e
r (PEN)=48.4°, ∆θ i

i(PET)=25.2°). 

Compared to the 45° tilt angle, the ∆θ i
i(PET) is smaller due to the larger deviation ϕ∆  

from the θc1,2(PET) (36.5°), whereas the ∆θ i
i(PEN) is larger due to smaller deviation ϕ∆  

from the θc1,2(PEN) (32.5°).  

In conclusion, the most important advantage of lowering the tilt angle ϕ below θc1,2 

is the resulting shift in the outcoupled angular range. The largest outcoupled angle by 

T.I.R. will shift from 90° to angles much nearer to the normal direction and as a result 

the outcoupling by T.I.R. can be concentrated into a narrow and well directed near 

normal angular range (Figure 6.5b and d). In Figure 6.5 only the effect of T.I.R. is 

indicated, the outcoupling by refraction and internal or external reflections at the micro-

groove is not shown. Similarly to Figure 5.4, refraction at the groove structure mainly 

contributes to the forward direction up to large inclination angles, internal reflections 

towards the backward side and external reflections to the forward direction. Due to the 

presence of the coating compared to the unfilled grooves of chapter 5, these effects are 

however less pronounced, i.e. the refraction is directed towards larger inclination angles 

and the reflectance is lower. In the next paragraph these additional outcoupling effects 

will be discussed more elaborately when considering the influence of the substrate on the 

outcoupling processes.      

 The presence of the substrate will influence the outcoupled angular range only 

initially, i.e. when no internal light redistribution has occurred. The largest internal angle 

of the light that is coupled in at the side-face of the substrate is equal to the critical angle 

θc,s of the substrate (Figure 6.6). This corresponds to the smallest angle 90° - θc,s which is 

incident on the substrate – oriented layer interface. The largest angle at this interface 

corresponds to 90°, which results from incoupling at the normal direction in the 

substrate. In most practical situations, ns < ne and s-polarised refraction towards the 

normal occurs at this interface. This results in a limited initial light input from the 

substrate towards the oriented layer. In Figure 6.6 the initial interaction with the grooves 
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is shown for a micro-structured (ϕ=25°) PEN oriented layer adhered to a PMMA substrate 

into which the light is coupled in.  
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Figure 6.6:  Refraction, reflection and T.I.R. at a filled 25° asymmetric micro-groove in an 

oriented PEN layer adhered to a PMMA substrate using conventional edge-
lighting. The initial situation of the first interaction with the groove is considered, 
neglecting internal angular redistributions (e.g. scattering) in the lightguide.  

 

The upward directed angular region is mainly refracted at the interface of the micro-

structure with the coating and simultaneously partly reflected as can be derived from 

Figure 6.4. The refracted light remains trapped in the lightguide when it subsequently 

hits the vertical side-face of the micro-structure but is coupled out when directed towards 

the open top side of the structure. This leads to an s-polarised emission in the forward 

direction towards angles larger than 52°. The downward directed angular range (due to 

total internal reflection at the coating-air interface) is completely within the region that is 

totally internally reflected at the tilted face of the micro-structure and is coupled out into 

the backward direction at angles near the normal direction. Such an outcoupling 

characteristic is promising for both back- and frontlight applications. The forward 

refracted light is off course unwanted in frontlights, however the angular range is quite 

steep and of little practical interest. Also in a suitable frontlight configuration the top 

polariser can absorb this refracted outcoupled light. In backlights, the forward emitted 
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light can be reflected and redirected in order to contribute to the polarised emission 

towards the LCD.    

 The light that is injected into the system by the lamp should be coupled into the 

side face, which is facing the tilted plane of the structure. When illuminated from the 

opposite side (Figure 6.7) no outcoupling by T.I.R. occurs and the emission will be in the 

forward direction due to refraction (emission at large angles) and external reflection (also 

emission at small angles) at the tilted face of the structure (the reflection is shown only 

for one particular beam in Figure 6.7). 
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Figure 6.7:  Outcoupling by refraction or reflection at a filled 25° asymmetric micro-groove in 

an oriented PEN layer adhered to a PMMA substrate at edge-lighting into the 
substrate from the side facing the vertical side of the micro-groove. Reflection is only 
shown for one angle.  

 

A preferential outcoupling to the forward side is present in this representation, however 

this is only true for the first encounter with the structure when no redistribution within 

the lightguide has occurred. As can be seen from Figure 6.7 the micro-structure 

redistributes the incident upward directed angular range especially towards small angles 

(down to the critical angles θc1,2 and θc1,3). At the next encounter, the straight face of the 

structure will therefore act as an end-face which emits light up to large angles resulting in 

both a forward and backward emission (see also Figure 5.5). 

 Finally, depolarisation due to phase shifts occurring during this T.I.R. process is 

not expected to result in a decrease of polarised contrast. Again similar to the uncoated 

situation of section 5.2, within the principal cross-section such as considered in Figure 

6.6, only the TE-(s-)polarised beam is totally internally reflected. The corresponding 
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phase shift can be calculated according to the theory given in section 5.2 but does not 

depolarise the linear TE-component. When considering skewed rays incident at the 

micro-structure interface, which are not within this principal cross-section, only the TE-

polarised component will still be totally internally reflected and again no linear 

polarisation is lost due to phase shifts. The weighted average refractive index difference 

encountered by this TE-polarised component will however be lowered due to a partial 

projection towards the no-directions. Similarly, the TM-polarised component will 

encounter an increased refractive index difference due to a partial projection to the ne-

direction. Skewed rays are therefore expected to couple out TE-polarised light less 

effectively by T.I.R. and result in a less accurate matching at the micro-structure interface 

for TM-polarised light. An extensive three-dimensional theoretical consideration of these 

effects on the outcoupling characteristics is however beyond the scope of this thesis.   

 

6.3 Experimental 
 

6.3.1 Materials and production 
Poly(ethylenenaphthalate) (PEN) extruded film was kindly supplied by Uniphase 

(Arnhem, The Netherlands). Poly(methylmethacrylate) (PMMA) sheets were purchased 

from Goodfellow. The monomers bisphenol A ethoxylated (1EO/phenol) diacrylate, 

tripropyleneglycol diacrylate (TPGDA), phenoxyethylacrylate (POEA) and the UV-initiator 

1-hydroxycyclohexylphenylketone were purchased from Aldrich.  

PEN sheets with an initial length l0 of 80 mm, initial width b0 of 40 mm and 

initial thickness d0 of 480 µm were cut from the PEN film and uniaxially stretched on a 

tensile tester to a draw ratio of 4.2 at a speed of 200 mm/min and a temperature of 125 

°C. The draw ratios were determined by measuring the displacements of ink marks on the 

sheets.  

 The stretched PEN films were cut into pieces of 27 mm length and 20.5 mm 

width, which were laminated onto PMMA substrates of 2 mm thickness, 29 mm length 

and 29 mm width. Several films were adhered to the substrates using an acrylate 

monomer mixture (adhesive 1: 91.2 wt% bisphenol A ethoxylated diacrylate + 8.3 wt% 

TPGDA + 0.5 wt% UV-initiator) and several films with POEA (adhesive 2: 99wt% POEA 

+ 1 wt% UV-initiator) that were subsequently cured with UV-light.    

 The adhered PEN was flattened with a diamond chisel with a radius of 2 mm 

perpendicular to the orientation direction. The films were subsequently micro-machined 

by cutting micro-prismatic line structures with a diamond chisel in the orientation 

direction of the films. Two diamond tools were used in order to machine different 

prismatic line structures. A triangularly shaped tool with a straight face of 0° and a tilted 

face of 26° (both with respect to the normal) was used to micro-machine the PEN films 
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which were adhered with the bisphenol A ethoxylated diacrylate mixture. A symmetrically 

shaped tool with 2 faces of 25° (top angle 50°) was used to micro-machine the PEN films 

adhered with POEA. The line spacing in both cases was approximately 200 µm and the 

groove depth 50 µm. Finally, the micro-machined PEN films were coated with an acrylate 

monomer (99 wt% bisphenol A ethoxylated diacrylate + 1 wt% UV-initiator) between the 

structured PEN film and a cover sheet and subsequently this layer was cured by a UV-

exposure. After curing the cover sheet was removed.     

 

6.3.2 Characterisation 
 The refractive indices of the stretched PEN films and the used acrylate adhesives 

were measured in a similar way as discussed in section 5.3.2.  

 A Zeiss Universal polarised optical microscope was used to study the micro-

machined grooves in transmission and reflection both at a top view and at a side-view of 

the PEN film.  

 The 3-dimensional polarised light distribution from the lightguides was measured 

at inclination angles θ of 0° to +/- 80° and azimuthal angles ϕ of 0° to 360° using an 

Eldim EZ Contrast 160R at a spot size of 0.5 mm. More detailed information about this 

set-up is given in section 3.2.4. A cold cathode fluorescent lamp (CCFL) was used as an 

unpolarised, uncollimated white light source. Light from the CCFL lamp was directly 

coupled into the side-face of the PMMA substrate with its normal perpendicular to the 

machined line structures. Optionally, a specular reflecting HRM (High Reflective Mirror, 

3M) foil was used at the end face of the PMMA substrate (no optical contact). 

  

6.4  Results and discussion 
 

6.4.1 Refractive indices 
The refractive indices of the materials used in the lightguide system are shown in 

Table 6.1. The PEN film was found to deviate slightly from pure uniaxial orientation. A 

high birefringence of approximately 0.28 is found, which is in agreement with previous 

results.2,3,4 The coating with which the micro-structure is filled nearly equals the ordinary 

refractive indices, which is preferred to achieve effective polarisation separation at the 

micro-structure interface. 
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Table 6.1:  Refractive indices of PMMA, stretched PEN (l0/b0 = 2.0, λ = 4.2), and the 
corresponding adhesives and top coating. ni corresponds to the isotropic refractive 
index, no,z and no,y to the ordinary refractive index in the depth and width direction 
respectively and ne to the extraordinary refractive index in the orientation direction.  

material 

(-) 

ni  

(-) 

no,z  

(-) 

no,x  

(-) 

ne 

(-) 

PEN  - 1.566 1.574 1.85 

Coating 1.5680 - - - 

PMMA 1.490 - - - 

Adhesive 1 1.5605 - - - 

Adhesive 2 1.555 - - - 

 

6.4.2 Light outcoupling by selective T.I.R. at asymmetric filled micro-

grooves  
Figure 6.8 shows optical microscopy pictures of the asymmetric micro-grooves, 

which were micro-machined in the oriented PEN film. 

b)

200 µm

200 µm

a)

c)

200 µm

 
Figure 6.8:  Optical microscopy images of the micro-machined asymmetric 26° micro-grooves in 

oriented PEN adhered to a PMMA substrate. (a) top view, region of much debris 
(b) top view, region of little debris (c) side view of the micro-machined PEN layer 
(with coating). 
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At the edge of the grooves debris was found to be present, quite pronounced at most parts 

of the sample area (20.5*27mm) (Figure 6.8a), but much less at other regions (Figure 

6.8b). The debris was seen to locally rise above the flat surface of the film. The groove 

width was found to be approximately 30 µm and the line spacing 200 µm. Figure 6.8c 

shows the side face of the coated oriented PEN film, which shows that the groove shape is 

accurately reproduced: a straight and tilted face can clearly be distinguished. With a 26° 

tilted side face of the diamond tool this results in an approximate groove depth of 61.5 

µm. As the PMMA substrate was  isotropic, a polarised optical microscopy analysis of the 

grooves was possible by rotating the sample between crossed polarisers in transmission, 

in which no altered orientation near the grooves could be detected and hence no 

indication of plastic deformation due to the micro-machining process was found. 

 The optical characteristics of the lightguide were established by edge-lighting with 

an uncollimated CCFL white light source from the side facing the tilted groove faces. 

Visual inspection revealed a highly s-polarised backward emission near normal angles 

(Figure 6.9a and b). The normal camera exposure of Figure 6.9a shows the high 

polarised contrast, the camera overexposure of Figure 6.9b shows the very low intensity 

residual scattering of p-polarised light (left side) due to debris, air bubbles in the coating 

of the grooves, dust, residues within the grooves, semi-crystalline bulk scattering (similar 

to PET as reported in section 4.2.2) and surface scattering. These effects appear to be the 

limiting factor of the polarised contrast. No reflection of p-polarised light at the structure 

could be observed at any angle.  

p-polarised

b)a)

unpolarised p-polarised unpolarised
 

Figure 6.9:  Photographs of the polarised emission towards the backward (substrate) side from 
the coated micro-structured PEN(26° asymmetric grooves)/PMMA lightguide. The 
left side is covered with a polariser, which analyses for p-polarised light. 
Conventional CCFL edge-lighting into the substrate is used, as indicated by the 
arrows. (a) normal camera exposure (b) camera overexposure. 

 



126  Chapter 6 

  

Measurements of the polarised forward and backward emission were performed at both 

positions close to the lamp (at approx. y=5 mm, little debris) and at a central position (at 

approx. y=10 mm, much debris). Figure 6.10 shows polarised luminance measurements 

in a plane perpendicular to the grooves in the backward direction at the position close to 

the lamp.  
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Figure 6.10: Polarised angular luminance distribution in a plane perpendicular (ϕ=90°) and 

parallel (ϕ=0°) to the coated asymmetric 26° micro-grooves in oriented PEN at the 
backward (substrate) side. CCFL uncollimated edge-lighting is incident at the side 
face of the PMMA substrate which is facing the tilted side of the grooves. The 
measurement is performed at a position on the structured PEN close to the lamp 
(y=5mm) (a) polarised luminance cross-section (b) polarised contrast cross-
section.  

 

Figure 6.10a reveals the high s-polarised luminance, concentrated in a near-normal 

region, which corresponds well with the calculated s-polarised T.I.R. region in section 

6.2. The p-polarised light is only slightly disturbed from its internal propagation direction 

due to the approximate matching of the ordinary refractive index with the coating 

refractive index, which results in a small emission of p-polarised light at steep angles. In 

the theoretical section, two limits to the s-polarised outcoupling region were discussed, 

i.e. a) the initial situation of refraction from a PMMA substrate towards the PEN layer 

(Figure 6.6) and b) the situation where a complete angular redistribution has occurred 

due to the interaction with the structure and other redistributing phenomena such as 

scattering (Figure 6.5d). Both angular ranges were recalculated for a 26° tilt angle using 

the refractive indices of section 6.4.1, which results in:  limit  a)  θ er,max = 29.3°  to  θ e
r,min=  

-3.0° and limit b) θ e
r,max = 37.7° to θ e

r,min= -11.2°. Both angular regions are indicated within 

Figure 6.10a. The light coupled out to small angles results from relatively large 

waveguided angles incident at the micro-structure near the critical angle θc2,3. For smaller 

incident angles at the micro-structure, normal reflections will occur which rapidly drop in 

efficiency as can derived from the Fresnel reflection coefficients shown in Figure 6.4 (i.e. 

50% reflectance remains at an angle exceeding θc2,3 by 0.5° and 20% by 3°). This rapid 
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drop in intensity can clearly be distinguished in the measurement and corresponds well 

to the calculated angle assuming redistribution has occurred. At the upper limit, less light 

is apparently totally internally reflected, which is likely to be the result of the side-face 

incoupling of light into the PMMA substrate, i.e. less light is coupled into small 

waveguided angles. Based on these observations it can be concluded that some angular 

redistribution has occurred in the lightguide, mainly towards larger internal angles (i.e. 

smaller external angles). Figure 6.6 shows that such angular broadening will occur due to 

refraction at the micro-structure.  

The resulting polarised contrast values are shown in Figure 6.10b. The highest 

contrast is present at –10° inclination angle and exceeds 140. Within the region of –20° to 

+10° where the highest intensities are found, the polarised contrast exceeds 60. The 

observed dip within the contrast at approx. –4° is a result of a locally slightly higher p-

polarised luminance and is not considered to be a structural phenomenon. The three 

dimensional polarised angular distributions are shown in Figure 6.11. 

s-polarised p-polarised s/p contrasta) b) c)

Iint = 365 lm/m2 Iint = 29.5 lm/m2 CRint  = 14.5
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Figure 6.11: Polarised angular luminance (cd/m2) distribution at the backward (substrate) 

side of the coated 26° micro-structured PEN/PMMA lightguide at a position on 
the oriented PEN close to the lamp side (y=10 mm). Conventional CCFL edge-
lighting (indicated by the arrows) is used into the side face of the PMMA substrate 
facing the tilted face of the micro-grooves. (a) s-polarised (b) p-polarised (c) 
polarised contrast. 

 

The s-polarised distribution observed in Figure 6.11a shows that the collimated 

outcoupling that is achieved is in a plane perpendicular to the grooves, whereas parallel to 

the grooves obviously a much broader distribution is obtained. The polarised light is 

therefore emitted with a distribution which resembles the output of a wedge (e.g. 

compare with Figure 3.14a). In the p-polarised emitted angular range (Figure 6.11b) the 

remaining emitted light is again found to be present at large inclination angles. No 

contribution from the high emitted luminance caused by s-polarised T.I.R. can be found 

upon p-polarised analysis, neither within the measurement nor upon visual inspection. 
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Clearly, p-polarised light is not totally internally reflected and is not resulting from 

depolarisation due to for instance retardation or phase shift effects. As discussed in 

theory (section 6.2), phase shifts upon T.I.R. will occur but were not expected to cause 

depolarisation, which is confirmed in these observations. Also, the s-polarised reflection 

from the grooves is not retarded within the PET film due to the co-incidence of the 

polarisation direction with the extraordinary direction and the absence of retardation 

within the isotropic PMMA substrate. The polarised contrasts are therefore extremely 

high up to a maximum of approximately 150 and exceed 60 in a large area of high 

luminance (Figure 6.11c). The integrated polarised contrast over the complete angular 

range is 14.5. Such high contrast values make the use of the first polariser obsolete in 

many back- or frontlit LCD-applications.      

 Similar measurements are shown in Figure 6.12 for the backward side 

measurements at a central position (y=10 mm) on the sample where the micro-structures 

were less perfect due to the presence of more debris at the edges of the grooves.  
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Figure 6.12: Angular polarised luminance distribution in a plane perpendicular (ϕ=90°) and 

parallel (ϕ=0°) to the coated asymmetric 26° micro-grooves in oriented PEN at the 
backward (substrate) side. CCFL uncollimated edge-lighting is incident at the side 
face of the PMMA substrate which is facing the tilted side of the grooves. The 
measurement is performed at a central position on the structured PEN (y=10mm) 
(a) polarised luminance (b) polarised contrast.  

 

The outcoupling behaviour is quite similar to the y=5 mm position, i.e. a highly s-

polarised T.I.R. near the normal is achieved, but the p-polarised emission has increased 

(Figure 6.12a). As a result the observed maximum contrasts are lowered to approximately 

60-70 (Figure 6.12b) and the overall integrated contrast has dropped to 8.3 (not shown). 

This is a direct consequence of the increased presence of inhomogeneities which 

scatter/refract polarisation independently. A careful optimisation of the machining of the 

film and applying of the coating is needed to suppress the presence of debris, air bubbles 

and dust in order to maximise the contrast values. Also, scattering contributions due to 

the semi-crystallinity of the oriented PEN (similar to PET as shown in section 4.2.2) can 
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be suppressed in the stretching process.5,6,7,8 There is therefore still ample room to 

maximise the polarised contrasts further across the sample area. 

 The emission by the sample at the central position towards the forward side 

(which would be the viewer side in a frontlight application) is shown in Figure 6.13.  
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Figure 6.13: Angular polarised luminance distribution in a plane perpendicular (ϕ=90°) and 

parallel (ϕ=0°) to the asymmetric 26° micro-grooves in oriented PEN at the 
forward (groove) side. CCFL uncollimated edge-lighting is incident at the side face 
of the PMMA substrate which is facing the tilted side of the grooves. The 
measurement is performed at a central position on the structured PEN (y=10mm) 
(a) polarised luminance (b) polarised contrast.  

 

Figure 6.13 shows that the p-polarised luminance is mainly found at large inclination 

angles, whereas the s-polarised light is predominantly emitted at large inclination angles 

(>40°). As discussed in the theory, (Figure 6.6) this is mainly caused by refraction of s-

polarised light at the micro-structure. This refractive polarisation separation process is 

clearly much less efficient with respect to the emitted angular range and the observed 

polarised contrast, which has a maximum of only 7 near normal angles (not shown). At 

high inclination angles this is even significantly less (e.g. 2 at 60°).  

The s-polarised backward-forward (s-s) ratio is shown in Figure 6.14. A maximum 

backward-forward ratio of 8.5 is achieved at positions where the backward s-polarised 

emission is highest. This ratio is important for frontlight applications and should 

preferably exceed 25. The emission towards the forward side is however expected to 

diminish when the sample is more extensively optimised as discussed in the previous 

paragraph. The forward-backward contrast can also be enhanced by absorbing the forward 

emitted s-polarised light at the top polariser of the LCD-system. In such a case, a high s-

backward versus p-forward ratio exceeding 40 is obtained (s-p in Figure 6.14). The 

consequences of such a display configuration will be discussed more elaborately in 

section 6.4.5.  
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Figure 6.14: Backward-forward contrast ratios of the emission by the 26° micro-structured 

PEN/PMMA lightguide at a central position (y=10 mm): s-backward versus s-
forward (s-s) and s-backward versus p-forward (s-p) at both principal cross-sections 

perpendicular to the grooves (ϕ=90°) and parallel to the grooves (ϕ=0°). 
 

When the lightguide is illuminated from the opposite side (facing the straight side 

of the groove), quite a different outcoupling behaviour is observed, similarly to the 

uncoated micro-machined sample discussed in section 5.4.2. The collimated and 

preferentially backward directed highly s-polarised emission (such as in Figure 6.12a) is 

clearly not present (Figure 6.15a). Instead, the s-polarised light is coupled out 

predominantly towards the forward side at large inclination angles (58°, Figure 6.15b) 

with a polarised contrast of approx. 5.5. 
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Figure 6.15: Angular polarised luminance distribution in a plane perpendicular (ϕ=90°) and 

parallel (ϕ=0°) to the coated asymmetric 26° micro-grooves in oriented PEN. 
Conventional edge-lighting is incident at the side face of the PMMA substrate 
which is facing the straight side of the grooves. The measurement is performed at a 
central position on the structured PEN (y=10mm) (a) backward side (b) forward 
side.  

 

Edge-lighting from the side face facing the straight side of the asymmetric groove clearly 

results in a much less directional outcoupling by refraction and reflection, which highly 
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reduces the polarised contrasts and usefulness of the emission. Applying an end face 

reflector in a frontlight application will therefore reduce the backward-forward and 

polarised contrasts. However, in the next paragraph, symmetric micro-grooves are studied 

in order to circumvent this problem.  

 

6.4.3 Light outcoupling by selective T.I.R. at symmetric filled micro-grooves 
 Microscope images of the symmetric micro-machined grooves within the oriented 

PEN layer are shown in Figure 6.16. 

200 µm

200 µm

PMMA

glue
PEN

b)a)

 
Figure 6.16: Microscope images of symmetric micro-grooves in oriented PEN prior to coating 

adhered to a PMMA substrate (a) side view (b) top view. 
 

The grooves were found to be accurately machined in the oriented PEN, i.e. no debris 

were found to be present (Figure 6.16b) and the side faces were accurately tilted and 

straight with a sharp angle at the bottom of the groove. The groove spacing was found to 

be 200 µm, the groove width 52.5 µm and the groove depth 56.5 µm. This corresponds 

well with a tilt angle of the faces of 25° with respect to the normal. The grooves therefore 

highly resemble ideal outcoupling structures as used in the calculations in section 6.2. A 

scratched structure is however present at the surface of the film perpendicular to the 

orientation direction (Figure 6.16b), which is due to the flattening of the film prior to the 

machining of the grooves. This structure is likely to result in some unwanted surface 

scattering. 

  The polarised emission by the lightguide, consisting of the coated structured PEN 

adhered to a PMMA substrate, is shown in Figure 6.17 at a central position on the sample 

(y=10 mm) in a plane perpendicular to the grooves in both the forward and backward 

direction. In order to test the symmetry of the light outcoupling, a specular reflector was 

used at the end face of the substrate. 
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Figure 6.17: Polarised angular luminance distribution in a plane perpendicular to the grooves 

at a central position on the coated micro-machined (2*25°) PEN/PMMA 
lightguide. Conventional CCFL edge-lighting was used in the PMMA substrate 
side-face. A comparison is made between the emission with and without a specular 
end reflector (HRM). (a) backward (b) forward (c) polarised contrast (d) 
backward-forward contrast. 

 

When the end reflector is used, a clearly higher luminance is emitted by the lightguide in 

both the forward and backward direction (Figure 6.17a and b respectively) for both 

polarisation directions. The emission characteristics in the backward direction hardly 

change, due to the well centred normal emission (Figure 6.17a). In the forward direction, 

a mirrored distribution of reduced intensity is added to the emission without the reflector, 

which mainly contributes at high negative inclination angles (Figure 6.17b). The polarised 

contrast is slightly reduced (probably as a result of depletion of s-polarised light) but 

remains very high (e.g. >60 from -15° to +10°) in the backward direction where most of 

the emitted intensity is located. The backward-forward contrast (Figure 6.17d) is not 

influenced at all by the presence of the reflector, which confirms that the reflected light is 

also directed with equal preference towards the backward side. The backward-forward s-

polarised ratio (s-s, Figure 6.17d) is approximately 7, whereas the s-polarised backward 

versus p-polarised forward ratio (s-p, Figure 6.17d) is very high (exceeding the necessary 

25 value for frontlights within the range of –30° to +25°). This is due to the very small 

amount of residual p-polarised emission near normal angles as a result of the reduction 

of residual inhomogeneities compared to the asymmetric grooves. The corresponding 
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three dimensional polarised outcoupled luminance distributions are shown in Figure 

6.18 (backward) and Figure 6.19 (forward).  
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Figure 6.18: Polarised angular luminance (cd/m2) distribution of the backward outcoupling at 

a central position (y=10 mm) at the coated micro-machined (2*25°) PEN/PMMA 
lightguide. Comparison between no end face reflector and a HRM end face 
reflector. A 3D vector representation of the emission is also shown in (a) and (b). 
The edge-illumination direction is indicated by the arrows. (a) s-polarised (b) p-
polarised (c) s/p contrast (d) s-polarised HRM (e) p-polarised HRM (f) s/p 
contrast HRM.  
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Figure 6.19: Polarised angular luminance distribution (cd/m2) of the forward outcoupling at a 

central position (y=10 mm) at the coated micro-machined (2*25°) PEN/PMMA 
lightguide. Comparison between no end reflector and a HRM end reflector. The 
edge-illumination direction is indicated by the arrows. (a) s-polarised (b) p-
polarised (c) s/p contrast (d) s-polarised HRM (e) p-polarised HRM (f) s/p 
contrast HRM.  

 

Again, the highly s-polarised angular emission towards the backward direction is found to 

be well centred at near normal angles. The emission is one-dimensionally collimated in 

the backward direction, i.e. collimated perpendicular to the grooves and a broad 

distribution in the parallel direction (Figure 6.18a). P-polarised light is only slightly 

emitted at high inclination angles (Figure 6.18b). At the normal direction, high polarised 

contrasts are found, which locally exceed 150 (Figure 6.18c). The forward s-polarised 

emission is largely directed towards high inclination angles (Figure 6.19a). When the end 

reflector is applied, only at these large inclination angles the distributions change 

noticeably, i.e. a mirrored contribution is added (Figures 6.18d, e, f and 6.19d, e, f). In the 

forward direction, s-polarised light is clearly emitted much more than the p-polarised, 

resulting in a maximum polarised contrast of 20 near normal angles (Figure 6.19c, f). 
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To visualise the emission, in Figure 6.20 photographs are shown of the backward (Figure 

6.20a) and forward side (Figure 6.20b) and a situation comparable to frontlight operation 

(i.e. viewers side/forward, Figure 6.20c).  

s-polarised p-polarised p-polarised s-polarised

p-polarised s-polarised

b) forwarda) backward

reflector

c) viewers/forward side

reflector

d) viewers/forward side

 
Figure 6.20: Photographs of the polarised emission by the coated micro-machined (2*25°) 

PEN/PMMA lightguide. CCFL edge-lighting is incident from the top of the 
pictures, a specular reflector is located at the bottom. (a) backward (s-pol. left, p-
pol. right) (b) forward (p-pol. left, s-pol. right) The exposure time of the camera 
was equal in the (a) and (b) pictures. (c) viewers side, impression of the lightguide 
transparency in a frontlight operation, p-polarised. The paper text is located 
approximately 10 mm below the lightguide. (d) analogous, s-polarised. 

 

The highly s-polarised emission is clearly shown in Figure 6.20a, whereas Figure 6.20b 

shows the corresponding residual forward s-polarised emission. The transparency of the 

lightguide is nicely illustrated in Figure 6.20c and d, i.e. the refractive index matching for 

p-polarised light enables a superb visibility compared to the s-polarised case (refractive 

index mismatch of 0.28).  
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The symmetric micro-grooves show an important improvement compared to the 

asymmetrically shaped grooves with respect to the application of an end face reflector in 

order to improve polarised light recycling and homogeneity in frontlight applications. In 

backlight applications the symmetric grooves are also to be preferred as the emission of 

the reflected light is also concentrated at normal angles. As the tilt angle of the faces is 

smaller than the smallest waveguidable angle, the waveguided light in the oriented layer 

will not directly interact with the additional opposite tilted face of the groove. However, 

once the light is refracted towards the coating within the groove, the chances of re-entry 

within the oriented layer at the second micro-groove face have decreased compared to the 

asymmetric grooves (at equal groove dimensions). The resulting increased refraction and 

reflection losses at the symmetric groove therefore did not improve the s-polarised 

backward-forward ratio, despite the much better groove quality. The s-p backward-forward 

ratio was however highly increased. The implications with respect to the frontlight 

operation are discussed in section 6.4.5.  

 

6.4.4 Comparison of the separate and integrated polarisation separation 

and outcoupling processes 
In this chapter and the previous chapter, two different polarisation separation and 

outcoupling processes were discussed and studied both theoretically and experimentally. 

The first approach is a two-step process in which spatial internal polarisation separation 

occurs in the lightguide followed by a non-selective outcoupling mechanism. Polarisation 

separation occurs by selective T.I.R. at an isotropic-anisotropic interface and the linearly 

polarised light is coupled out at a suitable micro-structure in the oriented layer. In the 

second approach both the polarisation separation and the outcoupling are integrated by 

selective T.I.R. at an anisotropic - isotropic micro-structure interface which results in an 

emission at near normal angles. These two mechanisms were found to operate quite 

differently with different prerequisites. A variety of advantages of the integrated 

compared to the separate process can be distinguished: 

1)  no collimated light input in the substrate is needed in the integrated process, which 

yields less additional light loss, is less complex, bulky and costly and conventional 

edge-lit illumination can be used. 

2)  the micro-structure is much less visible due to the filled grooves that are used, which 

is very important in frontlight application as the viewer sees the LCD information 

through the lightguide. A visible micro-structure will obviously conflict with the 

image. When the front polariser of the LCD-panel is transmitting p-polarised light, the 

transparency of the filled grooves is especially good due to the approximate matching 

in refractive indices of the grooves and the coating. 
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3) depolarisation within the lightguide system while waveguiding (due to for instance, 

retardation or scattering) is less of a problem and might even be a recycling advantage, 

as the structure will always selectively couple out one linear polarisation direction. In 

the separate process however, a collimated p-polarised angular range is needed for 

sufficient polarisation separation to occur. Broadening of s-polarised light and 

subsequent depolarisation will seriously disrupt the polarisation separation process 

because the outcoupling mechanism is not polarisation specific. In both cases 

backward outcoupled light should not be depolarised (e.g. retarded) in the substrate. It 

is therefore important that the substrate is birefringent free or has its birefringence 

well-defined at principal directions.  

4)  the recycling mechanisms of the separate process are limited, i.e. no depolarisation 

while waveguiding should be present as discussed above, while at the end face only a 

specular depolariser (e.g. a quarter wave film and a specular mirror) can be used as no 

angular redistribution is allowed. In the integrated process however, an angular 

redistribution is desirable and therefore also a depolarising diffuse end reflector might 

be used. Also, in the one-step process, the preferential backward outcoupling 

potentially enables the use of a retarding layer at the coating side in order to recycle 

the preferentially trapped polarisation direction while waveguiding. Such a recycling 

mechanism could be used in a polarised backlight system and is likely to promote a 

homogeneous emission across the lightguide area. 

5)  the selective outcoupling by T.I.R. at the filled grooves occurs with a much larger 

critical angle at the micro-structure tilted face, enabling a narrowed internal angular 

range to be coupled out in a concentrated region. With unfilled micro-structures a 

much broader angular range is reflected. Also, refraction losses are less pronounced 

and are refracted towards larger angles.    

6) filled grooves are not sensitive to additional contamination. 

 

In the experiments, the advantages 2) and 3) are responsible for the much higher 

polarised contrast and backward-forward ratios of the integrated process. However, there 

is still a potential of significant improvements to be made with the separate process by 

using birefringence free substrates. Also in principle both polarisation mechanisms can 

be combined. Preventing the p-polarisation to reach the micro-structure is expected to 

further improve the polarised contrast. The collimated s-polarised angles are however not 

within the angular range for which T.I.R. will occur at the filled micro-grooves. A 

redistribution of s-polarised light is therefore needed.    

The main benefit of both approaches, compared to the anisotropically scattering 

polarised lightguides discussed in chapter 3, is the ability to pattern the micro-structures 

with a gradient distribution in order to actively control the homogeneity of the polarised 
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light emission across the back- or frontlight area. It is therefore expected that the used 

principles are also applicable in large area back/frontlight systems for LCDs.    

 

6.4.5 Polarised frontlight systems 
 The observed directionality of the lightguides resulting in a collimated linearly 

polarised emission towards the backward direction, is a highly desirable feature for 

frontlight applications. Conventional frontlights emit unpolarised light, as shown in 

chapter 1 (Figure 1.4). When polarised light is emitted, two types of polarised frontlight 

systems are possible, i.e. a two polariser system and a single polariser variant. The former 

system is similar to the frontlight shown in Figure 1.4, with the distinction that the 

frontlight is located between the top polariser and the LC-cells and that if the frontlight 

emits s-polarised light, the front polariser (analyser) also should transmit s-polarised light 

and the rear polariser p-polarised light. With a sufficiently polarised emission from the 

frontlight, an opportunity arises of using a single polariser LCD system. The single front 

polariser is combined with an LCD with reflective aluminium pixels at the bottom side 

(Figure 6.21). This provides a reflection at the pixel where the image is formed and hence 

minimises parallax effects compared to the double-polar system, which enables the use of 

high-resolution reflective displays. The function of the single front polariser is three fold, 

i.e. it polarises incident ambient light, analyses the reflected light from the LCD and 

absorbs part of a residual forward emission by the frontlight. The front polariser can be 

placed in two principal directions: transmitting s-polarised light (Figure 6.21) or p-

polarised light (Figure 6.22).  

In the former situation, the incident ambient light is similarly polarised as the 

emission from the studied polarised lightguides. Both with ambient and frontlit 

illumination, an off-state pixel (no voltage, assuming TN-switching) rotates the s-polarised 

light to p-polarised which is absorbed at the front polariser resulting in black pixels 

(Figure 6.21a). In the on-state of the pixel, the incident polarisation direction is reflected 

unaltered and is hence transmitted by the analyser, resulting in white pixels. The display 

operates hence in a Normally Black (NB) mode: no voltage provides a black image. This 

can be converted to the Normally White (NW) mode (bright pixel at zero voltage) which 

provides better visual perception, by applying a quarter-wave (λ/4) foil below the 

frontlight (Figure 6.21b). This causes an additional rotation of the linearly polarised light 

turning black pixels to white and vice versa, hence switching from NB to NW mode. 

Alternatively, also a different switching effect can be used which does not alter the 

polarisation state in the off-state of the pixel. 
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Figure 6.21: Polarised frontlight operation compared to ambient light operation in a single 

polariser LCD system using reflective pixels. The polariser is transmitting s-
polarised light. (a) Normally Black (NB) mode (b) Normally White (NW) mode. 
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When the front polariser is transmitting p-polarised light however, the ambient 

illumination will be orthogonally polarised with respect to the s-polarised emission of the 

frontlight (Figure 6.22).  
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Figure 6.22: Contrast inversion of polarised frontlight operation compared to ambient light 

operation in a single polariser LCD system using reflective pixels. The polariser is 
transmitting p-polarised light. 

 

This causes a contrast inversion when switched from ambient to frontlit illumination: 

dark pixels will become bright and vice versa. This can be electronically corrected but is 

off course not the most desirable situation. However, the advantage of this approach is 

the absorbance of directly forward emitted s-polarised light and the superb visibility of the 

lightguide for p-polarised light (Figure 6.20). The experimental samples studied in 

section 6.4.2 and 6.4.3 did provide insufficient backward-forward s-polarised ratio to 

enable the use of a s-polarised front polariser. However, this contrast was sufficient for 

the p-polarised analyser system of Figure 6.22.  

 The p-polarised light, which remains preferentially trapped within the frontlight, 

can be recycled to enhance the display brightness or energy efficiency. This can be done 

for instance by applying a depolarising end reflector. Such a reflector can consist of a 

quarter-wave foil combined with a specular reflector or of a diffuse reflector. The 

redirected and depolarised or repolarised light should however again be directed towards 

the LCD side. Asymmetric micro-grooves do not perform adequately for this purpose. As 

shown in section 6.4.3 symmetric grooves also result mainly in a polarised collimated 

emission of this reflected light towards the LCD side (as shown schematically in Figure 

6.21 and 6.22). Still, the s-polarised backward-forward ratio needs further improvement. 
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6.5 Conclusions 
 

 A highly polarised and collimated emission to the backward direction at near 

normal angles was obtained from the lightguide system using an integrated polarisation 

separation and outcoupling process by selective T.I.R. at a filled micro-structure in an 

oriented polymeric layer adhered to a conventional polymeric substrate. With a proper 

micro-groove design, only linearly s-polarised light was totally internally reflected at the 

structure towards the backward side at near normal angles using conventional edge-

lighting. The achieved polarised contrast did exceed 60 over a large angular range, which 

coincides with the high intensity region. Locally contrasts exceeding 100, and even 150, 

were realised. When asymmetric micro-grooves are used, end-face reflections are not 

coupled out by selective T.I.R. but mainly by refraction and reflection resulting in a much 

less concentrated and mainly forward directed emission of reduced polarised contrast. 

However, symmetric tilted groove structures provide an important improvement, which 

direct the reflected light at the end face mainly towards the backward side, without 

significant loss of polarised contrast or change in the outcoupling characteristics. The 

backward-forward s-polarised ratio is limited to 8, whereas the backward s-polarised - 

forward p-polarised ratio locally exceeds 100. The high polarised contrasts that were 

achieved enables the omission of a conventional absorbing polariser in a range of LCD 

back- or frontlight applications. The lightguides can therefore directly be used as a 

polarised backlight system. The backward-forward s-polarised ratio is however still too low 

for frontlight applications and requires further optimisation. However, when the front 

polariser of the LCD system absorbs the s-polarised forward emission, the much lower p-

polarised forward emission results in very high backward-forward ratios and a good 

transparency of the lightguide. A disadvantage of such a frontlight system is the contrast 

inversion that occurs when the frontlight is turned on.  
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Chapter 7 
 

Holographic Lightguides using Bragg Phase Gratings (1)  

Bragg Diffraction of Waveguided Light 
 

 

7.1 Introduction 
 

 In polarised back- and frontlight applications of LCDs it is highly desirable that a 

concentrated/collimated emission is achieved at near-normal angles, which is 

preferentially directed towards one side of the lightguide. In chapter 2 and 3 anisotropic 

scattering was studied as a polarised outcoupling mechanism. Some control over the 

emitted angular distribution was found to be possible but relatively broad angular 

distributions were obtained. In the micro-optics approach studied in chapter 6 using 

polarisation dependent T.I.R. at a filled micro-groove structure, a specific part of the 

waveguided angular region is coupled out by T.I.R. which yields a much better 

collimation and backward directionality. However, still some refraction and reflection 

losses were present. Hence, in order to obtain a collimated emission from the lightguide 

an angular selective mechanism should be used.  

A well-know angular selective phenomenon in which specific incident propagation 

directions are directionally altered is Bragg diffraction at periodic grating structures. Such 

Bragg diffracting grating structures are commonly produced by recording an interference 

pattern in a photosensitive material. These structures are in fact holograms and are hence 

called holographic volume gratings. The interference pattern is obtained either 

holographically using a holographic set-up or lithographically using a phase mask.1,2,3 The 

interference pattern is commonly stored as a refractive index modulation resulting in a 

phase grating. With an appropriate illumination of the hologram, one of the original 

recording beams can be reconstructed. Depending on the recording conditions, the 

holographic layer can therefore perform a specific optical task. Such optically functional 

holograms are called Holographic Optical Elements (HOEs).4,5 HOEs can perform the 

functionality of lenses (diverging, converging), beam splitters, prisms, reflectors (diffuse 

or specular), beam combiners (e.g. aircraft Head-Up Displays (HUDs)) and spectral 

filters.4,5 The HOEs are used for instance in holographic scanners and optical coupling 

applications (e.g. fibre-fibre coupling).4,5 HOEs have a number of advantages over 
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conventional optical components, i.e. they can perform several functions simultaneously 

(e.g. deflect, focus and filter) or parallel in a single component, they are planar (film) and 

can hence be easily stacked, have low weight and volume and they can relatively easily be 

fabricated and replicated (e.g. no laborious grinding and polishing is required).4,5  

In all of these applications the holographic layer operates either in transmission or 

reflection, i.e. for angles incident from air. Here it is studied theoretically whether 

holographic Bragg gratings can be used to operate for waveguided light in order to 

achieve a diffractive emission from a holographic lightguide in which a holographic layer 

is adhered to a waveguiding substrate. Furthermore, it will be evaluated whether the 

optical properties can be controlled such that useful optical characteristics are obtained 

for use in back- and frontlight applications.  

 

7.2 Theory 
 

7.2.1 Holographic gratings    
 Holographic gratings are produced in a manner similarly to holograms using 

holographic techniques. Figure 7.1a shows schematically the formation of a hologram. 

Upon recording, the photo-sensitive holographic layer is illuminated with a reference 

beam and an object beam (which is scattered/reflected from the object), which interfere 

in their overlapping region.6,7 Locally, constructive and destructive interference will occur 

when both beams are mutually coherent. Hence, laser light must be used with sufficient 

temporal and spatial coherence. The holographic recording process will be more 

elaborately discussed in section 7.2.2. Once the hologram is obtained, the object beam 

can be reconstructed from the original reference beam, as shown in Figure 7.1b.  

This reconstruction is the result of diffraction at the holographic structure. In 

principle, three beams are reconstructed, i.e. the +1st order diffracted beam which is 

diverging to produce a virtual image of the original object, the 0th order diffracted beam 

which is in the original input direction of the reference beam and the –1st order diffracted 

beam, which converges to produce a real image of the original object. The virtual image is 

what is customarily viewed in a hologram and consist of a reconstruction of the wave 

front of the object, which gives rise to a three-dimensional perception of the original 

image. Depending on the diffraction regime in which the hologram operates, also higher 

diffraction orders may be present but this is obviously not a preferable situation. Here, 

the focus will be on thick volume holograms in which the Bragg diffraction regime occurs 

and the reconstruction of the object is limited to the 1st diffraction order.8,9 The term 

‘thick’ refers to the much larger thickness of the holographic layer compared to the 

periodicities of the holographic pattern. Also the simplest holographic structures are 
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considered, which are the result of two interfering plane waves (parallel beams). Hence, 

there is no real distinction between object and reference beam. 
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Figure 7.1:  Holographic writing and reading principles (a) holographic recording (b) 

holographic reconstruction. 
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Figure 7.2 shows two such interfering plane waves of equal wavelength, which are 

incident on a thick holographic layer. The periodicity Λe of the interference pattern in air 

between the interfering beam 1 and beam 2 is given by:10,11 
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in which θe1 and θe2 correspond to the external air angles of beam 1 and 2 with respect to 

the normal direction, αe is the half angle between the beams in air and λe is the external 

wavelength. The incident beams are refracted towards the holographic layer according to 

Snell’s law:  
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in which ne is the external refractive index, ni is the internal average refractive index of the 

holographic layer and θe and θi correspond to the external and internal angles of the 

beams.  
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Figure 7.2: Interference of two coherent plane waves in a holographic layer: (a) interference of 

wave fronts (b) used definitions. 
 

The maximums of the plane waves, as drawn schematically by dotted lines in Figure 7.2a, 

constructively interfere at the crossing points where they are in phase and hence create 

planes of constructive interference. The distance between these bright fringes is called the 

grating spacing or pitch Λi of the grating. Similarly, destructive interference occurs at 



Holographic Lightguides using Bragg Phase Gratings (1) 147 

 

planes in between two consecutive bright regions, which produces dark fringes. From the 

triangle ABC in Figure 7.2a it can be derived that this grating spacing is given by:    
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in which λi is the internal wavelength, αi the internal half angle between the beams and 

θi1 and θi2 are the internal angles with respect to the normal of beam 1 and 2. This 

equation is in fact the Bragg equation, which applies in Bragg diffraction. The Bragg 

diffraction regime will be more elaborately discussed in section 7.2.4. The direction of the 

periodicity of the grating is given by the grating vector K
r

 (Figure 7.2b) which has a 

magnitude defined by:     
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Due to the asymmetry of the incident plane waves with respect to the normal direction as 

shown in Figure 7.2, the grating planes are tilted with respect to the normal. The tilt/slant 

angle of the grating planes ϕp and the tilt/slant angle of the grating vector ϕK are given by: 
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Care should be taken with the sign convention that is used here in the angle definition as 

shown in Figure 7.2b: when ϕp is positive ϕK is found by subtracting π/2, when ϕp is 

negative by adding π/2. A special case occurs when both beams are symmetrically 

incident, i.e. θe1 = -θe2 and θi1 = -θi2 and hence no slant is present: ϕp = 0° and ϕK = 90°. For 

untilted transmission gratings the grating planes are therefore parallel to the normal 

direction and the internal grating spacing equals the external period of the interference 

pattern (i.e. equation 7.1 equals 7.3):  
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In such a case, the internal grating spacing is independent of the refractive index of the 

grating layer. 



148  Chapter 7 
  

 

Depending on the tilt angle, the grating structure is either written in transmission 

or in reflection. Figure 7.3a shows an untilted transmission grating formed by 

interference of a reference and an object beam which are both incident from the same 

side at the holographic layer.  
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Figure 7.3:  Holographic transmission phase grating (a) recording (b) reconstruction. 
 

At the playback of the holographic grating, the incident reference beam is partly diffracted 

into the original object beam direction, which reconstructs the original object beam 

(Figure 7.3b). The hologram acts therefore as a beam splitter. Figure 7.4 shows a 

reflection grating, which is produced by interference of two beams, which are incident at 

the holographic layer from opposite sides. The grating planes are parallel to the surface 

and the grating spacing is generally much smaller compared to transmission gratings due 

to the larger internal angle between the beams that is achieved. In the reconstruction, the 

original object beam is diffracted towards the same side as the incident reference beam. 

The hologram acts therefore as a holographic reflector. 

recording reconstruction

reference
beam

object
beam

α

reconstructed
object beam

Id Ir

reference
beam

α

a) b)

 
Figure 7.4: Holographic reflection phase grating (a) recording (b) reconstruction. 
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7.2.2 Holographic recording 
In the holographic recording process, the interference pattern resulting from two 

coherent interfering beams is stored into a recording medium. The interference pattern 

within air can be described by:12 
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in which I1 and I2 correspond to the intensities of the two respective beams and x is the 

spatial position perpendicular to the resulting line pattern. There are several mechanisms 

to store this pattern into a holographic medium, depending on the materials that are 

used.  

The hologram can, for instance, be formed in a silver halide photographic 

emulsion in which the silver halide (e.g. silver bromide) is locally reduced to silver. This 

forms a latent image, which requires wet chemical processing in a development and 

fixation step.13 The resulting hologram is an amplitude grating which modulates the 

amplitude (i.e. intensity) of the incident light with the obvious drawback of associated 

light losses. In additional processing steps the opaque metallic silver can be removed by 

bleaching to obtain a phase grating, which modulates only the phase of the incident 

light.13 Silver halide emulsions have the advantage of high photo speed and wide spectral 

sensitivity but at the cost of relatively low resolution, graininess and scatter.14  

Dichromated gelatin (DCG) is also a well-known holographic volume phase 

recording material.13 The photochemical process involves reduction of chromium ions 

and associated reaction with gelatin, which causes cross-linking. Further wet processing 

is required to desensitise and develop the DCG film. DCG has excellent holographic 

performance and low scatter but suffers from raw material variability, environmental 

stability and their complex wet processing.14  

Other less common holographic materials include ferroelectric crystals, such as 

doped lithium niobate, which operate using the electro-optic effect and 

photochromic/photodichroic materials in which a local increase (coloration) or decrease 

(bleaching) of absorption occurs.13  

In the next chapter however, photopolymer systems will be used as the recording 

medium which are transparent in the visible region and do not require the elaborate wet 

processing steps, which may damage or alter the hologram due to swelling or 

shrinkage.15,16 Also, the holographic films based on photopolymers are prepared by 

conventional coating techniques and can be reproducibly manufactured in large volume.17 

The holographic photopolymer mixtures are generally composed of either 

polymer/monomer or monomer/monomer mixtures.15,17,18 Usually recording wavelengths 
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in the visible regions are used, which activate the initiator to start a photo polymerisation 

reaction, which is usually a free-radical polymerisation. In a polymer/monomer system, 

the monomer is polymerised in the regions of constructive interference. This leads to 

several ways in which the local refractive index can be changed.16,17 First of all, due to the 

polymerisation the molecular structure of the material is altered, which results in a 

corresponding change of the refractive index. Also the density of the material increases 

and generally results in an increase of refractive index. However, after holographic 

exposure the material is usually fixed by a uniform light exposure, which would erase 

these phenomena. Due to monomer depletion by polymerisation at the high intensity 

regions, the monomer concentration locally drops. Additionally, free-volume is created 

due to shrinkage. Both effects will result in monomer diffusion from the dark regions to 

the higher light intensity regions, where the density of monomer-derived polymer is 

increased.16,17,18 This effect is schematically shown in Figure 7.5.  
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Figure 7.5: Schematic representation of polymerisation and subsequent diffusion as a result of 

an exposure to an interference pattern in a polymer-monomer mixture. Monomer 
(m) diffuses from dark to bright fringes were it is polymerised, resulting in a 
refractive index modulation. 

 

The polymeric binder in the dark regions becomes less swollen with monomer and may 

contract to further increase its relative concentration. This process continues until there is 

no more monomer left to diffuse, or when diffusion is stopped by the decreased mobility 

as a result of the increased molecular weight of the system. Often a plasticiser is present 

to aid diffusion in the later stage of polymerisation. The compositional differences result 

in refractive index differences between the dark and bright regions when the refractive 

indices of both components are sufficiently different. Monomer-monomer mixtures can 

also be used as holographic recording materials in which similar effects occur.19,20 

However, as both components are reactive the diffusion will be a competitive process 
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between the two species. It is therefore important to obtain both a significant difference 

in reactivity and diffusivity between the two components. In such systems, counter-

diffusion of the less reactive monomer to the dark regions was reported.20  

Within the volume holographic layer, the interference pattern is hence stored as a 

refractive index modulation resulting in a phase grating. The interference pattern within 

the volume holographic layer is generally described by:21  
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in which υ is given by: 
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When the spatial dimension xr  is in the direction of K
r

 (i.e. perpendicular to the grating 

planes) equation 7.8 reduces to: 
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which shows that the grating spacing Λi equals the periodicity of the interference pattern 

within the grating layer, assuming that this sinusoidal interference pattern is ideally 

stored without e.g. shrinkage or swelling. When the interference pattern is ideally 

recorded, a sinusoidal volume phase grating is therefore obtained in which the sinusoidal 

refractive index modulation is described by:13,22  

 

)cos()( xKnnxn i
rr
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in which ni is the average refractive index of the holographic layer and ∆n is the amplitude 

of the obtained refractive index modulation. An example of such a modulation in an 

untilted transmission grating is shown in Figure 7.6.  



152  Chapter 7 
  

 

1,49

1,5

1,51

0 0,5 1 1,5 2

0

0,5

1

1,5

2

0 0,5 1 1,5 2

refractive
index
profile

a) interference pattern

b) phase grating

light intensity
modulation

re
la

tiv
e 

in
te

ns
ity

 (-
)

re
fra

ct
iv

e 
in

de
x 

(-
)

x-position (µm)

x-position (µm)

volume 
grating

2

1.5

0.5

1

21.50.5 1

21.50.5 1

1.51

1.5

1.49

 
Figure 7.6: Refractive index modulation in a sinusoidal volume phase grating as a 

consequence of an incident sinusoidal interference pattern. (a) incident 
interference pattern: relative intensity I(x)/I0 as function of x-position. (I1=I2=0.5 

I0) (b) refractive index modulation. λe =351 nm, αe= 45°, ni=1.5, ∆n=0.01. 
 

7.2.3 Holographic reconstruction at Bragg phase gratings 
Generally, diffraction at a grating is described by the grating equation:9,23 

 

i

i
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θθ )sin()sin(                 (7.12) 

 

in which θi equals the incident angle and θd the diffracted angle with respect to the 

normal, m is the diffraction order, λi is the internal wavelength and Λi is the grating 

spacing. This equation applies for a so-called thin grating, in which the thickness of the 

grating is small compared to the periodicity.24 The corresponding diffraction regime in 

which such thin gratings operate is called Raman-Nath diffraction. Equation 7.12 shows 

that constructive interference only occurs at discrete diffraction angles for a certain angle 
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of incidence. It is also shown that the diffraction is wavelength dependent, i.e. the grating 

is intrinsically dispersive, and that a smaller grating spacing results in more widely 

spaced diffraction orders. However, there is no particular incidence condition or 

diffraction order that is favoured and as a consequence the grating is unselective. 

Obviously in the holographic reconstruction process, multiple diffraction orders should 

be suppressed. Such selectivity of the grating can be achieved by increasing the thickness 

of the grating. The fringes will then extend in the depth direction of the grating layer (as 

was shown in Figure 7.2). This results in an additional constraint of the diffraction 

angles, and constructive interference within the grating layer will only occur at specific 

incident and corresponding diffraction angles: θi = -θd. Within this so-called thick volume 

grating regime, only the first diffraction order (m=1) will exist and the corresponding 

diffraction regime is called Bragg diffraction.24 The grating equation 7.12 reduces then to 

the Bragg diffraction equation, which is defined with respect to the grating plane surface 

(Figure 7.7) by:10,23,25,26  
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in which θB is called the Bragg angle of the Bragg grating, which equals the angle of 

incidence and the angle of diffraction at the grating plane. Accurate definitions of the 

‘thick’ and ‘thin’ grating regime and the associated Bragg and Raman-Nath type of 

diffraction can be found in literature.24 Incident light on the grating can be represented 

by a propagation vector k
r

 as shown in Figure 7.7. 
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Figure 7.7: Vector representation of Bragg condition, left side: incident reference and 

corresponding diffracted beam at the grating plane (represented with their 
propagation vectors), right side: K-vector closure operation (i.e. Bragg condition). 
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The direction of k
r

 indicates the propagation direction of the incident light and its 

magnitude  is called the propagation number or propagation constant 

(i.e. corresponds to the incident wavelength). The reference beam rk
r

 and corresponding 

diffracted beam dk
r

 are incident at the grating plane according to the Bragg condition 

defined by equation 7.13. This can be verified from the K-vector closure operation, which 

fits the propagation vectors of the incident and diffracted waves to the grating vector, 

shown in Figure 7.7: 
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which equals Bragg’s law of equation 7.13. The K-vector closure operation shows that for a 

specific light wavelength (propagation number) only one specific incident angle, i.e. the 

corresponding Bragg angle, will result in Bragg diffraction according to equation 7.13 or 

7.14. This illustrates the high angular selectivity of Bragg diffraction, i.e. only specific 

incident angles will be efficiently Bragg diffracted towards specific diffracted angles. 

Some off-Bragg angle diffraction can still occur at a reduced efficiency when the incident 

light has a small deviation from the corresponding Bragg angle, as will be discussed in 

section 7.2.6.  Incident angles that sufficiently differ from the Bragg angle will not be 

affected by the presence of the Bragg grating structure and are therefore transmitted 

through the structure without deviation. A second consequence which can be observed 

from Figure 7.7 is that the diffracted beam is diffracted of the grating plane at the Bragg 

angle. Therefore the Bragg condition implies that: 
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in which all angles are defined with respect to the grating plane. The term Bragg 

reflection is hence often used for Bragg diffraction. When the grating planes are parallel 

to the normal direction (i.e. untilted/unslanted gratings), the corresponding external 

angles in air (after refraction, if applicable) can also be expressed similar to equation 7.15. 

In such a case, an external Bragg angle θBe can hence be directly determined from the 

measured angles in air. By entering Snell’s law (equation 7.2) and using λi = λe/ni, 

equation 7.14 reduces for untilted transmission gratings to: 
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which is independent of the refractive index of the grating layer. This allows the 

determination of the grating spacing, which is equal to the periodicity of the interference 

pattern in air (see also section 7.2.1).  

In the general case of a tilted grating, the Bragg angle might also be defined with 

respect to the normal direction: θB’ = θB + ϕp (Figure 7.7). Using equation 7.5: ϕp = ϕK - 

π/2, the Bragg angle θB equals: θB = θB’ - ϕK + π/2. By entering this expression for θB into 

the Bragg equation of 7.14, an alternative form of Bragg’s law is found: 
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The Bragg condition thus expresses the holographic reconstruction of the object beam by 

Bragg diffraction from the reference beam, which is incident at the Bragg angle. 

 

7.2.4 Bragg diffraction of waveguided light 
In the previous section it was shown that a Bragg diffraction grating is inherently 

angular selective. Therefore, in order for waveguided light to be diffracted by Bragg 

diffraction gratings, it is necessary for the structure to be selective for incident angles that 

are within the waveguided angular range. This requires the structure to operate for angles 

larger than the critical angle θc of the holographic layer, which is defined by: 

 

i
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If untilted transmission gratings are considered, this requires the Bragg angle to be equal 

to or larger than this critical angle. Combining equation 7.18 with equation 7.14 it is thus 

found that for untilted transmission gratings waveguided light will be diffracted when: 
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Hence, the grating spacing should be extremely small, i.e. half the wavelength of 

consideration, in order for Bragg diffraction of waveguided light to occur. Figure 7.8 
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shows an example of Bragg diffraction at a grating structure with a large grating spacing 

for which θB < θc  (left side) and a small grating spacing for which θB > θc (right side).  
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Figure 7.8:  Bragg diffraction of green light (λe=550 nm) at untilted transmission gratings, left 

side: Λi=1000 nm, right side: Λi=250 nm. 
 

Only in the latter case Bragg diffraction of waveguided light occurs. However, as the 

grating is untilted, the diffracted angle θd’ equals the Bragg angle θB = θB’ and the 

diffraction occurs towards negative waveguided angles as shown in Figure 7.8. This is off 

course of no practical interest to our application, which requires outcoupling of 

waveguided light.   

 When tilted gratings are considered the Bragg condition is expressed by equation 

7.17. The Bragg angle that is of importance in order for waveguided light to be diffracted 

is θB’, which is defined with respect to the normal direction. As θB’ = θB + ϕp, by tilting the 

grating at a constant θB towards positive angles (defined with respect to the grating plane), 

the Bragg angle θB’ is enlarged with the tilt angle. Large Bragg angles θB’ can therefore be 

achieved at smaller θB angles, i.e. at larger grating spacings, by tilting the grating. If θB’ 

equals or exceeds θc, diffraction of waveguided light will occur (entering θc into equation 

7.17): 
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which indeed shows that waveguided light can be diffracted at larger grating spacings 

than in the untilted case of equation 7.19. When θB’= θc, the limit for which the grating 

shifts from diffraction in transmission to diffraction in waveguiding is found. The 
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corresponding parameters will be denoted as θBc’, Λic and ϕpc for the wavelength of 

consideration. Λic can be found from equation 7.20, and ϕpc similarly from: 
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However, it is also essential that the corresponding diffracted angle θdc’ results in 

outcoupling, i.e. that 'dcθ  < θc. The value of θdc’ can be found from: θdc’= 2 ϕpc - θBc’ = 2 ϕpc 

- θc. Figure 7.9 shows the effect of tilting of the same grating structures as shown in 

Figure 7.8. 
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Figure 7.9:  Outcoupling of waveguided green light (λe=550 nm) by Bragg diffraction at tilted 

transmission gratings. Left side: Λi=1000 nm, ϕp=30°, right side: Λi=250 nm, 

ϕp=6°. 
 

The structure with the large grating spacing (left side), needs to be tilted to a large angle 

(ϕpc=30°, shown in Figure 7.9) for waveguided light to be coupled out. The diffracted light 

is coupled out of the lightguide at positive inclination angles. As the small grating spacing 

at the right side already diffracted waveguided light in the untilted situation (Figure 7.8), a 

ϕpc value of -5° is found which means that the grating can be tilted to negative tilt angles 

and still diffract waveguided light (not shown here). However, this is of no use as the 

diffracted light will not be coupled out. Instead, a positive tilt of 6° is shown in which 

waveguided light at clearly larger angles than θc is diffracted and coupled out at large 

negative inclination angles. Summarising, the effect of tilting the grating is to shift the 

Bragg angle at which the structure diffracts towards larger angles and hence ultimately to 

within the waveguided angular range (schematically shown in Figure 7.9, right side). 

Simultaneously, the diffracted angle will increase which ultimately results in outcoupling 

towards larger inclination angles. In this way it is possible to couple out waveguided light 
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by Bragg diffraction. The examples shown in Figure 7.9 are however still far from ideal, 

as in the outcoupling application it is important to achieve the emission at near normal 

angles. In Figure 7.10 the critical values Λic, ϕpc, and θdc’ are shown for a wavelength of 

550 nm in a holographic layer with an average refractive index of 1.55.  
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Figure 7.10: Critical values Λic and θdc’, as a function of ϕpc for Bragg diffraction at the critical 

angle at a wavelength of 550 nm, ni = 1.55. 
 

As can be observed, even large grating spacings (e.g. 4 µm) can diffract waveguided light 

when sufficiently high tilt angles are present, but the corresponding emission will be at 

impractically large inclination angles. In Figure 7.10 it is shown (dashed lines) that an 

emission along the normal direction (θdc’=0°) can be achieved at an appropriate 

combination of tilt angle and grating spacing (ϕpc≈20°, Λic≈500 nm). For such an 

emission along the normal, it is required that θB = ϕp (see Figure 7.10, right side). As θB = 

θB’-ϕp, this means that θB’ = 2θB. This should occur for waveguided light, i.e. θB’ ≥ θc and 

hence θB ≥ 0.5 θc, from which the condition for emission of waveguided light along the 

normal direction can be derived using equation 7.13: 
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This results in the following prerequisite for emission of waveguided light along the 

normal for the different colours (when ni =1.55): blue 450 nm: Λi ≤ 422.6 nm, green 550 

nm: Λi ≤ 516.5 nm, red 650 nm: Λi ≤ 610.5 nm. These values are indicated by dashed 

lines in Figure 7.11 which shows the critical values Λic, ϕpc, and θdc’ for the three different 

RGB colours. The corresponding required tilt angle differs only slightly for the different 

colours and is approximately 20° (Figure 7.11). Dispersion of the refractive index is 

neglected in these calculations.  



Holographic Lightguides using Bragg Phase Gratings (1) 159 

 

-50

-40

-30

-20
-10

0
10

20

30
40

200 400 600 800 1000 1200 1400 1600 1800 2000

Λ ic (nm)

pc
 (°

)

-100
-80
-60
-40
-20
0
20
40
60
80
100

dc
'(°

)

650 nm
550 nm
450 nm

R
G
B

 
Figure 7.11: Critical values ϕpc and θdc’ as a function of Λic for Bragg diffraction at the critical 

angle (ni = 1.55) at wavelengths of 450 nm (B), 550 nm (G) and 650 nm (R). 
 

Due to the relatively small Bragg angle of blue light, smaller grating spacings are required 

to achieve sufficient angular deviations in order for waveguided light to be emitted at the 

normal direction. These curves apply for the critical situation when the Bragg angle 

equals the critical angle. Waveguided angles larger than the critical angle can be diffracted 

towards the normal direction using a combination of higher tilt angles and smaller 

grating spacings. This is shown in Figure 7.12 for several grating spacings. The 

corresponding tilt angle is shown for which green light of 550 nm is coupled out along 

the normal direction. The diffraction of red (650 nm) and blue (450 nm) light is also 

plotted.  
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Figure 7.12: Outcoupling of waveguided light along the normal direction by Bragg diffraction at 

phase gratings with different grating spacings Λi and tilt angles ϕp. The Bragg 

angle θB for green light equals the tilt angle. The diffracted angles in air of red (R), 
green (G) and blue (B) light are indicated. 
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The largest Bragg angles θB exists for red light, resulting in large deviations from 

the original propagation direction and an emission at negative inclination angles. Blue 

light on the other hand will angularly be less diffracted and emitted at positive inclination 

angles. Small grating spacings clearly show a larger dispersion of light at larger 

inclination angles. It is shown in Figures 7.12a to 7.12c that by varying the grating spacing 

different angular regions within the waveguide can be selected that couple out towards 

normal angles. Outcoupling of green light along the normal can be achieved up to the 

corresponding critical grating spacing of 516.5 nm. This results in a highly collimated 

light output, within approximately +/-7° (e.g. in Figure 7.12c). Exceeding this limit, the 

grating will operate in transmission at this wavelength. It is shown in Figure 7.12d that in 

this situation, only red light will be coupled out of the lightguide. When a red light 

emission along the normal is allowed by applying a slightly larger tilt angle at the same 

grating spacing, green light is again coupled out but blue light is still diffracted in 

transmission (Figure 7.12e). At the tilt angle of 45° (Figure 7.12a), the grating shifts from 

a transmission to a reflection grating operating at waveguided angles. At even smaller 

grating spacings and corresponding larger tilt angles, reflection ultimately occurs at 

angles incident from air and the grating in that case has become a conventional reflection 

grating.  

It can thus be concluded that a near normal emission of waveguided visible light 

by Bragg diffraction is possible at sufficiently small grating spacings of approximately 

below 450 nm and corresponding sufficiently high tilt angles of approximately higher 

than 23°. This was derived by assuming waveguided light to be within the waveguidable 

angular range of up to the critical angle. However, in practice the hologram is fixed onto a 

substrate into which light is coupled in. The presence of the substrate does not influence 

the characteristics of the grating as discussed above, but might prevent specific angles to 

be present within the waveguide system. Also the emission characteristics of the light 

source, the incoupling at the substrate side-face and angular redistributing phenomena 

will be highly relevant to the performance of the holographic lightguide. As shown above 

however, the grating can be tuned to operate at any predominantly present waveguided 

angular range.        

 

7.2.5 Holographic writing of waveguide holograms 
In the previous paragraph, it was shown that Bragg gratings with sufficiently small 

grating spacings and sufficiently large tilt angles couple out waveguided visible light e.g. 

along the normal direction. This is actually a reconstruction of the original reference and 

object beam with which the grating was written. The waveguided light corresponds to the 

reference beam and the diffracted outcoupled light to the reconstructed object beam. It 

can therefore be concluded that the grating can be produced identically to how it is 
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reconstructed. Figure 7.13a illustrates this for outcoupling of green (550 nm) light at the 

normal direction. The K-vector closure diagram that is shown represents the Bragg 

condition as was explained in section 7.2.3 (Figure 7.7). Upon writing the grating with the 

same wavelength of 550 nm, the object beam should therefore be incident in 

transmission along the normal and interfere with the reference beam incident in 

waveguiding as is shown in Figure 7.13a. This will produce a tilted interference pattern, 

which is stored in the holographic material as the tilted grating structure. This kind of 

recording will be referred to as ‘waveguide mode holographic writing’, i.e. the reference 

writing beam is a waveguided angle. Incoupling of this reference writing beam into the 

side of the holographic layer is however not possible in practice, due to its much too small 

thickness. Therefore, this requires the waveguided reference beam to be coupled into the 

side face of the substrate used as a carrier for the holographic layer. In order to expose 

large areas, at least equally thick and wide substrates should be used of high optical 

quality. Furthermore, waveguided light will go up and down the waveguide, which causes 

the reference beam to interfere with itself and the up and downward beams with the 

incident object beam and causes three holographic structures, of which only one is the 

desired one. This can be prevented by using equally thick substrates in optical contact at 

both sides of the holographic layer but this further complicates production. Therefore, 

waveguide mode writing is much more difficult to achieve than the conventional writing 

in transmission, which would highly hamper practical use of holographic outcoupling 

structures for the visible wavelength range.  

The paradox that one prefers to write in transmission but needs to reconstruct in 

the waveguiding mode can be solved making use of the fact that the Bragg condition is 

wavelength dependent, i.e. different wavelengths yield different Bragg angles. The grating 

structure can therefore be written with a different wavelength than with which it is 

reconstructed. In order to write the waveguide hologram in transmission, smaller Bragg 

angles are needed, which can be achieved with smaller wavelengths. Figure 7.13a shows 

an on scale comparison between the green (550 nm) light with which is used in the 

reconstruction and ultra-violet (UV, 350 nm) light with which the structure is written.  

Both wavelengths should comply with the Bragg condition, which is expressed in 

the K-vector closure diagram shown in Figure 7.13a. As UV-light has a lower wavelength, 

the corresponding propagation vector )(UVkr
r

 is larger in dimension than the 

propagation vector )(greenkr
r

 of green light. As both vectors need to match the same 

grating vector K
r

 the Bragg angle will be considerably smaller for UV-light. As shown in 

Figure 7.13a this might lead to a Bragg angle θB’ for UV-light, which is smaller than the 

critical angle θc, i.e. the reference writing beam is also incident in transmission. It is 

therefore found that it is possible to write conventionally in transmission with UV-light 

and to reconstruct with visible (VIS) light, which alters the reference beam angles to 
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waveguided angles, while emitting the reconstructed object beams (diffracted beams) 

towards air (e.g. along the normal) as shown in Figure 7.13b.  
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Figure 7.13: On scale representation of (a) UV (350 nm) transmission mode writing and green 

light (550 nm) reconstruction (b) VIS light reconstruction by Bragg diffraction of 
waveguided light (the original UV writing beams are also indicated). 

 

 For this process of UV-transmission writing - VIS-waveguide reconstruction the 

incident UV-beams should be sufficiently tilted with respect to the normal direction (in 

particular the reference beam). For known incident UV-beam angles the internal angles 

can be calculated using Snell’s law of equation 7.2. The corresponding internal grating 

spacing and tilt angle are found using equation 7.3 and 7.5. The reconstruction with 

visible light can be determined using Bragg’s law of equation 7.17. Alternatively for a 

desired grating structure, a vice versa calculation might be used in order to calculate the 

required writing conditions. In such a case it might be found that not all transmission 

grating structures can be written in transmission with UV-light. This is due to the fact 

that in transmission the beams will always be refracted towards the normal, which results 

in limited useful tilt angles and grating spacings. Figure 7.14 shows two such cases, 

similar to Figure 7.12a and 7.12b. 
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Figure 7.14: Examples of ‘waveguide mode’ UV or VIS writing and reconstruction by 

diffraction at the resulting phase grating. (a) Λi=250 nm, ϕp=45.2° (b) Λi=350 nm, 

ϕp=30.5° 
 

Compared to Figure 7.13b, both the larger tilt angles and the smaller grating spacings 

shift the Bragg angles θB’ to larger values (compare Figure 7.14 with 7.13b), which even 

for UV-light becomes larger than the critical angle. These structures can therefore only be 

written in waveguide mode with either UV or VIS light. The structure shown in Figure 

7.14a cannot be made using green light, as the reference beam would require incoupling 

into the side face of the thin hologram. The structure can therefore only be made with a 

sufficiently deviating wavelength (e.g. UV- or red light) incident from the substrate carrier 

of the holographic layer, provided the refractive index of the substrate is appropriate. 

 In conclusion, waveguide holograms can be made using conventional holographic 

UV-transmission mode writing, but only for limited tilt angles and grating spacings. A 

wider range of grating structures can be made using waveguide mode holographic writing 

with either VIS of UV-light. In this theoretical section it was assumed that the 

holographic layer could perfectly store the incident interference pattern. In practice, non-

idealities like polymerisation shrinkage might influence the playback angles, especially at 

high tilt angles. Also, some influence of refractive index changes during the recording 

process might occur. 

 

7.2.6 Diffraction efficiency of Bragg transmission gratings  
 In the previous paragraphs emission of waveguided light from a lightguide by 

Bragg diffraction was discussed theoretically and found to be possible when appropriate 
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Bragg grating outcoupling structures are used. The discussion was based on the 

assumption of exact Bragg matching in which angular regions comply with the Bragg 

condition. However, the actual amount of emission via diffraction is determined by the 

diffraction efficiency η, which is defined as:10 

 

dr

d

II
I
+

=η                   (7.23) 

 

in which Id denotes the intensity of the diffracted beam (1st order) and Ir the intensity of 

the undisturbed reference beam (0th order). For measurements in air, reflection loss 

difference between the beams should be accounted for. The diffraction efficiency hence 

expresses the percentage of incident light that is diffracted. In the Bragg diffraction 

regime, the wavelength λB which is incident at an angle which equals the corresponding 

Bragg angle θB’ according to equation 7.17, will be most efficiently diffracted. Both 

angular and wavelength deviations from this exact Bragg matching are expressed by: 

 

''' θθθ ∆+= B                              (7.24) 

λλλ ∆+= B                   (7.25) 

 

in which the angles are expressed with respect to the normal direction, and the 

wavelengths as free space wavelengths (i.e. external wavelengths). The thick volume 

grating diffraction theory derived by Kogelnik, expresses the diffraction efficiency in 

terms of grating characteristics and incident light properties both in ideal and non-ideal 

Bragg matching conditions.22,27,28,29 This theory predicts how the amplitude of a 

diffracted plane wave increases progressively upon propagation through the grating, while 

the amplitude of the incident plane wave decreases. The theory assumes only interaction, 

so-called coupling, between the zero and first diffraction order as induced by phase 

and/or absorption modulations of a sinusoidal slab grating. 29,30,31 Possible effects of other 

diffraction orders or form birefringence are neglected.30 The coupled wave theory of 

Kogelnik has proven very successful in understanding volume grating behaviour and is 

widely referred to.30,32,33 The equations below are given in case exact Bragg diffraction is 

considered. At deviations from the Bragg condition, the Bragg angle θB’ should be 

replaced by θ’ and the Bragg wavelength λB by λ. The diffraction efficiency η of a lossless 

dielectric volume transmission grating according to Kogelnik’s coupled wave theory can 

be expressed by:27 
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ξ is called the dephasing parameter and υ the modulation parameter, which is defined by: 

 

 
sr cc

dκυ =                  (7.27) 

 

in which d is equal to the thickness of the grating layer and κ is called the coupling 

constant which depends on the polarisation direction of the incident light: 

 

s-polarised: 
B

s
n

λ
πκ ∆=                         (7.28) 

p-polarised: )''cos())'(2cos())'(2(cos dBspBsKBsp θθκϕθκϕθκκ −=−=−−=      (7.29) 

 

in which s-polarised (TE-polarised) is the polarisation direction perpendicular to the plane 

of incidence on the grating (which is defined as the plane of the incident propagation 

direction and the normal on the grating) and p-polarised light (TM-polarised) is parallel to 

the plane of incidence. These coupling constants express the interaction between the 

reference beam and the diffracted beam. For p-polarised light the coupling between these 

beams is reduced compared to the s-polarised light as expressed by equation 7.29. The 

parameters cR and cS are called the obliquity factors and are defined by: 

 

'cos BRc θ=  and 'coscos'cos dKBS k
Kc θϕθ =−=             (7.30) 

 

in which the subscripts R and S refer to the reference and signal (diffracted) beam 

respectively. These obliquity factors express the angle of the reference and signal beam 

with respect to the normal direction, in which the tilt/slant angle of the grating 

determines the difference between the angles of both beams. The obliquity factors are a 

measure of the path lengths through the grating. Large path lengths result in small 

obliquity factors and hence large coupling constants. For an untilted grating, θB’=θd’ and 

hence cR = cS.  

The dephasing parameter ξ expresses angular and wavelength deviations from the 

Bragg condition:27 
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ϑ represents the dephasing measure in which the angular deviations ∆θ’ and wavelength 

deviations ∆λ from Bragg matching are expressed as defined by equation 7.24 and 7.25. 

At exact Bragg matching, i.e. ∆θ’ = ∆λ =0, the dephasing parameter ξ is equal to zero and 

hence the expression 7.26 for the diffraction efficiency of the first order diffracted beam 

in a lossless dielectric volume transmission grating reduces to: 

 

υη 2sin=                      (7.32) 

 

This equation shows the high potential efficiency of volume phase gratings, as 100% 

diffraction efficiency is a possibility for both slanted and unslanted holograms at exact 

Bragg matching. The diffraction efficiency of the corresponding zero-order transmitted 

wave is as a result given by: η0 = cos2 υ.29 

 These equations are applied to the grating of Figure 7.12c and 7.13 which diffracts 

green waveguided light towards the normal direction, in order to demonstrate several 

grating characteristics. In Figure 7.15 the resulting diffraction efficiency (D.E.) in the case 

of exact Bragg matching is plotted as a function of grating thickness at an incident 

wavelength of 550 nm for several refractive index modulation values. Figure 7.15a shows 

the calculations for s-polarised light and Figure 7.15b for p-polarised light. Initially, upon 

increasing the thickness of the grating the D.E. rises, which occurs slowly for small 

refractive index modulations and fast for high modulations. By increasing the thickness 

more energy is coupled from the reference wave to the diffracted wave until, at a certain 

thickness value, all energy is transferred to the diffracted wave and a maximum D.E. of 1 

is achieved. A further increase of thickness is called over-coupling in which energy is 

transferred back to the reference beam and the D.E. decreases.29 This is a repeating 

process which can be observed in practice when the refractive index modulation is high.30 

At higher refractive index modulations the maximum D.E. can therefore be realised at 

smaller grating thicknesses. A comparison between Figure 7.15a and 7.15b shows the 

difference between s- and p-polarised light, i.e. due to the more efficient coupling 

between the waves for s-polarised light (higher coupling constant, compare equation 7.28 

and 7.29) the rise of D.E. with thickness is smaller for p-polarised light a larger thickness 

is needed to obtain the maximum D.E. This might lead to useful polarising properties of 

the grating, which will be discussed in more detail in the next paragraph.  
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Figure 7.15: Calculated Diffraction Efficiency predicted by Kogelnik’s coupled wave theory as 

function of grating thickness for different refractive index modulation ∆n values at 

a wavelength λi of 550 nm for exact Bragg matching.  (a) s-polarised (b) p-

polarised. Grating characteristics: Λi=450 nm, ϕp=23.2°, ni=1.55.  
 

When the exact Bragg matching condition is violated still a reduced D.E. can occur, which 

is shown in Figure 7.16a for angular deviations from the Bragg condition at the same 

Bragg wavelength and in Figure 7.16b for wavelength deviations from the Bragg 

condition at the same Bragg angle.  
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Figure 7.16: Diffraction efficiency at deviations from the Bragg condition as calculated with 

Kogelnik’s coupled wave theory. (a) angular deviations from the Bragg condition 
(b) wavelength deviations from the Bragg condition. Grating characteristics: 

Λi=450 nm, ϕp=23.2°, ni=1.55, ∆n=0.005. Two grating thicknesses d of 20 and 45 

µm are shown. 
 

A rapid decay of D.E. is found for increasing angular deviation from the Bragg angle θB 

(Figure 7.16a). This decay rate depends on the characteristics of the grating. The D.E. of 

transmission gratings typically drops to zero within several degrees. At higher deviations 

some damped oscillations occur. When the grating thickness is increased, the selectivity 

of the grating is enhanced, the decay rate increases and the angular bandwidth for 

efficient diffraction is consequently further reduced as illustrated in Figure 7.16a. 

Similarly, at deviations from the Bragg wavelength λB the D.E. is reduced and falls to zero 

typically within several tens of nanometers. At higher deviations some damped 

oscillations are observed. Again, this effect depends on the specific grating properties, e.g. 

by increasing the thickness the selectivity is enhanced as shown in Figure 7.16b.  

 

7.2.7 Polarised diffraction  
 The polarisation dependence of the diffraction efficiency is present within the 

coupled-wave theory of Kogelnik in the coupling constants κs and κp as defined by 

equation 7.28 and 7.29. As the κp is reduced compared to κs, the diffraction efficiency for 

p-polarised light is less affected by changes in thickness or refractive index modulation 

than s-polarised light. As a result, at specific grating characteristics significant polarised 

contrasts can be expected. This is illustrated in Figure 7.17 for the same grating as Figure 

7.15 and 7.16 at a refractive index modulation of 0.01.  
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Figure 7.17: Diffraction Efficiency as a function of grating thickness for s- and p-polarised light 

and polarised contrast for various wavelengths as calculated using Kogelnik’s 

coupled wave theory at exact Bragg matching. Grating characteristics: Λi = 450 

nm, n=1.55, ϕp = 23.2°, ∆n=0.01. (a) D.E. green light of 550 nm (b) s/p polarised 
contrast (c) p/s polarised contrast. 

 

Figure 7.17a shows the D.E. as a function of grating thickness for green light of 550 nm. 

As indicated, at the first (d = 46 µm) and second (d = 92 µm) s-polarised minimum, a 

high p/s polarised contrast ratio is found (see also Figure 7.17c). A reversed contrast is 

found near the first p-polarised minimum (d = 67 µm, see also Figure 7.17b). The s/p 
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polarised contrasts and p/s polarised contrasts are indicated in Figure 7.17b and c 

respectively for the three primary colours. The different response of D.E. as a function of 

thickness for the different wavelengths hampers the achievement of simultaneous 

polarised contrast for all colours. For instance, at the first p-polarised minimum of green 

light (d = 46 µm), red light also has some p/s polarised contrast but blue light has a 

reversed s/p polarised contrast. All colours also have a different amount of D.E. at a 

specific thickness. Similarly, if at a constant thickness, the refractive index modulation is 

changed, specific modulations will result in a high polarised contrast ratio (D.E. also 

similarly changes with ∆n in a sinusoidal manner (not shown)). Again this effect is 

wavelength dependent, i.e. for each separate colour the polarised contrast ratio can be 

optimised but it is much more difficult to simultaneously optimise the colours. Such an 

optimisation requires accurate control over grating thickness dimensions and refractive 

index modulation.30 

 Apart from this laborious method of choosing specific grating thickness and 

refractive index modulation combinations, the coupling constants offer a second means 

of obtaining a highly polarised diffraction. The coupling constant κp equals κs multiplied 

by cos(θB’- θd’) (equation 7.29). κp will therefore be zero when θB’- θd’= (θB + ϕp) - (ϕp - θB) 

= 2θB = 90°. Hence a Bragg angle θB of 45° with respect to the grating plane does not 

diffract p-polarised light at the corresponding Bragg wavelength, independent of 

thickness and refractive index modulation. This corresponds to a diffraction angle 

between the incident and the diffracted wave of 90°. No laborious optimisation of the 

grating characteristics is therefore required: the Bragg angle of 45° can be realised by 

tuning the grating spacing according to the Bragg condition of equation 7.17. The effect is 

however wavelength dependent, i.e. a 45° Bragg angle at the Bragg wavelength inherently 

results in Bragg angles that deviate from 45° at different wavelengths. Small deviations 

from 45° will still result in a significant contrast as the D.E. of p-polarised light in that 

case rises only slowly with gratings thickness and/or refractive index modulation. This is 

illustrated in Figure 7.18a for the VIS wavelength range in the case of a 45° Bragg angle 

for green 550 nm light at a tilt angle of 25° and a ∆n of 0.005 at several grating 

thicknesses. In Figure 7.18b, the corresponding s/p polarised contrast is shown. The 

contrast is highest near the grating design wavelength of 550 nm and exceeds 10 within 

the range of 460 – 625 nm at the small grating thickness of 10 µm. At larger thickness, 

the D.E. of the grating rises, but at the cost of polarised contrast at large deviations from 

550 nm. Kogelnik’s theory predicts that large D.E. can be obtained for this grating over a 

large angular wavelength range when the thickness coincides with the first maximum of 

the D.E. with thickness, which is at approximately 30 µm for most wavelengths in this 

example. This is due to the compensation of the smaller coupling constants at larger 

wavelengths through division by smaller obliquity factors due to larger path lengths 
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within the grating at larger wavelengths (see equation 7.27, 7.28 and 7.30). In the 

lightguide application such high D.E.'s are probably undesirable for homogeneity reasons 

and smaller D.E.’s can be tolerated which provide a better s/p polarised contrast. All 

practical VIS-wavelengths have a s/p contrast (>1) at a fairly constant D.E. provided that 

the grating thickness is not too large. When the grating thickness exceeds the first 

maximum of D.E. as a function of thickness for the different wavelengths (not shown), 

the D.E. will diminish with reduced homogeneity and polarised contrast across the 

wavelength spectrum.  
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Figure 7.18: (a) Diffraction efficiency as function of Bragg wavelength at exact Bragg matching 

for s- and p-polarised light as calculated using Kogelnik’s coupled wave theory at 
several grating thicknesses (b) corresponding s/p contrast. Grating characteristics: 

Λi = 250.9 nm, ϕp = 25°, θB (550 nm) = 45°, n=1.55. 
 

For each wavelength, a grating spacing can be designed at which a Bragg angle of 45° 

occurs. For instance, an average refractive index of 1.55 results in the following required 

gratings spacings: at 450 nm: Λi = 205.3 nm, at 550 nm: Λi = 250.9 nm, 650 nm: Λi = 

296.5 nm. The grating can however be tilted at various angles without affecting the Bragg 

angle θB, which is shown in Figure 7.19.  
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Figure 7.19: Schematic representation of s-polarised light outcoupling using a phase grating 

with Λi = 250.9 nm, θB (550 nm) = 45°, n=1.55 at several tilt angles: (a) ϕp = 65°, 

(b) ϕp = 45°, (c) ϕp = 25°. 
 

The outcoupled angles will evidently shift as a function of tilt angle. At large tilt 

angles, the grating structure operates in reflection as shown in Figure 7.19a and is 

therefore called a reflection grating. Polarised outcoupling exactly at the normal direction 

will hence occur at a tilt angle ϕp of 45°, i.e. when parallel waveguided angles are 

diffracted towards the normal direction (Figure 7.19b). This requires incoupling into the 

holographic layer as well as the substrate (which is not shown), unless some internal 

angular redistribution occurs.  

 

7.3 Conclusions 
  

Holographic volume gratings were evaluated theoretically for use as outcoupling 

structures in back- and frontlight applications for LCDs. Such gratings operate in the 

Bragg diffraction regime, which is characterised by a high angular selectivity of diffraction 

at an angle with respect to the grating plane (Bragg angle) which equals the incident 

angle. Using the corresponding Bragg equation it was derived that the combination of the 

grating tilt angle with the grating spacing determines if the grating diffracts angles 

incident in transmission or waveguiding angles, i.e. angles smaller or larger than the 

critical angle respectively. If the grating spacing of a transmission grating is relatively 

large (e.g. a few microns) the grating must be tilted to a large extent to operate for 

waveguided angles. The resulting diffraction yields an impractical emission at large 

inclination angles. Reducing the grating spacing (e.g. sub-micron), requires smaller 

grating tilt angles and the diffracted angles shift towards the normal direction. Diffraction 
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of waveguided light at the normal direction is predicted at sufficiently small grating 

spacings (e.g. for green light of 550 nm: grating spacing < 516.6 nm) and appropriate 

corresponding tilt angles.  

 When the recording of the holographic grating is performed with a wavelength 

similar to the wavelength of reconstruction (i.e. VIS light), outcoupling of waveguided 

angles requires the grating to be recorded in so-called ‘waveguide mode’, i.e. with the 

reference beam at a waveguiding angle and the object beam at a transmitted angle. 

However, when the recording wavelength is significantly smaller (i.e. UV-light) than the 

wavelength of reconstruction (VIS), the grating is produced by smaller interfering angles 

between the beams, which are both incident in transmission when the grating spacing is 

not too small and the corresponding tilt angle not too large. This ‘transmission mode’ UV 

writing enables the use of conventional holographic writing techniques to produce 

holographic gratings, which diffract waveguided VIS light towards the normal direction.  

 Using Kogelnik’s coupled wave theory for thick volume phase gratings, it was 

shown that high contrasts in polarisation of the diffracted light can be expected at specific 

grating conditions, i.e. grating thickness and refractive index modulation. High polarised 

contrasts generally occur however at a small wavelength region. Deviating wavelengths 

are likely to show a reduced or even reversed contrast, which hampers a polarised 

reconstruction with VIS-light. Alternatively, Kogelnik’s theory predicts that a Bragg angle 

of 45° (i.e. 90° angular deviation by diffraction) only diffracts linearly s-polarised light for 

the associated Bragg wavelength, which is independent of grating thickness or refractive 

index modulation. Deviating wavelengths are predicted to have a reduced polarised 

contrast. It was hence derived theoretically that holographic lightguides with a polarised 

collimated near normal emission are feasible with a proper holographic grating design. 
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Chapter 8 
 

Holographic Lightguides using Bragg Phase Gratings (2)  

Recording, Reconstruction and Optical Characterisation 
 

 

8.1 Introduction 
 

 In several LCD applications, holographic volume gratings are used as they provide 

a versatile means to control the direction of incident light. In these applications, 

transmission or reflection gratings are used that operate for angles incident from air. For 

instance, holographic reflectors were developed for reflective display applications, which 

diffract incident ambient light into a controllable viewing cone which is redirected from 

the glare angle and provides higher brightness and contrast.1,2 Similar results can be 

obtained using holographic front diffusers.1 Holographic reflective and transmissive 

colour filters were produced for reflective LCD and projection LCD applications 

respectively.1 Also, holographic projection screens were developed.1 In stead of static 

holographic components, switchable Bragg gratings based on holographic polymer 

dispersed liquid crystal (H-PDLC) materials, were studied and developed for reflective 

colour displays or projection displays.3,4,5 These holographic components can hence have 

versatile characteristics: they can focus, diverge, diffuse or spectrally filter incident light.  

Here, holographic gratings are studied which diffract waveguided light in order to 

be used as outcoupling structures in back- and frontlight systems for LCD illumination. 

In the previous chapter it was shown theoretically that specific grating characteristics are 

required in order to diffract waveguided angles from these so-called holographic 

lightguides. Also, the implications of these requirements on the recording conditions 

were discussed. In this chapter, these theoretical considerations are verified 

experimentally and holographic grating structures are designed, characterised and 

evaluated for back- and frontlight applications in order to achieve improved outcoupling 

and/or energy efficiency characteristics. 
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8.2 Experimental 
 

8.2.1 Materials 
 Poly(styrene) (Mw = 45.000 g/mole) , the monomers diethyleneglycol-

dimethacrylate (DEGDMA) and cyclohexyl methacrylate (CHMA) and UV-initiator 1-

hydroxycyclohexylphenylketone were purchased from Aldrich.   

 

8.2.2 Holographic laser writing set-up 
 An Argon-Ion Continuous Wave (CW) laser (Spectra-Physics Beamlock 2085-25S) 

was operated at a UV-laser line with a wavelength of 351.1 nm. An etalon was used in the 

laser cavity to obtain single frequency operation. A TEM00 mode laser beam was emitted, 

which results in a Gaussian intensity profile across the beam.6  The diameter of the beam 

was 1.6 mm at 1/e2 of the maximum central intensity level. The laser beam was enlarged 

and spatially filtered at a lens system and pinhole shown schematically in Figure 8.1 (lens 

1: plano-convex fused silica, diameter D=6.35 mm, focal length f = 12.7 mm; lens 2: plano-

convex fused silica, D=25 mm, f = 50 mm; pinhole: 5 µm diameter). After the lens section 

the diameter of the laser beam was approximately 22 mm. A variant of the Mach-Zehnder 

interferometer was used to obtain the interference pattern as shown in Figure 8.1.7  
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Figure 8.1:  Schematic representation of the transmission mode holographic laser writing set-
up. M=mirror, L=lens, p=pinhole, PBS=Polarising Beam Splitter, λ/2=half wave 
plate, αe=half angle between the beams, H=horizontal polarisation, V=vertical 
polarisation. 

 

A Polarising cube Beam Splitter (PBS, 25.4 mm, fused silica) was used to split the beam. 

The transmitted beam and reflected beam were recombined using two UV-mirrors (D=50 
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mm). A half-wave plate (λ/2) (D=20 mm) was applied in front of the lens system in order 

to control the vertical linear polarisation of the laser beam. By rotating this λ/2-plate the 

percentage of transmission and reflection at the PBS could be controlled in order to 

achieve equal intensity per unit area of both beams at the sample. A second λ/2-plate was 

used to rotate the horizontally polarised transmitted beam by the PBS to vertically 

polarised light. 

 

8.2.3 Holographic recording 

Two photo-polymer mixtures were used to record the interference pattern: mixture 

1: 49.4 wt% PS, 49.6 wt% DEGDMA, 0.98 wt% UV-initiator and mixture 2: 49.5 wt% 

PS, 49.5 wt% CHMA, 1 wt% UV-initiator. Thin films were prepared by coating the 

mixtures between two glass slides (slide 1 (substrate): 76 * 26 mm area, 1 mm thick, slide 

2 (top layer): 50 * 24 mm area, 150 µm thickness).  

 Two optical sample-positioning set-ups were used in the recording process. The 

first set-up is shown in Figure 8.1 and corresponds to the UV-transmission mode 

holographic writing as discussed in section 7.2.5. The sample is positioned at the diagonal 

AB as indicated in Figure 8.1. The beams are made to overlap at the position of the 

sample, which corresponds to a half angle αe between the beams. The sample is 

subsequently tilted at an external tilt angle ϕpe causing an asymmetric incidence of the 

reference and object beam.  
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Figure 8.2:  Schematic representation of the waveguide mode holographic laser writing set-up. 

αe1 and αe2 are the incident angles of the object and reference beam with respect to 
the glass cube. 
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A second recording set-up was used to perform waveguide mode holographic writing as 

mentioned in section 7.2.5. A glass cube (50*50*50 mm) was used to which the sample 

was adhered with a refractive index contact fluid (benzylmethacrylate (BzMA), nD
20

 = 

1.512) of approximately equal refractive index as the glass cube and glass slides (Figure 

8.2). The object beam was incident in transmission at an angle αe1 with the glass cube and 

the reference beam was incident at an angle αe2 with respect to the side face of the cube, 

which resulted in T.I.R. at the sample – air surface.  

The intensity of the reference with respect to the object beam was controlled by 

rotating the first half wave plate (see Figure 8.1 and 8.2) and optimised for equal intensity 

per unit area at the overlapping region on the sample. The combined power of both 

beams was approximately 0.5 mW/mm2. The samples were holographically illuminated 

for 60 seconds and subsequently uniformly cured with UV-light for 30 minutes. 

 

8.2.4 Holographic reconstruction and optical characterisation 
 The diffraction of waveguided light by the holographically cured samples was 

determined by edge-lighting of the glass substrate at the side face with its normal 

perpendicular to the grating planes. A Cold Cathode Fluorescent Lamp (CCFL) was used 

as an uncollimated white light source with the transmission mode written samples, 

whereas with the waveguide mode written samples, both a CCFL and a collimated green 

Light Emitting Diode (LED, HLMP-C515, Agilent Technologies, 2.4V, 26 mA, central 

wavelength 570 nm, collimation +/- 14°) were used.  

The light outcoupling by the holographic gratings was analysed both in the 

forward (hologram side) and backward (glass substrate side) direction. The 

measurements were performed with and without suppression of reflections at the end 

face of the glass substrate using black paint. Cross-sections of the angular dependent 

emission perpendicular to the grating planes were measured with an Autronic DMS 703 

at inclination angles of –70° to +70°. The light emitted by the sample at a measuring spot 

of 0.2 mm was collected by a light collector with an angular resolution of 0.2°, which was 

connected to a Photo Multiplier Tube (PMT) detector. The detector was equipped with an 

eye-sensitivity filter, which mimics the spectral sensitivity of the human eye.8 This 

enabled the measurement of the emitted angular luminance. However, also a spectral 

angular analysis (400 – 700 nm) was performed using a CCD-spectrometer (Autronic, 

CCD-spect-2). Polarised measurements were performed by placing a conventional 

absorbing sheet polariser in front of the light collector at the principal directions. The 

three-dimensional emitted luminance (cd/m2) by the holographic lightguides was 

determined at inclination angles θ of 0° to +/- 80° and azimuthal angles ϕ of 0° to 360° 

using an Eldim EZ Contrast 160R (see also section 3.2.4) at a measuring spot of 166 µm. 

In order to study colour effects, with this set-up the angular dependent CIE colour 
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coordinates were also measured.9,10 A conventional absorbing polariser (analyser) was 

rotated between the sample and the light collecting lens in order to measure the emitted 

luminances and colour coordinates polarisation dependently. 

The Bragg angle of the holographic gratings was determined by rotating the 

samples with a rotating stage in front of an incident Helium-Neon (HeNe) laser beam 

(linearly polarised, 632.8 nm) until maximum diffraction occurred. For untilted reference 

samples the corresponding angle equals the external Bragg angle in air, from which the 

internal grating spacing and the periodicity of the used interference pattern were 

determined using equation 7.16. For sufficiently tilted gratings, diffraction of the incident 

HeNe beam corresponds to the reversed process of outcoupling, i.e. incoupling of light. 

The diffracted angle within the lightguide was measured by adhering the sample to a 

glass cube, similarly to the waveguide writing set-up of Figure 8.2. By measuring the 

incident and diffracted angle in air, the angles within the substrate were calculated, 

enabling the determination of the grating spacing and internal tilt angle.   

The refractive indices of the cured holographic mixtures were measured with an 

Abbe refractometer by curing the mixtures with uniform UV-light between cover sheets 

for 30 minutes. The refractive indices were measured at 20 °C and apply to the sodium D 

line wavelength (589.3 nm, i.e. nD
20 values).   

 

8.3  Results and discussion 
 

8.3.1 UV transmission mode written holographic lightguides 

 

8.3.1.1 General observations 
The process of writing grating structures with UV-light in transmission, which 

reconstruct by diffraction for waveguided VIS-light, was studied experimentally by varying 

the half angle between the interfering beams (influencing the grating spacing) and the tilt 

of the sample (as indicated in Figure 8.1). The corresponding interference patterns were 

recorded in the photo-polymer mixtures consisting of a monomer dissolved in a 

polymeric binder. Using the conditions as outlined in section 8.2.3, the grating was 

formed within 60 seconds, starting at the centre of the spots and developing radially 

outwards in time. The grating formation can be attributed to the formation of a refractive 

index modulation of similar periodicity as the interference pattern due to a monomer 

diffusion process as described in section 7.2.2. The experimental observations were found 

to agree accurately with the theoretical predictions as discussed in section 7.2.4 and 7.2.5, 

i.e. diffraction of waveguided light resulting in an emission from the lightguide was 

found to be possible by sufficiently tilting the sample. As a result, the grating planes of 

the recorded phase gratings are also tilted, however to a smaller amount than the tilt 
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angle of the sample due to refraction of the asymmetrically incident UV-beams. For the 

same reason, the angle between the interfering beams is smaller within the sample than 

in air, which leads to larger internal grating spacings than the corresponding interference 

pattern in air. Even for relatively large periodicities of the interference pattern, e.g. 1 µm, 

waveguided light could be coupled out when sufficient tilt was applied, e.g. 0° and 20° 

external tilt did not yield diffraction of waveguided light (the samples diffracted in 

transmission) but 60° tilt did. Due to the relatively small Bragg angles of such large 

grating spacings, the diffracted waveguided light is however not highly deviated from its 

propagation direction, which resulted in an emission significantly deviating from the 

normal direction (e.g. 47°, see also Figure 7.9). By lowering the grating spacing, this 

deviation by diffraction increases and it was hence found to be possible to diffract 

waveguided light at angles close to the normal. As such an emission is of higher practical 

interest to the application of a holographic lightguide in back- or frontlight systems for 

LCDs, the shown experimental results within this section will be limited to small tilted 

grating structures which were optimised for diffraction at near normal angles.  

 

8.3.1.2 Near normal diffraction by a holographically cured PS/DEGDMA phase 

grating 
An example of such a near normal emission is shown in Figure 8.3a for a grating 

recorded in PS/DEGDMA. The periodicity of the original interference pattern that was 

recorded, was determined by measuring the external Bragg angle θBe of a reference 

untilted sample with a 632.8 nm HeNe laser beam. Using equation 7.16 and 7.6 with θBe 

= 43.5°, the periodicity of the incident interference pattern was found to be 459.6 nm.  

The sample shown in Figure 8.3a was tilted during recording at an external tilt angle of 

35°.  
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Figure 8.3: Unpolarised angular emission of a lightguide comprising a tilted PS/DEGDMA 

phase grating layer (Λe=459.6 nm, ϕe=35°) on a glass substrate in a plane 

perpendicular to the grating planes (ϕ=90°) (a) without suppression of end face 
reflections (b) with suppression of end face reflections. 
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The resulting emission at near normal angles in both the forward (grating side) and 

backward direction (substrate side) as illustrated in Figure 8.3a, is found to be highly 

collimated within approximately a 15° angular range (full angle). The sample was not 

analysed polarisation dependently as little polarised contrast was visually observed. At the 

complete angular range, an additional low intensity emission is observed which is caused 

by scattering within the grating layer. During polymerisation of the PS/DEGDMA 

mixture a phase separation did occur which causes incident light to be scattered. Upon 

visual inspection in transmission of the cured hologram this effect is hardly noticeable, 

but due to the much longer path lengths in waveguiding operation such scattering 

immediately shows up. The scattering contribution is an unwanted effect as it results in a 

non-directional emission and will result in depolarisation in a polarised light emitting 

grating structure. However, the diffraction can be clearly distinguished from the 

scattering contribution, which enables the optical characterisation of the outcoupling by 

diffraction. The emission by diffraction in the forward direction is clearly more 

predominantly than the emission towards the backward side (Figure 8.3a).  This can be 

understood by considering the angular directions which the grating selectively diffracts. 

As illustrated in Figure 8.4, there are four possible incident directions which result in 

Bragg diffraction for each wavelength of consideration when exact Bragg matching is 

considered. 
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Figure 8.4:  Schematic representation of four possible incident directions ( rk

r
) at the grating 

plane that result in Bragg diffraction ( dk
r

) (a) outcoupling by diffraction of 
upward directed waveguided light (b) incoupling by diffraction of downward 
directed light incident in transmission (c) incoupling by diffraction of upward 
directed light incident in transmission (d) outcoupling by diffraction of downward 
directed waveguided light. 
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Figure 8.4a shows a tilted grating plane with its corresponding K-vector, which indicates 

the direction and magnitude of the grating periodicity (see sections 7.2.1 and 7.2.3). The 

shown incident upward directed reference beam ( rk
r

), which complies with the Bragg 

condition (K-vector closure, section 7.2.3), is diffracted ( dk
r

) towards the normal direction 

at the forward side ( Kkk rd

rrr
−= ). Similarly the grating will also diffracted a downward 

directed angle (Figure 8.4b) but this is merely the reversed process of the outcoupling of 

Figure 8.4a, i.e. incoupling of light by diffraction. A waveguided downward beam is also 

diffracted when incident from the opposite side of the grating ( Kkk rd

rrr
+= , Figure 8.4d) 

and directed towards the normal at the backward side of the grating layer. This 

corresponds to the second first order at which Bragg diffraction occurs. The associated 

reversed incoupling process from incident angles in transmission at the normal towards 

waveguided angles is shown in Figure 8.4c. Hence, angles propagating from the left to 

the right side in the lightguide (Figure 8.3a) are diffracted to the forward direction and 

angles propagating in the reversed direction are diffracted to the backward direction. 

Consequently in the experiment most light is diffracted towards the forward direction as 

most light will propagate towards the end face of the substrate. By suppressing the 

reflections at the end face, the remaining light that propagates towards the light input 

face of the substrate will be diminished. This was tested by blackening the end face of the 

lightguide, absorbing most light at the end face and resulted in a large reduction of light 

emitted towards the backward direction as shown in Figure 8.3b. Still some backward 

outcoupling of diffracted light occurred due to the inability to suppress backscattered light 

from the scattering contribution and the approximately 4% reflection at the waveguide - 

air interface of the light diffracted towards the forward direction. The latter reason ideally 

results in the limit of approximately 25 of the forward-backward ratio at near normal 

angles, when no additional anti-reflection coatings are applied. The highest forward-

backward ratio amounts 7.0 in the measurement of Figure 8.3b and is found at an 

inclination angle of +2°. At this position, this forward-backward contrast is mainly limited 

by the non-directional scattering contribution. This preferential outcoupling towards one 

side is a highly desirable characteristic for frontlight applications which require a one-

sided emission towards the LCD side. The studied tilted grating structures have this 

potential when combined with one-sided edge-lighting, suppression of scattering 

contributions and reflections at the substrate end face (or more ideally when little light is 

left at the end face).  
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Figure 8.5: Unpolarised angular luminance (cd/m2) distribution by a holographic lightguide 

(cured PS/DEGDMA, Λe=459.6 nm, ϕe=35°) using conventional CCFL edge-
lighting into the glass substrate (as indicated by the arrows). Reflections at the end 

face of the substrate were suppressed. The ϕ = 90° principal cross-section direction 
is indicated. (a) forward emission (b) backward emission.  

 

 The three-dimensional light outcoupling by the sample (Figure 8.5) reveals that 

the sample is one-directionally highly collimating which extends laterally up to high 

inclination angles. This is caused by the one directional grating periodicity which is 

within the principal cross-section plane at an azimuthal angle ϕ of 90° (see Figure 8.5, 

this is also equal to the cross-section direction shown in Figure 8.3a and b) and hence the 

lateral extension of the grating planes in the 0° azimuthal direction. Apparently, skewed 

rays also comply with Bragg’s law and can still be efficiently diffracted and subsequently 

refracted towards lateral angles. This combined effect of diffraction and refraction nearly 

results in an emission within the lateral ϕ = 0° plane but a slight curvature of the 

emission yields small deviations from this plane at high inclination angles. Figure 8.5 

also shows the corresponding backward emission (same scale), which clearly is much 

lower in intensity and mainly consists of a low intensity scattering distribution.  

 As discussed in the theory, the grating structure is inherently wavelength 

dependent. To visualise this effect, Figure 8.6 (on page 191) shows a three-dimensional 

colour measurement of the emission in the forward direction in which the measured 

colour coordinates are plotted with their corresponding colour. The low intensity 

contribution through scattering is however not accurately plotted, i.e. visual inspection 

revealed the scattered light to appear only slightly bluish-white. The higher intensity 

regions due to diffraction however do correspond to visual perception. The dispersion 

caused by the grating is clearly shown which is actually a partial separation of the CCFL 

spectrum shown in Figure 8.7.  
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Figure 8.7: Wavelength spectrum of the used CCFL lamp. 
 

As expected, red light was found to diffract with the highest angular deviation as was 

shown schematically in Figure 7.12. A remarkable observation is the apparent absence of 

part of the green and blue spectral contributions (Figure 8.6). It is therefore expected that 

the grating structure diffracts these wavelengths at a corresponding angle which is 

smaller than the critical angle and is therefore absent in the waveguide as was discussed 

in section 7.2.4 (compare Figure 7.12d). Visual inspection did reveal indeed that the blue 

and part of the green spectrum could be viewed in transmission at the proper angle. 

 Using the derived periodicity of 459.6 nm of the interference pattern with which 

the structure was written and a measured nD
20 value of 1.531 of the PS/DEGDMA mixture 

prior to curing (neglecting refractive index dispersion), the internal periodicity and tilt 

angle were calculated using equations 7.1, 7.2, 7.3 and 7.5. Additionally the diffracted 

angle and corresponding waveguided angle were measured by incoupling of a HeNe laser 

beam, which also enabled the determination of the internal tilt angle and the grating 

spacing with the use of equation 7.17. The results of both approaches are shown in Table 

8.1. The predicted tilt angle and grating spacing based on the writing of the structure with 

UV-light are in good agreement with the corresponding calculated values based on 

diffraction measurements with a HeNe-laser beam. The measured internal grating 

spacing of 528.5 nm is clearly much larger than the periodicity of the interference pattern 

in air of 459.6. Also the internal tilt angle of 21.1° is much smaller than the external tilt 

angle of 35° of the sample. Both effects are due to the refraction of the UV-beams towards 

the normal in the laser writing process, i.e. the UV-beams internally propagate at a 

smaller angle with respect to the normal and the angle between the beams is reduced. 

The wavelength λc which corresponds to the critical Bragg angle θBc
’ at which waveguided 

light at the critical angle θc (39.9°) is diffracted (see section 7.2.4) is found with the use of 

equation 7.20 to be 530.6 nm which is indeed within the green part of the spectrum. 
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Table 8.1: Expected* and measured** grating parameters and calculation of reconstruction by 
diffraction at different wavelengths based on the measured grating parameters. The 

θc of the grating layer equals 39.9°. λe corresponds to the external wavelength, Λi
 to 

the grating spacing, ϕp is the grating tilt angle, θB the Bragg angle and θd the 
diffracted angle. The angles with a superscript ’ are defined with respect to the 
normal.  

λe 

(nm) 

 

 

Λi 

(nm) 

ϕp 

(°) 

θB 

(°) 

θB’ 

(°) 

θB’(air) 

(°) 

θd’ 

(°) 

θd’(air) 

(°) 

351.1 expected 524.6 20.8 12.6 33.4 57.5 8.2 12.6 

632.8 measured 528.5 21.1 22.6 43.7 - -1.5 -2.3 

650 calculated 528.5 21.1 23.2 44.4 - -2.1 -3.3 

550 calculated 528.5 21.1 19.5 40.6 - 1.6 2.5 

450 calculated 528.5 21.1 15.9 37.0 69.6 5.3 8.2 

    * The prediction is based on incident UV-laser beams (351.1 nm) with an external periodicity 
of 459.6 nm and a tilt angle of 35° of the sample. The refractive index of the grating prior to 
curing was used: ni0=1.531 (dispersion neglected).  

   **In the measurement the external angles were determined and the internal parameters 
calculated using nglass=1.51 and ni=1.5585 (dispersion neglected). 

 

Table 8.1 shows some calculations at different wavelengths using the measured grating 

parameters, which shows that larger diffracted wavelengths (>530.6 nm) are waveguided 

at angles exceeding the critical angle and smaller diffracted wavelengths (<530.6 nm) are 

incident from angles in transmission. The calculated diffracted angles correspond well 

with the measurement of Figure 8.6. A careful inspection of Figure 8.6 reveals that the 

emitted skewed rays have a tendency with increasing inclination angle to consist of 

smaller wavelengths, i.e. more green light and even blue light is ultimately emitted. The 

former can be seen from Figure 8.6, i.e. it appears that at approximately 25° inclination 

angle (near ϕ=0° and ϕ=180°) the entire green spectrum is coupled out, blue 

contributions were found to be present starting at approx. 30° inclination angle, but this 

cannot be viewed directly from Figure 8.6. From this observation it can be concluded that 

skewed rays are diffracted at waveguided angles, which increase with skew angle (a 

mixture of inclination and azimuthal angle).         

 Figure 8.6 also reveals a second diffraction pattern to be present at negative 

inclination angles, which is of small intensity and can also be distinguished in the 

measurement of Figure 8.5 (when viewed at a different scale) and Figure 8.3a (peak at –

32°). This effect can be contributed to a second diffraction order, which is present with a 

small diffraction efficiency. This can be made plausible by calculating the second order 
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(m=2) from the Bragg condition (see equations 7.12 and 7.13) for the strongest spectral 

peaks in the CCFL spectrum. For instance, the green maximum at 545 nm (Figure 8.7) is 

found to couple out at –32.8° for the measured grating characteristics and the red 

maximum at 611 nm at –44.5°, which are both in excellent agreement with the 

experimental results of Figure 8.6. Still this weak second order diffraction surprised us 

considering the much larger thickness of the grating (approximately 50 µm) than the 

grating spacing of 528.5 nm. A thickness/spacing based definition of thick (or thin) 

gratings is however unreliable with respect to the diffraction regime at which the grating 

operates, as was reported in literature.11   

 

8.3.1.3 Near normal diffraction by a holographically cured PS/CHMA phase 

grating  
A larger angle between the interfering UV-laser beams was used to record a 

smaller grating structure compared to the previous section, which should be able to 

diffract the entire VIS-spectrum from waveguided angles towards near normal 

outcoupling angles. The pattern was recorded in a PS/CHMA mixture. From Bragg angle 

measurements at a reference untilted sample, an external Bragg angle θBe of 58.25° was 

found, which corresponds to a periodicity of the interference pattern of 372.1 nm. The 

necessary tilt of the sample was calculated to be 43° (external tilt angle) to ensure a near 

normal emission. The emission by the sample was analysed both unpolarised and 

polarisation dependently as shown in Figure 8.8a (forward) and Figure 8.8b (backward).  
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Figure 8.8: Polarised angular luminance distribution of the outcoupling by a lightguide 

consisting of a holographically cured PS/CHMA (Λe=372.1 nm, ϕe=43°) phase 
grating adhered to a glass substrate. Reflections at the substrate end face were 
suppressed. The measurement is in the principal cross-section plane perpendicular 

to the grating planes (ϕ=90°) (a) forward (grating side) (b) backward (glass 
side). 

 

From Figure 8.8a most luminance of the outcoupling in the forward direction is found to 

be within the angular range of –4° to 6°. The maximum luminance is measured at 2.2° 
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and the corresponding full width at half maximum (FWHM) value is 7.5°. Low 

luminances are estimated to be present within the –15° to –4° and 6° to 15° range. 

Compared to the previous grating, which was recorded in PS/DEGDMA, the scattering 

background signal is found to be absent and the small signal outside the diffraction 

regions corresponds to a low intensity background noise level. This corresponds to visual 

observations that the sample appeared dark and transparent outside the diffracted regions 

in the edge-lit application. It was concluded that for PS/CHMA no phase separation 

occurred during the holographic UV-writing and subsequent uniform UV fixing step. 

This observation agreed with earlier reported experimental results derived from DSC-

measurements that cured PS/CHMA mixtures were homogeneous at the entire 

composition range.12 The diffracted light near the normal direction does exhibit some 

polarisation dependence, i.e. s-polarised light is coupled out slightly more than p-

polarised light. The highest polarised contrast within the high intensity region was found 

to be only 1.25. The grating was however not optimised for a highly polarised contrast. 

The backward emission by the sample (Figure 8.8b) is much lower than the forward 

emission and similarly shaped. This indicates that the reflections at the end face were 

highly suppressed and hence that the backward emission is mainly due to reflections of 

the forward outcoupling. The corresponding forward-backward ratio is plotted in Figure 

8.9 for the unpolarised measurement. The forward-backward contrast ratio is most 

reliable at the high forward luminance region as the contribution of the background noise 

signal has the smallest influence. The contrast ratio locally seems to approach the 

theoretical limit of approximately 25, especially considering the influence of the 

background noise signal.    
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Figure 8.9:  Forward-backward unpolarised luminance ratio at ϕ=90° of the outcoupling by a 

lightguide consisting of a holographically cured PS/CHMA (Λe=372.1 nm, ϕe=43°) 
phase grating adhered to a glass substrate. Reflections at the substrate end face 
were suppressed. 
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The forward emitted angular distribution was also analysed spectrally (Figure 8.10, 

page 191). Within the bright region of -4° to 6°, all primary colours are represented, i.e. at 

6° the emission is greenish-blue, at 2° green, at 0° yellowish-red, at –2° to –4° red (see 

Figure 8.10a). The spectral bandwidth at each angle is approximately 80 nm, revealing 

the features of the CCFL spectrum of Figure 8.7 in this range. Deep blues and deep reds 

are found in the lower luminance regions, e.g. at 10° and –10° respectively (Figure 8.10a). 

The relatively low luminance at these wavelengths is a consequence of the CCFL 

spectrum (Figure 8.7) and of the fact that the measured luminance is a photometric 

quantity, relating the measured intensity to the sensitivity of the human eye, which is low 

at these wavelengths.8     

The internal grating parameters were determined by measuring the angle at which 

a red HeNe laser beam was coupled into the lightguide and the corresponding diffracted 

waveguided angle. From these angles the internal angles within the grating were 

calculated neglecting refractive index dispersion. From the measured periodicity of the 

UV-interference pattern of 372 nm and external tilt angle of 43°, the internal grating 

spacing and tilt angle were also calculated. The results are shown in Table 8.2. 

 

Table 8.2: Expected* and measured** grating parameters and calculation of reconstruction by 

diffraction at different CCFL wavelengths. λe corresponds to the external wavelength, 

Λi
 to the grating spacing, ϕp is the grating tilt angle, θB the Bragg angle and θd the 

diffracted angle. The angles with a superscript ’ are defined with respect to the 

normal. The θc of the grating layer equals 40.1°.  

λe  

(nm) 

 

 

Λi  

(nm) 

ϕp 

(°) 

θB  

(°) 

θB’ 

(°) 

θB’(air) 

(°) 

θd’ 

(°) 

θd’(air) 

(°) 

351.1 expected 464.9 24.0 14.3 38.3 71.1 9.7 14.8 

632.8 measured 466.8 23.4 25.9 49.3 - -2.4 -3.8 

611 calculated 466.8 23.4 24.9 48.3 - -1.5 -2.3 

545 calculated 466.8 23.4 22.1 45.5 - 1.3 2.0 

488 calculated 466.8 23.4 19.7 43.1 - 3.7 5.8 

436 calculated 466.8 23.4 17.5 40.9 - 5.9 9.2 

     * The prediction corresponds to the writing process with UV-laser beams (372.1 nm 
interference periodicity, sample tilt angle 43°). The refractive index of the holographic layer 
prior to curing was used: ni0=1.528 (dispersion neglected). 

     ** In the measurement the external angles were determined and the internal parameters 
calculated using nglass=1.51 and ni=1.554 (dispersion neglected).  
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The predicted internal grating spacing and tilt angle are found to be in good agreement 

with the measured values of 466.8 nm and 23.4° respectively. Hence, the grating diffracts 

similarly to the theoretical example shown in Figure 7.12c. The calculated angles for the 

reconstruction of this grating structure at different wavelengths agree well with the 

spectral analysis in Figure 8.10a. The calculations and the measurements show that the 

Bragg angles of the different colours are within the waveguided angular range and that 

deep blue is diffracted at angles close to the critical angle (θc=40.1°). This is also a possible 

explanation for the relatively low intensity of the deep blue wavelengths (Figure 8.10a) 

compared to green and red, as the CCFL incoupling into the glass substrate is likely to 

yield low internal intensity near the critical angle. 

In the forward direction, a second diffraction order is also found to be present in 

Figure 8.8a, which can be more clearly distinguished compared to the previous sample as 

there is no obscurance of a scattering background. Figure 8.10b shows a spectral analysis 

of these second order regions. Four small maximums are observed in Figure 8.8a, at -29° 

(greenish-blue), -41° (green), -52° (yellow) and -61° (red) respectively which are all clearly s-

polarised. This is most strongly the case at -41° where a polarised contrast is measured of 

up to 25. This value is likely to be considerably higher as the p-polarised signal is limited 

by its noise level (Figure 8.8a). This polarised effect can be understood when calculating 

the Bragg angle of several important CCFL wavelengths as shown in Table 8.3.  

 

Table 8.3: Calculation of second order diffraction of characteristic CCFL wavelengths by the 
grating structure using Bragg’s law with diffraction order m=2. The measured 
grating spacing of 466.8 nm and an internal tilt angle of 23.4° were used. In the 
calculations a refractive index of the grating layer ni=1.554 was assumed neglecting 
dispersion. The symbols are defined in Table 8.2. 

colour λe  

(nm) 

θB  

(°) 

θB’ 

(°) 

θB’(air) 

(°) 

θd’ 

(°) 

θd’(air) 

(°) 

red 611 57.4 80.8 - -34.0 -60.3 

yellow 587 54.0 77.4 - -30.6 -52.3 

green 545 48.7 72.1 - -25.3 -41.6 

green-blue 488 42.3 65.7 - -18.9 -30.2 

blue 436 36.9 60.3 - -13.5 -21.3 

 

The diffraction angle in air of the different colours is found to be in excellent agreement 

with the experimental observations of Figure 8.10b. The Bragg angles (θB) of the second 

order are much larger than of the first order and the internal waveguided angles (θB
’) that 
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are diffracted are therefore significantly deviating from the critical angle. The internal 

Bragg angle is near 45° in the green part of the spectrum. At the measured grating 

spacing of 466.8 nm, the wavelength corresponding to a second order Bragg angle of 45° 

is calculated to be approx. 513 nm (which is nearly absent in the CCFL spectrum, Figure 

8.7). As discussed in section 7.2.7 of the theoretical section, such a Bragg angle results in 

highly linearly s-polarised light. Deviations from this angle results in increased p-

polarised diffraction and hence a reduced polarised contrast. The calculations are 

therefore in good agreement with the experimental observations that a highest polarised 

contrast is achieved in the green wavelength region. This indicates the polarised potential 

of such large Bragg angles. 

 The three dimensional angular emission by the holographic lightguide is shown in 

Figure 8.11. Again a one-dimensional collimation is observed in the plane perpendicular 

to the grating planes, which extends laterally up to high inclination angles with a slight 

curvature of the emission.  
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Figure 8.11: Unpolarised angular luminance (cd/m2) distribution by a holographic lightguide 

(cured PS/CHMA, Λe=372.1 nm, ϕe=43°) using conventional CCFL edge-lighting 
into the glass substrate (as indicated). Reflections at the end face of the substrate 
were suppressed. (a) forward emission (b) backward emission.  

 

Outside the diffracted angular region, little emission is found as no additional scattering 

contribution was present. The backward outcoupling is quite low and mainly consists of 

reflection of the forward emission. This is better visualised in Figure 8.12 (on page 191), 

which shows the corresponding three-dimensional colour measurement. In the backward 

direction of Figure 8.12b, the curvature of the diffracted angular region is similar to the 

forward direction, which indicates a reflection of the forward emission. Very faintly, also a 

contribution with reversed curvature is observed which is due to some remaining 

backward outcoupling of light propagating towards the lamp input side within the 

lightguide. When a reflector was applied at the end face of the substrate instead of 

blackening the end face, the reflected light is diffracted towards this backward side and a 

reversely curved mirrored spectral emission was strongly present (not shown).  



Holographic Lightguides using Bragg Phase Gratings (2) 191 

 

0

90

180

270
 

Figure 8.6:  Colour measurement of the angular emission by a lightguide consisting of a 
holographically cured PS/DEGDMA (Λe=459.6 nm, ϕe=35°) phase grating 
adhered to a glass substrate. The colour coordinates are represented with their 
corresponding colour. 

 

0

0,2

0,4

0,6

0,8

1

400 450 500 550 600 650 700 750 800

wavelength (nm)

re
la

tiv
e 

in
te

ns
ity

 (
-)

 10°
   6°
   2°
   0°
  -2°
-10°

-10°

-2°

0°

2°

6°10°

a)
1

0.8

0.6

0.4

0.2

0 0

0,2

0,4

0,6

0,8

1

400 450 500 550 600 650 700

wavelength (nm)

re
la

tiv
e 

in
te

ns
ity

 (
-)

 -20°
 -29°
 -41°
 -52°
 -61°

-61°

-52°

-41°

-29°

-20°

b)
1

0.8

0.6

0.4

0.2

0

 
Figure 8.10: Spectral angular analysis of the outcoupling in the forward direction by a 

lightguide consisting of a holographically cured PS/CHMA (Λe=372.1 nm, ϕe=43°) 
phase grating adhered to a glass substrate. (a) first order region (b) second order 
region. 
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Figure 8.12: Colour measurement of the angular emission by lightguide consisting of a 

holographically cured PS/CHMA (Λe=372.1 nm, ϕe=43°) phase grating adhered to 
a glass substrate. The colour coordinates are represented with their corresponding 
colour. (a) forward emission (b) backward emission. 
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In the forward direction of Figure 8.12a the second order diffraction is clearly visible and 

corresponds well with the measurements of Table 8.3 and the spectral results of Figure 

8.10b. The angular dispersion of the second order is clearly much larger than the first 

order dispersion and as a consequence the spectral bandwidth is much smaller (approx. 

20-30 µm, see Figure 8.10b).     

 

8.3.2 UV waveguide mode written holographic lightguides 

 

8.3.2.1 Polarised outcoupling at CCFL edge-lighting 
 The tilted grating structures that were studied in the previous section, did only 

exhibit a small polarisation dependence of the first diffraction order. However, the weak 

second diffraction order was clearly significantly polarised, which was attributed to the 

large corresponding Bragg angles near 45°. As discussed in section 7.2.7 of the theory, 

Kogelnik’s coupled wave theory predicts the absence of coupling between the reference 

and signal (diffracted) wave for p-polarised light at this Bragg angle. Hence, the diffracted 

light is predicted to be completely linearly s-polarised at a Bragg angle of 45°, i.e. an angle 

between the incident and diffracted wave of 90°. This polarised effect is independent of 

the grating layer thickness and refractive index modulation. In order to achieve this effect 

for the first diffraction order, which results in an emission near the normal direction, the 

grating structure should be produced in waveguide mode writing as discussed in sections 

7.2.7 and 7.2.5. Here, it was aimed to achieve a 45° Bragg angle for green light (550 nm) at 

a corresponding diffraction angle in air of –10°. This small deviation from the normal 

direction was chosen because an emission exactly along the normal occurs for parallel 

waveguided light, which is unlikely to exist as the hologram in reconstructed with edge-

lighting into the substrate of the holographic layer. The calculated corresponding internal 

grating spacing is 250.9 nm and the internal tilt angle 38.6°. To achieve this objective, in 

the waveguide mode writing set-up shown in Figure 8.2, the angles αe1 and αe2 of the UV-

writing beams were calculated to be approximately 18.4° and 32.8° respectively. The 

resulting interference pattern was recorded in a PS/CHMA mixture, which was able to 

produce a phase grating without unwanted additional scattering as shown in the previous 

section. Using a CCFL light input into the substrate, the holographic grating was 

reconstructed with VIS light. The resulting polarisation dependent emission by 

diffraction is shown in Figure 8.13 in a cross-section perpendicular to the grating planes. 

The emission by the holographic lightguide is highly linearly polarised, especially near 

the aimed design angle of –10°. The polarised contrast exceeds 75 at –8° and diminishes 

at larger and smaller angles. The peaked angular distribution observed in Figure 8.13 is 

actually the result of four major factors. 
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Figure 8.13: Polarised outcoupling of waveguided light by a holographic grating on a glass 

substrate using conventional CCFL edge-lighting. R=red, Y=yellow, G=green, 

B=blue. Approximate grating parameters: Λi = 250.9 nm, ϕp = 38.6°, d = 100 µm. 
(a) forward s- and p-polarised diffraction. (b) corresponding s-p polarised contrast.     

 

Firstly, the emission is a representation of the angular luminance distribution within the 

lightguide system, as the emission at different angles corresponds to different internal 

waveguided angles due to the high angular selectivity of the grating. Not all internal 

angles are equally probable, due to the precise incoupling conditions, angular 

redistribution effects and angular dependent refraction/reflection at the substrate/grating 

layer interface. Secondly, as the grating is inherently wavelength selective, different 

wavelengths are emitted at different angles (roughly indicated in Figure 8.13). The 

measured emission is therefore also a representation of the peaked CCFL spectrum as 

shown in Figure 8.7. Thirdly, the diffraction efficiency of the grating is wavelength 

dependent which will influence the emitted intensity of the different colours. Finally, in 

the measuring set-up an eye-sensitivity filter was integrated which mimics the spectral 

response of the human eye. In daylight conditions, the peak sensitivity of the eye occurs 

at the yellowish green wavelength of 555 nm.8 According to the CIE luminous efficiency 

curve, the luminous efficiency of the eye drops to 50% of this maximum at 510 and 610 

nm and amounts only 10% at 470 and 650 nm.8 The measured intensity is therefore 

expressed in photometric terms (i.e. luminance) rather than radiometric terms (i.e. 

radiance), which relates to the energy content of radiation. 

 The spectral distribution within the emitted angular range is studied in detail in 

Figure 8.14 (on page 198), which shows the measured spectrum at several angular 

positions. At each angle, the emitted light consists of a fraction of the CCFL spectrum 

with a bandwidth of approximately 30 nm. The dispersion and consequent colour 

separation is hence much more significant than the grating structures of the previous 

section, which is a logical consequence of the smaller grating spacing. Figure 8.14 

confirms the visual observation that the four maximums measured in Figure 8.13 indeed 
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correspond to red (approx. 611 nm at –20°), yellow (approx. 585 nm at –14°), green 

(approx. 545 nm at –8°) and greenish-blue (approx. 490 nm at 1°). Additionally, deep red 

(approx. 650 nm at -27°) and blue (approx. 435 at 8°) are also shown, which are of 

relatively low luminance in Figure 8.13. In Figure 8.14 the intensity is not a photometric 

quantity but a radiometric quantity corresponding to the emitted energy rather than the 

eye-sensitivity. This results in a completely different intensity balance between the 

different colours, making the blue and red contributions much more significant. What is 

also observed is that green light (500-580 nm) is concentrated in a much narrower 

angular range, i.e. between –5° to –11°, than blue (400-500 nm), i.e. between –2° and 15°, 

and red/yellow (580-700 nm), i.e. between –12° and –28°. This is a direct consequence of 

the high dispersion of the grating, revealing the CCFL spectrum which has a concentrated 

emission of green light (between 536 and 557 nm) but a much broader blue and 

red/yellow wavelength distribution (see Figure 8.7). The energy within the blue and red 

part of the spectrum is therefore distributed across a larger angular region, which results 

in lower local intensities. The combination of the photometric measurement and the 

CCFL spectral distribution is therefore the cause that green light corresponds to the 

highest luminance and that blue and red are relatively suppressed in Figure 8.13. The 

highest polarised contrasts (∼75) are found for this green part of the spectrum, which 

corresponds well with the grating design. As larger and smaller wavelengths result in 

deviations from the 45° Bragg angle, the corresponding polarised contrasts diminish. For 

red light a polarised contrast of approximately 7.5 is found, for yellow light 15 and for 

greenish-blue light 6.5. All wavelengths therefore clearly emit more linearly s-polarised 

than p-polarised light.  

 The three-dimensional polarised angular luminance distributions of the emission 

by the holographic lightguide in the forward direction and the corresponding polarised 

contrast, are shown in Figure 8.15.  
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Figure 8.15: Polarised angular luminance (cd/m2) distribution emitted by a holographic 

lightguide (cured PS/CHMA, Λi = 250.9 nm, ϕp = 38.6°, d = 100 µm) using 
conventional CCFL edge-lighting into the glass substrate (as indicated by the 
arrows). (a) s-polarised (b) p-polarised (c) polarised contrast. 



Holographic Lightguides using Bragg Phase Gratings (2) 195 

 

 

Similarly to the observations of the previous section, the emission is highly collimated in 

the direction perpendicular to the grating planes, and extending laterally in a curved 

manner. Figure 8.16 (on page 198) shows a colour representation of the outcoupling, 

which clearly shows the angularly separated CCFL spectral bands (compare with Figure 

8.7). The polarised contrast of the bright green spectral band (Figure 8.14 at –8°) is clearly 

highest and a contrast high of nearly 100 is observed (Figure 8.15c). The curved green 

emission is however most highly polarised near the principal cross-section perpendicular 

to the grating planes but diminishes in the lateral directions. A more careful visual 

inspection revealed that the green band actually remains highly linearly polarised, but 

that the linear polarisation direction rotates with the direction of curvature of the emitted 

band. With respect to the analyser, this is observed as a loss of polarised contrast in the 

measurement, as part of the linearly polarised light projects to the p-analyser direction 

with increased lateral deviation. 

 The holographic grating mixture, writing conditions and the grating thickness 

were not optimised for achieving high diffraction efficiency. Yet, to get an impression of 

the efficiency, a linearly polarised HeNe laser was used for incoupling into the 

holographic lightguide. The grating was found to diffract this 632.8 nm light most 

strongly at an inclination angle of -23.5° towards waveguided angles within the lightguide, 

which were however too parallel to be measured. This angle corresponds well to the 

spectral measurements shown in Figure 8.14. The transmitted intensity was measured 

and compared to the transmission of a reference glass slide at the same incident angle. It 

was found that 22.3% of linearly s-polarised and 3.9% of linearly p-polarised light was 

coupled into the lightguide. This yields a polarised contrast of 5.7, which is slightly higher 

than the corresponding contrast value of 3.6 at -23.5° in Figure 8.13b (the latter is however 

not very reliable due to the noisy signal).    

 

8.3.2.2 Polarised outcoupling at LED edge-lighting 

 The same holographic lightguide as the previous section was also tested with 

collimated green light emitting LED edge-lighting. The spectral distribution of the LED is 

shown in Figure 8.17. The maximum of the LED spectral distribution is found at 569 nm. 

The colours emitted by the LED are mainly green/yellow with some low intensity 

contribution into the red part of the spectrum. The degree of collimation of the LED was 

found to be +/-14°. The resulting polarised light emission by the sample is shown in 

Figure 8.18. The emission is found to be highly linearly s-polarised with a maximum 

luminance at –11°, a FWHM of 6° and a full angular bandwidth of 20° (Figure 8.18a). The 

measured angular distribution resembles the spectral distribution of the LED, with the 

lowest green wavelengths emitted at –2° and the highest red wavelengths at –22°. 
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Figure 8.17: Spectral distribution of the green collimated light emitting LED edge-lighting light 
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Figure 8.18: Polarised analysis of the forward outcoupling in the plane perpendicular to the 

grating planes by the holographic lightguide (cured PS/CHMA, Λi = 250.9 nm, ϕp 

= 38.6°, d = 100 µm), using green LED edge-lighting into the glass substrate (a) 
angular linearly polarised luminance distribution (b) polarised s/p contrast.  

 

The p-polarised emission barely exceeds the detection limit of the PMT detector making 

the signal rather noisy. The maximum of the p-polarised emission appears to be emitted 

2 degrees lower (-13°) than the s-polarised maximum. As a result the polarised contrast 

exceeds 100 from –12° to –6° (Figure 8.18b). The exact contrast values can however not be 

determined due to the low and consequently noisy p-polarised signal. In fact, the contrast 

is partly completely limited by the noise level. Nevertheless, it can be concluded that the 

polarised contrasts are extremely high and exceed the values measured with the CCFL. 

This is an indication that the highest polarised contrast are present within the 555-575 nm 

wavelength range which is nearly absent in the CCFL spectrum (Figure 8.7) but is 

dominantly present in the LED spectrum (Figure 8.17).  

Figure 8.19 (on page 198) shows spectral measurements at different angular 

positions, which confirms that the small wavelengths are emitted at small angles with the 

normal direction and large wavelengths at larger angles. At each angle the spectral 
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bandwidth is found to be within 30 nm. The maximum is found at 589 nm, 20 nm 

higher than the dominant wavelength emitted by the LED (compare with Figure 8.17). 

This effect is not easily understood as it will be a mixture of the internal angular intensity 

distribution within the grating layer and wavelength dependence of the diffraction 

efficiency. The highest polarised contrast region (–12° to –6°) is found to correspond with 

the 550 – 600 nm wavelength range. The lower limit is however not accurate as the 

intensity of these low wavelengths is very limited. Combined with the CCFL results, it is 

estimated that the highly polarised contrast region is within the 530-600 nm range, 

which corresponds well with the design wavelength of 550 nm.  

 The s-polarised outcoupling was also measured in the backward direction as 

shown in Figure 8.20. The end face of the lightguide was blackened to suppress 

reflections. 
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Figure 8.20: S-polarised comparison of the forward versus backward outcoupling in the plane 

perpendicular to the grating planes of a holographic lightguide consisting of a 

holographically cured PS/CHMA grating layer (Λi = 250.9 nm, ϕp = 38.6°, d = 

100 µm) adhered to a glass substrate. Green LED edge-lighting is used.  (a) 
angular s-polarised forward and backward luminance distribution (b) s-polarised 
forward/backward contrast.  

 

The emission towards the backward side (substrate side) was found to be similar in 

distribution to the forward side but of much lower intensity (Figure 8.20a). This shows 

that this backward emission is merely a reflection of the forward emission, i.e. no 

detectable outcoupling in the region of 2° to 22° is found, indicating the efficient 

suppression of reflections at the end face of the lightguide. The outcoupling is therefore 

found to be highly directional towards the forward side limited by its approximate 4% 

reflection. The forward-backward ratio shown in Figure 8.20b is noisy due to the low 

intensity of the reflection but an average value at the theoretical limit of close to 25 can 

indeed be distinguished. This forward-backward ratio can therefore be easily improved 

further with the application of an anti-reflection coating at the hologram side.        
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Figure 8.14: Spectral angular analysis of the outcoupling in the forward direction by a 

lightguide consisting of a holographically cured PS/CHMA (Λi = 250.9 nm, ϕp = 

38.6°, d = 100 µm) phase grating using CCFL edge-lighting.  
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Figure 8.16: Representation of the measured colour co-ordinates of the emission by a 

holographic lightguide (cured PS/CHMA, Λi = 250.9 nm, ϕp = 38.6°, d = 100 

µm) using CCFL edge-lighting into the substrate (as indicated). (a) s-polarised 
(b) p-polarised. The measurement represents colour co-ordinates with their 
corresponding colours and a simultaneous representation of relative intensity by a 
super positioning of greyscales (i.e. dark: low luminance, bright: high luminance). 
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Figure 8.19: Spectral analysis of the forward diffracted angular outcoupling at different 

inclination angles of a holographic lightguide consisting of a holographically cured 

PS/CHMA grating layer (Λi = 250.9 nm, ϕp = 38.6°, d = 100 µm) adhered to a 
glass substrate. Green LED edge-lighting is used. 
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8.3.3 Holographic back- and frontlights potentials 
It was shown in the previous sections that waveguided light can be coupled out of 

a lightguide by Bragg diffraction provided that suitable holographic structures are used. 

These structures were limited to the simplest forms of holograms, i.e. diffraction 

gratings, which were produced by interference of two collimated coherent beams. 

However more complex structures are achieved when, for instance, diverging beams, 

converging beams or diffuse beams are made to interfere. The reconstruction will mimic 

the original object beam when the original reference beam is used. However, as shown in 

this chapter, the reconstruction can also be performed at different wavelengths resulting 

in diffraction for a different angular reference region to a different angular object region. 

Hence, holography is a powerful tool to control a desired outcoupling direction from a 

desired waveguided angular range, i.e. what is recorded is essentially what is 

reconstructed. For instance, a waveguided hologram can be envisaged which reconstructs 

the image of an object from waveguided light.  

 The resulting so-called holographic lightguide has interesting properties for use 

as backlights or frontlights for LCDs. First of all, the emission of the lightguide can be 

accurately directed and optimised for near normal angles with a high degree of 

collimation. The display components (polarisers, glass, colour filters, LC-cell) all perform 

optimal with the least associated light losses at the normal direction. Also, the light 

intensity is concentrated at the angles where it is most needed and emission losses 

towards impractical large inclination angles are avoided. Eventually however, a desired 

viewing angle must be achieved depending on the application. This can be envisaged 

easily in a backlit transmissive LCD using an appropriate forward scattering film but this 

cannot be applied in a transflective or frontlit LCD. In a frontlight application the reflector 

might be used to broaden the angular distribution. Alternatively, a less collimated 

emission or an emission tuned to the desired viewing angle can in principle be achieved 

by recording a diverging object beam.  

The second property of the holographic grating is its dispersive power, as the 

diffraction of light is inherently wavelength dependent, resulting in colour separation. 

This provides an opportunity to benefit from this effect as colour LCDs require colour 

separation. Conventionally, this is performed highly energy inefficiently by using 

absorbing RGB colour filters which each absorb over 67% of the incident light. 

Mimicking the spectral response of the colour filters requires colour separation into three 

wavelength bands: <495 nm for blue, 500-580 nm for green and >585 nm for red.13 The 

RGB spectral distribution of the light source will directly influence such colour dispersion 

by the grating as was shown in the previous sections. In order to use the achieved angular 

colour separation, it is important to translate this into spatially separated RGB regions at 

the size of a LCD pixel (typically 80 µm).  This might be realised using a micro-lens array 
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structure as shown in Figure 8.21 even if the emission is not symmetrically centred along 

the normal (right side). The emission of the lightguide must however be present only at 

the focal spots of the lenses, which requires appropriate lithographic patterning of the 

holographic layer. Furthermore, the numerical aperture of the lens must be balanced with 

the dispersion of the grating.  
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Figure 8.21: Schematic representation of using the dispersive waveguide emission by diffraction 

from a patterned holographic lightguide in combination with a micro-lens array as 
an energy efficient means of creating spatially separated RGB (Red, Green, Blue) 
colours for colour LCDs. (a) emission centred at the normal direction (b) off-
normal emission. 

 

The lens function might also be performed by a holographic transmission film, which 

acts as a holographic lens array.14,15 Potentially, this function might even be incorporated 

into the waveguide holographic layer itself. Obviously, benefiting from the colour 

separation is not expected to be an easy task to achieve in practice. If the effect is not well 

controlled in a white light application it might be a nuisance, giving rise to colour effects 

at unwanted areas or angles. In such cases, mixing of colours might be achieved by 

applying an end face reflector and back reflector or a slightly scattering film (only for 

backlights). Alternatively, multiple holographic grating layers with different angular 

dispersion might be used, or multiple gratings might be recorded simultaneously within 

the same holographic layer, similar to how white-light holograms are constructed.16 It can 

also be expected that a recorded diffuse object beam will reconstruct with overlapping 

wavelength regions. In monochrome applications such as LED edge-lit backlights for 



Holographic Lightguides using Bragg Phase Gratings (2) 201 

 

transflective displays, no colour filters are present and due to the generally limited 

wavelength range the angular colour separation is much less of an issue. 

 An additional characteristic is the one-sided outcoupling that can be achieved, 

which is essential for frontlights but is also important when angular colour separation in 

a backlight is to be used. If the emission of the primary light input into the lightguide is 

diffracted towards the forward side, the reflected light at the end face will be diffracted 

towards the backward side and vice versa. As this is the viewer's side in a frontlight 

application this is highly undesirable and the reflection at the end face should be 

suppressed, or more ideally little light should be left at the end face, in order to maximally 

benefit from the one-directional characteristics of the holographic structure. It was shown 

in the results that the required high forward-backward ratios (∼25) can be achieved in 

practice.  

The holographic gratings used here consist of volume phase gratings with a 

periodicity, which is sub-micron size. Thus the holographic layer is superbly transparent 

provided that ghost images and scattering contributions are suppressed. As was shown, a 

phase separation is highly undesirable in such lightguide applications as the long path 

lengths will result in significant and non-directional scattering with potential 

discolouration problems. The transparency and one-directionality of the emission will 

also suffer from such a phase separation. However, it was shown that specific polymeric 

binder – monomer systems do not result in such a phase separation upon polymerisation. 

Also, in monomer – monomer systems phase separation is less likely to occur due to co-

polymerisation. Such mixtures did also yield highly transparent holographic layers (not 

shown in the results).     

Finally, it was demonstrated that highly linearly polarised emissions can be 

realised. For both back- and frontlights this is an important property as linearly polarised 

light is needed in the LCD. It is however essential for increased energy efficiency that the 

preferentially trapped polarisation direction is recycled within the lightguide. As 

mentioned, in frontlight applications, reflections at the lightguide end face should be 

suppressed. Hence, recycling cannot be performed at the end face. Instead, a controlled 

substrate birefringence or an additional retardation layer in the lightguide can recycle this 

trapped linear polarisation by optical retardation. However, this layer should preferentially 

not disturb the linear polarisation directions in transmission. The observed polarised 

contrasts are also wavelength dependent and can easily be optimised for a specific 

wavelength. However, as the polarised contrast of the deviating wavelengths diminishes, 

the conventional polariser is still needed for these wavelengths. This produces however 

some preferential absorbance of these wavelengths, which might lead to inhomogeneous 

colour distributions across the display. In order to counteract such an effect, the 

holographic layer may be patterned lithographically with locally different grating regions 
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each optimised for achieve highest contrasts for red, green or blue or these different 

gratings may be stacked as three different layers. Potentially these grating structures can 

be combined as a multiple grating structure within the same grating layer. In 

monochrome applications, the much narrower wavelength distribution enables much 

higher polarised contrasts across the angular emission and preferential depletion of 

specific wavelengths at the polariser is much less of a problem.       

 An important requirement for the back- and frontlight applications is a 

homogeneous emission across the lightguide area to uniformly illuminate the LCD panel. 

In conventional emitting lightguide systems, this is achieved by introducing gradients in 

outcoupling structures (e.g. scattering dot patterns, micro-structures). The homogeneity 

that is of importance consists of two factors: angular homogeneity and luminous 

homogeneity. The angular homogeneity is expected to be good for the holographic grating 

structures that were studied, as the high angular selectivity diffracts specific angles 

towards a specific diffracted angular range. The diffracted angles will not be altered as a 

function of distance. The intensity within this distribution will however be affected by 

depletion. The selectivity of the hologram offers a means of controlling the homogeneity. 

As a specific waveguided angular range of a specific wavelength will be depleted through 

diffractive emission, waveguided angles outside this range or sufficiently deviating 

wavelengths within this range will remain trapped in the lightguide. It is therefore 

imperative for efficient overall outcoupling that intra lightguide angular recycling occurs, 

which meanwhile will improve the homogeneity. Such an angular recycling can be 

achieved in different manners or combinations of these manners. Angular redistribution 

within the lightguide can be achieved using a wedge-shaped lightguide geometry (Figure 

8.22a), a faceted back reflector (not shown) or applying for instance a slightly scattering 

layer/surface as shown in Figure 8.22b.  

Alternatively a gradient in the grating tilt angle and periodicity might be applied to 

emit e.g. small waveguided angles close to the lamp and large angles at larger distances 

(Figure 8.22c). In principle the combination of tilt angle and periodicity can be selected 

such that the angular emission will remain e.g. close to normal angles (the dispersive 

power will however differ). The conventional approach of gradient patterning of the 

outcoupling structures (small outcoupling structures close to the lamp, large structures at 

larger distances) might also be applied using lithographic patterning (Figure 8.22d). 

Finally, multiple sided edge-lighting or applying an end-face and back-face mirror will 

improve homogeneity but with the previously discussed associated implications for the 

dispersive and uni-directional characteristics. 
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Figure 8.22: Different approaches towards homogeneity control in holographic lightguides. (a) 

wedge-shaped substrate (b) slightly diffusing lightguide layer (c) gradient in tilt 
angle and grating spacing of the holographic layer (d) lithographically patterned 
holographic layer.  

 

8.4 Conclusions 
  

 Holographic lightguides were produced which couple out waveguided light by 

diffraction in a holographic grating layer. The holographic grating is a volume phase 

grating obtained by recording a UV-light interference pattern as a refractive index 

modulation in a photo-polymer mixture. Several grating structures were optimised with 

respect to their grating spacing and tilt angle to achieve an emission from the lightguide 

at near normal angles. Such grating structures were achieved by holographic UV-laser 

writing in transmission by sufficiently tilting the samples. These gratings diffract at 

relatively small waveguided angles (i.e. close to the critical angle). Alternatively, smaller 

grating spacings and larger corresponding tilt angles were produced using waveguide 

mode holographic UV-laser writing, which yields diffraction at much larger waveguided 

angles.  

 The holographic gratings showed several characteristic outcoupling properties, 

which offer potentials in lightguide applications. The emission through diffraction was 

highly collimated to a direction which can be accurately controlled and which was 

optimised along the normal. Furthermore, the diffraction is completely directed towards 

one-side of the lightguide when reflected light at the end face of the lightguide is 
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suppressed yielding a forward-backward ratio of approximately 25. Additionally, the 

grating is inherently dispersive, which results in an emission of red, green and blue light 

at different angles upon reconstruction with visible light. Finally, an emission of highly 

linearly polarised light was demonstrated for green light near a Bragg angle of 45°, which 

locally exceeded an s/p contrast of 80. Deviating colours were still clearly linearly s-

polarised but with reduced contrast.  

 The collimating, colour separating and linearly polarised characteristics offer 

potentials to increase the energy/light efficiency of back- or frontlit LCDs by reducing 

light losses due to for instance absorbance at the colour filters or polarisers. The one-

sided (LCD side) emission characteristic is a prerequisite for a frontlight application in 

which the superb optical transparency of the grating layer is an important advantage 

compared to conventional micro-structures.  
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Technology Assessment 
 

 

 Conventional lightguide systems used in LCD illumination emit unpolarised light 

by scattering, refraction or reflection. An external polariser is used in the LCD, which 

absorbs more than 50% of the emitted light, which contributes highly to the energy 

inefficiency of the display. In this thesis, new illumination systems are investigated which 

emit linearly polarised light for backlight or frontlight applications in LCDs. The energy 

efficiency is expected to increase significantly by directly emitting the proper linear 

polarisation direction and recycling of the other polarisation direction within the 

lightguide system. Three major polarised outcoupling mechanisms were studied: 

anisotropic scattering, selective Total Internal Reflection and polarised diffraction. Each of 

these mechanisms have differing characteristics with respect to outcoupling distribution, 

polarised contrast, forward versus backward emission, colour separation and 

transparency. These characteristics will be compared in the context of their applications 

in back- and frontlights. 

 In polarised backlight systems for LCDs, apart from high polarised contrasts, an 

emission at near normal angles is preferred with a high uniformity across the backlight 

area. No preferential emission towards the forward or backward side is required as a 

specular reflector can be applied to redirect the backward emission towards the LCD. In 

polarised frontlight systems, additionally, the emission must be directed towards the LCD 

side, which requires high forward-backward ratios (i.e. preferably exceeding 25). 

Meanwhile, the transparency of the lightguide should be high in order not to distort the 

displayed image. 

The anisotropic scattering process resulted in a broad angular emission with a 

significant intensity contribution at near normal angles at sufficiently high scattering 

powers. Associated polarised contrasts up to 20 were achieved. Such contrasts are 

sufficient for transflective applications such as cellular phone displays. A clean-up 

polariser is needed to achieve the high contrast (>100) required for transmissive LCDs 

(e.g. notebook computer screens). The lightguides suffered however from an 

inhomogeneous outcoupling across the lightguide area. In practice, appropriate gradients 

in the out-coupling cannot be achieved easily and consequently the options to compensate 

for this light inhomogeneity are limited. Using films with a smaller scattering power 

improved homogeneity but at the cost of an emission at undesired large inclination 

angles and a reduced polarised contrast. Collimated edge-lighting did improve both 
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homogeneity and polarised contrast but requires additional bulky and expensive optical 

components. The applicability of these anisotropically scattering lightguides seems 

therefore to be mainly limited to small backlight sizes (e.g. cellular phones). Application 

in a frontlight system is possible when the analyser of the frontlight absorbs the emitted 

s-polarised light towards the viewer side. As the emission is not clearly backward or 

forward selective, this will not yield a high energy efficiency but offers the advantage of a 

highly transparent lightguide in transmission for p-polarised light. Such a frontlight set-

up however exhibits in contrast inversion when switched from ambient to frontlight 

operation.          

 The second mechanism of polarisation selective T.I.R. within the lightguide is 

combined with outcoupling at suitable micro-structures. Two different approaches were 

studied of which the most successful one achieved polarisation separation and 

outcoupling simultaneously at the micro-structures by selective T.I.R. With a proper 

micro-structure design within a sufficiently birefringent oriented layer, the s-polarised 

light is preferentially emitted towards one-side in a concentrated region at normal angles 

with high polarised contrasts which can exceed 100. Such high contrasts do not require 

an additional external polariser in, for instance, transflective LCDs, reducing weight, 

thickness and cost. Conventional edge-lighting can be used with this principle, making 

the approach highly promising for implementation in backlight applications. 

Additionally, the approach is also important for frontlight applications as there is a 

preferential emission towards the backward direction and the structure is less visible than 

conventional frontlight micro-structures. The observed forward-backward s-polarised 

ratios are however currently still insufficient to comply with the high frontlight demands 

and further optimisation is therefore required. When the analyser of the frontlight selects 

p-polarised light however, the forward-backward ratios are extremely high and the 

lightguide is even more transparent in transmission. The disadvantage of this set-up is a 

contrast inversion when switching from ambient to frontlight lighting. As the micro-

structures are patternable, the locally emitted intensities can be actively controlled in 

order to achieve a suitable homogeneity. Applicability of this polarisation separation 

principle can therefore also be envisaged in large area applications.   

 Finally, the holographic lightguides that were produced showed several interesting 

characteristics for both back- and frontlight applications. Polarised emission by diffraction 

was shown to be feasible with high polarised contrasts (>80). The effect is however 

wavelength dependent. Combination with LED-light sources provides the potential of 

omitting the external polariser, but when operating at the entire VIS-wavelength range, an 

external polariser is still required to achieve high contrasts for all wavelengths. However, 

even when the emission is unpolarised, interesting features remain: a highly collimated 

emission of which the outcoupling direction can be accurately controlled and optimised 
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for emission at the normal direction, colour separation and one-sided directionality.  The 

collimated emission improves the LCD-cell contrast and reduces LCD-aperture and 

reflection losses. The colour separation is potentially useful to achieve a highly energy 

efficient means of producing red, green and blue colours for colour LCDs, which requires 

however an accurate and complex optical design. In less sophisticated applications, the 

colour effect needs to be suppressed, for instance, by overlapping diffraction regions or 

external angular mixing. The one-sided directionality is inherently present within the 

applied holographic grating structures but requires suppression of reflections at the end 

face of the lightguide. If this prerequisite is met, a forward – backward ratio of 25 is 

realised which is only limited by the reflection of the one-sided diffracted light. This 

characteristic is essential in a holographic frontlight system in which the superb 

transparency of the lightguide is an important advantage over conventional frontlights. A 

major merit of the holographic approach is the ability to holographically reconstruct (with 

or without wavelength translation) the wave front with which the hologram was produced. 

Desired optical features can therefore in principle be obtained by influencing the beam 

shape and direction in the recording process. 

 Based on the above-discussed optical properties, the micro-structure approach 

seems to be most preferable in a polarised backlight system, due to its high polarised 

contrasts and collimated light emission. In a polarised frontlight system, both the micro-

structure and the holographic approach are interesting but also do require further 

development. Besides technological performance, the obtained benefits need to be 

evaluated and compared with the necessary investments in order to produce a 

commercial product. This will depend to a large extent on the manufacturability of the 

proposed back- and frontlight systems. With respect to manufacturability, the 

anisotropically scattering lightguides are most easily realised, i.e. they use common 

polymers, which are processed using conventional sheet extrusion and solid-state uniaxial 

drawing processes. The lightguide is prepared by a simple lamination process of the 

anisotropically scattering layer on a conventional polymeric substrate. The micro-

structure approach requires micro-structuring in an oriented layer which is much less 

conventional. Optional production methods include solid-state embossing1 or pulsed laser 

ablation2 in a stretched conventional polymeric sheet (e.g. PET or PEN) or the replication 

of a suitable master by curing of LC-monomers. The holographic lightguides require a 

suitable holographic film, which might be produced directly using a holographic set-up 

but is more likely to be replicated from a suitable phase mask.3,4,5 It was shown in this 

thesis that the hologram can be produced conventionally in transmission using UV-light. 

If polarising properties at large diffraction angles are to be obtained similarly to the 

approach used in this thesis, less-conventional waveguide mode writing should be applied 

which requires optical contact with the phase mask. The photo-polymer materials that are 



208  Technology Assessment 

 

required to record the obtained interference pattern, are in principle commercially 

available in the form of holographic formulations which are extensively optimised with 

respect to their refractive index modulation capabilities.6,7,8,9,10  

Summarizing, it was shown that various options exist to design illumination 

systems for transmissive, transflective and reflective LCDs with a high contrast between s- 

and p-polarised light and a high energy efficiency. Different designs of the illumination 

systems were proposed, dependent on the LCD configuration and its specific applications, 

and it was shown that in most cases the requirements with respect to desired properties 

can be met. Of course, further optimisation and testing of the proposed systems is 

required within a display configuration and a more extensive assessment from an 

industrial point of view towards large scale manufacturing potentials is needed.   
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Appendix A 
 

 

Formal notation of section 2.2 
 
In the formal notation used in the theoretical section of Chapter 2, an equation g = abc 

denotes the following equation in spatial coordinates: 

 

 g(r) = ∫∫ r''r' dd  a(r,r') b(r',r'') c(r'') 

 

One may consider this as the analogue of matrix multiplication. The difference is that 

here the matrix indices are replaced by continuous variables and summations by 

integrations. In Fourier representation, 

 

 g(k) = ∫∫ 33 )2()2( π
d

π
d k''k'

 a(k,k') b(k',k'') c(k'') 

 

 Here, one-argument quantities transform as 

 

 g(k) = ∫ •− rkr ied  g(r)  

 

and two-argument quantities transform as 

 

             a(k,k') = ∫∫ •−• )( r'k'rkr'r iedd  a(r,r')  

 

If a is a constant (independent of r and r') in spatial coordinates, it contains a δ function 

of k-k' in Fourier representation. Vice versa, if it is a constant in Fourier representation, it 

contains a δ function of r-r' in spatial coordinates. 



 

 



 

 

 

 

Appendix B 
 

 

Influence of initial sample dimensions in the orientation of 

PET and PET/CS films 
 

B.1 Characterisation of refractive indices of stretched PET 
The refractive indices of stretched PET films were determined as a function of the 

initial dimensions of the unoriented PET films prior to drawing. For this purpose, PET 

films with initial lengths l0 of 40 mm and approximate equal initial thickness d0, were 

uniaxially stretched in a tensile tester at initial width dimensions b0 of 5, 10, 20, 60, 100 

and 270 mm. Also, isotropic PET films with an initial width b0 of 100 mm and 

approximate equal initial thickness d0, were stretched at several initial lengths l0 of 10, 20, 

40, 80 mm. The ordinary refractive index in the depth direction (no,z) and in the width 

direction of the film (no,y) as well as the extraordinary refractive index (ne) in the 

orientation direction were determined for the different samples as shown in Table B.1 

and Table B.2 respectively.  

 

Table B.1: Refractive indices of uniaxially stretched PET at 85 °C, 200 mm/min. All samples 
have an initial length l0 of 40 mm and were stretched to an end length le of 160 
mm. Also given are the values of the initial width b0, final width after stretching be, 
aspect ratio l0/b0, initial thickness d0, final thickness de, and the measured draw 

ratio λ.   

l0/b0 

(-) 

b0  

(mm) 

be  

(mm) 

be/b0 

(-) 

d0  

(µm) 

de  

(µm) 

de/d0 

(-) 

λ 

(-) 

no,z 

(-) 

no,y 

(-) 

ne 

(-) 

8 5 2.5 0.50 140 70 0.50 3.8 1.5452 1.5458 1.671 

4 10 5.0 0.50 120 60 0.50 3.8 1.5460 1.5473 1.670 

2 20 10 0.50 110 55 0.50 3.8 1.5425 1.5435 1.678 

0.67 60 32 0.53 115 55 0.48 3.75 1.5422 1.5478 1.671 

0.4 100 64 0.64 130 48 0.37 3.8 1.5355 1.5545 1.670 

0.15 270 229 0.85 115 35 0.30 4.0 1.5235 1.5630 1.677 
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Table B.1 clearly shows a significant dependence of the ordinary refractive indices on the 

initial width dimension of the stretched film. Small widths of the film prior to drawing 

(i.e. b0 < l0) yield an uniaxial orientation: no,z = no,y. In this case, the increase in length with 

a factor of 4 is evenly gained from the width and depth direction of the film, which 

decrease both with a factor of 2. For large initial widths, large deviations from uniaxial 

orientation occur: no,y > no,z. In such a case, the extension of the film is gained much more 

from the depth direction of the film than from the large width dimension (compare b0 

with be and d0 with de in Table B.1). 

 
Table B.2:  Refractive indices of uniaxially stretched PET at 85 °C, 200 mm/min. All samples 

have an initial width b0 of 100 mm and were stretched to an end length of 4 * l0. 
Also given are the values of the initial length l0, final width after stretching be, 
aspect ratio l0/b0, initial thickness d0, final thickness de, and the measured draw 

ratio λ.   

l0/b0 

(-) 

l0  

(mm) 

be  

(mm) 

be/b0 

(-) 

d0  

(µm) 

de  

(µm) 

de/d0 

(-) 

λ 

(-) 

no,z 

(-) 

no,y 

(-) 

ne 

(-) 

0.1 10 89.5 0.90 110 33 0.30 3.7 1.5262 1.5595 1.675 

0.2 20 81.5 0.82 130 40 0.31 3.75 1.5315 1.5620 1.665 

0.4 40 64 0.64 130 48 0.37 3.8 1.5355 1.5545 1.670 

0.8 80 52 0.52 120 62 0.52 3.8 1.5425 1.5465 1.671 

 

Table B.2 shows similar experimental results for the refractive index dependence on 

initial length at a constant initial width. Again, for small l0 compared to b0, large 

deviations from uniaxial orientation occur, i.e. the increase in the length direction mainly 

results from the decrease in the thickness direction and as a result: no,z < no,y. When l0 

approaches b0 a more uniaxial orientation occurs and the difference between no,z and no,y 

becomes smaller. 

 The above measured refractive index values were measured at the centre of the 

films. However, for small aspect ratios, there is also a dependence of the position on the 

film as shown in Table B.3.  
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Table B.3:  Refractive indices of a uniaxially stretched PET at 85 °C, 200 mm/min as a 
function of position on the film. The measuring positions are schematically 
indicated below. The sample has an initial length l0 of 40 mm, final length le of 160 
mm, initial width b0 of 100 mm, final width of 64 mm, initial thickness d0 of 130 

µm, final thickness de of 48 µm and a draw ratio of 3.8.  

 

 
The deviations from uniaxial orientation are most predominant in the centre region of the 

film (position A, no,y > no,z). At the edge of the film, the one-sided free surface results in 

less constrainment and a more uniaxial orientation (no,z and no,y are more equal). 

 Apparently, the aspect ratio l0/b0 of the film prior to drawing is indicative for the 

deviations from uniaxial orientation. Figure B.1 shows the refractive indices of the films 

of Table B.1 and Table B.2 as a function of their aspect ratio. 
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Figure B.1: Refractive index of uniaxially drawn PET as a function of aspect ratio l0/b0. The 

approximate draw ratio of the film is 3.8, the initial thickness d0 approximately 

120 µm. The exact data are given in Table B.1 and B.2. 
  
As can be observed, for small aspect ratios the ordinary refractive index no,y in the width 

direction is considerably larger and the ordinary refractive index no,z in the depth direction 

considerably smaller than the no,y and no,z in the purely uniaxial case at large aspect ratios. 

Hence, though an uniaxial drawing process is used in which the sample is extended in 

only one direction, due to the geometry of the sample, deviations from pure uniaxial 

orientation can be observed. For small aspect ratios, the film is geometrically partly 

position 

 

no,z 

(-) 

no,y 

(-) 

ne 

(-) 

A 1.5355 1.5545 1.6700 

B 1.5375 1.5510 1.6732 

C 1.5410 1.5455 1.6760 

le = 160 mm

be = 64 mmb0 = 100 mm A
B
C

32 mm
16 mm
2 mm
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constrained in its width direction. This constrainment is most predominant at the central 

positions on the film. The uniaxial symmetry in the plane perpendicular to the 

orientation direction is therefore lost. This has important implications for the stretching 

of PET/CS films. For such small aspect ratios the ordinary refractive indices of the PET 

does not match the refractive index of the dispersed phase nd (nd (CS) = 1.530): no,z is 

smaller than nd and no,y much larger. This will yield more unwanted scattering in the 

transparent state of the film. For large aspect ratios however, both ordinary refractive 

indices are equal and will approach nd for sufficiently large draw ratios (see also chapter 

2). A better matching of refractive indices with the dispersed phase can therefore be 

expected at large aspect ratios, resulting in less residual scattering in the transparent state. 

In such a case, it is estimated that a draw ratio of approximately 5 should yield an accurate 

matching of the no’s with nd. However in our experimental tensile tester set-up these draw 

ratios cannot be achieved due to clamp breakage. In literature such high draw ratios were 

however reported in uniaxial drawing of PET.1,2,3,4,5  

 

B.2 Characterisation of the morphology of stretched PET/CS 
 The dependence of the morphology of the oriented PET/CS blends on the initial 

dimensions of the film prior to drawing, was studied. For this purpose stretched 90 wt% 

PET / 10 wt% CS films with an aspect ratio l0/b0 of 4.0, 0.85 and 0.4 were compared (see 

Table B.4).   

 

Table B.4:  Dimensions of uniaxially stretched 90wt% PET / 10 wt% CS blends at 85 °C, 
200 mm/min.  

l0/b0 

(-) 

l0 

(mm) 

b0 

(mm) 

be 

(mm) 

be/b0 

(-) 

d0 

(µm) 

de 

(µm) 

de/d0 

(-) 

λ 

(-) 

4.0 40 10 5 0.5 190 95 0.50 3.7 

0.85 85 100 52 0.52 200 95 0.48 3.7 

0.4 40 100 65 0.65 220 80 0.36 3.75 

 
Figure B.2 shows cross-sections of SEM micrographs in a plane parallel and 

perpendicular to the drawing direction for the films with the high and low aspect ratios.  
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Figure B.2: SEM micrographs in a cross-section parallel (//) and perpendicular (⊥) to the 

orientation direction of the oriented 90wt% PET/10wt% CS film for different 
aspect ratios l0/b0 prior to drawing; left side: l0/b0 = 4.0, right side: l0/b0 = 0.4. 

 
Similar to the morphological results of chapter 2 (section 2.4.2), the dispersed CS phase 

of the oriented blends was found to be aligned in the orientation direction, resulting in 

rows of individual spherical particles. This was attributed to the alignment of clusters of 

CS particles in the orientation process. Here however, also the influence of deviations 

from pure uniaxial orientation is studied. As was shown in the refractive index 

measurements of the previous section, the initial dimensions of the films prior to 

drawing (aspect ratios l0/b0) determine this deviation: small aspect ratios (l0/b0 < 1) result 

in deviations from pure uniaxial orientation. The cross-sections in a plane perpendicular 

to the orientation direction as shown in Figure B.2 also reveal the geometrical 

constrainment in the orientation process for small aspect ratios. Clearly an asymmetry in 

the CS particle distribution can be seen in the cross-section of the small aspect ratio film 

(l0/b0 = 0.4) (Figure B.2). The CS clusters have larger dimensions in the width direction 

than in the depth direction of the film. This is due to the constrained orientation in the 

width direction, i.e. the extension of the film is gained more from the depth direction 

than from the width direction. The CS clusters are therefore more aligned in the 

orientation direction from the depth direction than from the width direction of the film. 

In the film with the higher aspect ratio of 0.85, this effect is still present but much less 

pronounced. For the large aspect ratio of 4.0, the CS clusters appear to be randomly 
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distributed in the plane perpendicular to the drawing direction due to the symmetry of 

the uniaxial orientation (similarly to the results shown in chapter 2). 

 The deviations from uniaxial orientation due to the initial dimensions of the films 

can hence be observed from the change in macroscopic dimensions (see B.1) and from 

the asymmetry in the plane perpendicular to the stretching direction with respect to both 

the ordinary refractive indices and the morphology of the films. In order to study the 

polarising properties of the stretched PET/CS films as an integrated part of a backlight 

system, reasonable length and width dimensions of typically several centimetres are 

required (e.g. 50*50 mm). Due to the limited initial lengths (maximum l0 of 80 mm) and 

the contraction in the width direction upon drawing in the used tensile tester set-up, such 

larger scale samples can deviate from pure uniaxial elongation, which is likely to 

influence the optical properties (e.g. refraction, reflection and scattering) of the films. 

Therefore, in the experimental observations of the larger scale samples of chapter 3, the 

influence of these effects on the outcoupling characteristics must be taken in mind. These 

deviations from uniaxial orientation are typical for these lab scale experiments but can be 

easily circumvented in production due to the much larger aspect ratios that can be 

achieved at large sample sizes. 
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Appendix C 
 

Analyser influence in polarised angular luminance 

measurements 
 

 

In the angular luminance measurements as performed in chapters 3, 4, 6 and 8, the 

collected light cone from the sample was analysed polarisation dependently using a 

conventional absorbing sheet polariser which is placed in front of the light collecting lens 

of the experimental set-up (see Figure 3.2). The influence of the presence of this polariser 

on the measurements was studied using a diffuse light source (Figure C.1a). Without the 

analyser a typical luminance distribution of a diffuse light source was measured, i.e. a 

symmetrical distribution with approximately equal luminances at iso-inclination angles 

was found. Subsequently, this symmetric light distribution was analysed with the 

polariser in a horizontal and a vertical position (Figure C.1b and c respectively).  

 The resulting polarised measurements show a significant loss of symmetry 

especially for large deviations from the normal direction. When the analyser transmits 

horizontally polarised light, the highest luminances are found along the x-axis, whereas a 

vertical position of the analyser yields the highest luminances along the y-axis. This 

phenomenon can be attributed to angular dependent polarised Fresnel reflection losses.1,2 

Figure C.2 shows the Fresnel reflection coefficients for TE- and TM-polarised light as a 

function of incident angle in case of external reflection at a flat substrate with a refractive 

index of 1.5.1,2 (A more elaborate treatment of Fresnel reflections can be found in section 

4.2). For deviations from the normal direction, TE-polarised light is more strongly 

reflected and therefore less transmitted through the substrate than TM-polarised light. In 

the polarised measurements, this effect occurs at the analyser surfaces. Hence the more 

strongly transmitted TM-polarised light will yield higher luminance values than TE-

polarised light. It is essential to realise the definitions of TE- and TM-polarised light in 

order to interpret the measured observations. TE-polarised light refers to Transverse 

Electric: the electric field vector (i.e. polarisation direction) is perpendicular to the plane of 

incidence. The plane of incidence is defined as the plane of the normal at the surface and 

the propagation direction of the incident light. TE-polarised light is therefore also called s-

polarised light (s refers to the German word  ‘senkrecht’ which means perpendicular). 
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Figure C.1: Influence of the analyser on the angular luminance measurement of a diffuse light 

source. (a) Unpolarised analysis (b) H-polarised analysis (x-direction) (c) V-
polarised analysis (y-direction). 

 
TM-polarised light refers to Transverse Magnetic: the magnetic field vector is 

perpendicular to the plane of incidence (i.e. the electric field vector is parallel to the plane 

of incidence). Therefore, TM-polarised light is also called p-polarised light (p refers to 

parallel). A horizontally positioned analyser (Figure C.1b) transmits linearly polarised 

light which projects to the horizontal transmittance axis of the polariser. This horizontally 

polarised light is parallel to the plane of incidence for propagation directions, which are in 

the horizontal xz-plane and are therefore TM-polarised. Horizontally polarised light 

propagating in the vertical yz-plane however, are perpendicular to the plane of incidence 

and are thus TE-polarised. The TM-polarised beams are reflected less than TE-polarised 
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beams at the interfaces, which are encountered between the sample and the detector and 

will therefore yield higher measured luminance values in the horizontal plane compared 

to the vertical plane. 
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Figure C.2: External Fresnel reflectance for TE- and TM-polarised light at an air-analyser 

interface using a refractive index of 1.5. 
 
The opposite situation occurs for the analyser, which is positioned in the vertical direction 

(Figure C.1c): TM-polarised light is in the vertical yz-plane, which therefore yields higher 

measured luminances in the vertical than in the horizontal plane. At normal incidence, 

the plane of incidence is undefined and there is no distinction between TE- and TM-

polarised light resulting in equal reflection coefficients (Figure C.2).  The essence of 

understanding the above-mentioned phenomena is in the distinction between linearly TE- 

and TM-polarised light with respect to the plane of incidence, as used in the Fresnel 

equations, and linearly polarised light with respect to the transmittance axis of a polariser. 

The former definition depends on the propagation direction of the incident light, the 

latter is independent of propagation. Hence, for a fixed position of the analyser, at specific 

azimuthal ϕ angles, TE-polarised light is selected and at right angles with this direction 

TM-polarised light. In this thesis, the s- and p-polarised direction of the analyser is 

defined with respect to the TE- and TM-polarisations in the principal yz-cross-section 

plane respectively.   

The practical consequence of the presence of the analyser is the error produced in 

the polarised luminance measurements. In the case of horizontal polarisation analysis, 

the luminance in the vertical plane will be relatively more suppressed than the horizontal 

plane compared to the actual emitted luminances by the backlight. In case of vertical 

polarisation analysis the opposite occurs. These deviations will be most predominant at 

large deviations from normal incidence. This must therefore be taken into account in the 

interpretation of the measurements. However, in the actual application of the backlight 

systems, the emitted light by the backlight will encounter at least one interface (e.g. a 
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clean-up polariser) before entering the LCD-cell. At such an interface the above-

mentioned effects will also occur. Therefore the measured luminances are expected to be 

still corresponding to practical situations. 
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Samenvatting 
 

 

 De recente stormachtige ontwikkelingen in de informatie- en 

communicatietechnologie zijn voor een groot deel te wijten aan de technologische en 

industriële vooruitgang in de produktie van draagbare vloeibare kristalschermen (LCDs). 

Voorbeelden hiervan zijn transflectieve LCDs die in mobiele telefoonschermen worden 

gebruikt en transmissieve LCDs die veelvuldig worden toegepast in notebook 

computerschermen en, recenter, in desk-top computerschermen. Beide LCD types 

hebben een verlichtingssysteem nodig. Conventioneel is dit een backlight systeem 

waarbij het scherm vanaf de achterkant belicht wordt. Van recenter datum zijn frontlight 

systemen voor de verlichting  van volledig reflectieve LCDs, waarbij het scherm bekeken 

wordt door de frontlight. Deze reflectieve LCDs maximaliseren het gebruik van 

omgevingslicht en zijn derhalve energie efficiënter in het gebruik. Desondanks zijn de 

lichtverliezen hoog in LCD systemen die van de achterkant of de voorkant actief worden 

verlicht. De schermen zijn daarom gelimiteerd in helderheid, energie efficiëntie en 

batterij levensduur. Dit is hoofdzakelijk het gevolg van licht absorptie verliezen in de 

benodigde polarisatiefilters en kleurenfilters. In dit proefschrift zijn nieuwe 

verlichtingssystemen voor LCDs bestudeerd die de energie efficiëntie verhogen door de 

direkte emissie van gepolariseerd licht vanuit de lichtgeleider, terwijl de orthogonale 

polarisatierichting intern wordt gerecycled.  

 Een eerste mechanisme om lineair gepolariseerd licht uit de lichtgeleider te 

koppelen is gebaseerd op anisotrope verstrooiing van licht: een lineaire polarisatierichting 

wordt verstrooid terwijl de orthogonale richting veel minder, of ideaal gesproken, niet 

wordt verstrooid. Een polymeerfilm wordt geproduceerd door commerciële polymere 

materialen (PET, Core-Shell deeltjes) te mengen en te verwerken via conventionele 

vlakfolie extrusie en vaste fase uniaxiale strekprocessen. De resulterende georienteerde 

film bestaat uit een isotrope disperse fase, die een gelijke brekingsindex heeft aan de 

ordinaire brekingsindex van de georienteerde continue fase. Tegelijkertijd bestaat er een 

groot brekingsindexverschil tussen de disperse fase en de extraordinaire brekingsindex 

van de georienteerde laag. De lichtgeleider wordt geconstrueerd door deze film te 

lamineren op een conventioneel polymeer substraat zoals PC of PMMA. Als er op een 

conventionele wijze licht in de zijkant van de lichtgeleider wordt ingekoppeld, is het 

resultaat dat p-gepolariseerd licht een transparante georienteerde laag ontmoet en 

derhalve blijft opgesloten door Totale Interne Reflectie (T.I.R.). S-gepolariseerd licht 
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daarentegen wordt sterk verstrooid en resulteert in een lineair gepolariseerde 

uitkoppeling. Door optimalisatie van de mate van verstrooiing kan een diffuse 

verstrooiing optreden waarbij de uitkoppeling met een brede lineair gepolariseerde 

hoekverdeling gecentreerd rond de normaal plaatsvindt. Gepolariseerde contrasten van 

20 kunnen worden behaald. De lichtgeleiders vertonen echter een significante 

inhomogeniteit in de geemitteerde licht intensiteiten op verschillende posities ten 

opzichte van de lichtbron. Dit limiteert de toepasbaarheid van dit anisotrope 

verstrooiingsprincipe vooral tot kleine backlight groottes zoals gebruikt in mobiele 

telefoonschermen. 

 Een tweede mechanisme dat is onderzocht om lineair gepolariseerd licht uit te 

koppelen is gebaseerd op polarisatie afhankelijke totale interne reflectie. Lichtgeleiders 

gebaseerd op dit principe worden gemaakt door een georienteerde topfilm te lamineren 

op een substraat met een isotrope brekingsindex die in ligt tussen de ordinaire en 

extraordinaire brekingsindex van de anisotrope folie. Hiervoor moet de brekingsindex van 

het substraat en de tussenliggende lijmlaag voldoende groter zijn dan de ordinaire 

brekingsindex om een bruikbare grenshoek voor T.I.R. op het grensvlak van het 

substraat/de lijm met de georienteerde laag te krijgen. Een praktisch voorbeeld van zo'n 

systeem is het lamineren van een georienteerde Polyester (PET) folie  op een 

Polycarbonaat (PC) substraat. Voldoende collimatie van de zijverlichting in de 

lichtgeleider is nodig om het p-gepolariseerde licht te reflecteren op het grensvlak, 

waardoor deze polarisatierichting opgesloten blijft in het substraat en kan worden 

gerecycled door depolarisatie. S-gepolariseerd licht breekt echter naar de georienteerde 

laag op het grensvlak en wordt uitgekoppeld door de interactie met een bruikbare 

uitkoppelstructuur. Met behulp van gefocusseerd laserschrijven zijn schuine lijnpatronen 

gemaakt die resulteren in een emissie langs de normaal. Meer geïdealiseerdere micro-

groeven zijn verkregen met behulp van micro-machining technieken waarmee een 

preferentiële uitkoppeling langs de normaal aan de substraat zijde wordt bereikt. In beide 

gevallen zijn de gepolariseerde contrasten echter beperkt tot ongeveer 12. Dit kan vooral 

worden gewijt aan optische retardatie in het substraat en het niet polarisatie specifieke 

uitkoppelingsmechanisme.        

 Een alternatieve aanpak is het combineren van de polarisatiescheiding en de 

uitkoppeling door het genereren van een voldoende groot en polarisatie afhankelijke 

grenshoek voor totale interne reflectie op een geschikte micro-structuur. Een hoog 

dubbelbrekende PEN laag wordt voorzien van een micro-structuur en gelamineerd op een 

PMMA substraat. Vervolgens wordt de micro-structuur gecoat met een uithardende 

isotrope acrylaat laag die een gelijke brekingsindex heeft met de ordinaire richting in de 

georienteerde laag. Een dergelijke lichtgeleider resulteert in een hoog s-gepolariseerde 

emissie rond de normaal met gepolariseerde contrasten tot ver boven de 100. Dergelijke 
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karakteristieken zijn zeer gewild voor backlight toepassingen. Hoewel de gecollimeerde 

uitkoppeling vooral gericht was naar de substraat kant, is het nodig om de substraat kant - 

groef kant verhouding van 6 verder te optimaliseren voor de toepasbaarheid in frontlight 

systemen.   

 Als laatste methode is onderzocht of hoog gepolariseerd licht geëmitteerd kan 

worden uit een lichtgeleider middels Bragg diffractie in een holografische volume phase 

grating. Theoretisch is afgeleid en experimenteel bevestigd dat uitkoppeling via dergelijke 

diffractie kan worden gerealiseerd mits de grating vlakken in voldoende mate schuin 

staan en de periodiciteit van de grating voldoende klein is. Zulke holografische structuren 

worden gemaakt door een interferentiepatroon op te slaan als een brekingindex 

modulatie via holografische UV-polymerisatie van een monomeer-polymeer mengsel. 

Hierbij is het mogelijk de hologrammen op te slaan in transmissie met behulp van UV-

licht en te reconstrueren door diffractie van gewaveguide zichtbaar licht. Zogenaamd 

'waveguide mode' holografisch schrijven is echter nodig als holografische gratings met 

grotere tilt hoeken of kleinere periodiciteiten gewenst zijn. Door optimalisatie van de 

grating karakteristieken wordt een hoog gecollimeerde emissie langs de normaal 

gerealiseerd ten gevolge van de hoge hoekselectiviteit van de grating. De diffractie is 

inherent dispersief, wat resulteert in kleurscheiding van zichtbaar licht, hetgeen in 

principe gebruikt kan worden als een energie efficiënte manier om kleuren te genereren. 

De diffractie aan een schuine grating is voorts gericht naar één kant van de lichtgeleider, 

wat een essentiële karakteristiek is voor frontlight toepassingen. Ook de hoge 

transparantie van de grating laag in transmissie is erg belangrijk voor frontlights. Een 

hoog gepolariseerd emissie met een contrast van meer dan 80 wordt bereikt door een 

grating te ontwerpen die, voor een specifieke golflengte, diffracteert voor een invallende 

hoek van 45° met de grating vlakken.    

 In dit proefschrift zijn een aantal nieuwe principes voor gepolariseerd licht 

emitterende lichtgeleiders ontwikkeld en gekarakteriseerd. De emissie karakteristieken 

van deze lichtgeleiders zijn geëvalueerd vanuit zowel theoretisch als experimenteel 

oogpunt met betrekking tot, onder andere, de uitgekoppelde hoekverdeling en het 

gepolariseerde contrast. Deze lichtgeleiders zijn potentieel bruikbaar in toepassingen 

zoals back- en frontlight verlichting van LCDs met verbeterde optische eigenschappen 

vergeleken met bestaande systemen. Een verdere evaluatie is benodigd met betrekking tot 

de toepasbaarheid van de lichtgeleiders in specifieke LCD-systemen waarbij zowel de 

behaalde als de benodigde optische karakteristieken en de mogelijkheden tot produktie op 

grote schaal een rol spelen. 
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1. Meervoudig diffuus verstrooid licht kan een significante lineaire 

polarisatiegraad vertonen.  

Hoofdstuk 3 van dit proefschrift. 

 

2. De bewering dat de brekingsindex(en) van een polymeerfilm in een Abbe 

refractometer alleen gemeten kunnen worden met behulp van een 

contactvloeistof met een hogere brekingsindex dan de te beschouwen 

brekingsindex van de film, is onjuist. 

Samuels, R.G. J. Appl. Polym. Sci., 1981, 26, 1383. 

ATAGO, handleiding Abbe refractometers. 

 

3. Het in hoofdstuk 6 beschreven geïntegreerde polarisatiescheidings- en 

lichtuitkoppelingsprincipe biedt significante voordelen ten opzichte van de 

sequentiële aanpak besproken in hoofdstuk 4 en 5. 

  

4. De mogelijkheid om licht uit een lichtgeleider te koppelen middels diffractie 

in een holografische laag impliceert ook de mogelijkheid in transmissie 

invallend licht in te koppelen. 

Hoofdstuk 7 en 8 van dit proefschrift. 

 



 

 

5. Mobiele telefoons hebben naast de vergroting van de bereikbaarheid, het 

afluisteren van telefoongesprekken binnen handbereik van de doorsnee 

burger gebracht.  

 

6. Bij het verhuizen naar een nieuwe woning wordt doorgaans de meeste tijd 

in een bouwmarkt doorgebracht.  

 Persoonlijke ervaringen H. Jagt. 

 

7. De door Darwin waargenomen variatie in vinkenpopulaties op de Galapagos 

eilanden waarvan hij melding maakt in zijn boek 'The origin of species by 

means of natural selection' van 1859, is een typisch voorbeeld van micro-

evolutie. 

 

8. Langdurig verblijf in India is naast een cultureel ook een fysiek en culinair 

avontuur. 

 SKT-india reis, februari/maart 2001.  

 

9. Hypotheekadviseurs voorzien hun advies in het algemeen van veel retoriek 

maar van weinig gestructureerde onderbouwing. 

 Persoonlijke ervaringen H. Jagt. 

 

10. Het afschaffen van de wachtgeldregeling voor AIO’s en OIO’s werkt 

creativiteit in de hand. 

 

11. De introductie van de euro in 2002 reduceert het aantal miljonairs in België 

veel sterker dan in Nederland. 
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