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Abstract

The digital convergence has brought about a new class of mobile devices that allows a
compelling, visually rich multimedia experience to the user in a handheld product, such
as a mobile telephone. The display in these “smart phones”, “feature phones”, or
“multimedia computers”, is a strategically important component that defines the user
experience for a great part. While the visual user experience provided by the display can
be very good, the power dissipation in the display is the limiting factor in the length of
the user interaction with the mobile multimedia content. As the proportion of time of
interacting with the visually rich content increases over that of simple voice-driven
communication, such commonly used techniques for reducing the overall energy
consumption of the device as power-saving modes or time outs cannot be used during a

multimedia session without compromising the quality of service to the user.

The conventional mobile liquid-crystal display structure consists of a backlight unit with
the associated light sources, the display panel itself, and various optical films that control
the state of polarization and viewing characteristics of the display. The backlight unit
itself has evolved in the last fifteen years to become a very efficient component to
provide uniform illumination to the electro-optic spatial light modulator comprised by
the liquid-crystal pixel array. In the conventional structure, the color filter array
embedded in the liquid-crystal display panel limits the light throughput in the display
system. The backlight unit itself in the conventional configuration is difficult to improve
any further, and a system redesign is required to make the display system perform more

efficiently than what is currently possible.

One possible way to redesign a display system more effectively is to direct the
appropriate primary bands of light through the respective subpixels in the display panel,
instead of having these filter white light into the primary colors. This can be done by
diffractive means, i. e. by placing a grating structure on the light guide plate of the
backlight unit. Significant improvement in energy efficiency of a mobile display system

can be achieved by this approach, and at the same time, cost savings can be expected due



Abstract

to the elimination of many beam-shaping films in the backlight unit, as compared to the
conventional mobile liquid-crystal display configuration. Further cost savings can be
achieved by removing the color filter array, provided that the color purity of outcoupled
light is good.

This thesis presents a new pixelated color-separating grating array concept that diffracts
the light from red, green, and blue light-emitting diodes in the backlight unit through a
subpixel array in a prospective mobile display module. A literature review was
conducted and key research studies in the area of diffractive mobile display backlights
were reviewed. Experimental studies to verify various constituent elements of this
concept are presented, and conclusions are drawn on how the display industry could
benefit from this new concept, and what should be taken into account when adopting a

new display manufacturing paradigm based on diffractive backlights.
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Conventions and List of Abbreviations

Sl units are used except where conventions in the industry prefer English units, such as
in characterizing the display size by diagonal inches, and pixel pitch by “points per
inch” (ppi), and units conventionally used in the industry in describing data transfer
speed e. g. in 1000 bits per second (kbit/s). Units, names of elements of the periodic
table and their inorganic compounds, glass types, and registered trademarks are not

listed in the list of abbreviations below.

2G second generation

3G third generation

4G fourth generation

ALD atomic layer deposition

ALS ambient light sensor

AM active matrix

AMLCD active-matrix liquid-crystal display
AMOLED active-matrix organic light-emitting diode
B blue

BEF brightness-enhancing film

BLU backlight unit

Caller ID caller identification

CBU color breakup

CCFL cold-cathode fluorescent lamp
CFA color filter array

CIE Committee International d’Eclairage
CSTN color supertwist nematic

DBEF dual brightness-enhancing film
EBR electronic book reader

EPID electrophoretic information display
ESR enhanced specular reflector

EWD electrowetting display

FFS fringe-field switching

FSC field-sequential color

G green

GPRS general packet radio service



Conventions and List of Abbreviations

GSM global system of telecommunications
HD high definition

HSCSD high-speed circuit-switched data
HSDPA high-speed downlink packet access
HSPA+ evolved high-speed packet access
IPS in-plane switching

LC liquid crystal

LCD liquid-crystal display

LED light-emitting diode

LGP light-guide plate

LTE long-term evolution

MEMS micro-electromechanical system
MIP memory-in-pixel

MVA multidomain vertical alignment
NTSC National Television System Committee
oCB optically compensated bend

OLED organic light-emitting diode

PDA personal digital assistant

PM passive matrix

PMMA poly (methyl methacrylate)

R red

RGB red-green-blue

RIBE reactive ion-beam etching

SEM scanning electron microscope

Sl international system of units

SMS short messaging service

STN supertwist nematic

TE transverse electric

TIR total internal reflection

™ transverse magnetic

TN twisted nematic

TV television

Ul user interface

uv ultraviolet

WAP wireless application protocol
WCDMA wideband code division multiple access
WVGA wide video graphics array



1 Introduction

Mobile display technology has been an area of intensive research in the recent years,
and rapid progress has been made in creating display modules that provide good image
quality for the user at an affordable package for the mobile device maker. There are a
few remaining questions that require answers, depending on the actual needs of the end
user. One of these questions relates to the power dissipation of the display, which
constitutes a major limitation on the available time of continuous use of a cellular
telephone, for instance. Most mobile displays on the market are based on liquid crystals
(LCs). In transmissive and transflective mobile liquid-crystal displays (LCDs), the
backlight provides the illumination for the electro-optic LC modulator that decodes the
information on the display for the user to see. Transflective mobile displays can also
take advantage of ambient illumination due to the integral reflector structure of the
display panel. The power dissipation of the backlight constitutes the main portion of the
energy usage of the whole user interface, and in dim ambient illumination conditions,
also the transflective display relies on the backlight to provide an intelligible image to

the user.

Organic light-emitting diode (OLED) displays have recently appeared on the market in
mobile phones, with good image quality, and for live video use, their power dissipation
already can be lower than that of a comparable LCD. However, for bright display
content, for example predominantly white internet browser windows, and for menus
with white background, OLEDs will have higher power dissipation than what can be
achieved with an LCD in similar use. In addition, OLEDs need to be driven to high
luminance in outdoors illumination conditions, further increasing the power dissipation

of the display in mobile use.

In order to make a display with significantly lower power dissipation than what is
available in mobile displays today, an electro-optical modulator based display, such as a
liquid-crystal display, can offer an advantage, but a radical redesign of the display

system is required. Instead of filtering the white light that is emitted by the light-
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emitting diodes (LEDs) in the display backlight, color-separating or selecting principles
should be applied. Transflective liquid-crystal displays have been traditionally made by
stacking a set of optical films and the display panel together in a single package, and it
has been difficult to redesign the display system to take into account the light
propagation in the display at the subpixel level. In separating the colors, diffractive
backlights can be applied to direct the light in the main primary color spectral bands to
the corresponding subpixels in the display matrix. This is the basic rationale that has
guided the work presented in this thesis.

This thesis is a result of experimental work on pixelated grating array based backlight
structures that was carried out at the Nokia Research Center in Tampere, Finland,
between 2006 and 2012. In this research, backlight structures with striped and pixelated
grating array light-guide plates are used for coloring the pixels. Both binary and slanted
gratings have been applied for the grating structures.

Chapter 2, an introduction to portable displays, sets the broader context for the thesis.
The Chapter describes the motivation for improving the power efficiency of a mobile
display module, and how different display technologies and display addressing methods

can be used to attain this goal.

Chapter 3 is the description of the individual constituent publications (P1-P6), the
research and experimental work performed, and the results obtained within the
individual publications. Chapter 4 presents a discussion of the results and draws
conclusions from the work.

The constituent publications (P1-P6) have been appended at the end of the thesis.
Publication P1 is a review paper of diffractive backlights in the mobile display context.
The research for the review was done concurrently with the experimental studies.
Consequently, it also contains a subsection dealing with the research presented in the
remaining Publications. In Publication P2, a one square centimeter test structure with
binary gratings for outcoupling of green and blue light separately was manufactured and
the output light distribution was characterized. It was shown that blue and green primary
bands of light can be separated and directed toward the user effectively. In Publication
P3, also a square centimeter sized test structure was made, this time with slanted

gratings for red, green, and blue primaries, and the outcoupled light distribution showed
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that all colors could be separated spatially with a high degree of direction toward the
user. In Publication P4, a full display sized grating array was fabricated and
characterized, and in Publication P5 this grating array was coupled to an electrowetting
display prototype. Finally, based on the results of these previous studies, in Publication
P6 an embedded grating array structure was fabricated by etching on a high refractive
index glass substrate. This time, the characterization was done by using laser light
sources which were prism-coupled to the light guide. The measurements were

performed with a photodetector arrangement.

The goal of research in display backlights, as evidenced e. g. by the literature review of
P1, is to improve the energy efficiency, light uniformity, and color purity of a display
module. The research question in this thesis is whether it is possible to reach one or
several of these goals by using a diffractive approach. Consequently, Publications 2-6
aimed to experimentally demonstrate steps toward making an energy-efficient backlight
for electro-optically modulated mobile displays based on color-separating grating
arrays. The central problems dealt with finding the proper type of grating geometry,
pixel geometry, and solutions for integrating the backlight within the display structure
itself. An additional consideration raised by Publications 3-6 was the indication that it

may be possible to design a solution with no color filter array in the display panel itself.

The results of this work show that it is possible to couple light out of the grating arrays
in a precise fashion, as through a display array, toward the user. The light separation in
the grating array has been good, but some effects of light scattering and unwanted
crosstalk have been observed. The results have been encouraging, and it seems that a
prospect of a new display system paradigm based on pixelated grating array light-guide
plates not only reduces power dissipation but also simplifies the display module design
by eliminating some of the films used for controlling light distribution, and by the
possibility to remove the color filter array in the display glass design. The downside is
the added difficulty in designing display modules with integrated diffractive grating
array back substrates. It remains to be seen if the display industry can embrace this new

system paradigm in the design of future mobile display modules.



2 Displays for Portable and Handheld Electronic

Devices

2.1 Displays in Mobile Communications

2.1.1 Background

The development of mobile telephony is a prime example of the digital convergence, or
integration of features of many different classes of digital devices within one
communication terminal. Especially after the transformation of cellular telephone
technology from the analog signaling networks to the so-called “second generation”
(2G) digital networks in the 1990s, it became feasible to integrate functions of digital
still cameras, short-range communication devices, handheld navigators, and gaming
terminals in mobile telephones [1]. This trend has continued through the third
generation (3G) of mobile telephony as well, and today, the mobile “feature phones”
and “smart phones” can even be called “mobile computers” [2]. Many of the functions
included in today’s mobile terminals require high performance of the display of the
device, as the user can expect a good image quality in viewing photographs, video clips,
browser content, and navigation screens. Mobile games also require high visual image

quality of the display. [3, 4]

Concurrently with the evolution of mobile terminals, the capacity of the mobile and
broadband networks has increased, so that the mobile device user can expect an internet
experience on the mobile device that rivals a basic home network internet connection
[4]. Figure 1 depicts the development of cellular data bandwidth to a stationary mobile
user. From the Figure, it can be inferred that today’s network capability allows high-
quality visual data delivery to a mobile user. Further on, the development of the “long
term evolution” (LTE), or 4" generation (4G) networks lends itself to communication
experience that can benefit e. g. from cloud storage of content and remote computing
applications [5]. Still, the expectations on the visual quality of the user interface (Ul)

will remain very high.
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Figure 1. Development of data bandwidth of digital mobile telephone systems over time. GSM:
Global System for Mobile Telephony; HSCSD: High Speed Circuit-Switched Data; GPRS:
General Packet Radio System; WCDMA: Wideband Code Division Multiple Access; HSDPA:
High-Speed Downlink Packet Access; HSPA+: Evolved High-Speed Packet Access. From [2],
reprinted with permission.

The mobile phone market determines the sales of mobile displays for a large part. The
volume of phones sold worldwide overwhelms the market for all other classes of
portable devices. In 2012, the prediction of the market volume for mobile phones is
about 1.4x10° units [5]. Therefore, when discussing mobile phone displays, the
applicability of argumentation can be readily extended to other classes of handheld
devices. Display requirements, for instance, can be very similar for e. g. handheld
navigation devices and digital camera products. Since many mobile devices have
several displays, it can be estimated that the market or mobile displays exceeds 1.5x10°
units [5]. With regard to the display requirements, the electronic book reader (EBR) can
be viewed as a special case, as it benefits from a quasi-static low-power display, instead

of a video-speed multimedia display.
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The purpose of the display in the mobile user interface was originally to provide a
visual feedback of the keys punched for calling another party. The caller identification
(caller ID) function also was very useful, and these two functions could be realized by
just an alphanumeric or even a seven-segment directly driven display [4]. Light-emitting
diodes (LEDs) and later, liquid-crystal displays (LCDs) were used to provide this
function in the ULl. In addition to this information, icons were used to display remaining
battery charge, signal strength, and some special states of the device [4, 6]. As the
mobile terminals for 2G networks were being designed, other functions became useful
as well, such as the short messaging service (SMS), and this functionality required
alphanumeric multi-line LCDs. Even further on, simple games were implemented in the
mobile devices, and a matrix-driven display became necessary. Mobile browsing
applications were also launched, for instance using the Wireless Application Protocol
(WAP) browsers [4]. Although limited use was found with other passive-matrix color
displays such as with the electrically controlled birefringence (ECB) mode [7], starting
from circa 1998, the first mobile color displays with passive matrix (PM) supertwist
nematic (STN) LCDs became available on the Japanese market. From then on, the
mobile display development was a steady improvement toward large, full-color video
displays as found on smart phones today [4]. Active matrix (AM) driving was already
required for high-resolution screens in the early 2000s. This development led, however,
to increased power dissipation in the display. Multimedia sessions on mobile terminals
are therefore now power-limited, and mobile devices need to be charged more

frequently than what was necessary in the days of the monochrome STN display [3].

2.1.2  Mobile Display Technology

Today’s multimedia-capable mobile devices mainly employ active-matrix LCDs
(AMLCDs) and organic light-emitting diode (OLED) displays. LCD technology
variants are most often used in mobile phones. Other types of display devices in the
portable device space mainly occur in electronic book readers. There, electrophoretic
information displays (EPIDs) have a presence, especially in monochrome devices. The
liquid-crystal displays on mobile phones are either transmissive or transflective.
Reflective displays appeared on personal digital assistant (PDA) devices in the

beginning of the 2000s, but they did not last long in the marketplace. The main reason
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for this was that the displays required a frontlight, and degraded reflectivity and viewing

artifacts due to the frontlight structure became annoying to the users [8].

Transmissive LCDs have a backlight that provides the illumination to the user. The
liquid crystal (LC) layer in the display acts as an electro-optically modulating medium
for light emanating from the backlight unit (BLU). Both passive and active addressing
can be used to drive an LCD, but in modern mobile LCDs, active matrix driving is
preferred. Transflective displays can, in addition to utilizing the BLU, benefit from the
ambient light to display information in bright illumination conditions, such as outdoors
on a sunny day. Figure 2 depicts the comparison between transmissive and transflective
displays.

a) b)
Light from the ambient Light from the ambient

Light from the backlight unit Light from the backlight unit

Figure 2. Conceptual representation of a) transmissive and b) transflective LCDs. In a) the
reflection of ambient light is prominent at the surface of the display, and light entering the cell is
for the most part absorbed. In b) the ambient light reflects from the reflector structure fabricated
on top of the backplane. (Not to scale.) [3] ©Springer Verlag, reprinted with permission.

As can be seen in Figure 2, the integral reflector structure of a transflective display
allows the use of the ambient illumination for image formation. The reflector structure
can be optimized to take into account different use cases for a mobile device. Backlight
utilization efficiency is somewhat lower than in transmissive displays, due to the need to

pass the light from the BLU through an aperture in the subpixel structure.
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2.1.3  Requirements for Mobile Displays

The main requirements that mobile displays need to fulfill today are summarized in
Table 1. In developing mobile displays, tradeoffs need to be made, as many of these
requirements are somewhat contradictory. For instance, high image quality at video
speeds does not comply with a low power dissipation requirement. Low cost in mobile
displays is also a requirement that conflicts with many other characteristics of a mobile
display that manifest themselves in delivering the high image quality of the display.
Developing mobile display modules against these requirements has, however, led to
high-quality displays that have appealing visual image characteristics, low weight, small
outer dimensions, and acceptable power dissipation and cost to the integrator. Besides
the mechanical dimensions and image quality characteristics, the display also has to
withstand harsh environmental conditions. Reliability of a mobile phone is still a
leading development goal, as the user needs to be able to rely on the mobile phone to

place a call even in the most distressing situations.

Table 1. Mobile display requirements*. [3] ©Springer Verlag, reprinted with permission.

Size Typically 1.8” to 43" | Diagonal inches
Resolution 160 by 128 to WVGA [ Number of pixels, horizontal by vertical; WVGA: Wide
(480 by 800) Video Graphics Array; other computer-based resolution
designations are used frequently as well
Pixel pitch 100-350 ppi Pixels per inch (ppi)
Number of 256 kto 16 M Number of addressable color levels, “k” designates
colors thousands, “M" millions
Colour gamut | 70-125% NTSC Percent of color area of the NTSC gamut on the CIE diagram
Brightness 100-300 cd/m? Luminance; cd/m?
Contrast 100-5,000 Contrast ratio; number

Viewing angle | +/— 20° to +/—90° | Degrees about the azimuth

Speed 15-60 fps Frames per second

*NTSC: National Television System Committee; CIE: Committee International d’Eclairage.

The power dissipation of current multimedia-capable mobile displays is in the order of
300-500 mW. As the panel power consumption is in the range of tens of mW, it can be
concluded that the BLU is responsible for the majority of the power dissipation in a
mobile liquid-crystal display. [8]
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The requirements for mobile displays presented in Table 1 can be most readily achieved
by applying AMLCD panels in building a mobile product. In the mobile technology
space today, several other technologies have a presence. As it has been already
mentioned, OLEDs have already made their mark on the smart phone display market,
and EPIDs are frequent in the EBR products. Of the LCD variants on the mobile
market, there still exist low-end display modules with monochrome supertwist nematic
(STN) LCDs, and passive matrix color supertwist nematic (CSTN) LCD panels. Table 2
presents a comparison of these display variants, as applicable on the mobile display
market today.

Table 2. Mobile display technology comparison*. [3] ©Springer Verlag, reprinted with
permission.

Transmissive
LCD

reflective/outdoor use, viewing experience as
good in small space as for HD TV panels today

Monochrome | High reflectivity, good contrast, simple and Low market volume, as advanced

STN cost-effective technology features in phones proliferate

CSTN Low reflectivity, poor color gamut Still in use in low-end phones

PM OLED Low information content with regard to In use in secondary displays
associated expense

AM OLED High resolution, good power efficiency in live | Few sources available and
video and TV viewing, extremely good color | associated cost is quite high
gamut. Outdoor performance is poor

AM Good resolution and color gamut, no Established technology, very cost-

effective

AM
Transflective
LCD

Good reflectivity, outdoor use possible. Good
color gamut in backlit mode

Excellent combination of viewing
properties for varied ambient
environments

Electrophoretic
displays (EPID)

Good reflectivity, generally requires an
ambient light source

Characteristics approach
“newspaper legibility.” Main
display technology for EBRs

*HD: High definition; TV: Television.

2.2

Transflective Displays for Mobile Applications

In order to adapt the viewing characteristics of a mobile display into a wide range of
ambient illuminance levels, mobile phone integrators apply transflective displays in
their products. Whereas a transmissive display excels in dim and dark ambient
conditions, the backlight in a transmissive display cannot always provide enough

luminance to overcome the reflections from the ambient environment in bright outdoors
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conditions. This means that colors get washed out and text becomes illegible on
transmissive displays. The same phenomenon affects OLED displays as well, as their
operation solely relies on the emissive property of the individual subpixels. Figure 3
depicts a comparison of transmissive and transflective LCDs in conceptually different
ambient illuminace levels. As is evident from Figure 3, a transflective display can
provide the information required by the user in a more varied range of ambient
illumination. The reason for this is the reflective structure that is an integral part of
every subpixel [9]. Transflective displays are mainly quite small, suitable for mobile
phones, but some devices in the 10” diagonal class have been manufactured for

notebook computer use [10].

2.2.1  Transflective LCD Structures and LC Optics

The modern transflective display is based on an integrated internal reflector structure, in
order to prevent any parallax artifacts that would result from an external reflector [11].
The internal reflectors are manufactured under the respective color filter areas in the
subpixel matrix. For the illumination from the backlight to get through, a hole is
manufactured in the reflector. Figure 4 presents a schematic view of a transflective
display. As can be seen in Figure 4, the light from the ambient passes the color filter
array (CFA) twice. Light propagating in the LC layer also experiences double
retardation, if the cell gap stays the same for both paths of light. Transflective display
design needs to have this aspect taken into account. Otherwise, the image contrast is
reversed in backlit and reflective operation, which is undesirable to the user. One
approach to account for this is to halve the cell gap of the LC area in the reflective
mode, as is shown in Figure 5 a. This kind of a structure is more difficult to
manufacture than a single cell gap structure, shown in Figure 5 b. For single cell gap
transflective LCDs, the LC mode needs to be selected in such a way that the image
characteristics in both transmissive and reflective use are retained. In-plane switching
(IPS), fringe-field switching (FFS), and multidomain vertical alignment (MVA) LC
modes are frequently used in mobile transflective single cell gap LCDs [12]. These
modes usually are selected for normally black operation, giving good contrast. The wide
viewing angle operation of these LC modes can also be appealing to many consumers in

mobile use.
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Figure 3. Transmissive (left) and transflective (right) display in varying ambient lighting
conditions: a) dark, b) intermediate, ¢) bright ambient. (Not to scale.) [9] ©Springer Verlag,
reprinted with permission.
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a) b)
Subpixel triad
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Figure 4. Transflective TFT LCD pixel array layout, a) from the top, b) dual cell gap structure in
cross-section. In a) the colors are respective to the color filter array on top of the pixel array (the
reflectors are not colored). In b) the cell gap in the transmissive area, b is twice that of in the
reflective area, a. (Not to scale.) [9] ©Springer Verlag, reprinted with permission.

a) b)
Light from the ambient Light from the ambient

Light from the backlight unit Light from the backlight unit

Figure 5. Transflective display variants: a) Dual cell gap structure, b) Single cell gap structure.
(Not to scale.) [9] ©Springer Verlag, reprinted with permission.

In addition to the chosen LC mode, the optical film stack of a transflective display plays
a major role in the performance. To optimize the front-of-screen performance in the
reflective mode, circular polarizers are used on the front surface to hide unwanted
reflections. The reflector structure within the transflective subpixel array also needs to
be carefully designed to give acceptable viewing characteristics. Very often, “bumpy”
reflector surfaces are used to provide the best compromise between specular and diffuse
reflective properties. Compensation films are also required to give good contrast outside

the immediate normal viewing direction. Polarizers work ideally at normal incidence,
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and especially at +/- 45° off the main polarizer axes, viewing artifacts such as contrast
reduction and color distortions occur. Uniaxial and biaxial compensation films are

therefore used to take care of these artifacts [11, 12].

The backlight of the transflective display needs to be designed to provide a good image
quality to the user in transmissive operation. Generally, light from “white” LEDs is
launched to the end of a waveguiding transparent polymer slab. This is called the light-
guide plate (LGP). Wedge-shaped light guides are also used. Sometimes, dedicated
launch structures are used in order to collimate the light before it enters the active area
of the LGP. Light within the LGP is guided under total internal reflection (TIR)
conditions. For the light to exit the LGP, a distribution of scattering centers,
microreflectors, or other means is fabricated to perturb the TIR condition and to scatter
the light toward the display panel. The light extractor structure has often features that
can be seen by the naked eye, and a film diffuser is often used to mask the macroscopic
features of the LGP. Since the light exits the LGP usually in an oblique angle, beam-
forming films, often called “brightness-enhancing films” (BEFs), are required to
collimate the light. Generally, light can also escape the LGP away from the LC glass
direction, below the LGP. A high-efficiency reflector, such as an enhanced specular
reflector (ESR) is therefore applied at the bottom of the LGP to direct the light back into
the LGP [13].

A modern, conventional mobile display module is therefore a collection of films stacked
together with the display panel, to form a dedicated optical structure. The panel includes
the top and bottom glass panes, with the color filter array (CFA) usually integrated in
the top glass, and the transistor matrix on the bottom glass, and the electro-optic
medium (LC) in between. Figure 6 presents this stack in a schematic form, and the
optics of the conventional mobile display structure is discussed in the following

subsections.
2.2.2  Light Sources

Light-emitting diodes (LEDs) are used in mobile LCDs as light sources [14], although
cold-cathode fluorescent lamps (CCFLs) and area light sources such as
electroluminescent films and OLED backlights have also been applied or developed for

mobile displays. The efficiency of LEDs has, in the last decade, improved remarkably,
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and the cost of LED light sources has concurrently decreased to a level where mobile
display manufacturers have little incentive to consider other light source alternatives.
White or “pseudo-white” LEDs are used in the conventional mobile display module to
launch light into a side-lit LGP. These LEDs are based on blue emitters with yellow
phosphors embedded in the path of emission. The phosphor then converts a portion of
the light to longer wavelength emission. Alternatively to the yellow phosphors, red and
green dual phosphors are sometimes used. In television systems, red, (R), green (G), and
blue (B) LEDs are used, sometimes also as integrated RGB LED light sources, but in
mobile displays these are rare [14].

Polarizer
Compensation film

/ LC top glass

CFA
Light LC bottom glass
source \'(_‘— Polarizer
?g) —— BEF 2
<——— BEF 1
'\ Diffuser
A—c

*——— Reflector

Figure 6. The conventional mobile display structure (not to scale). Brightness-enhancement films
BEF 1 and BEF 2 are at right angles to each other. The outcoupling extractors are situated either
on the top or on the bottom of the light-guide plate (LGP), or sometimes on both surfaces. (P1)

Mobile display LEDs are very often side-emitting, with sub-millimeter package
thickness. The width of the emitting area can be a few millimeters. This form factor
provides good compatibility with thin LGPs. The color temperature of “pseudo-white”
LEDs can be quite high, e. g. 8000 K. There is usually enough emission at longer
wavelengths to produce adequate color reproduction with conventional LCD color filter

arrays [15].

LEDs have issues in operating at high temperatures. As the temperature increases, the
color of the emission changes, and the degradation of the LED efficiency is accelerated.
With the degradation, the white point of the light source can shift, reducing the color
rendering capability of the display module in question. For mobile devices this aspect of
degradation may not become relevant during the operational lifetime of a mobile phone,

for instance, since the LED lifetime figures are in the order of 50 000 hours to half
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brightness. The current density in a mobile phone backlight can however be
troublesome for thermal management, and it is preferred to use LEDs that have identical

specifications and degradation characteristics, in a given display panel design. [14]
2.2.3  Incoupling Structures

The LEDs in a mobile display module are most often mounted on a small section of
circuit board that is connected to the display panel by means of a piece of flexible
circuit carrier. This “flex” is then bent in place during module assembly so that the
emitting edges of the LEDs are in registration with the entrance facet of the LGP. Since
the exit characteristics of the LEDs are approximately Lambertian (emitting equally in a
hemisphere) [14, 15], light entering the LGP can be wasted at the periphery of the
emission cone of the LED if measures are not taken to take this effect into account in
LGP design. Incoupling structures, such as tapering sections or microlenses can be
molded directly into the entrance facet of the LGP to modify the optics of launching
light into the LGP. Sometimes external lenses are also used to collimate the LED light.
Quite often the light of the LEDs escapes the LGP toward the display panel directly
after entering the LGP, near the LED. This results in the formation of “hot spots” that
are seen as bright spots in the display illumination. Metallic reflector shields are often
used to counteract this problem, and quite frequently, the launch area after the entrance
facet of the LGP is lengthened, and mixing structures are formed in this area to
distribute the light from the LEDs into the LGP to achieve uniform illumination for the
LCD panel [16, 17].

2.24  LGPs and Reflectors

In modern mobile displays, the LGP is a carefully designed and precision-molded piece
of transparent polymer that can provide the required uniform illumination to the display
panel in an efficient way. Light from the LEDs, when launched into the LGP by means
of the incoupling structures, travels inside the LGP by total internal reflection (TIR).
Under the active area of the display panel, there are extractor features that break the
condition for TIR, and light can escape the LGP. The extractors can be microgrooves,
scattering centers, microreflectors, or microprisms (refracting structures) [13, 18]. The

extractor features are distributed along the LGP surface by using statistical design
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techniques, in order to avoid patterns that could show as Moiré artifacts to the user [13,
18].

The problem with using extractors that are based on geometrical optics is that light also
escapes to the opposite side of the LGP, away from the display panel. Therefore,
reflectors need to be placed under the LGP to reflect light back toward the LGP.
Multilayer polymer/dielectric films, often called enhanced specular reflectors (ESR),
have proven very effective, with typical reflectivity of 98.5 % over the visible range of

wavelengths [18].
2.25  Beam-Forming Optics and Polarizers

With the conventional mobile display structure, there is a preference for light to exit the
LGP obliquely, toward the opposite end of the LGP from the light sources. In order to
improve the light output and to direct the light toward the display panel preferentially in
a normal incidence, beam-forming optical films are used. These are most often thin
polymer foils composed of prismatic structures (see Figure 6). Since the effect of using
these foils is to improve the brightness of the display module, they are called brightness-
enhancing films (BEFs). It is necessary to redirect the light also in the lateral direction,
and therefore, two films at right angles to each other are used. The prisms on the foils
can either be placed “prism-down” or “prism-up”, with the latter arrangement gaining

popularity in modern display modules [13].

A diffuser is often necessary either below or above the BEF films. Its purpose is to
mask the macroscopic structures that comprise the LGP light extracting features, and to
even out the light distribution before the display panel, to tailor the viewing angle

properties of the display panel itself [13, 18].

For the LCD operation, polarized light is required. Light entering the display panel
therefore goes through a linear polarizer that can either be an absorbing polarizer film or
a reflective polarizer foil. An absorbing polarizer is simple to use but the rejected
polarization state of incoming light is in this case completely wasted, reducing the
optical efficiency of the panel. In conjunction with a reflective polarizer, a recycling
feature is required in the optical stack. This can be for instance a dual BEF (DBEF) film

that recycles the reflected polarization state and turns the polarization gradually so that
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on further refractions a portion of the light can be admitted through the polarizer. Using
DBEF films, an increase of 1.2 to 1.5 can be observed in brightness enhancement

compared to using a comparable crossed BEF film structure [18, 19].

At the front surface of the display panel, another polarizer is needed as an analyzer. This
is most often an absorbing polarizer. The LCD layer in the display panel acts as a spatial
polarization modulator, and the state of polarization of the incoming light is turned,
based on the image content to be shown on the display. The analyzer then passes that
proportion of the light which remains at the linear state of polarization of the

polarization director of the analyzer.
2.2.6  Compensation Films

Modern mobile displays have a defined viewing angle range that depends on the usage
parameters of the display module. Usually, in larger mobile displays, the user can be
expected to wish to share some of the screen content with other people, and then, a
wider viewing angle is required. This creates an added degree of difficulty in LCD
design, as the basic principle of operation is designed for viewing the display at the
direction normal to the display. Going away from the normal incidence, the light
experiences a variable retardation, and the state of polarization changes. Optical
compensation films can remedy this problem quite effectively. Uniaxial and biaxial
compensation films are often used to improve the viewing angle of mobile transflective
displays [11]. These are manufactured by using LC materials and stretched polymer
foils [11].

2.2.7  Integration of Films

Thinness is one of the design goals for mobile displays. In addition to using thinner
glass in the display panel itself, and thinner foils in the backlight optical stack, it has
become commonplace to integrate several functions of separate films of the display
optics into one. This way, remarkable reductions in display thickness can be achieved.
For instance, features of the BEF films can be integrated on the top or bottom surface of
the LGP [20-22], the diffuser pattern can be imprinted on the first polarizer, and also
“unified beam-forming components” can be used that couple light from the LGP

directly into the beam-forming foil [23].
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2.2.8  Top Coatings and Touch Structures

For outdoor use, it is common in mobile displays to coat the topmost surface of the
display panel with an antireflection film.  This reduces reflections from the
environment. A hard coating is also used at the outermost surface of the display
structure, to avoid scratching of the display window or the polarizer. Reflections can
occur despite these countermeasures, and especially in display modules with a touch
feature, the reflections can become problematic. In-cell touch technology is therefore

seen as a useful direction to apply touch features in a mobile device [24].
2.3 Alternative and Emerging Technology

Besides LCDs, several other technology variants aim to claim a stake in the mobile
display market. Today, however, no other technology besides the OLED display has
made any remarkable effect on the mobile display sales. With the emphasis to curtail
power consumption, also LCD technology has available some interesting alternatives.
For instance, field-sequential color (FSC) displays aim to improve the power efficiency
by removing the CFA and operating the LCD time-sequentially, showing to the users
subfields with varying spectral content. Outside the scope of LCD and OLED
technologies, emerging technology variants such as electrowetting displays (EWDs),
microelectromechanical system (MEMS) displays, and electrophoretic information
displays (EPIDs) aim to influence the mobile display market. The following subsections
describe the key points of these technologies, especially from the point of view of how

they contribute to power savings in a mobile terminal.
2.3.1 OLED Displays

For a very long time, OLED displays aimed to penetrate the mobile display market by
simple passive matrix displays [1]. The developers of these displays had major
challenges in market entry, as LCDs already were very cheap, and it might have proven
impossible for PM OLED technology to produce displays at a comparable cost level to
PM LCDs. Moreover, these displays suffered from differential aging characteristics
resulting from differing lifetimes of the constituent primary emitter materials, and from
defect formation due to insufficient encapsulation of the OLED device. The resulting

effects of these degradation mechanisms appeared as white point change, image
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sticking, and black spot formation. Since the lifetimes to half luminance of the different
primary color OLED emitter materials have different values, with the early materials,
the blue and red emitters degraded faster than the green emitter. Over time, the white
point changed toward the green. This degradation also resulted in quite noticeable
sticking, or burn-in, of static screen content, such as menu icons. Black spots could be
seen due to the catastrophic failure of the low work function cathode materials of the
devices. These problems have largely been overcome as the lifetimes of the emitter
materials have improved to over 50 000 h [25, 26]. Today, OLEDs can be found in
many top-tier mobile products. One remaining problem is in the need of OLED displays
also to provide enough light for the user to see the information on the display even in
bright ambient environments. The display needs to be pushed to a luminance of 300
cd/m? or even more, in order to not be washed out in sunlight, and the panel itself has to
be driven to twice of that value because there usually is a circular polarizer on top of the
panel to reduce reflections [27]. Taking these requirements into account, it can be said
that OLEDs have best energy utilization when viewing video content, as for instance
web browser screens often have a bright white background. Video, on the other hand,
usually is considered to only utilize 10-20 % of total screen brightness, on average [28].
A typical commercial 4” WVGA panel consumes 600 mW at 300 cd/m? luminance, at
an average of 40 % “on”. The ambient contrast ratio of this panel is 70 at 500 lux, and 3

at 10 000 lux [29].
2.3.2  Field-Sequential Color Displays

Field-sequential displays (FSCs) aim to save energy by removing the color filter array
in the LCD subpixel structure. Whereas in the common LCD, the primary subpixels are
spatially separated, in the FSC, the color information is shown in a temporally separated
field, one specific-color subfield at a time [30]. Red, green, and blue LEDs are used as
light sources, and these are flashed sequentially, synchronized to the color content of the
respective subframe. One problem is that to render the color information this way, fast
LC mixtures such as the optically compensated mode (OCB) need to be used. In low
temperatures, as may be the case in some usage scenarios of mobile devices, the
performance of LCDs in general degrades, and this is why FSC displays have not been

available in the mobile case so far [4, 31].
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Color breakup (CBU) can also be a problem in FSC displays. Because the subfields are
driven one primary color at the time, if the screen moves in relation to the position of
the viewer’s eye, the eye sees content of the screen separated spatially according to the
primary color content. The result is that the image gets blurred and flickering of the
screen then causes discomfort [32]. Countermeasures to this problem have been sought
by separating the individual color subfields further in time within the frame [32]. Faster
rates for switching the content however requires even faster-response LC materials, and
therefore, a hybrid solution with dual color filters combined with multipimary
backlights has been demonstrated [33]. Using FSC panels, the projected energy savings
in typical mobile panels are around 50 % [31]. This would mean that a typical high-

resolution mobile display panel would consume about 200 mW in normal use.
2.3.3  Electrowetting Displays

Electrowetting displays (EWDs) are based on using an electrostatic force to move an
interface that occurs between two immiscible liquids, such as between oil and
electrolyte [34]. If one of the liquids is transmissive, and the other absorbing, contrast
formation can be achieved. Since the layer thickness is in the order of micrometers, it is
difficult to find a material with good absorption in such a short distance. In reflective
use, light passes the absorbing liquid twice, enhancing the contrast between the
absorbing and transmitting state of the pixel. Therefore, although transmissive EWDs
have been demonstrated [35], EWD panels are mainly being developed for reflective
use. One benefit of EWD technology is that manufacturing of EWDs is compatible with
LCD fabrication. Reflector structures can be fabricated readily in a similar way to how
transflective mobile displays are made. Since the operation of the EWD is electrostatic,
no current flows when the information content shown on the display does not change.
The panel power dissipation is otherwise at a similar level to that of LCD technology in
general. Therefore, EWDs can be envisaged to be beneficial in terms of energy
consumption in low-end devices where the proportion of video content on the display
screen is not large, and in reflective reading devices, where the information content

stays static for longer periods of time.
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2.3.4  Microelectromechanical System Displays

Reflective MEMS displays are now available in small form factors, but also for color
EBRs on the Korean market. The main manufacturer is Qualcomm, with the mirasol®
display [36, 37]. These panels are built on bistable interference-based
microelectromechanic structures. The bistable operation means that no current flows
when the screen content is static, lending these displays suitable for color EBRs. For
enhanced grayscale and color depth, dithering is used in driving the display, and in
some cases, this reduces the effective resolution and usability of these displays. Since
the operation is based on interference of light, the reflections off the screen are highly
specular. Front lights are used in darker ambient conditions, which reduces the power

efficiency of this otherwise promising technology [38].
2.3.5  Electrophoretic Information Displays

One of the earliest non-liquid-crystal-based bistable display technologies is the
electrophoretic information display (EPID). Originally EPIDs were developed at the
MIT Media Lab, and spun out to elnk Corp. [39]. Some other variants, such as the
Gyricon rotating ball display [40], and the “microcup” electrophoretic display [41] have
appeared on the market. The typical EPID display is based on polymer microparticles
that are embedded in a liquid-filled microcapsule. Some of the particles are white, and
the others are black. These particles also have opposite surface charge, and in electric
field they migrate to the opposite sides of the microcapsule. In a matrix-driven display,
content of the screen can then be shown by varying the sign and the magnitude of the
driving voltage in each pixel. Since the electrophoretic principle has no threshold,
passive matrix driving is not feasible due to crosstalk issues, and either direct segment
drive or active matrix driving methods are used. Since the particles stay in place once
the drive voltage is removed, the displays can retain the information almost indefinitely
with no power dissipation, provided that the information on the screen is not changed.
One problem in the EPID display is that very frequently, changing from one screen to
the other, there is residual or incomplete migration of the particles and a ghost image
from the previous screen can disturb the information to be read. Therefore, the display is
often flashed through a white and a black state when changing pages when reading an

EBR, which creates a flickering, momentary artifact.
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Electronic book reader devices (EBRs) very frequently have an electrophoretic display.
There are many EBRs on the market that use one of the varieties of EPID displays. The
lack of color limits the use of EPIDs in other products. Although color filter based
solutions exist to present colors in EPIDs, the contrast in these is quite poor, and the

reflectivity is reduced [42].

From an energy-saving point of view, EPIDs excel in mobile devices where there is a
semi-static screen content, and mobile phones (cf. Motorola MotoFone [39]) for

instance are a marginal market for these displays.
2.4 Energy and Power Savings Considerations

Portable devices are fundamentally different from many other electronic devices in that
their energy savings requirements are much more pronounced. Power is not available
from a wall outlet in mobile use, and mobile phones are required to be able to make a
phone call even when their battery is low, making special demands on power
management [4, 43]. In mobile devices, it is possible to design a Ul that is optimized for
low power consumption, and displays have a major role to play in this. For a mobile
product, a display can be used that has intrinsically low power dissipation, for instance a
reflective display that will not have a backlight. Another option is to use bistable
displays that only expend energy when the information shown changes. One similar
solution is to apply panels with a “memory-in-pixel” (MIP) functionality [44, 45],
where the screen updates can be slowed to around 0.1 Hz. Thus, for quasi-static screen
content with the backlight turned “off”, these user interfaces spend very little energy.
For multimedia devices, the story is different, and displays need to be designed in
conjunction with the whole electronics system. In display driving, methods can be used
that reduce power by optimizing the backlight current based on the screen content.
These techniques are generally termed “dynamic backlight driving” [46-48]. In mobile
products that are to be used in varied ambient illuminance levels, the effect of ambient
illumination can also be taken in account, dimming the screen in lower ambient
illuminance situations. An ambient light sensor (ALS) is often used for this purpose
[49]. This can either be an external sensor, or integrated in the display panel itself [49].
Using these methods, energy savings in tens of percent can be achieved, but sometimes

color distortion and other image artifacts degrade the user experience [48].
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The whole mobile device needs a power management strategy, to best make use of the
available energy saving possibilities. Power management can be based on power-saving
modes and timeouts. These methods are based on either heuristic or adaptive statistical
techniques, and the effect on power dissipation of a mobile device can be dramatic [50-
52]. The power-saving mode can dim the display, or only drive a part of the display. It
is very common to show a screen-saver image that may, for instance, show the time of
day on the display. Sometimes, whole functional blocks of a device, including the
display, can be turned off when not in use. These power-saving techniques do not retain
the best quality of the user experience for the user, especially with mobile multimedia
devices. Recently, it has been estimated that only 12 % of smart phone usage is for
voice communications purposes [53]. Consequently, the user expects more frequently to
be able to interact with the visual content on the screen for prolonged periods of time,
and any power-saving method that disrupts viewing the screen is subject to critique.
[43]

The user interface (Ul) is responsible for roughly one third of a mobile phone power
budget [54]. The display backlight is the main reason why the Ul functions consume
such a large proportion of the available power [13, 14, 18]. Therefore, for future
improvements in device energy efficiency, efforts to reduce the display power
consumption are important. Since the conventional mobile display is getting “good
enough” for the user in terms of image quality, power dissipation remains also the main
bottleneck for improvement of the usability of mobile display as a component. In the
conventional display structure, the throughput of light is estimated to be less than 10 %
[13]. Because the backlight technology, with the associated beam-forming films, is
already quite mature, it is difficult to see how energy efficiency can be improved using
the conventional display stack-up structure (Figure 6). Thus, redesign of the complete
display system is required with more efficient light management, to be able to achieve
meaningful energy savings. Color-separating backlights, such as diffractive grating
array backlights, have been researched in order to increase the efficiency of mobile

display systems (P1-P6).
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3 Description of Work

3.1 Conventions and Coordinate Systems in Diffractive Backlight

Design

To make the research of Publications 1-6 as presented in this Chapter understandable, it
is necessary to define key concepts of light propagation in backlights and associate a
system of coordinates with the presentation of the results, as is customary in backlight
research literature [55]. Figure 7 presents the embedded light-guide plate (LGP) of a
color-separating backlight unit, such as a diffractive, pixelated grating array device of
P6. Since light is now entering the LGP from three sides, a main direction needs to be
defined. Note that the color-filter array (CFA) in the associated display, if present, need
not be in any particular orientation with respect to the propagation directions of
individual primary beams of light. In Figure 7, we can choose the main propagation
direction of green (G) as the positive x-axis, and the vertical axis, at normal to the LGP
surface, as the z-axis. The positive the y-axis is now the axis of the main propagation
direction of red (R) light and blue (B) travels in the opposite direction to the R. (In some

arrangements, the orientation of B is along the positive y-axis.)

Since there will be a deviation from the vertical in the outcoupling of light, Figure 7
also shows the inclination angle #and the azimuth angle ¢ that describe the angular
separation of light in the following sections describing the results. The inclination angle
6is measured as the angular deviation from the positive z-axis, and the azimuth angle ¢
as the angular deviation from the positive x-axis. It is now possible to use the coordinate
system of Figure 7 to describe the light propagation in the designs and experimental
demonstrators. Coordinate axes are added to the relevant Figures in this Chapter to help

the interpretation of the Figures.

Conoscope measurements, in a similar way to other viewing-angle measurements [56],
are often shown either as cross-sections or as polar diagrams, with the inclination angle
6 indicated by the concentric circles in the plots, and the value of the azimuth angle ¢

shown at the perimeter of the plots. Figure 8 is illustrates this style of presentation. The
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intensity of light is shown to be lighter in grey scale in monochrome polar diagrams,
and in false color in multicolor diagrams. Usually a column of shades or these false
colors is shown on the right side of the diagram showing the scale for the color coding
of the intensity of light emission or outcoupling. In Figure 8, the horizontal axis is
associated with the direction of propagation of the green light, and according to the

convention presented in Figure 7 it is denoted as the x-axis.

Blue light in Modulated light

\ z / Out (R, G, B)

Green light in

Red light in

Figure 7. A coordinate system for color-separating backlights. x, y, and z denote the main
coordinate axes, at right angles to each other; 6 denotes the inclination angle and ¢the azimuth
angle.

Y

180°

Figure 8. Example of a conoscopic measurement as a polar plot diagram. The inclination angle &
is indicated by the concentric circles (red), and the value of the azimuth angle ¢ is shown at the
perimeter of the plots (black).
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3.2 Literature on Diffractive Backlight Technologies

The first publication (P1) is a review paper describing the state of the art of diffractive
backlight technology variants aimed at improving the efficiency of mobile displays. The
review starts by discussing the history and conventional structure of the optical stack in
mobile LCDs. The theoretical principles of diffractive backlights are then outlined, and
the key studies on polarizing as well as diffractive backlight variants are reviewed. In
addition to aiming to improve the system efficiency of LCDs, many research teams also
point out that by using diffractive backlights, the CFA can possibly be removed. The
review concludes that in order to achieve the efficiency benefits that diffractive, color-
separating backlights offer, the display industry needs to adopt a completely new system
design paradigm, where diffractive grating arrays are integrated in the back display
glass. If light sources can be chosen appropriately, this approach also would make it
possible to remove the CFA in the LCD, offsetting the added cost of diffractive optics in
the backlight structure. If the diffractive grating arrays are to be integrated into the back
substrate of the display panel, cost savings can be expected when the conventional
backlight unit is completely removed. Problems to be solved include launching and
spreading light at the sides of the grating arrays, as well as the replication technology

for the grating arrays.

3.3 Binary and Slanted Small-Area Grating Arrays for Diffractive
Backlights

3.3.1  Concept Verification by Binary Striped Grating Array

In the first experimental study (P2), a 1 cm by 1 cm demonstrator grating array with a
binary cross-section and a 50 % filling ratio was fabricated by ultraviolet (UV) curing
SK-9 resist on a rectangular poly(methyl methacrylate) (PMMA) substrate. In this
grating array, one striped grating structure represented each “green” subpixel, and
another was used for “blue” and “red” subpixels. The “green” grating lines were
perpendicular to the “red and blue” ones, and light was launched into the substrate also
orthogonally, green from one side, and red and blue at right angles to the green
propagation of light. The grating parameters are summarized in Table 3, and the

experimental setup in Figure 9. The grating efficiencies are from a theoretical model
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done for the study, and denote the efficiency of diffraction to the first order at each
incidence of a given ray of light, for transverse electric (TE) and transverse magnetic
(TM) polarization states, at the input inclination angle 8 = 55° and the azimuth angle ¢,
= 0°. Originally, the purpose was to launch light into the backlight structure from the
corners. Therefore, the gratings are at 45° and 135° orientation with respect to the long
axis of each respective stripe. Side-emitting red, green, and blue 0.6 mm thick Osram
LEDs were used as light sources, butt-coupled into the LGP [57, 58]. The LED
parameters are shown in Table 4. These LEDs were in fact used throughout this work,
except in Publication 6. As the orthogonal orientation of the respective light sources
makes the light enter the grating arrays perpendicular to the grating lines only for the
intended primary band of light, good rejection of outcoupling is expected from the
orthogonally oriented array.

b)

a)
}’; : l Blue LED Z; :
R X I
Conoscope objective
[ @ Grating 4 Grating
Green [ |

Green LED LED

Red LED
(Blue LED on opposite side)

l Red LED

Figure 9. Experimental setup for Publication 2: a) top view; b) side view, with the conoscope
objective lens shown. (P2)

Since the grating lines were fabricated at 45° and 135° with respect to the long axis of
the array stripe, the LEDs were mounted facing the corners of the square array. The test
LGP was placed in front of a conoscope (Eldim EZLite 120 R) and polar light intensity
distribution plots were obtained for all individual color bands as well as for the “white”

state combining the output of the red, green, and blue LEDs.

It can be seen in the results (Figure 10) that the blue (Fig. 10 a)) and green (Fig. 10 b))

light coupled toward the user, at 8= 10.5° and 0= 15.0°, respectively, at quite a narrow
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distribution. These values follow the design objectives of Publication 2. As expected
from the grating design, the red (Fig. 10 ¢) ) light coupled out at an angle of about 6=
60°. This is because a compromise was made for the grating that coupled out the blue
and red light jointly — it would not have been possible to design a single grating to
couple out the light toward the normal of the grating surface for both spectral bands of
light. A microscope examination shows that the light was outcoupled separately as
green and blue from the respective grating stripes for these primary colors as can be
seen in the microscope photographs in Figure 11. The red light could not be
photographed since the light was not coupled out within the numerical aperture of the

microscope. The results show that it is possible to separate the primary colors using

spectrum-specific gratings.

Table 3. Grating parameters and expected efficiency of the gratings for Publication 2. (P2)

28

Primary | Width Depth Grating Calculated efficiency of
(um) (nm) period transmitted mode at 8=
(nm) 55°, @, = 0°
TE ™
Redand | 118 220 450 0.150 0.040
blue 0.182 0.061
Green 59 220 300 0.204 0.044
Table 4. LED parameters. (P2)
Primary | Dominant FWHM* | Luminous | Luminous
wavelength | (nm) intensity at | efficiency
(nm) 20 mA (Im/W)
(mcd) (Typical)
Red 625 19 180...900 43
Green 528 33 560...1800 | 36
Blue 460 25 90...280 11

*FWHM: Full width at half maximum.
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Figure 10. Measurement results from Publication 2: a) blue, b) green, c¢) red, and d) all
combined. The value of the inclination angle &is indicated by the concentric circles in the plots,
and the value of the azimuth angle ¢ is shown at the perimeter of the plots. (P2)

a) o)) c) d)

Figure 11. Microscope view of outcoupled light in Publication 2: a) blue, b) green, c) both at the
same time, d) view with LEDs off by the microscope illumination. (P2)
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3.3.2  Color-Separating Pixelated Slanted Grating Array

In this study (P3), a dedicated grating array was fabricated for each of the three primary
colors, within a 1 cm by 1 cm slanted grating array demonstrator. This 56 x 3 by 56
subpixel (1 cm?) model array, with 50 % fill ratio, was designed for verifying the
concept of the pixelated diffractive backlight. The grating parameters are shown in
Table 5. A similar orthogonal illumination as in Publication 2 was used. The slanted
grating array allowed precise control of diffracted orders and rejection of unwanted
diffraction of blue light from the “red” grating array, and vice versa. The array was
manufactured on a molded substrate of episulfide polymer (refractive index n=1.717 at
the wavelength 1=525 nm) by ultraviolet (UV) embossing the same material on the
substrate. Using this technique, replication of slanted grating arrays has been

demonstrated up to 500 repeats without degradation of the mold or the master [59].

To take into account a possible use in an LCD, it is necessary to couple out the light
from all subpixels with the same state of polarization, with respect to the principal
lateral axes of a prospective display. Therefore, the “red” and “blue” gratings were

designed for TE polarization, and the “green” grating for TM polarized outcoupling.

A fused silica master glass with a 100 nm thick Cr layer was spin coated with a suitable
resist, and the master array pattern was exposed on the resist by electron beam
lithography, by Nanocomp Oy. A standard development process was used to obtain a
resist grating pattern on Cr, which then was developed into a Cr pattern on silica by a
dry etching process. The individual primary-specific grating arrays, with the respective
slanting directions, were fabricated by directionally patterning the master in a three-step
reactive ion beam etching (RIBE) process. In this process, separate resist exposure and
development steps are required for each separate grating array, and the master substrate
is oriented in the ion beam at the proper angle at each lithography step for final master
grating manufacture, and the remaining Cr layer is then removed by a standard wet
etching process. The gratings were UV embossed from this master after the master had

been coated with a silane-based anti-adhesion layer.
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Table 5. Grating parameters for Publication 3. (P3)

Primary Width Depth | Grating Grating slant
(nm) (nm) period (nm) | direction (°)

Red (640 nm) 54 340 530 +45

Green (525nm) | 54 340 430 +20

Blue (460 nm) 54 240 375 -45

The UV embossing of the SiO, mould was made at Nokia Research Center in Helsinki
in a UV Crosslinker (Spectrolinker XL-1500), with a peak ultraviolet wavelength
Auv=360 nm, on a hot plate heated to 60 °C. Thermally cured episulfide material plates
were used as the LGP substrate. The fused silica grating master mould was placed on a
metallic plate having uniform temperature of 60 °C and a drop of UV-curable episulfide
was dispensed with a pipette on the master. The plastic substrate was then placed on the
UV curable episulfide droplet, and the whole assembly was illuminated with UV flux of
approximately 120 mJ/cm?. The cured replica was subsequently separated with a knife.
Perfect separation was observed even though the individual gratings in the mould had
slanting angles facing in opposite directions. Figure 12 shows scanning electron

microscope (SEM) images of the replicated gratings.

b

TR e e O T Y R AR PR YT R T Y

>

EHT = 5.00kV Signal A = InLens. Date :12 Sep 2007 EHT = 500kV Signal A = InLens Date 12 Sep 2007
WD= 6mm Photo No. = 2329 Time :10:26:52 WD= 6émm Photo No. = 2328 Time :110:25:13

Figure 12. Scanning electron microscope images of the replicated grating array in Publication
3: a) “Green” grating lines at right angles to the “blue” grating lines, b) “Blue” and “red”
gratings with opposite slanting directions. (P3)

31



Description of Work

For the experimental characterization of the grating array, a similar setup as in
Publication 2 was used. Single 0.6 mm thick red, green, and blue Osram LEDs [57, 58]
were placed at the edges of the display to illuminate the grating array, and 2 mm ball
lenses were used to partially collimate the light for incoupling into the grating array. A
microscope image was taken to visually examine the output (Figure 13). A conoscope
(Eldim EZLite 120 R) was used for measuring the angular distribution of the light
output of the array, and measurements were performed for the individual primaries
keeping the respective LED “on”, as well as for the “white” output keeping all LEDs
“on”. The measurement results show that the individual gratings used in the array
performed as expected from the grating design, coupling the light toward the normal of
the LGP. From the microscope image (Figure 13) it can be seen that there is some
leakage of second-order diffracted blue light coupled out by the red subpixel, and with
green illumination there is evidence of some stray light coupling out of the red and blue
subpixels. Figure 14 summarizes the conoscope measurements. From these images, it is
clear that the individual primaries are coupled toward the viewer quite effectively, at
maximum outcoupling angles of 10° to 20°. These angles deviate from the normal, since
the light was coupled in from the straight edges of the LGP instead of at the design
value of 50°. The stray light evident in Figure 14 is most likely a result of the

unpolarized light output of the LEDs scattering out of the grating array.

There is a clear improvement over the results of Publication 2 in the outcoupling of the
individual primaries. Especially red is now directed toward the viewer instead of exiting
in a very oblique angle. This was expected, since the pixelated design includes an
individual grating with a properly oriented slant angle for both red and blue primaries.
Furthermore, from examining the microscope images of the grating output, it can be
seen that the light output is almost totally confined to the actual active area of each

subpixel.
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Figure 13. Microscope image of the light output of the grating array LGP of Publication 3. (P3)

€0

E2Cordiaat by ELDIN

EZCoriiaat by ELDIN

)

EZCorhast by ELDIN EZConisaat by ELDIN

Figure 14. Conoscope measurements of Publication 3: a) blue, b) green, c) red, and d) all
combined. The value of the inclination angle @ is indicated by the concentric circles in the plots
(the edge of the plot is at 60°), and the value of the azimuth angle ¢ is shown at the perimeter of
the plots. (P3)
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3.4 Backlight Demonstrator Studies

3.4.1 Diffractive Pixelated Backlight Array

A full display-sized backlight grating array, with a 128 (by 3) by 160 pixel mobile
display as the mechanical model, was fabricated in Publication 4 (P4). The prospective
display parameters are summarized in Table 6. UV embossed grating arrays on
episulfide were manufactured to conform to the mechanical specification of the
prospective display. A slanted grating was designed under each display subpixel to
diffract light of the corresponding spectral band toward the respective subpixel. An area
modulation scheme was implemented to distribute the light outcoupling uniformly
across the array, and binary fanout gratings with 50 % fill factor were also designed
around the display area to attempt uniform distribution of the light sources laterally.
Binary fanout gratings were manufactured on the opposite side of the LGP, to study the
lateral spreading of light. The grating parameters are shown in Table 7, and the grating
array design is shown in Figure 15 a) and b). The grating array was also used for the

following study, Publication 5.

Table 6. Prospective display parameters for the backlight grating array of Publication 4. (P4)

Resolution 128 (x3) by 160
Pixel size 222 um by 222 um
Active area 29 mm by 36 mm
Display glass thickness 0.63 mm

The 52 mm by 54 mm LGP for the BLU was fabricated in a clean room at Nanocomp
Ltd. in Joensuu area, Finland, from a fused silica master, on a 0.65 mm thick episulfide
polymer substrate. The active grating matrix as well as the fanout gratings were
manufactured by UV embossing from episulfide on top and bottom of the substrate,
respectively, similarly to grating arrays reported in Publication 3. The edges of the LGP
were now beveled to 45° to allow efficient coupling of LEDs to the LGP, and for the

input coupling distribution of the light to better match the design value of the gratings.

The LGP was mounted on an x-y translation stage, and the Osram LEDs [57, 58] (Table

4) were attached to supports that were cut and ground to a 45° angle, for effective
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incoupling of the light into the LGP. Two LEDs, driven at 20 mA nominal current,
were used for each of the red, green, and blue primaries (See Figure 15 c)). A calibrated
conoscope (Eldim EZLite 120 R) was positioned at a location with maximum emission
intensity. The conoscope plots for each individual primary color as well as for all RGB
LEDs “on” at the same time are shown in Figure 16, and the angles of detected maxima
of the angular distribution, as well as the measured full angular width of emission at half

maximum intensity (FWHM) of outcoupled light are shown in Table 8.

The measurements were repeated for polarized light, and the outcoupling distributions
were similar to those in Figure 30. For these measurements, a thin strip of reflective
polarizer was cut to allow the TE polarization to propagate toward the LGP edge from
red and green LEDs, and the TM polarization from the green LED. Because only one of
the LEDs for each primary color was used, the “side lobes” visible in Figure 16 a) and

c) at the 270° region are missing from the measured polar plots for the polarized case.

Table 7. Grating parameters for Publications 4 and 5. (P4, P5)

Primary Width by Depth (nm) | Grating period | Grating
length (nm) slant
direction (°)
Red (640 nm) 111 um by 340 530 +45
59 um
Green (525 nm) | 59 um by 340 430 +45
111 pm
Blue (460 nm) 111 pum by 240 375 -45
59 um
Red fanout 10 mm by 450 360 0
(Double bowtie) | 36 mm
Green fanout 8 mmby29 | 370 290 0
(Double bowtie) | mm
Blue fanout 10 mm by 320 250 0
(Double bowtie) | 36 mm
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Figure 15. LGP layout for Publication 4. a) Grating arrangement from top, b) Direction of
grating slants from the side (“green” slant perpendicular to both “blue” and ‘“red” grating
slants)(not to scale); c) Diffractive LGP of Publication 3 with all LEDs on. (P4)
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Figure 16. Polar coordinate plots of the light output for Publication 4: a) blue, b) green, ¢) red,
d) all combined. The value of the inclination angle @ is indicated by the concentric circles in the
plots, and the value of the azimuth angle ¢ is shown at the perimeter of the plots. (P4)
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Table 8. The inclination angle 8 of the outcoupling maxima and the FWHM of the emission in the
grating experiment of Publication 4. (P4)

Primary | Angle of maximum Full width at half
outcoupling (°) maximum (°)
Unpolarized | Polarized | Unpolarized | Polarized

Blue 10 6 25 23

Green 5 5 18 18

Red 5 8 23 22

It was clear that the fanout gratings spread out the light only weakly, and streaks of light
were prominently visible across the display from the incoupling points of the LEDs (see
Figure 15 c)). Scanning electron microscope (SEM) images were taken of surplus molds
of the fanout gratings to find out possible reasons for the poor performance of the fanout
gratings (see Figure 17). From Figure 17, it can be seen that while the grating period
was as expected, the desired binary grating profile had not been realized in the molding
of the fanout gratings, and the gratings had a rounded triangular profile with about 15°

slope. Moreover, the gratings were somewhat shallower than intended.

EHT = 2.00 kV Signal A = InLens Date :30 Jun 2008
Photo No. = 4913

Figure 17. SEM image of the grating profile for the fanout gratings in Publication 4. (P4)

From Table 8, it can be seen that the outcoupled emission is directed quite well toward
the user, with the full width at half maximum (FWHM) angular distribution of light
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between 18° and 25°, and thus, the results show that a full display sized pixelated

diffractive LGP is possible to be manufactured.

3.4.2  Diffractive Pixelated Grating Array in Electrowetting Display Application
The grating array fabricated for the study in Publication 4 was again used for
Publication 5 (P5) in conjunction with a Liquavista transmissive electrowetting display
(EWD) [35]. A pixelated grating array with a slanted grating for each respective
subpixel was placed underneath the EWD. The EWD display characteristics are shown
in Table 9, and the grating parameters are shown in Table 5. The binary fanout gratings

and the area modulation scheme of the grating array were the same as in Publication 4.

As in Publication 4, the LGP design can be seen in Figure 15 a) and b). In this study, a
transmissive EWD panel, without color filters, from Liquavista B. V. with 128 (x3) by
160 pixels was used [35]. The display and the LGP with Osram LEDs [57, 58] (Table 4)
mounted at right angles toward the beveled edges of the LGP, were aligned together, by

means of a micromanipulator system.

In another experiment, a striped RGB color filter was used in the place of the display to
compare color space adjustment. The display was connected in place of the standard
LCD on a Nokia 3110 Classic mobile phone. Test screens were stored in the memory of
the phone, and the EWD was driven by showing these screens on the display. A
calibrated conoscope (Eldim EZLite 120 R) was used to obtain polar plots of the
outcoupling characteristics of light throughput. For the display measurement, the LED
current was kept at the nominal 20 mA. For the color space adjustment measurement,
the drive current of the green LED was kept constant while red and blue LED current
was varied. Generally, there is a minor effect to the color space when adjusting the LED
current, but in this study, for demonstrating the concept it was adequate to only vary the

current.

With the EWD, it was difficult to obtain meaningful results to assess the performance of
the combination of the LGP and the display, using the display as the electro-optic
shutter. Figure 18 a) shows the conoscopic measurement of the output coupled light
with all LEDs driven at 20 mA, and the display turned fully “on”, and the difference to
the display “off” state is very small. The ratio of the luminance at the “on” state divided

by that at the “off” state (the luminance contrast ratio), measured at one of the
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intersecting beams of light propagating in the LGP and taking the average of
measurements over the azimuth angle (¢) range of -60° to 60° at the conoscope
inclination angle 6= 0°, was only 1.6. In Figure 18 a), there is also a periodic structure
in the output characteristics that is a result of crosstalk in the EWD subpixel array.
Similar results are obtained for the individual primary colors, and the crosstalk in these
measurements is also very evident.

Table 9. Display parameters for the experiment. (P5)

Resolution 128 (x3) by 160
Pixel size 222 um by 222 um
Active area 29 mm by 36 mm
Display glass thickness 0.63 (x2) mm

3.5 Embedded Solution for Diffractive Backlight

Based on the previous studies (P2-P5), it was deduced that embedding a diffractive
backlight to the back substrate of a display would bring the grating array as close as
possible to the display subpixel array, in the manner shown in Figure 19. Therefore, in
Publication 6 (P6), the pixelated grating array concept with slanted gratings was
extended to an integrated one. A small slanted grating array was fabricated on a high
refractive index glass substrate with a TiO, overlay, with a low-index cladding spin-
coated on top of the grating array. The rationale for this investigation was to
demonstrate that it is possible to manufacture a grating array that in principle could be
embedded in the back substrate of an LCD (Figure 19). Laser light sources were used to
characterize the propagation and outcoupling characteristics of the demonstrator
assembly.

Using analogous logic to the design of grating arrays fabricated in Publications 3-5,
similar slanted gratings were designed for the embedded pixelated LGP structure with
red, green, and blue primary subpixels. Again, the green subpixel gratings were oriented
at right angles to the red and blue subpixel gratings, and the polarization of the
outcoupled light from the green subpixel was designed to be orthogonal (transverse
magnetic, TM) to the blue and red subpixel outcoupling (transverse electric, TE). The

grating design parameters are shown in Table 10. The rationale was to design the “red”
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and “blue” grating period, depth, and slant angle so that mutual rejection of unwanted
outcoupling was at the maximum, and the “green” grating characteristics were chosen
so that adjusting the efficiency in the design was possible. With the design values of the

gratings, light should be coupled out at the normal to the LGP surface.
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Figure 18. a) Polar coordinate plot of the electrowetting display coupled with the diffractive
grating LGP. The value of the inclination angle @is indicated by the concentric circles in the plot,
and the value of the azimuth angle ¢ is shown at the perimeter of the plot. b) The effect of primary
LED current to the overall luminance over a range of the inclination angle g, through the color
filter array. The LEDs are driven at 20 mA, unless otherwise mentioned in the legend. (P5)
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Figure 19. Embedded grating array schematic for an integrated backlight concept of Publication
6 (not to scale). (P1)

A 1.5-mm-thick high refractive index (n) glass (LASFN46A, n = 1.91) plate, 10 cm by
10 cm, was processed with a 400 nm thick titanium dioxide overlay fabricated by
atomic layer deposition (ALD) at Beneq Oy. A grating array 65 pixels wide (14.43 mm
along x-axis) and 81 pixels tall (17.98 mm along y-axis) was fabricated in the center
area TiO, (n = 2.2) layer using reactive ion-beam etching (RIBE), by Nanocomp Oy. A
500 nm thick DuPont AF1600 low-index polymer layer (n = 1.31) was spin-coated on
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top, as a cladding layer for the whole LGP. Figure 20 presents a SEM image of a model
grating, from a cladding deposition trial. Although the cladding polymer lifts off in the
preparation process for SEM, the thickness of the cladding layer can be deduced to be
on the order of 500 nm.

Table 10. Grating array parameters for Publication 6. (P6)

Parameter / “Red” subpixel “Green” subpixel “Blue” subpixel
Grating grating grating grating
Design A (nm) 640 525 460
Grating period 450 370 325
(nm)

Grating depth (nm) | 250 240 150
Slant angle (°) 45 45 -45
Filling ratio (%) 50 50 50
Grating width (um) | 111 59 111
Grating length 59 111 59
(um)

Aperture of grating | 13 13 13
(%0)*

*The aperture refers to the proportion of fabricated grating area of the total pixel area.

200 nm EHT = 5.00 kV Signal A= InLens  Date :18 Mar 2010
Mag = 9319 KX WD = 3.5 mm Time :13:11:02

NANOCOMP

Figure 20. A SEM image of a model grating for the study in Publication 6. The cladding layer is
seen above the grating, separated from the grating in the SEM preparation stage. (P6)
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Figure 21 shows a schematic drawing of the experimental setup. A 4 mW green
frequency-doubled diode laser pointer at 525nm, a 6 mW red helium-neon laser at 632.8
nm, and a 0.4 mW blue frequency-doubled diode laser at 473 nm were used as light
sources. An arrangement of apertures, polarizers, and semitransparent mirrors, was used
to adjust the path of light, polarization, and light intensity. The light was coupled into
the LGP by a BK7 prism adhered to the bottom of the LGP by index matching fluid. A
reference detector was used to control the level of illumination at every measurement
point in the measurement protocol. The outcoupled TE and TM polarization states of
light were measured for each light source. Special care was made to ensure repeatability
of the measurements. Since the design for the grating array was done for incident angle
of 6=50°, for the plate thickness h =1.5 mm, the expected distance between outcoupled

peaks was | = 3.58 mm.

Figure 22 presents the measured intensity curves, normalized to the maximum value of
outcoupling, after the calculated Fresnel losses [60] in the prism coupling arrangement,
of the measurements along the surface of the LGP. The positions of the maxima of these
curves show that the average distance | between the outcoupling peaks was 3.6 mm,

according to the distance derived from the design incidence angle & of the gratings.

Figure 23 presents the theoretical decay characteristics of the outcoupling peaks
together with experimental findings. The intensity of outcoupled light decreases with
the distance from the incoupling point except with the green light source, where the
decrease starts from the second peak since evidently the incident beam hits the grating
only partially, leaving the first outcoupled peak incomplete. This is the expected result
in the absence of area modulation in the grating array that would take in account the
already outcoupled energy along propagation path of the light. The experimental
outcoupled peaks decay more rapidly than the theoretical calculations predict, indicating
that there is more scattering-based loss than what has been taken into account by the

calculations.

Although the gratings were designed for color separation, the polarization sensitivity of
outcoupling was also studied, and a variance in polarization sensitivity of outcoupling
was found. The green TE outcoupling was 7 % higher than the TM outcoupling; red TE
coupling out 206 % stronger than TM; and blue TE 78 % over the respective TM
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polarization state. The differences could be attributed to differences in final
manufactured grating depths from the calculated designs and the possible effect of the
finite thickness of the cladding layer that was not fully taken into account in the design

of the gratings.
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Figure 21. Experimental setup for Publication 6. The apertures in the path of light are used for
experiment alignment, and the reference detector at the end of the experiment is used to
compensate for any variation in input light intensity. The light sources in a)-c) are used each in
turn, with the green removed when not in use. (P6)
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Figure 22. Normalized intensity in a) green, b) red, ¢) blue outcoupling in Publication 6. (P6)

The results show sharply directed outcoupling of the laser light, with the FWHM of the
outcoupling in the order of 3°. The results show that the polarization contrast in
outcoupling is remarkable, but not adequate for a LCD without a back polarizer for all

colors. Based on this study, the grating arrays etched in high refractive index glass
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could in principle be used as the back substrate of an LCD, placing the grating arrays as

close as possible to the subpixel array, thus eliminating crosstalk (see Figure 19).
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Figure 23. Comparison of theoretical decay (“TE” and “TM”) and experimental results
(“Normalized TE” and “Normalized TM”) for the outcoupled peak intensities in Publication 6:
a) green outcoupling, b) red outcoupling, c¢) blue outcoupling. (P6)
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4 Discussion and Conclusions

Displays in mobile devices have developed in the last fifteen years from simple
monochrome alphanumeric components that provided the user the basic interface to
access information on voice-based communication, to high-quality visual interface
elements to access the mobile internet, imaging functions, navigation features, games,
etc. The display is today a strategic component that should not be compromised in high-
end mobile devices. Since the image quality in mobile displays today is high, energy
consumption has become a bottleneck issue. This thesis addresses technology to lower
the power dissipation of a mobile display by diffractive optics. In contrast to the
conventional display module design using a backlight unit with white light sources and
a color filter array (CFA) in the LC cell, the method in this thesis aims to select the
emission of the the red, green, and blue primary LEDs and guide each of these through
the respective subpixels in the LCD. The color-separating approach could potentially
bring about a 4.5 to 6 times enhancement of efficiency of the LCD module (P1), and
both geometrical optics based [61, 62] and diffractive optics based solutions to separate
colors in a display BLU [63-73] have been reported. The mobile device integrator could
apply these energy-saving display modules to make products that allow longer
“multimedia time” to the user, allow the integration of smaller batteries in the device, or

have a slimmer form factor in the product.

The conventional LCD module in mobile devices today is optically a complicated stack
of transparent polymer parts, reflectors, beam-guiding and shaping films and polarizers,
with the LC glass having the electro-optic modulator medium and the CFA at its central
layer. Attempts to reduce the number of films have led to the development of advanced
light-guide plates in backlights, and color-separating backlights have also been
developed to make the CFA an unnecessary item in the display. The diffractive
approach for color separation also attempts to achieve these two goals with one and the
same new display paradigm, while reducing the power dissipation of the display system

to a fraction of that of the conventional mobile LCD.
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Currently, there are other, emerging technology variants on the market aiming to take
their niche of the mobile display market, but so far, only the OLED and EPID displays
have had any success. The OLED user experience can be very compelling in live video
use, but the applications can be limited due to the high power consumption when the
majority of the pixels are fully on, and due to the poor sunlight readability of OLED
displays. These problems limit the application of OLEDs somewhat. EPIDs on the other
hand excel in bright ambient conditions, but they cannot be regarded as full-function
multimedia displays, as their use is best suited in reading devices, where the information
content on the screen is quasi-static. Advanced dynamic backlight driving algorithms
for the LCD also have achieved power savings, but often the penalty paid by the user is
in the delivered “quality of service” in that the algorithms may cause distortion in the

color space and image quality therefore can be reduced.

The research on diffractive backlights (P1) has always addressed the immediate need of
the mobile device integrators. Starting from studies to reduce the number of films in
monochrome display modules [74], the arc of research has progressed through stages
where a broad spectrum of light was guided through the CFA and the LCD subpixel
array [67-70 and 75-79], via polarizing backlights [80-88], and finally, to color-
separating backlights where the main purpose was to dispense with the absorbing CFA
to markedly improve the energy efficiency of the display module [70-73 and 89-92].
Taking these results as the starting point, the research into the central theme of this
thesis examines ways to realize a diffractive backlight where the backlight function is in
the end integrated into the back substrate of the display glass itself (P2-P6) [94-98].

Most research centers working on diffractive backlights have access to commercial
software solutions such as ASAP® and GSOLVER® for designing the waveguides and
related optical structures [63, 66, 70, and 77]. With these software modeling packages,
usually only sinusoidal or binary grating profiles can be used. This limits the grating
design capability in research, since with this approach the light distribution in the
various diffracted grating orders cannot readily be optimized. Also, many times only a
single grating or a single-type grating array has been applied in the design, which results
in cumbersome optical structures, and also sometimes requires special array
arrangements for the display [66, 70]. T. Levola’s dissertation [99] includes a starting

point of a software solution that can take in account arbitrary periodic structures. While
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this software has mostly been used in designing near-to-eye optics for virtual display
applications [100-103], it also has been an asset in designing pixelated multi-grating
arrays (P2-P6), [94-98]. The software can model the behavior of light in gratings with
arbitrary periodic shapes very accurately, and for this work, it has presented solutions

that otherwise could not have been possible to design.

Previous studies indicate that the pixelated grating array needs to be in close contact to
the actual LCD subpixel array in order to eliminate crosstalk [66, 96]. In Publication 5,
an embedded structure is proposed as the back substrate of the display, bringing the
outcoupling grating array effectively in contact with the bottom of the LCD subpixel
array. Then, the backlight unit could be manufactured as an integral part of the back
substrate of an LCD.

The research during the course of this thesis has given answers to some of the questions
while raising more to be answered later. It has been shown, first of all, that light can be
separated by binary and preferably by slanted gratings into the primary spectral bands;
secondly, that the grating arrays can be manufactured to conform to a prospective
display on top and that the light can be directed toward the user quite effectively; and
finally, that it is possible to integrate the diffractive backlight into the back substrate of
the LCD.

The results also suggest the possibility to remove the CFA in panel design. This
statement is only qualitative, as color measurements using the grating array structures
developed for the purpose of this thesis have not been performed. These are only in the
planning phase, for future work. Since the outcoupling distributions of red, green, and
blue light differ from each other within each grating array component studied in this
Thesis, the color performance also differs greatly when viewing the demonstrator
samples from different angles. This effect can be inferred from the conoscope plots
shown in Figures 10, 14, and 16, for instance. Even at the normal direction, R, G, and B
luminance values differ greatly, making it hard to achieve a “white” signal at any
specific viewing angle, and observing the LGPs will result in a strong spectral
dependence on the viewing direction. In all studies (P2-P5), the LEDs were driven at
their nominal 20 mA current, and there was no intention of attempting to select the drive

current otherwise, except in the color filter measurements of P5. In the microscope
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observation, light is collected within the numerical aperture of the microscope objective,
and on individual subpixel grating level, the primary color performance can be
observed, as is seen in Figure 13. Outcoupling of the second order diffraction from the
“red” grating can be visually observed by turning “on” only the B light source. The
grating design has to be very accurate to counteract this effect in a color-filterless

design.

The remaining problems in diffractive BLU design relate to the incoupling of LEDs
directly into the substrate glass, fanning out the light at the sides of the display, and
finding a suitable technique for replication instead of directly etching the backlight
grating array into the glass substrate. For best operation of the gratings, the light source
ought to be as collimated as possible, either by using an external collimator or
manufacturing the collimating structure on the incoupling area of the display glass.
Geometrical optics based collimating means can produce FHWM of +/- 10° [55], which
already is an improvement. The light from the LEDs outside the active area of the
display does not need to be fanned out in a diffractive fashion, as color separation is not
necessary in this region. Diffractive optical fanout can, however, yield to the same
manufacturing technique as the actual grating array, so this solution should still be kept
in mind. A suitable replication technique needs to be found for the grating array; it must
be compatible with stepwise replication on a large substrate and the resulting grating
structure should withstand the process steps of LCD manufacturing. It would also be
preferable if the waveguiding properties of the whole integrated backlight structure
could be realized, retaining the high efficiency of the gratings, with lower refractive
index glass than what was used in Publication 6, making the process compatible with
current LCD production. Finally, the output characteristics of the resulting display need
to be tuned with a possible diffuser [89, 91]. Since in the pixelated approach, green
output is spread at right angles to the red and blue output, a color-anisotropic solution

would be preferable.

This new concept of an integrated backlight (P6) could not only create savings in
eliminating films in the beam-shaping section of the backlight, but it would also remove
the separate backlight unit from the display manufacturing process. In addition, the
color filter array is not required if the grating array can be designed in a proper way.

This manufacturing paradigm would require the LCD industry to start experimenting
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with, and finally, adopting into use a totally new manufacturing philosophy. It remains
to be seen whether ever-increasing demands on energy savings in all forms of electronic
appliances can bring about incentives to guide the industry through such a change. This
will only be possible through collaboration between academic and industrial sectors,

and with a proper research framework and funding.
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Review Paper: Diffractive backlight technologies for mobile applications

]yrki Kimmel (SID Senior Member)

Abstract — Liquid-crystal-display backlight units have developed in their conventional configuration
into very efficient and uniform components that allow the display to present a high-quality image to
the user. Developing the backlight unit itself further faces a challenge of diminishing returns to the
investment in innovation. A system-level redesign is required for the entire display module, and dif-
fractive alternatives to the backlight design can allow a more-energy-efficient design for the display.
This review concentrates on small-to-medium displays because diffractive backlight studies have also
centered in this class of displays. The state of the art of backlight design is summarized and the
motivation for energy-efficient system design is outlined. The theoretical basis of diffractive backlights
is given, and key research studies in the area of diffractive backlights are reviewed. Finally, a discussion
on the performance and future outlook of diffractive backlights completes the paper.

Keywords — Active-matrix liquid-crystal display (AMLCD), mobile display, backlight unit (BLU),

diffractive optics, diffractive backlight.
DOI # 10.1889/JS1D20.5.245

1  Introduction

High-quality multimedia is becoming one of the main use
cases for mobile communication devices. As the capability
of mobile and broadband networks to deliver data into the
terminal increases, the demand for display resolution, con-
trast, brightness, and color gamut approaches that of a per-
sonal-computer monitor or a flat-panel television, in terms
of the user experience.l Recent simulated tests on mobile-
display color-space acceptance show that the test subjects
rated the saturation of red and green primaries optimal at
90% of the European Broadcasting Union (EBU) specifica-
tion and blue at 70% of the EBU gamut. There is room for
improvement, especially in reflective mobile designs, to be
acceptable to the general public.2 In another study it was
found that test subjects preferred higher color gamuts to
increased luminance in images rendered on mobile dis-
plays® (in general, light sources and displays with higher
chroma, i.e., colorfulness, appear brighter due to the Helm-
holtz—Kohlrausch effect*). These results clearly indicate
that the image-quality issues in mobile devices are impor-
tant to consumers. Taking into account the ambient lighting
environment where the device is used adds another level of
difficulty in mobile-display design. Other demands with
regard to mobile terminals constrain the mechanical design
of the display, as the mobile device stays small in its outer
dimensions to remain “pocketable.” ®

Current mobile-phone displays are most often liquid-
crystal displays (LCDs). The LCD backlight plays an impor-
tant role in generating and delivering the light of the display
to the user. All LCDs in mobile phones use a backlight, as
the displays are either transmissive or transflective. The
need to save energy has become an important aspect in
mobile-device design. It has been estimated that the user
interface is responsible for about a third of the power dissi-

pation on a mobile phone,6 and of the user interface (UI)
components, the display backlight unit (BLU) consumes the
most of the available power in portable devices.”8 Similarly,
in notebook computers, it is estimated that the display sub-
system consumes about 30% of the power,”? and generally in
portable devices, the LCD module is responsible for more
than 50% of the total energy Consump’(ion.8 It is therefore
important to attempt to reduce the power dissipation of the
display by designing efficient BLUs and LCD systems.
Other approaches to realize energy-saving mobile displays
are in developing field-sequential LCDs (FSLCDs), where
instead of using color filters, color-primary light-emitting
diodes (LEDs) are flashed individually within each video
frame to form an image that is temporally integrated by the
visual systemlo’11 FSLCDs require fast LCD mixtures, and
the temperature sensitivity of the LCD can be a problem
when driving the display at fast frame rates in low ambient
temperature.

Recently, steps have been taken to radically redesign
the BLU to direct the appropriate band of the visible spec-
trum through the LCD subpixel matrix by using diffractive
optics.10 In addition to the energy-saving aspect of this
design approach, developers of diffractive backlights fore-
see the elimination of currently integral LCD color-filter
arrays as well as beam-shaping films to offset the added cost
of using diffractive optics instead of conventional scattering
and reflecting light-guide-plate (LGP) structures in novel
mobile display systems.

Backlights based on diffractive optics could be devel-
oped with the goal of extending the technology to large,
mainstream flat-panel displays as well, but thus far the dem-
onstrated size range of diffractive backlights has remained
appropriate only for mobile or portable displays. The reason
for this may be that manufacturing large diffractive grating
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masters is expensive and time consuming. Thus, the scope
of this review is limited to diffractive backlights for mobile
and portable displays.

This paper gives an overview of backlight technology
used in mobile devices, discusses the theory of diffractive
BLUs, and gives a review of work done in the advancement
of diffractive optics for BLUs. Further, the state of the art
and future directions in diffractive backlights are discussed,
and conclusions are given on the work performed thus far
and on what direction the research in this field should take.

2 State of the art in mobile-display
backlights

The development of mobile backlights began from the need
to illuminate the LCD for the user of a mobile telephone to
see the dialed number, as the mobile phone was starting to
be used in various levels of ambient illumination.’-!2 This
function could be realized with light-emitting-diode (LED)
displays and simple monochrome LCDs.12.13 Backlights for
these LCDs frequently used electroluminescent foils and
LEDs.!3 The earliest LCD-backlight light-guide plates
(LGPs) were edge-lit roughened pieces of transparent poly-
mer that scattered the light from LEDs placed on the sides
of the LGP1*15 As the legibility of the display suffered out-
doors from the specular glare from the sun, holographic
films were developed to divert the glare from the direction
of the user, especially in reflective mobile displays.]6

With the advent of mobile color supertwist-nematic
(CSTN) LCDs in around 1998, and with the emergence of
active-matrix LCDs (AMLCDs) a few years later, a need
arose for more advanced backlights in mobile displays.?
White (or pseudo-white) LEDs were necessary and LGP
structures aimed at providing an efficient and uniform out-
coupling of light from the white LEDs that were used as
light sources to replace the previously applied green or
amber LEDs. Concurrently, brightness-enhancing film
(BEF) stacks such as prism sheets and reflecting polarizer
films were being developed to control the output angular
distribution and polarization of light in mobile displays‘17 In
the conventional display structure shown in Fig. 1, light is

launched into a LGP that confines the light by total internal
reflection (TIR). The TIR condition is perturbed by the out-
coupling structure, and light escapes the LGP. The diffuser
distributes the light so that the outward appearance of the
outcoupling structure on the LGP is masked, and the BEF
films collimate the light through the LC glass. An LCD has
its optimal response at the normal viewing direction, and
away from this direction there usually can be found viewing
artifacts that are a result of non-ideal electrooptic polariza-
tion response at oblique viewing angles. The polarizers and
the compensation films account for tailoring the LC elec-
trooptical response so that the user ideally sees a uniform
image with acceptable color gamut, contrast, and viewing
angle.

The LGP structures began to employ V-groove pat-
terns or printed scattering dot patterns on one side of the
LGP1318 Very good uniformity has been achieved by apply-
ing these design principles in scattering-based LGPs, but
thick diffuser sheets are required to hide the macroscopic
scattering centers from causing visible artifacts in the dis-
played image. Highly scattering polymer LGPs were pro-
posed as an alternative design by A. Tagaya et al. 8 with twice
the brightness of a conventional scattering-based backlight,
and at the same time, in a thinner LGP with a smaller
number of light-management films. In a similar fashion,
microreflector structures have been employed in LGP
design, which gives a more controlled output distribution
for the light as well as better system efficiency due to the
application of thin diffuser sheets in conjunction with
microreflector-based LGPs.15-22 These structures have also
been distributed throughout the LGP by designs that apply
statistical means for the distribution of these structures
throughout the LGP.23

With the demand for thinner display modules, many
of the separate functions of the optical films in mobile dis-
play modules have been integrated as hybrid films with
combined functionality.2425 This development has led to
demonstrated mobile-display modules below 1 mm in total
thickness.26 Concurrently with eliminating the prism sheets
and diffusers, highly efficient structures for LGPs have been
realized by S. Aoyama, A. Funamoto, and co-workers, who
have demonstrated designs for small displays with only one
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FIGURE 1 — Standard mobile-display structure (not to scale). The outcoupling extractors are situated either
on the top or on the bottom of the LGP (or on both surfaces).
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white LED light source consisting of one or two bare LED
chips. 2729 These designs use small “normal-reverse prism
structures” or hybrid prism couplers (HPCs)28 with height
and width in tens of micrometers to direct the light from the
one light source toward the LCD. The diffuser sheet could
also be eliminated in their design because the extractor fea-
tures and their separation were below human visual acuity
limit for a normal display viewing distance.

Mobile-display backlights today are thus thin, effi-
cient, uniform, and provide good image quality to the user
at least in office and home lighting conditions and are sim-
ple to manufacture and to integrate in a display module by
stacking the appropriate films together with the LGP and
display glass. Coupled with current LCD designs, however,
the system-level efficiency leaves room for improvement in
the way that light is coupled through the LCD matrix. Cur-
rently, it is estimated that using white LEDs as light sources,
less than 10% of the light from the LEDs is available to the
user to provide the image on the display.26 Therefore, to
improve the system efficiency, system level issues must be
addressed in light management. One possible solution is to
direct the appropriate primary bands of light to the respec-
tive subpixels instead of using color filters. Diffractive optics
thus presents an alternative way to approach the light man-
agement in the displays, due to the inherent color-separa-
tion function in diffraction. Previously, holographically
recorded films and diffractive components have been used
in or proposed for transmissive and transflective LCDs, for
instance, as holographic diffusers,39-33 antireflection coat-
ings,31 and input couplers.34’35 Holographic polymer-dis-
persed LCDs can also be regarded as diffractive.36 The
newest developments offer a way to use diffraction gratings
to directly couple out the light from the LGP through the
display matrix to the user.

3 Principles of diffractive backlight units

Diffractive outcoupling in backlights serves many purposes,
and the use of diffractive structures presents several advan-
tages over conventional backlights.'> An expected increase
in system efficiency is combined with ease of fabrication of a
replicated subwavelength structure, and as the features of
the outcoupling structure are very small, diffusers are not
required below the LCD. The precisely controlled outcou-
pling efficiency with a continuous or modulated diffraction
pattern means that a highly uniform backlight can be designed.
In addition, the high directivity of outcoupling removes the
need of redirecting films.1% The ultimate goal is to separate
the individual primary spectral bands of light spatially, in
order to direct these bands through the primary-specific
subpixels in the color LCD array. H. Dammann separated
color bands, for imaging applications, with a sandwich grat-
ing structure.37 In displays, such separation of color bands
means that there is potential to remove the color-filter array
from the LCD structure altogether, allowing for higher sys-
tem efficiency. In addition, due to the highly directive

nature of diffracted orders of light from the diffraction grat-
ing, additional collimating films may not be required. There
are drawbacks in diffractive grating designs that are based
on one single grating that spans the entire extent of the LGP.
First, a lenticular lens or a microlens array is mandatory to
direct the light through the subpixel array. Secondly, also
mirrors are required to redirect the reflected diffraction
orders toward the display glass. Recently, solutions have
been demonstrated to overcome these issues by making a
wholly pixelated array of gratings, resulting in a subpixel-
specific grating array precisely aligned with the overlaying
display. These studies have been reviewed in Sec. 4.

The analysis of diffractive grating backlights involves
the entire path of light, starting from the light sources and
ending with the perception and synthesis of the information
as compiled by the human visual system. The essential phys-
ics of the diffractive backlights is centered on the analysis of
the grating structures. The gratings are generally situated on
an interface of two materials, where light enters from mate-
rial 1 with refractive index nj and is transmitted toward
material 2 with refractive index no. Let us call this interface
the grating surface. If 6; is the angle of incidence and 6,,, is
the diffracted angle of diffraction order m, with respect to
the surface normal of the grating surface, and @; is the inci-
dent and @, is the diffracted azimuthal angle of the light
with wavelength A, the conical diffraction equations for a
grating with a period between the grooves d are3®

(1)

{nz sin®,, sin@,, =n;sin6;sinQ;

nysin®,, cos@,, =nysin®; cos@; +mA/d

The geometry of the conical diffraction problem is
shown in Fig. 2. From Eq. (1), it can be seen that light
entering the grating surface exits the surface in different
directions, depending on the wavelength A of the light
source and the grating period d.
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FIGURE 2 — Geometry of the conical diffraction problem (after Ref. 44).
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Diffractive backlights usually have a LGP made of
transparent polymer, with light sources outside the LGP.
Using conventional terminology of waveguide optics, the
input angles of the LGP are determined by the TIR condition
of the LGP material (n] > 1) and its surrounding medium,
usually air (ng = 1). The TIR condition arises from the defi-
nition of the critical angle of refraction of light 8, = 6; =
arcsin(ng/ny). The range of angles of incidence of the incom-
ing light to the grating is in this case determined by the
acceptance angle at the input surface of the LGP and by the
total internal reflection condition (critical angle) at the grat-
ing surface:

arcsin(ng /ny) <0; <90°. (2)

Usually, the LGP material is a transparent polymer
such as poly(methyl) methacrylate (PMMA, n; = 1.49), poly-
carbonate (PC, ny = 1.58), or in some cases, glass or a high-
refractive-index polymer (n] ranges approximately from 1.5
to 2.2). The range of angles of incidence is therefore usually
from about 40 to 90°, and by using Eq. (1) we obtain the
outcoupled agles of diffraction:

sin@; sin@;

t = > vV
20 Pm sin@; cos@; +mA/nd 3)

sin@,, = \/n2 sin® 0; sin” @; +(nsin®; cos @, +m7\./d)2

where nj is now denoted with n and material 2 is now air,
with refractive index 1. In the general case, the intensity
distribution of light among the diffracted orders depends on
the actual geometry of the grating lines.

Commonly, in LGP design, the desired state is to
direct the outcoupled light toward the normal of the surface
(6, = 90°) in order to obtain the best efficiency of the dis-
play system and also the best user experience. The first
approximation to start the design is to only use the classical
grating equation,

d(sin®,, +sinB;) = mA, (4)
and to limit the diffracted orders to m = 1 and m = —1. The
remaining design question is to select the optimum wave-
length, which obviously is in the visible range (400 < A < 700
nm). Taking these constraints in account, the grating period
should be in the range of 200-426 nm (for instance, by using
Eq. (4), for 8; = 60° and A = 500 nm, the design value for the
grating period d = 268 nm).

Practical light sources for displays, such as LEDs
today, are not collimated. Rather, they frequently exhibit
Lambertian emission characteristics. This means that the
conical grating equation [Eq. (1)] must be used together
with the output distribution of the light source, at every
point on the grating surface, to be able to accurately model
the properties of the backlight LGP.

T. Levola has analyzed grating systems in planar incou-
pling and outcoupling for several optical systems, including
near-to-eye displays (NEDs)3943 and, with co-workers,
backlight LGPs. 4448 For general grating profiles, he has

developed a simulation tool based on the coordinate trans-
formation method (C-method, or Chandezon method)
based on rigorous diffraction theory.4950 The studies of
planar waveguiding NED optics‘” 42 show that for a diffrac-
tive system it is advantageous to use a high-refractive-index
waveguide material with n approaching 2. More impor-
tantly, it has been shown that slanted gratings can produce a
high coupling efficiency for a single transmitted order, up to
98%.43 Therefore, in diffractive backlights, solutions that
combine both a high-refractive-index substrate and slanted
gratings can result in high-quality systems that have a great
potential in achieving the design goal of accurately deliv-
ered spectrally separated light toward the LCD. T. Levola
and P. Laakkonen, in fact, present an ultraviolet (UV)-
embossing technique where slanted gratings can be repeat-
edly replicated from a fused silica master on episulfide poly-
mer Waveguides.51 This approach has been extended to
diffractive backlights as well. #7:48

The application of rigorous diffraction theory is a
demanding task, and numerical methods are often used to
calculate fields that have complex boundary conditions. M.
Xu et al. have used finite-element modeling (FEM) in simu-
lation studies of polarizing color-separating backlights,l“:‘2
and found good agreement with experiments. The conical
diffraction case has been analyzed for a diffraction grating
with an anisotropic material overlay to separate polarization
as well as the primary colors. The advantage of using FEM
in this case is in that the anisotropy of the birefringent layer
can relatively easily be incorporated in the material mesh
model of the problem at hand. The m = -1 diffraction order
is coupled out and the polarization contrast is evaluated.
The s-polarization is transmitted, and the almost negligible
contribution of the p-polarization is attributed to the refrac-
tive-index mismatch between the modeled substrate and
the ordinary axis of the LC ]polymer.52

In summary, a diffractive backlight should be manu-
factured on a high-refractive-index material. Also, the grat-
ing period should be subwavelength, and the grating profile
asymmetric, in order to couple out only one desired diffraction
order and to suppress all other but the zeroth (reflected)
diffraction order. Since it has been found that subwave-
length gratings can be polarization sensitive,? an added
benefit for diffractive LCD backlights would be to design
the system in such a way that the gratings only diffract out
one polarized state. These design principles would allow for
improved system efficiency for an LCD, as the light would
be directed to the subpixels where they actually are
required, with the desired polarization state and outcoupled
spectral band. Compared to the conventional LCD system,
the efficiency improvement would in principle be threefold
because the spatial arrangement of the color-filter array
(CFA) blocks two-thirds of the incoming light. Further-
more, if a pixelated approach could be used where the light
only enters the active aperture of each subpixel, another fac-
tor of 1.5-2 improvement would be expected since the
transmissive aperture in mobile displays is only about
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30-50% of the total area of a given subpixel. Total efficiency
improvement in employing a pixelated diffractive array
approach could be therefore 4.5-6 times over the conven-
tional LCD system approach, not even taking into account
the material losses commonly associated with the LCD
color-filter array.

4  State of the art of diffractive backlights

Diffractive backlight designs have been demonstrated in the
last few years by many research groups both in the academia
and in the industry. This section reviews the state of the art
in diffractive-backlight research literature. It is organized in
subsections that focus on developments that can be catego-
rized in advances in polarizing backlights, uniform and
modulated grating-based solutions, constant-pitch grating
array solutions, and fully pixelated grating array designs with
variable pitch.

4.1  Polarizing backlights based on grooved
and diffractive structures

The purpose of polarizing backlights is to extract only the
preferred polarization of the light to be utilized by the LCD.
The unwanted polarization inside the LGP is recycled, con-
verting the polarization state of the recycled light in the
process to become the desired state of polarization for the
LCD.5455 Potentially, a gain of two over a non-polarized
LGP could be achieved by using a polarized backlight, and
if the polarization contrast is high enough, the back polar-

(a)

izer could be left off the LCD design.56 Figure 3(a) presents
the general principle of a display with a polarizing backlight.
In the figure, s-polarization is coupled out, but some designs
couple out the p-polarization instead. The aim is to com-
pletely reflect the unwanted polarization back into the LGP,
and to progressively recycle the light into the desired polari-
zation for outcoupling. Recycling has been achieved or pro-
posed by retardation layers on one face of the LGP and by
using depolarizing end reflectors as well as a combination of
quarter-wave plates and specular reflectors.3> The result of
using polarization extraction and recycling is that the system
efficiency of the LCD module is improved by the degree of
polarization recycling efficiency. A pre-aligned liquid-crys-
tal layer has been applied on a microgroove-patterned LGP,
with birefringent outcoupling of the s-polarization by S. M.
P. Blom et al.>* and H. J. B. Jagt et al.>® at Philips Research.
A local polarization contrast of 15 has been achieved. The
imperfect uniformity of this approach55 has been improved
by the same group by filling LGP microgroove structures
with an anisotropic LC polymer, and a polarization contrast
of above 100 has been achieved by this approach.56357 In this
approach, simulations show that with proper groove shape
and extended material anisotropy, light could be directed
effectively toward the user. The experimental result shows
that the light is directed approximately 30° off the normal of
the LGP0 By using efficient polarizing backlights, the back
polarizer and light-shaping films of an LCD module can be
removed, leading to the construction of a thinner display
module, as depicted in Fig. 3(b).> Continuing the work in
Refs. 56 and 57, an improved structure was made by using a
periodic relief on the LGP instead of a groove structure. A
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gain (increase of desired polarization state over the nonpo-
larized case) of 1.78 was measured over a non-polarized
LGP58 Using stretched polyethylene naphthalate (PEN)
films as the anisotropic medium adhered to PMMA foil, a
polarization gain factor of 1.6 was achieved by K.-W. Chien
and co-workers in a similar experiment.59 S. Hwang et al.
used an asymmetric dual prism microstructure made by hot
embossing on a uniaxially stretched polyethylene terephtha-
late (PET) layer.60 They report a 30% increase in efficiency
over a reflective polarizer backlight, but from the results it
is evident that the total polarization contrast (ratio of the
outcoupled s-polarized light over the outcoupled p-polar-
ized light) could be improved by using a more advanced
outcoupling structure.

A grating-based approach for polarizing backlights
was demonstrated by K.-W. Chien and H.-P. D. Shieh.%1 A
microstructured LGP was equipped with a subwavelength
binary grating on the top substrate. The slot structure was
modulated by a gradient in the density of slots to achieve
good uniformity across the LGP. The subwavelength grating
operated as a form birefringent layer which presents a dif-
ferent effective refractive index for the s-polarized and p-
polarized components of incident light. A multilayered
structure was implemented in order to broaden the wave-
length response, which in a non-layered design was poor for
the blue end of the visible spectrum. A polarization gain
factor of 1.7 was achieved.®! Another subwavelength grating
approach was proposed by X. Yang et al.52 In this theoretical
simulation, a stress-induced birefringence LGP was used as
the polarization converter, and a subwavelength Al grating
with a 140-nm period was to be fabricated on the top sur-
face. Further control of incident angles was to be achieved by

a microgroove pattern on the bottom surface. As expected,
this theoretical study showed a twofold improvement in out-
coupling efficiency over a conventional backlight.

4.2  Diffractive backlights based on constant
or variable pitch gratings

Before color displays became popular in mobile displays,
already monochrome diffractive solutions to the LGP were
being sought, as evidenced by the pioneering work by M.
Parikka et al.1> This research was done in order to get rid of
scattering-based LGPs and the associated beam-shaping
foils. Uniform outcoupling (attenuation of the illumination
was 20% longitudinally, and “nearly perfect” in transverse
direction) was achieved by utilizing a grating pattern that
spreads the light from the light sources using a distribution
of gratings in conical incidence. Light was coupled out from
the gratings that were oriented at a normal to the incoming
beam of light. The gratings were manufactured on a master
by electron-beam lithography and then replicated by hot
embossing on a PMMA substrate, with a period of 2 pum.
Chromatic dispersion of outcoupled light was seen to be a
potential problem when light sources with additional spec-
tral peaks, such as pseudo-white LEDs, were to be used.
Figure 4(a) presents the general principle of a display with
a diffractive backlight, where the purpose of the diffractive
structure is only to direct the light out without regard to
color separation. Figure 4(b) shows a display with a diffrac-
tive color-separating backlight. A lenticular lens array is now
added to redirect the color-separated light beams into the
respective subpixels.
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H. Y. Choi and co-workers proposed a backlight light-
guide with a holographic grating at the bottom to diffrac-
tively couple the light out toward the top.63 They suggest
that by this arrangement, several optical films can be left out
of conventional backlight modules, including prism sheets
and a diffuser. They utilize a grating with a difference in the
outcoupling polarization state to enhance the proportion of
the desired state of polarization in the outcoupled light. The
grating periods used in the experimentally manufactured
sinusoidal gratings were 360 and 450 nm, and it was found
that the light distribution in outcoupling was directed at
normal to the LGP using the 450-nm grating period. A cold-
cathode fluorescent lamp (CCFL) light source was used, but
no mention is given on the color performance of this back-
light design. The theoretical analysis was expanded and a
mirror was added to the end of the waveguide.®* The use of
this inclined mirror enhanced the outcoupled intensity by
50%. Another similar structure, with the grating now at the
top of the LGP, was later shown.%5 Here, an integrated col-
limation structure was fabricated near the light sources on
the LGP itself. Improved outcoupling was observed. The
results were averaged over the relevant wavelength bands,
but no comment was given regarding the color performance
of the backlight. An improved collimation structure based
on a waveguiding section was reported in Ref. 66. The out-
put luminance was improved by roughly a third.

K. Aristov et al. reported a similar idea but with a
wedge light guide and a holographic grating on the bottom
side.67 Special emphasis was expended on ensuring good
uniformity of illumination. A scattering foil was used on top
of the LGP to achieve adequate color mixing. Contact rep-
lication was used in manufacturing a 55 X 45 mm test piece
from the holographically manufactured master. Grating
period and reflectance were varied along the wedge to
achieve the desired degree of uniformity. The uniformity for
green light was 83% but worse for blue and red. The experi-
mental results show narrower illumination cones and less
overall light flux than for a conventional display system. The
authors comment that a slab LGP might be better to increase
the efficiency of the system. As a solution to the observed
spectral dependence, the authors suggest placing the light
sources at both ends of the LGP and modulating the outcou-
pling efficiency of the gratings so that the center of the LGP
has maximum outcoupling efficiency.

Y. Taira and co-workers were the first to demonstrate
a color-filterless display using a diffractive color-separating
array on a backlight wedge.%8 The grating was a uniform
blazed grating with 530-nm pitch, directing the green band
of a CCFL light source toward the normal of the wedge top
surface. A 13.3-in. XGA display without color filters was
used as the demonstrator display, with a 264-pum pixel pitch
(88 um between subpixel centers). The authors suggest that
using LEDs as light sources would provide better color
purity. Light-source collimation is regarded as a possible
improvement in the design, although the collimation for a
CCFL was achieved by a separate illuminator design.68 A

diffuser on top of the display completed the design, allowing
for a viewing angle up to 20° in both horizontal and vertical
directions. LEDs in place of the CCFL light source were
demonstrated in a similar display demonstrator in Ref. 69;
however, the effect of this improvement is not quantified in
the paper. The viewing-angle dependence of the diffractive
color separation was compensated in a test structure by
molding a prism array on a black-matrix glass substrate using
the photopolymer (2P) molding techniquem’72 on top of
the bottom polarizer. This array directed the subpixel-spe-
cific bands of primary components of the CCFL spectrum
orthogonally through the subpixel array.”!

A surface-relief grating combined with a birefringent
coating was demonstrated as a color-separating polarizing
backlight LGP by D. K. G. de Boer and H. Cornelissen.™
This structure employed both the polarizing and color-sepa-
rating properties of a uniform grating in a single component.
A sinusoidal grating with a period of 400 nm and groove
depth of 140 nm was fabricated on polycarbonate (PC). This
grating was applied on a PMMA LGP. A liquid-crystal mix-
ture and LC polymer were used as the birefringent material,
and the achieved polarization contrast was 23 at the maxi-
mum. The authors believe that with this arrangement a
color filter is still necessary in the display matrix, and that an
additional mirror can be used to redirect the reflected dif-
fraction orders toward the viewer. In a related work, de Boer
and co-workers state that the masters for grating structures
can be manufactured by electron-beam lithography or by
laser interferometric techniques. The gratings can then be
replicated on the LGPs by embossing or by direct laser
interferometry by using a suitable photosensitive material. 7
Small samples (laser interferometrically exposed area was
20 mm?2) up to 300 nm deep were characterized optically
and found to conform to outcoupling characteristics
obtained by software simulations quite well.

A new pixel structure, based on the earlier work,73-75
was adopted by M. J. |. Jak et al. ™ Since the light output of
a diffractive backlight can be improved by illuminating the
LGP from both ends of the waveguide in the uniform grat-
ing arrangement, the subpixel array needs to be symmetric
with respect to the output spectra of the diffracted orders of
the primary-color bands of light. If, instead of directing the
green light out normally to the face of the LGP, blue is cou-
pled out at the zero inclination angle, green and red bands
of light can be symmetrically coupled out from both sides of
the blue emission. This requires a repeating RGBG array for
the subpixels, as is shown in Fig. 5. The grating is shorter in
period (320 nm) compared to the previous work. 73,74 Again,
a lenticular lens array is proposed to couple the light out to
the subpixel array retaining similar viewing characteristics
for all colors. R. Caputo and co-workers from the same
group earlier presented a grating structure with a short grat-
ing period, <500 nm, stating that the near or subwavelength
regime is a requirement for a single diffraction order to exist
in the transmissive and reflective first-order modes.™ For
the reflected first order, a mirror at the back face of the LGP
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was suggested to recycle the light back toward the LGP. The
recycled light would, by the reciprocity principle, couple
back into the original propagation direction of the light
under TIR conditions, and on a further diffraction be avail-
able for outcoupling in the transmitted first-order diffrac-
tion. The RGBG pixel array and lenticular lens arrays again
were required for verification of the theoretical calcula-
tions. The color space obtained in this study lacked in gamut
as some of the red and green spectra overlapped. The study
by Jak et al.7® improved the situation in this respect. RGB
LEDs were used instead of a CCFL. The gratings were
210 nm deep with a 320-nm pitch. The authors state that
deeper gratings would give better outcoupling efficiency,
but they would be more difficult to fabricate. They also
mention that further optimization is required and that a gain
of three in efficiency is then expected.

Another direction in research is to design grating
arrays that do not separate the colors, as the gratings are
only used to redirect the light. 77~ In this sense, the grating
arrays replace the function of the scattering centers or
microreflectors of conventional backlight LGPs. The advan-
tages of this approach relate to the reduction of components
in the backlight module. Miyamoto et al. have designed a
2.4-in. mobile-phone display LGP that has on its bottom
face a distribution of gratings that has a number of different
grating periods in order to achieve a thin LGP with good
uniformity and small spectral dependence.”” Electron-
beam patterning was used in making the master of the grat-
ing pattern. The uniformity of the LGP was optimized by
distributing the gratings in a statistically simulated pattern
and by using a “directional diffuser” structure that occupies
the space in between the individual gratings. A prism sheet
was required for equivalent illumination efficiency as with a
conventional LGP. S. R. Park and co-workers presented a
similar idea with depth modulation in the grating pattern
instead of area modulation.”™ Only one LED was required
to illuminate a 30 x 40 mm test LGP. UV-embossed sinusoi-
dal 394-nm-period gratings from holographic microdot mas-
ters were used in this study on a PC LGP that was fabricated
by ultraviolet (UV) embossing from a master. The sidewalls
of the LGP were reflection-coated by aluminum sheets, giv-
ing rise to “virtual light sources” that were effectively used
with suitably oriented grating microdots so that efficient
directional outcoupling with about 62% uniformity (85%
simulated; differences were attributed to various manufac-
turing issues of the prototype) could be achieved.

K. Niu et al. proposed a holographic LGP that used a
distribution of light sources and rather steep-angle Wedge&79
A holographic pattern of an optical component was
recorded on the bottom of each constituent wedge, and as
the hologram was reconstructed the reference beam was
directed toward the prospective LCD. The study was done
for a 632-nm wavelength, and the authors do not comment
on the use of this backlight for a full-color display.

4.3 Diffractive color-separating backlights
based on single-type array gratings

The uniform grating approach does not accurately position
the outcoupling grating with respect to the subpixel array,
requiring a high numerical aperture of the lenticular lens
array to confine the spectrally separated color bands to the
appropriate subpixels in the LCD glass.”-76 Therefore, bet-
ter registration between the backlight and the LCD matri-
ces is required, and this can be achieved by making grating
arrays that correspond exactly to the LCD that is intended
to be used in conjunction with the designed LGP. These are
termed single-type array gratings.

D. R. Selviah and K. Wang from the University Col-
lege London proposed a pixel array in place of a uniform
grating.m The modeling study incorporated also a micro-
mirror array beneath the array of outcoupling gratings, at a
10-pm depth, right below the grating array. Figure 6 shows
a schematic of the simulated model. The micromirrors were
160 um wide, based on the modeling optimization. A cylin-
drical lenticular array was designed to direct the light
toward the LCD subpixel array. All the constituent compo-
nents were assumed to be registrated with each other, mak-
ing this study the first of the kind where the pixel grating
array was subpixel-specific. Prospective display properties
were not modeled in the study, and no experimental results
are available.

Y. Zhang and co-workers propose, in another simula-
tion study, a three-level Talbot grating for LCD color sepa-
ration.8! The simulation achieves 85% system efficiency,
and the authors remark that compared to the conventional
LCD system efficiency of 5%, the improvement could be
dramatic. The simulation still shows color mixing at the sub-
pixel level, and the authors suggest leaving the color-filter
array in place in the LCD if this type of diffractive LGP is
applied in a real LCD.
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J. Orava and co-workers present a four-primary dif-
fractive backlight prototype82 where a distribution of grat-
ings was fabricated on a 1-mm-thick PMMA plate and the
gratings with a blazed profile were ultraviolet embossed on
a 20-pum plastic layer on the bottom of the LGP. The dimen-
sions of the gratings were large with an 8-um period and
5-um height, and the authors comment that they could be
considered as microprisms as well. In this 50 x 50 pixel
array, an area modulation scheme was implemented to
improve uniformity, and each subpixel grating was therefore
of different size except in the very center of the LGP. White
balance in the center was good, but toward each of the light
sources, color differences were observed.

4.4 Pixelated diffractive grating arrays
for backlights

Both the uniform grating design and the single-type grating-
based approach require complicated microstructures to be
fabricated both on top, and sometimes, within the wave-
guide. In addition, if a reflector is applied at the end of the
LGP, or light sources are applied at both ends of the LGP, a
complicated, non-standard subpixel structure is necessary
for good color separation. Bearing these difficulties in mind,
Kimmel et al. have demonstrated diffractive grating arrays
based on a new pixelated concept.44’48*83’87 The basic prin-
ciple of the concept is shown schematically in Fig. 7. The
all-diffractive approach is based on individual red, green,
and blue LEDs as light sources, and uniform spreading of
light from the LEDs through fanout structures on the sides
of the LGP along the main grating array. The light is then
coupled out of the LGP toward the active area of the display.

In the first study,44’45 a 1 x 1-cm demonstrator grating
array was fabricated by UV-curing SK-9 on a PMMA sub-
strate. The grating array was a binary one, with one striped
grating structure for each “green” subpixel, and another for
“blue” and “red” subpixels. The “green” grating lines were
perpendicular to the “red and blue” ones, and light was
launched into the substrate also orthogonally, green from
one side, and red and blue at right angles to the green

propagation of light. Side-emitting Osram LEDs were used
as light sources. As the orthogonal coupling makes the light
enter the grating arrays perpendicular to the grating lines
only for the intended spectral band of light, the light is not
affected by the orthogonal, unwanted array. The results
were shown in the form of polar contrast plots, as the light
outcoupling was analyzed by using an Eldim conoscope. It
was clearly visible in the results that the green and blue light
outcoupling was directed toward the user. As expected, the
red outcoupling occurred at an angle of 60°, which was the
limit of detection for the conoscope. By examining the out-
coupling under a microscope, it was seen that the light was
outcoupled separately as green and blue from the respective
grating areas for these primary colors. In this experiment, it
was therefore demonstrated that it is possible to separate
the primary colors using spectrum-specific gratings.

In the following verification study,‘“;’47 Kimmel and
co-workers again used a 1 X 1-cm grating array. This time,
however, a dedicated grating array was fabricated for each
of the three primary colors. Green light was coupled into the
LGP orthogonally to red and blue light, and these latter two
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Journal of the SID 20/5, 2012 253



EZCentast by ELDIM

(c)

|
Byune

EZConviast by ELDIM
FIGURE 8 — Polar-coordinate plots of the light output in Ref. 48: (a) blue, (b) green, (c) red, (d) all combined. The value of
the inclination angle 8 is indicated by the concentric circles in the plots, and the value of the azimuth angle ¢ is shown at
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light sources were again facing each other for incoupling
from the opposite edges of the LGP. The grating array was
now a slanted array with slant directions facing each light
source. This allowed precise control of diffracted orders and
rejection of unwanted diffraction of blue light from the
“red” grating array, and vice versa. The gratings were manu-
factured on a molded substrate of episulfide polymer by UV
embossing the same material on the substrate. This tech-
nique has been proven to be repeatable, and replication of
slanted grating arrays has been demonstrated up to 500
repeats without degradation of the mold or the master.! In
this study, all three primary colors were coupled preferen-
tially toward the user, as evidenced by the polar conoscope
plots of outcoupled light distribution.

Kimmel et al. continued the diffractive pixelated-grat-
ing-array concept onwards and produced a full display-sized
array.48 Again, UV-embossed grating arrays on episulfide
were used in the study. The outcoupled emission shows very
direct outcoupling toward the user, with the full width at half
maximum (FWHM) angular distribution of light at 18-25°.
In this study, the lateral spreading of light was attempted by
the use of fanout gratings. These binary gratings, however,

EZContrast by ELDIM

EZCortrast by ELDIM

did not work as intended. The reasons for this relate to poor
collimation of the light sources and inadequate profiles of
the fanout gratings. Figure 8 shows the outcoupling proper-
ties of the grating array in the form of polar plots as charac-
terized by a conoscope.

The grating array fabricated for the study in Ref. 48
was again used by Kimmel et al. in conjunction with a
Liquavista transmissive electrowetting display (EWD).85.88
An electrowetting display is based on pixel structures that
use electrostatic driving of a liquid-liquid interface, where
one liquid is clear and the other is absorbinf_)r.g9 This experi-
ment applying diffractive pixelated grating arrays on EWDs
was inconclusive as to how the diffactive pixelated grating
arrays could be used together with a display, primarily because
the transmissive electrowetting display was fabricated on
too thick a substrate to effectively confine the light within
the subpixel array in a subpixel-specific fashion. In the
study, a color-filter array was placed next to the LGP and
results showed a possibility to tune the white point of a dis-
play by varying the intensity of the individual red, green, and
blue LEDs.
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Kimmel et al. performed a final study, extending their
pixelated grating array concept to an integrated one.5486 In
this study, a demonstrator grating array was fabricated on a
high-refractive-index glass substrate with a TiOg overlay. A
low-index cladding was spin-coated on top of the slanted
grating array. Diode and He—Ne lasers were used to charac-
terize the demonstrator component. The results show very
sharply directed outcoupling of the laser light. The polariza-
tion state of outcoupling was designed to be transverse elec-
tric for the outcoupled red and blue bands of light, and
transverse magnetic for the green, in order to achieve the
same resulting output state of polarization for all color
bands. The results show that there is a clear difference in
the state of polarization in outcoupling in the red [206%
stronger in transverse electric (TE) than in transverse mag-
netic (TM) outcoupling] and in the blue (78% stronger TE
than TM), but this is not quite good enough for a LCD with-
out a back polarizer. The green TE outcoupling was only 7%
stronger than the TM polarization. The authors state that
the study presents a starting point to design a new paradigm
in LCD manufacturing, as the grating arrays etched in glass
could be used as the back substrate of an LCD. In this way,
the grating arrays would inherently be placed as close as
possible to the subpixel array and cross-talk would thus be
eliminated. Figure 9 presents this concept in a schematic
form. The same demonstrator sample was also used to study
the LGP in LED illumination.87 Prism-coupled red, green,
and blue LEDs were directed to the central area of the grat-
ing array and conoscope measurements showed good direc-
tivity of the light toward the user. There was some leakage
of blue light through the “red” grating array. The authors
state that later simulation studies showed that by taking in
account the exact cladding layer thickness, and by better
control of the etching process, a more precise agreement
with the simulation goals could be achieved, and thus a
color-filterless display without a back polarizer could possibly
be produced by using an embedded diffractive grating array.

Y. D. Yao et al. have presented a pixelated array of Ag
nanowires that have been fabricated with a selected peri-
odicity for each primary-color band. A color-filterless dis-
play can then be manufactured by using white-light sources.
The authors mention the need to use an array of micromir-

rors in the device. Test structures have been characterized
that confirm the expectations of the design, but no complete
display system has been shown.%0

5 Discussion

The motivation for diffractive backlight research has shifted
from early attempts to optimize mobile-display viewing
characteristics!® to the need to radically redesign the dis-
play-manufacturing paradigm in order to achieve energy
savings.44’48’83’87’90 Since especially mobile displays are
becoming otherwise satisfactory for the users, especially
with regard to their image-quality characteristics, their
power dissipation in multimedia use is often excessive, requir-
ing the user to charge the mobile device battery more fre-
quently than what is desired. The uniform grating designs as
well as the single-grating approach for this dilemma results
in cumbersome optical structures, and also sometimes requires
special array arrangements for the display.m’so

Most groups working with diffractive backlights have
used commercial software solutions such as ASAP™ and
GSOLVER™ for designing the waveguides and related
optical structures.85.73.76.80 These programs have limita-
tions as to what kinds of grating characteristics can be mod-
eled. Most often the gratings designed using these software
packages are either binary, or consisting of grating profile
approximations based on layered binary profiles, or sinusoi-
dal. Without precise simulation of non-sinusoidal or non-bi-
nary grating profiles, such as blazed, slanted, or overhanging
gratings, the precise control of the amount of outcoupled
light entering each of the transmitted and reflected diffrac-
tion orders is not possible. The single-type or uniform grat-
ing solutions therefore become complicated, especially
since the reflected orders need to be directed back toward
the waveguide by means of a separate mirror, or sometimes,
an array of mirrors.0 T. Levola has developed, as a part of
his dissertation,*2 a software solution that can take in account
arbitrary periodic structures. This software has mostly been
used in designing near-to-eye optics for virtual-display applica-
tions, 394143 but it also has been an asset in designing
pixelated multi-grating arrays.444‘8’83’87 Slanted gratings
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designed with the aid of this modeling software have per-
formed as expected, and it has been possible to design pre-
cise grating arrays that couple out light effectively to the
respective subpixels in the prospective display subpixel
arrays.

A similar rationale to directing spectrally separated
light toward the LCD subpixel array in a registrated fashion
has been adapted by A. Travis et al. in their wedge wave-
guide that is used as a flat imaging component.?! Instead of
diffractive components, geometric light guides are used in
this study to image red, green, and blue LEDs as stripes on
top of the waveguide. A 3-in. prototype based on a similar
geometric principle was demonstrated by P-C. Chen et al. 92
In contrast to the previous approach, an external cylindrical
lens and dedicated LED housings were used to achieve a
high degree of collimation of the light sources. An RGBG
repeating pattern was proposed for the pixel layout in a dis-
play; 85% of the National Television System Committee
(NTSC) color space was achieved by this system.

It has been already noted that the pixelated-grating-
array approach requires the gratings to be in close proximity
to the modulating subpixel array and that thin displays are
required.m’83 Kimmel et al. have approached this problem
by proposing an embedded structure to be used as the back
substrate of the display, bringing the outcoupling grating
array effectively on the bottom of the LCD subpixel
array.84*86>87 Using normal LCD manufacturing processes,
the backlight would then be integrated in the glass-manu-
facturing stage instead of at the “back end” of module fabri-
cation. The remaining issues with this approach are tied to
the incoupling of LEDs directly into the substrate glass, dis-
tributing the light toward the sides of the display, and most
of all, finding a suitable technique to use replication instead
of directly etching the backlight grating array into the glass
substrate. In the incoupling, there should be a degree of
collimation in order for the output gratings to direct the
light through the subpixel structure with the best efficiency.
Therefore, either an external collimator or an integrated
collimator at the injection area of the LCD back substrate
should be used. In the fanout section, it is not required to
use a grating-based approach, as the respective primary col-
ors are already separated at the light source, and, thus, the
diffractive property of the gratings is not required here.
However, a diffractive approach might be useful even in this
area since the fabrication could be done at the same process
step as for the grating array itself. For the replication of the
grating arrays on a large glass substrate, prior to the display
processing, a solution needs to be found that allows for em-
bossing, nanoimprint lithography, or some other analogous
technique, preferably in a stepwise fashion from a single
master. These technologies are not available today.

Any display with an ideally collimated backlight needs
a diffuser on top of the display to control the viewing angle.55.69
The diffuser should be designed in such a way that the color
purity of the display remains after the outcoupling of light
takes place. Especially in the designs where LEDs are cou-

pled in from different directions, the outcoupled distribu-
tion of the primary color bands may vary according to the
grating orientation. The polarization of the incoupled light
needs also to be designed so that output polarization is uni-
form, despite the orthogonal direction of polarization in one
of the incoupled spectral bands of light. This is important
especially when LCDs are used as the electrooptically
modulating display medium. The overlay structures should
therefore be in some cases either patterned or otherwise
spectrally and polarizationwise anisotropic, in order to pro-
vide the least amount of variation in the chromaticity and
state of polarization of outcoupled light.

6  Conclusions

Ideally, a diffractive backlight will direct the light from
LEDs, via the diffractive outcoupling structure, into the
LCD subpixel array in such a way that the light of the appro-
priate primary spectral band only enters the actual active
area of each respective subpixel, without cross-talk, in a nor-
mal angle to the display surface. The research so far has
approached this goal from several points of view, and while
remarkable progress has been achieved, display modules
with diffractive backlights have not yet been manufactured.
The potential benefit of increasing the energy efficiency of
a diffractive backlight display system by 4.5-6 times com-
pared to conventional display solutions (see Sec. 3) is only
partially realized in the research reviewed in this paper. In
the mean time, advanced backlighting solutions have
emerged, enabling more efficient LCD systems on the mar-
ket for mobile devices.

The most advanced pixelated-grating-array approach
requires a new display-manufacturing paradigm. The LCD
industry should adopt a new manufacturing approach in
order to achieve the proposed benefits of diffractive back-
light design. This involves either accurate registration of the
backlight unit with the LCD panel or incorporating the dif-
fractive backlight into the back substrate of the display
itself. There are many challenges involved with moving to
this kind of manufacturing, and it remains to be seen
whether the demands for energy-efficient display systems
will reach the stage where the LCD industry needs to adopt
this new manufacturing paradigm.

Organic LEDs (OLEDs) are another potential alter-
native in energy savings, and these are increasingly being
adopted as mobile displays. The early disinterest of mobile-
display integrators toward using OLEDs was founded on
the unfavorable differential aging characteristics and the
short lifetimes of the OLED materials. OLEDs have recently
been developed to provide acceptable degradation charac-
teristics for a lifetime of a mobile phone, and simulation
studies have supported the adoption of OLEDs in mobile
phones.? The power dissipation of OLEDs is dependent on
image content, and if the UT style of the device relies on
bright icons on a white background, it suits poorly to apply-
ing OLEDs as the display module. Recently, OLEDs have
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found use in advanced smart-phone models, as the lifetime-
related issues and the user-interface design problems have
been solved by the industry.?

Regardless of what happens in the display industry,
the research has shown that it is possible to challenge an
incumbent paradigm in display manufacturing by utilizing
basic principles of optics, and that by doing so, science and
technology of displays can be further advanced. This requires
access to advanced design tools which are not available in
optics design software packages. Especially the application
of advanced diffractive structures, such as the slanted grat-
ing arrays reviewed in Subsection 4.4, could not have been
designed without a dedicated software package developed
just for this purpose.

The design of diffractive backlights requires interac-
tion with the display manufacturer at the advanced research
and development stage. Demonstrator gratings are expen-
sive to manufacture, and the design should match the
intended display-module structure exactly. Industry col-
laboration with academic researchers seems to be the only
way to achieve actual results that end up in manufacturing
diffractive backlight displays on a product line.
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A novel diffractive backlight concept for mobile displays
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Abstract — Power-efficiency demands on mobile communications device displays have become
severe with the emergence of full-video-capable cellular phones and mobile telephony services such
as third-generation (3G) networks. The display is the main culprit for power consumption in the
mobile-phone user interface and the backlight unit (BLU) of commonly used active-matrix liquid-crys-
tal displays (AMLCDs) is the main power drain in the display. One way of reducing the power dissi-
pation of a mobile liquid-crystal display is to efficiently distribute and outcouple the light available
in the backlight unit to direct the primary wavelength bands in a spectrum-specific fashion through
the respective color subpixels. This paper describes a diffractive-optics approach for a novel backlight
unit to realize this goal. A model grating structure was fabricated and the distribution of outcoupled
light was studied. The results verify that the new BLU concept based on an array of spectrum-specific
gratings is feasible.

Keywords — Active-matrix liquid-crystal display (AMLCD), backlight unit (BLU), diffractive optics.

1 Introduction

Recent developments in mobile communications terminals
and networks have led to increased demands on the power
efficiency of handheld communications devices such as
mobile phones. With the rapid adoption of third-generation
(3G) networks and mobile digital television broadcasts, the
mobile terminal is becoming a major multimedia appliance
for everyday use. The mobile-phone user interface (U1) has
been shown to dissipate roughly one third of the electrical
power of a mobile phone.! Displays especially are a drain on
the current shared by other functions of the mobile termi-
nal, and developments in the display power efficiency are
sought after.2

The backlight is the dominating component in the dis-
play-module power consumption, particularly in the case of
transmissive liquid-crystal displays (LCDs) for multimedia
applications which require higher color saturation and per-
ceived brightness. Current backlight designs are based on
creating a uniform distribution of white light throughout the
display pixel matrix, which in the majority of cases is an
active-matrix liquid-crystal display (AMLCD). Although
this design results in a relatively compact and simple struc-
ture with moderate needs for lateral alignment of the optical
films in the display, a large fraction of light generated in the
light-emitting diodes (LEDs) of the backlight module is
wasted in the absorption of unwanted spectral content in
color-filter arrays, as well as in the opaque areas of the
AMLCD matrix thin-film transistor (TFT) and reflector arrays.
One way to improve the light throughput is to use field-
sequential color (FSC), where instead of separating the
color primaries spatially by arranging them in subpixels,

color is separated in a temporal fashion and modulated by a
monochrome matrix.3 The problem in this approach is the
duty cycle, reducing the effective light throughput in time
to less than one-third of the available frame sequence and
the need for faster and thus more expensive liquid-crystal
materials, TFTs, and driver components.3

Directing the emitted light only to the active pixel
areas where its spectral content matches the respective pri-
maries of the color-filter array would help in curtailing the
power drain of the display module and thus enabling an
increased overall power efficiency in a mobile-phone user
interface.

This paper presents a new diffractive optics concept
for spatially modulated display backlights, such as LCDs,
with color-selective extraction of light matching the respec-
tive primaries of the color-filter pixel matrix. An experimen-
tal study was performed with a striped model grating array
representing a 1 cm by 1 c¢m area of a prospective 2.8-in.
QVGA (320 x 240 pixels) display in order to verify the concept.

2 State of the art of backlight units and
the diffractive backlight concept

2.1  State of the art of backlight units

Early mobile phone backlight units (BLUs) were simply
roughened pieces of transparent polymer, molded to fit the
frame of the display module. In the back of the BLU there
was a reflector film. Hotspots from LEDs could be a prob-
lem, and they were taken care of by darkening the reflector
area near the illuminating LEDs, if at all.4 Later on, with
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increasing legibility demands, glare from the display was re-
duced by directing the specular reflections of the ambient
light out of the viewing direction.” While these approaches
were adequate for monochrome displays, it became appar-
ent with the emergence of color LCDs in mobile phones
that a high contrast and good color gamut with an adequate
viewing angle was to be required of mobile displays.® The
focus of development was shifted to adding collimating
films in mobile and laptop LCDs to control the propagation
of light through the pixel array.7 Concurrently, white (or
“pseudo-white”) LEDs appeared as light sources in color
LCDs, since the previously used green LEDs obviously
could not provide the desired spectral characteristics for the
new full-color Uls.2

Most notably, the BLU light-guide structure evolved,
from the molded polymer component with a roughened sur-
face to precisely engineered plates with efficient incoupling
lens areas®? and statistically distributed scattering centers
made by screen printing on the back of the BLU light guide.
The main improvement, however, came about when the
scattering centers were replaced by microreflectors.10-13
These structures can, in principle, be very efficient direct-
ing most of the light emitted by the LEDs into the AMLCD
color-filter array with better than 80% uniformity.13 Thus,
the state-of-the-art mobile BLU today is a stack of optical
films, with a reflector structure as the bottom-most surface.
The emitted light from LEDs is coupled into the light
guide, and the microreflector structure directs the light
toward the display itself. Two brightness-enhancing films
(BEFs) are typically used, perpendicularly to each other, to
collimate the light through the LCD and to provide a degree
of polarization recycling. The optics stack is completed by
adding the LCD with polarizers on both sides to modulate
the light emerging from the BLU by the AMLCD matrix,
which typically consists of an array of red, green, and blue
subpixels. The main drawback of this structure is that the
light emitted by the white or pseudo-white LEDs is not
separated to the primary-color bands of the subpixels in the
AMLCD matrix. Therefore, in the ideal case, only one-third
of the light in a typical LCD can pass through each pixel.
Furthermore, since the active-matrix TFT array has an
active aperture that is limited by the transistor structure and
in the case of transflective LCDs, also by the reflector area,
the throughput of light is further reduced to roughly two-
thirds of the available illumination through each subpixel.
The LCD polarizer further reduces the throughput to one-
half or less of the light emerging from the BLU. Thus, the
efficiency of the whole array, not accounting for the trans-
missivity losses in the LCD color filter and the material
losses in the optics stack of the display, is on the order of
10%.

To increase the efficiency and to decrease the thick-
ness, polarizing backlights have been proposed.l‘l’19 Also,
several of the functions traditionally incorporated in single
and separate films have been combined as hybrid films.20
This development has led to thin mobile-display structures,

in conjunction with engineering efforts to reduce the overall
thickness of mobile displays and mobile LCD modules less
than 1 mm thick have been reported.2!

Diffractive components have been previously pro-
posed for color-imaging applications.22 These early diffrac-
tive-grating-based systems employed relative coarse groove
periods on the order of several micrometers, and spectral
separation was only possible with an adequate back distance
from the imaged scene.?? In the area of display technology,
holographic films have been developed for mobile LCD
panels to be employed in various functions.$%23-25 These
films use surface-relief holograms to diffract a desired polari-
zation state of light into the LCD panel®9 or to diffuse the
emitted light in a precise way to control the viewing angle of
the display.23-25 These applications of holographic films in
mobile LCD development are examples of using diffraction
in BLU design, and in the polarizing holographic BLU, the
hologram is essentially a submicrometer period diffraction
grating.&9 Diffractive backlights have also been proposed
with a pixelated single-period grating pattern.26 Ray-tracing
models showed that the backlight using the pixelated single-
period gratings requires both microlenses to direct the light
onto the respective pixels and thin micromirrors inside the
grating structure to reflect the negative diffraction orders
back into the desired direction.26 The uniform-sheet
approach in diffractive backlights also would require a len-
ticular lens sheet to direct the spectrally spread emission
from the light sources to enter the desired subpixels in the
TFT array, as the spectral divergence is large.5

2.2 Diffractive backlight concept

Previous studies indicate that high-efficiency gratings can
be manufactured on polymers, in a replicable fashion, for
example, for personal-display exit-pupil expanders (EPEs).27-30
The gratings are made by optical or electron-beam lithogra-
phy on fused silica masters and then replicated by molding.
Thermal or ultra-violet (UV) curing and sometimes emboss-
ing can be used to replicate these gratings multiple times.3?
It is possible to achieve high efficiency, experimentally veri-
fied up to 80%, in outcoupling of light by these gratings by
controlling the light distribution into selected diffraction
orders, and the gratings can be made wavelength-selective
so that only determined color bands of light are coupled out
of the grating structure.’ The EPE studies also indicate
that it is possible to manufacture efficient fan-out gratings
for the distribution of light uniformly along the EPE plate.
It has been shown that the EPE gratings can be replicated
repeatedly, up to hundreds of times from a single master, by
UV embossing.30

Figure 1 shows a schematic outline of the new
pixelated diffractive backlight concept. Incoming light is
fanned out by a grating that is selective for each primary
color, and respective red, green, and blue LEDs are used for
the color primaries. The light is then distributed throughout
the active area of the display by total internal reflection
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FIGURE 1 — Pixelated backlight concept (not to scale).

(TIR). In the active area, an array of gratings couples out the
light into the active aperture of the display pixel matrix. The
separation of color primaries at the pixel level is achieved by
color-specific gratings, and by orienting the green-primary
light propagation inside the TIR light guide perpendicularly
to the red and blue primaries.

3 Model grating design and experiment

3.1 Model grating design

The conical grating equations [Eq. (1)]3L for the light com-
ing from the material 1 to material 2, represented by refrac-
tive indices n and ng, respectively, through a grating
interphase are

ng sin®,, sin@,, =nysin0; sin@;, n

Ny sin®,, cosB,, = ny sin®; cos@; +mA/d,

where d is the period of the grooves in the grating, 6; is the
angle of incidence, 0,, is the diffracted angle with respect to
the surface normal of the plate, ¢; is the incident, and @,,, is
the diffracted azimuthal angle of the light, m is the dif-
fracted order, and A is the wavelength of light incident on
the grating (see Fig. 2). Light that is trapped inside a light
guide due to total internal reflection (TIR) has an angular
intensity distribution that depends on the light source and
on how the light is coupled into the light guide. Because the
diffraction efficiency of surface-relief gratings typically
depends strongly on the incidence angles, a unidirectional
light field traveling close to the TIR limit would provide the
optimum case for controlling the properties of the outcou-
pled light. In practice, the incoupling angles in the range of
0; = 45-65° and @; = —10° to +10° are sufficient for most
cases. The diffraction angles for the outcoupled light of the

Refractive index n; 4
Incident
light -

N\

A O 1)

z Transmitted

Refractive index ns mode

FIGURE 2 — The coordinate system used in grating design.

mode m in the case of n; = n and ng = 1 (air) can be written
as
sin®; sin @;

t =— " Tivvi
P sin®; cos@; + mA/nd @)

sin@,, = Jn2 sin® 8, sin” @; + (nsin8; cos@; +mA/d)>.

Equation (2) shows that the diffraction angles of the
maxima of the diffracted orders of light follow the incident
angle of the corresponding light and are strongly dependent
on the wavelength. The gratings should be constructed so
that they are selective for wavelengths and so that the distri-
bution of outcoupled light can be controlled spatially. If the
grating period is sufficiently small, only the first-order dif-
fractions (m = 1) are present at small azimuthal angles
(@; ~ 0°). Moreover, it can be seen from Eq. (2) that only the
zeroth-order diffraction exists at large azimuthal angles.
This means that the outcoupling of two different wave-
length bands can be decoupled by using gratings with per-
pendicular groove directions. This enables color-selective
outcoupling for two primaries, but leaves the third one
mixed with either one of the first two. Because of the large
spectral separation between red and blue wavelength bands,
it appears attractive to decouple the outcoupling of green
from red and blue with the aid of the perpendicular grat-
ings. For blue-red separation, we need gratings that are
either strongly wavelength or incidence-angle dependent,
e.g., the illumination direction for the red and blue prima-
ries can be from opposite directions.

The condition for light outcoupling along the normal
direction can be obtained from Eq. (2) by setting ¢; = 0,
0,,=0,andm =1

d=2%/nsin®;. (3)

Journal of the SID 16/2, 2008 353



FIGURE 3 — Atomic force microscope (AFM) image of the grating
fused-silica master, showing sections of the gratings used for green and
red/blue primaries.

Equation (3) shows that subwavelength outcoupling
gratings are needed for TIR light guides. Also, it can be seen
that only one wavelength at a given incidence angle is out-
coupled along the surface normal. Because we only have two
different optimized grating periods for green and blue, the
third wavelength band of red light will not emerge out from
the light guide perpendicularly. The outcoupling angle for
the red light is approximately

sin@g =(1—Ag/Ap)nsin6;, (4)

where Ag and Ap refer to red and blue wavelengths. The
grating period for blue would be about 390 nm if the blue
light is to be emitted perpendicularly, but in this case we can
intentionally make the period smaller because then the in-
tensity of red diffracted light becomes smaller. The blue
emission deviates now from the normal at about 20° and red
is at very high angles, more than 50°. The red emission from
this grating is also weak. In optimal grating arrays, the red
light needs its own outcoupling gratings, where the empha-
sis in design would be in weak blue outcoupling. This is one

b)
l Blue LED
Conecscope obiective
Grating Grating
- ) . ;wm |

Green LED LED

' Red LED

FIGURE 4 — Experimental setup (not to scale): (a) schematic view from
above, (b) cross-sectional view.

a)

Red LED
{Blue LED on opposite side)

TABLE 1 — Grating parameters and expected efficiency of the gratings.
| Calculated efficiency of transmitted

. Grati
Primary el Depth p::i:;l mode at 8, = 55°, @, = 0°
Gtem) (am) (nm) TE ™
| Redand | 0.150 | 0,040
be | M1 il - 0.182 | 0.061

Green 59 220 300 0.204 0044

possible way for spatial separation of blue and red wave-
lengths. The incoming angle 6; should be selected so that
the whole wavelength band of the LED emission will be
confined inside the plate due to TIR. The angular distribu-
tion of the LED emission typically will be the dominating
characteristic in the respective angular distribution of the
output coupling, due to the relatively narrow wavelength
bands of LED emission.

3.2 Model grating experiment

A small binary grating structure of 1 X 1-cm square, with
50% filling ratio, was fabricated on a plate of 1-mm-thick
polymethyl methacrylate (PMMA) in a mold using UV-cur-
able material SK9 at NanoComp Oy in Joensuu, Finland.
The grating parameters as well as the theoretical outcoupled
efficiencies for the gratings are shown in Table 1. The result
is a stripe array with one grating used for both red and blue
and one for green (Fig. 3). The red and blue light are directed
to the grating from opposite corners of the grating area, and
green perpendicularly to these. The grating directions are
45° and 135° with respect to the stripe orientation.

Osram LEDs were used as light sources.3%33 The
LED parameters are shown in Table 2. Small, 0.6-mm-thick
LEDs were used for efficient coupling of light into the sheet
of PMMA.

Figure 4 shows the experimental setup. The LEDs
were mounted on the sides of the grating plate, and ordinary
butt-coupling was used to launch light into the plate of
PMMA which then acted as a TIR light guide. The diver-
gence of the LEDs was utilized to partially fan out the light
across the grating area. The grating plate was placed in front
of an Eldim EZLite 120 R conoscope and polar plots of light
intensity were obtained for all individual colors as well as for
the combined red, green, and blue LEDs all on.

TABLE 2 — LED parameters (Refs. 32 and 33).

Honsinant |- I._,umin?us Lum.inuus
Primary | wavelength FWHM?* | intensity | efficien cy
L (nm) at 20 mA (Im/W)
(nm) (med) (typical)
Red 625 19 180...900 43
Green 528 33 560... 1800 36
Bluc 460 25 | 90..28 | 11

FFWHM: Full width at half maximum.
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FIGURE 5 — Polar coordinate plots: (a) blue, (b) green, (c) red, and (d) all combined.

4  Results

Figure 5 shows the polar plots obtained with the Eldim
EZContrast conoscope. It was found that the joint grating
for red and blue coupled out blue light, significantly better
than the red, to the viewing direction. The red outcoupling
was preferential in an oblique angle. The green outcoupling
was also observed in an angular range directed effectively
toward the viewer. The division of the outcoupling was
clearly visible as can be seen from Fig. 6. The green light
coupled out of the narrow grating stripes, and the blue and
red coupled out of the double-width grating stripes. The red
outcoupling could not be photographed because the light
coupled out of the aperture of the microscope. Because we
did not have a fan-out grating in this experiment, it is clear

that the uniformity of illumination was not very good. There
was a visible streak of light in the middle of the structure for
the blue and green primaries showing efficient outcoupling
of light. The red emission streak was observed only by view-

a) b) c) dj

FIGURE 6 — Microscope image of the outcoupled light from the grating
array: (a) blue LED on, (b) green LED on, (c) blue and green LEDs on,
and (d) optical microscope image.
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TABLE 3 — Angles about the zenith of the outcoupling maxima in the
model grating experiment.

5 Angle of maximum
Primary .
- outcoupling (°)
Blue 15.0
Green 10.5
Red 58.0

ing the grating array obliquely from the LED side of the
grating plate.

Table 3 summarizes the results of the measurement
with the conoscope. Grating efficiencies were not charac-
terized, but the luminance values in the conoscope results
(over 1400 cd/m2, all LEDs on) show that the emission from
the gratings would be adequate for a mobile LCD BLU at
least for the blue and green primaries, if properly arranged
uniform lighting were to be implemented in a real BLU
design.

Compared to the outcoupling characteristics expected
from theory, it is evident that the angular range of outcou-
pling falls within the theoretical outcoupling range. The
intensity distribution of outcoupled light shows that the
conical grating theory explains the emission adequately. The
outcoupling was very narrow in the azimuthal direction for
the outcoupled bands of light for each primary color. The
direction of the outcoupling for the red was near the maxi-
mum measurable angle of the conoscope (60°), and there-
fore the actual value is only estimated to be near that
maximum angle. For an accurate analysis of the outcoupled
distribution, comparing it to theory would require more
extensive modeling. For the purpose of verifying the diffrac-
tive BLU concept, these experiments are adequate.

5 Conclusions

In principle, the results show that a diffractive BLU concept
based on a pixelated structure of gratings with grating
parameters selected for the respective primary colors of the
backlight light sources is possible.

Ttis clear from the results that the blue and red grating
used as a joint outcoupling structure is not effective for both
bands of light. This was expected also from theory. There-
fore, a dedicated grating for each primary color is needed.
The original principle of separation of green and blue by
having the green grating perpendicular to the red and blue
grating was working, and the rejection of unwanted radia-
tion from both gratings was observed.

With a fan-out grating, the directive effect of the light
emission could be spread out throughout the structure,
most likely giving good outcoupling characteristics and a
good uniformity across the whole backlight module. A dif-
fuser would be needed on top of the display stack to control
the eventual viewing-angle characteristics of the display.
Also, in an actual BLU based on grating arrays, a degree of
modulation based on the diffraction efficiency or the pro-

portional area of the grating with respect to the intended
subpixel needs to be designed in the BLU to improve the
uniformity of the illumination.

The concept presented in this study could effectively
reduce the display backlight power dissipation significantly
to enable slimmer, smaller and smarter mobile phones with
brighter video-capable displays. Ideally, compared to the
state of the art, by directing the respective primary spectral
bands of light from the red, green, and blue LEDs through
their respective color subpixels, the efficiency of a display
system could be increased from roughly 10% of today’s to
nearly 100%. Furthermore, by using dedicated primary
color lights sources for red, green, and blue illumination,
controlling the display color space and optimizing the power
usage of the display would be easy to realize by software
means. The resulting structure of the BLU would in princi-
ple also become simpler by using diffractive light guides
because there is no need for collimating films between the
BLU light guide and the LCD. However, there remains the
need to register the BLU and LCD subpixels on top of each
other, which adds an alignment step in manufacturing. In
addition, for best efficiency and for best rejection of cross-
talk, slanted gratings30 would be required for all respective
primary colors in the BLU array, making the master-grating-
array manufacturing a complicated process.

Expanding the scope of pixelated diffractive BLUs
beyond mobile-phone use would impose demands on align-
ment accuracy, and thermal-expansion issues in large-area
systems such as in LCD-TV displays would especially
require special attention.

We aim to further study larger structures based on
more complicated and truly pixelated grating arrays. Also, a
verification of a fan-out grating is needed to determine the
feasibility of the concept to be integrable in a real display.
Studies with actual displays in conjunction with these back-
light structures are in the planning phase.
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Diffractive backlight grating array for mobile displays

]yrki Kimmel (SID Member)
Tapani Levola (SID Member)
Pasi Laakkonen

Abstract — The display backlight unit (BLU) is the most power-consuming subunit in mobile liquid-
crystal displays. The state-of-the-art BLUs utilize scattering, refractive, and reflective microstructures
to generate a uniform distribution of white light through the display. More effective means of trans-
mitting light through the display color filters could be obtained by using diffraction, but previously
proposed diffractive backlights do not fully utilize all the possibilities to design gratings effectively for
optimal color separation and outcoupling. This paper presents a new pixelated diffractive backlight
grating array as an approach for overcoming these obstacles in BLU design. A model array was fabri-
cated to couple out red, green, and blue primary colors from the respective subpixel locations. The
results show that it is possible to manufacture such an array and that the light couples out as intended,

giving a starting point to design mobile-display modules with low light-transmission losses.

Keywords — Active-matrix liquid-crystal display, backlight unit, diffractive grating array.

1  Introduction

Display backlights in mobile devices consume the majority
of electrical power in the mobile-device user interface.l-2
For the best user experience, itis important to find solutions
to reduce the power dissipation of mobile devices, and the
backlight unit (BLU) is the most obvious subunit of interest
in improving the power efficiency of mobile-display-module
design. The demand to reduce the power consumption of
mobile-phone displays is increasing also due to the new use
models of mobile devices that have risen due to the adop-
tion of new mobile services such as video telephony, imag-
ing, gaming, and navigation. These applications generally
demand a higher-resolution display while keeping the size
of the display still pocketable; thus, pixel density is increased
and the active aperture area of each color subpixel is
reduced. This in turn means that the transmission of light
through the display structure is getting proportionately
lower.

Present state-of-the-art commercial BLU designs use
scattering, refraction, or reflection for light outcoupling.
The backlights are designed to provide a uniform distribu-
tion of white light that exits the BLU front face in a control-
lable manner. However, a lot of the available light is wasted,
as this broad spectrum of essentially white light is spread
along a pixel array of primary color filters that pass through
light of their respective primaries, usually red, green, and
blue.

Diffractive backlight concepts have been proposed
recently where a grating pattern is formed on a backlight in
a pixelated fashion.3=8 One of the objectives, besides improving
the luminous efficiency of the display module, has been to
design a BLU that allows a display module design with no
color filters.3 In these previous studies, either the grating
pattern diffracts the entire visible spectrum and has poor

control of the diffraction orders, resulting in a complicated
structure with microlenses and micromirrors,3 or the grat-
ings have been used in a spectrum-specific fashion but not
in a fully pixelated Way.4’5

This paper builds on the previous study of Kimmel et
al. A5 where a striped grating pattern was manufactured to
demonstrate the feasibility of the diffractive-grating-array
concept. This paper extends the striped grating pattern pre-
sented in Refs. 4 and 5 to a fully pixelated one. The expected
benefits of this approach rely on results of a related study by
Levola and Laakkonen that proved that it is possible to con-
trol the diffraction orders of incoming radiation of light in
the visible range by using slanted gratin,g;s.T These gratings
have also been demonstrated to be replicable, giving a real-
istic outlook on manufacturing diffractive grating BLUs.”

A 1 x 1-cm array of gratings, 56 X 3 x 56 subpixels,
representing a subsection of a proposed 2.8-in.-diagonal
QVGA (320 x 240 pixels) display, was designed and manu-
factured by UV-embossing on an episulfide polymer light
guide to verify the principle of the new backlight concept.
The results show that it will be possible to design and manu-
facture a full mobile-display backlight using a similar array
extending to the complete active area of the display. These
results are applicable to displays that modulate the light
from an external light source, in a manner that a liquid-crystal
display (LCD) modulates the intensity of light from the
BLU. Moreover, the diffractive approach is most beneficially
suited for such displays where the active area is divided in
subpixels that pass light corresponding to the selected pri-
mary colors of light, usually red, green, and blue. Other
approaches, such as field-sequential displays (FSC) have
been proposed to reduce power consumption,® but since
these displays modulate the color-specific subfields of light
in a temporal fashion, the grating array approach will not

Extended revised version of a paper presented at EuroDisplay 2007 held September 17-20, 2007 in Moscow, Russia.
J. S. Kimmel and T. Levola are with Nokia Research Center, P.O. Box 1000, Visiokatu 1, 33721 Tampere, Finland; telephone +358-50-483-5484,

fax +358-71-803-5322, e-mail: jyrki.kimmel@nokia.com.
P. Laakkonen is with NanoComp Ltd., Finland.

© Copyright 2008 Society for Information Display 1071-0922/08/1608-0863$1.00

Journal of the SID 16/8, 2008 863



apply to FSC displays. An important category of mobile dis-
plays is the organic light-emitting diode (OLED) display.%-10
In these displays, the light emitted by the display is gener-
ated directly at each subpixel, and grating arrays will not be
required in these displays either. The power consumption of
OLED:s is highly dependent on the content to be displayed,
as the electric power is transduced to emitted light for the
most part only at the lit subpixels. The power consumption
of LCDs does not, in the fundamental and most usually ap-
plied configuration, depend on the displayed content, and
thus power reduction by use of the proposed subpixel-spe-
cific grating arrays is a widely applicable concept in mobile
LCDs.

2 State of the art of backlight light guides
and the pixelated BLU concept

2.1  State of the art of backlight light guides

The purpose of the backlight unit (BLU) is to gather the
light from the available light sources, spread it along the
BLU to form a uniform output pattern, and to launch the
light into the display component itself. The light guide
inside the BLU is the key component in the main tasks of
the BLU. The input region of the light guide gathers the
light from the light-emitting diodes (LEDs) or other suit-
able light sources and provides the initial direction to which
the light is launched. Launching the light into the light
guide requires careful engineering of the incoupling region
to provide for minimal loss of light,!! and already systems
with adequate luminance for lighting a mobile display from
only one LED have been proposed.'2 The light guide itself
is a molded piece of transparent plastic that guides the light
emitted by the light sources inside the light guide itself by
total internal reflection (TIR). Outcoupling is generally dis-
tributed throughout one of the surfaces of the light guide in
order to provide an efficient and uniform way for the light
to enter the display component, in most cases the LCD.
The earliest voice-based applications for mobile
phones only required the number to be called to be shown
on the display. Simple segment or alphanumerical displays
with icons were sufficient for this purpose, and these could
be lit by monochrome LEDs. Therefore, the light-guide
design was also very simple, most often only a roughened
plate of molded transparent plastic was used. Possible hot-
spots could be removed by dimming the reflector area close
to the input coupling area of the LEDs.13 As the power con-
straints became more severe, and as the legibility of the dis-
play needed improvement, more advanced light-guide
designs were required. Holographic reflectors were used to
steer the glare of ambient-light sources away from the
user,14 and groove patterns on the top of the light guide
were beginning to be used.!”> These approaches still satis-
fied the users of the second-generation mobile services, as
even the games were very simple, and short message service
(SMS) was the main feature of advanced communications in
the phones.g>10 As the first color-screen phones appeared on

the market by the end of the 1990s, also wide spectrum light
sources such as white LEDs and miniature cold-cathode
fluorescent lamps (CCFLs) were used in more advanced
products.®1% The light-guide design also required better
uniformity and spectrally independent output characteristics.
Light guides quickly started to apply more advanced features
such as statistically distributed scattering centers, reflecting
and refracting output coupling designs,15 and, finally, microre-
flector and refractor arrays.m*17 This development, along
with the application of collimating films, resulted in highly
efficient light guides with good uniformity.!® However,
these BLUs, when viewed through the entire display struc-
ture, could transmit only a few-percent transmission of the
light from the LEDs to the viewer. This is because the light
was treated as a uniform “sheet” of white light that then was
steered through the LCD TFT array.15 There, the color fil-
ter, active aperture area, and the polarizing character of the
LCD resulted in a total theoretical loss of 90% even when
not counting in the material losses of the polarizers and the
color filters.

Additional efficiency has been sought by studying
polarizing backlights!'9-22 and diffractive backlights.>-6.11.23
Integration of several films in the backlight is now a trend,
and hybrid functionality is employed in a single film, giving
good potential to thinner display backlights.2+2> Total thick-
ness of an LCD module below 1 mm has been reported,
indicating rapid advancements in the integration of display
modules.26

2.2 The pixelated BLU concept

The pixelated BLU relies on a new diffractive light-guide
structure that integrates the incoupling and outcoupling
functions of the BLU light guide. In contrast to previous
studies on diffractive light guides that are generally based
on single-period, pixelated or uniform, gratings that extend
under the entire display active area,3-0-11.23 the new diffrac-
tive light guide presented in this study is based on individual
gratings that correspond to the display-component TFT-ar-
ray subpixel structure. Previous studies by Levola and
Laakkonen indicate that it is possible to manufacture small,
slanted grating arrays and grating patterns where the slant
directions even oppose each other. These structures have
been proven experimentally to be replicable by UV-emboss-
ing. Up to over 500 replications from a single master grating
has been demonstrated without degradation to either the
master pattern or the replicated grating itself.” This, and the
previous study on striped grating arrays, %5 lead to the con-
clusion that a fully pixelated array for mobile displays is pos-
sible to be manufactured.

Figure 1 shows the new BLU concept in broad detail.
Light from red, green, and blue LEDs is launched into the
BLU from different corners of the BLU. The light is then
spread out into uniform beams propagating in the backlight,
by fan-out gratings. A pixel array of gratings is then used for
outcoupling the light toward the LCD pixel array. With
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FIGURE 1 — Pixelated backlight concept, not to scale.

polarizing gratings, there would be no need for a polarizer
between the BLU and the LCD. Also, by designing the BLU
grating array to pass light through the active aperture area
only, it is possible to prevent unwanted light from hitting the
areas outside the active aperture of the LCD pixel, such as
the transistor or reflector areas of transflective LCDs. Since
separate gratings are used for red, green, and blue prima-
ries, with good control of crosstalk, the light of the primary
colors is only passed through the spectrally respective sub-
pixels. An optimal design of these backlights can reduce the
power consumption of the mobile-display backlight drama-
tically due to these inherent benefits of the diffractive BLU
concept.

3 Grating-array design

A 56 % 3 x 56 subpixel (1 cm?2) model array was designed for
verifying the concept of the pixelated diffractive backlight.
The individual grating structures had a 50% filling ratio, and
the slanted gratings were designed using the principles
presented in Ref. 7. To take in account a possible use in an
LCD, the red and blue gratings were designed for TE
polarization, and the green grating for TM (due to the
orthogonal direction of propagation of the green light). The
grating parameters are summarized in Table 1. Since epi-
sulfide was intended to be used as the substrate, the

TABLE 1 — Grating parameters.

Gratin Grating
. Width Depth 2ng slant
Primary period R
(um) (nm) direction
o) )
Red (640 nm) 54 340 530 +45
Green (525 nm) 54 340 430 +20
Blue (460 nm) 54 240 375 -45

parameters were defined for the high refractive index (n =
1.717 at A = 525 nm) of this polymer.

The goal of the grating design is to maximize the out-
coupling and to minimize the crosstalk of different colors.
The groove orientation of the green grating with respect to
blue and red grating grooves is 90°, which eliminates effec-
tively any crosstalk between green and blue as well as green
and red light. The crosstalk between blue and red is more
problematic but can be solved reasonably well using slanted
gratings that have their slanting angles at opposite direc-
tions. The polarization of the outcoupled light has a pre-
ferred direction and in this case it seems to be most
convenient that blue and red are coupled out using TE cou-
pling and green using TM coupling because the green grat-
ing vector is perpendicular to the blue and red ones, and
therefore all the gratings produce the same polarization
with respect to the pixel array. As the green outcoupling is
well separated from the blue and red ones, it can be opti-
mized by itself taking into account coupling efficiency and
angular dependence. Generally, it is assumed, also in the
cases of blue and red light sources, that the average angle of
the beam inside the waveguide is 50° with respect to the
plate normal. In practice, this would be achieved by cutting
the edge of the light-guide plate to the desired angle and
placing the light source at normal incidence to the cut edge.
The beam has naturally some divergence, but this issue can
be optimized by adjusting the grating shape.

In the design of the blue and red gratings, the main
problem is the crosstalk of these colors. With the parame-
ters in Table 1, the rigorous calculation reveals that diffrac-
tion efficiency of the blue light from the red grating is about
1/3 of the efficiency of diffraction of red light. The main part
of this crosstalk is due to the second-order diffraction which
alters the propagation direction of the beam. This second-
order mode does not exist in the diffraction of red light from
the blue grating. Therefore, the diffraction of red light from
the blue grating is practically zero. Figure 2 shows the result
of ray-tracing modeling for a blue point light source with a
cosine law output radiation distribution, for several edge-
cut angles of the light-guide plate, giving the output charac-
teristics of the diffracted radiation from the “blue” and “red”
gratings.

Finally, to fabricate the grating-array prototype, the
dimensions of the individual subpixels in the grating-array
design were intended to match a prospective pixel structure
in an actual display, and taking in account the area required
for the display pixel electronics and reflector structures, the
individual subpixels were 54 x 135 um each, in a 177-pm-
square matrix, arranged periodically to red, green, and blue
subpixels.

4  Grating-array prototype and characterization

The grating master was manufactured on fused silica by
Nanocomp Oy in Joensuu, Finland, using lithographic
manufacturing methods.27-29 The starting point for the
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FIGURE 2 — Modeling of the output characteristics of the “blue” and
“red” gratings for a blue point source with wavelength A = 460 nm (a)
Output intensity of blue radiation from the “blue” grating and “red”
grating as a function of the edge-cut angle and (b) the output angle of
the maximum intensity of outcoupling for blue light as a function of the
edge-cut angle.

processing was a SiOg plate with a size of 5 x 5 x 0.09 in.
added with a 100-nm-thick chromium layer. On the top of
the chrome a ZEP520 resist was spin coated to 200 nm
thickness followed by the resist baking process. The resist
exposure was performed by using a Gaussian electron-beam
lithography process. After the resist development process
with the resist manufacturer’s resist solutions, the resist
grating on chrome was obtained. Then, the resist layer was
transferred into the chrome layer by a standard chrome dry-
etching process and a rigid grating structure for the follow-
ing processes was obtained in chrome layer.

In order to manufacture gratings into three slanting
angles, a masking process is needed. For this, three separate
amplitude masks with a size of 6 x 6 X 0.09 in. were manu-
factured by using the above-mentioned process. The only
difference was that the grating apertures for R, G, and B
pixels were transparent for light (and the other area in the
amplitude mask was dark). In all masks the alignment marks
were manufactured during the lithographic processing for
the following alignment process.

After manufacturing the amplitude masks, the grating
master was spin coated with a 500-nm-thick standard pho-
toresist. Then a mask aligner with the manufactured ampli-
tude mask was used and opened the “B” patterns from the
resist (on the top of the chrome grating layer). The develop-

ment of the photoresist was made by using a standard
NaOH developer solution. After opening the “B” pixels the
mask was used in a reactive-ion e-beam etching equipment
by adding fluorine compounds in the ion beam. This pro-
vides better than 10:1 selectivity between SiOg and Cr, and
consequently the etching of the slant with an oblique inci-
dence angle was easy and slanted gratings were obtained in
SiOg. After the etching process, the photoresist was removed
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FIGURE 3 — Scanning-electron-microscope images of the replicated
grating array (a) “Green” grating lines at right angles to the “red” grating
lines and (b) “blue” and “red” grating slanting directions in opposite
directions to each other.
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FIGURE 4 — Microscope image of the grating array.

by a strong NaOH solution and the process was repeated for
“G” and “R” pixels. Finally, when all the gratings were
etched into SiOg, the remaining Cr layer was removed by a
standard chrome wet-etching solution.

In order to manufacture replicas from the manufac-
tured SiOg master, an anti-adhesion layer is needed. For this

Blue LED
Green
LED ;
Grating

| array
(@) 5 Red LED
Conoscope objective

LED Mﬂg

Green

114 array
Red LED
(b) (Blue LED on opposite side)
FIGURE 5 — lIllumination setup for the conoscope measurements. (a)

Top view, (b) side view.

TABLE 2 — LED parameters (Refs. 31 and 32).

Dominant Luminous
LED | wavelength F(:IVHI]{)E/I intensity at
(nm) 20 mA (med)
Red 625 19 180—900
Green 528 33 560—-1800
Blue 460 25 90-280

*FWHM: Full width at half maximum.

the SiOs master mould was anti-adhesion treated with a
standard process by immersing the sample in a 0.2% solu-
tion of tridecafluoro-1,1,2,2-tetrahydro-octyl-trichlorosi-
lane by using methyl-nonafluoro-butylether as the solvent
for 10 minutes and then immersing in pure methyl-nona-
fluoro-butylether for 10 minutes. The drying of the mask
was done under nitrogen atmosphere. The chemical formula
of tridecafluoro-1,1,2,2-tetrahydrooctyl-trichlorosilane is
CF3(CFyg)5(CHg)9SiCl3 and methyl-nonafluorobutylether
was commercially available under the trade name “HFE-
1700” by the 3M Minnesota Mining & Manufacturing Co.
This anti-adhesion layer is suitable for hundreds of the rep-
lication processes with plastic epoxies.

The array prototype was manufactured by ultraviolet
(UV) embossing on episulfide polymer (Mitsubishi Gas
Chemicals) in the laboratory at Nokia Research Center in
Helsinki. The grating substrate was an episulfide plate,
about 1 mm thick, and the UV embossing was made in a
Spectrolinker XL-1500 UV Crosslinker, on a hot plate
heated to 60°C. After the anti-adhesion treatment, the
slanted gratings with three angle directions were replicated
from the SiOg mould.3 Small parts of thermally cured
episulfide material were used.” The SiOs master mould was
then placed on a metallic plate having uniform temperature
of 60°C, and a small drop of UV-curable episulfide was dis-
pensed with a pipette on the grating master. After this, the
plastic substrate was placed on the UV-curable episulfide
droplet without applying any pressure, and the whole
assembly was cured with an UV energy of approximately 120
mJ/em? (the UV lamp spectrum had the maximum at Ayy =
360 nm). The replica was separated by peeling off with a
knife from the plastic substrate edge and no separation
problems were observed even though the individual grat-
ings in the mould had slanting angles to the opposite direc-
tions. The resulting gratings could be replicated without
visible degradation, as can be expected from Ref. 7. The
obtained replication result proves that the slanted replica-
tion even with three directions is possible with good quality.
Figure 3 shows SEM images of the replicated gratings. The
gratings were scribed from the back of the sample and bro-
ken apart giving a sharp edge for SEM profile images.

Figure 4 shows an image where single 0.6-mm Osram
LEDs (red, green, and blue31:32), were placed at the edges
of the display to illuminate the grating array. The light out-
put of the LEDs was partially collimated toward the edge of
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the array plate by using 2-mm ball lenses (Edmund Optics).
The image was taken with an Olympus digital camera
mounted on a microscope. The LED parameters are shown
in Table 2.

TABLE 3 — Angles about the zenith of the outcoupling
maxima in the grating-array experiment.

: Angle of maximum
Primary <
outcoupling
)
Blue 20
Green 15
Red 17

The same illumination arrangement as in Fig. 4 was
used in the characterization of the grating array (Fig. 5). The
array was placed in front of an Eldim EZLite 120 R
conoscope for measuring the angular distribution of the
light output of the array. Conoscope measurements were
performed for the individual primaries keeping the respec-
tive LED on, as well as for the “white” output keeping all
LEDs on. The luminace levels with all LEDs off were neg-

ligible.

5 Results

The results of the characterization of the grating array show
that the individual gratings used in the array performed as
expected from the grating design. By visually examining the
microscope image of the entire array, it can be seen that
there is some leakage of blue into the red pixel, and in the
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green illumination there is a slight shroud of light coupling
out of the red and blue pixels. The exact amount of leakage
was not measured. Figure 6 presents the results of the
conoscope measurements. From these images, it is clear
that the individual primaries are coupled toward the viewer
quite effectively. Table 3 summarizes the conoscope meas-
urement results. The individual color bands coupled out
slightly obliquely, and the output distributions were narrow
in cross section. A shroud of stray light was observed for all
primary colors.

6 Discussion

There is a clear improvement over our previous results in
the outcoupling of the individual primaries.‘lv5 Especially
red is now directed toward the viewer instead of exiting in
an oblique angle. This was expected due to the fact that the
pixelated design includes an individual grating with a prop-
erly oriented slant angle for both red and blue primaries.
Furthermore, from examining the microscope images of the
grating output, it can be seen that the majority of the light
is coupled out from the intended color-specific subpixel
areas. Therefore, the light output is almost totally confined
to the actual active area of the subpixel. The experimental
results show a good correspondence with the modeling of
the grating designs. Although we used a ball lens for improv-
ing the input coupling, the modeling results shown in Fig. 2
are not affected by the input coupling conditions to an
appreciable degree. The effect of the edge-cut angle is much
more prominent in affecting the output distribution.

Certain drawbacks are apparent in the initial design.
Since the angular dependence of the light output is differ-
ent for the individual colors, it is expected that a diffuser is
required on the top of the display to reduce the color coor-
dinate shift with viewing angle. This aspect requires further
study. The output polar coordinate plots also show diffuse
light output to unwanted directions, seen in Fig. 6 as dark-
gray areas. The exact reasons for this have not been investi-
gated, but the most likely reason is that since the LEDs
were unpolarized, the uncoupled light of the unwanted
polarization for each primary scattered into the viewing
cone from the edge areas in the individual grating subpixels.
In addition, since the grating input angle was optimized in
the design of the gratings at 50°, the incoupling from the
end face of the grating array was not the best possible one
to achieve efficient outcoupling. Stray light from forward
propagating modes that were not affected by the presence
of the grating array may be one factor in the appearance of
the extraneous light.

This is the first study to demonstrate the feasibility of
using a slanted grating array in a BLU. It is planned to
extend the studies of slanted grating arrays for BLUs to full-
mobile-display-size grating arrays and to incorporate an
effective fanout section for each primary color on the sides
of the display to demonstrate the feasibility of the complete
concept. The results of this study indicate that the pixelated

grating-array concept is a feasible one, and that by expend-
ing effort in proper design of the backlight unit it is possible
to create a mobile display with improved power efficiency.
Furthermore, the localization of the outcoupling of the pri-
maries to the respective active areas of the subpixels makes
it possible, by proper matching of the light sources and the
gratings, to create BLU designs without a color-filter array
in the display matrix itself.
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Abstract: Power efficiency of mobile terminals has become a
limiting factor of user interface development, as consumers expect
a full internet experience from their mobile multimedia terminals.
The backlight unit is the most power-hungry subsystem in the
mobile user interface, and improving the system efficiency of the
displays by designing novel backlight light guide plates has great
potential in enabling future mobile multimedia terminals. This
study presents a diffractive optics approach with experimental
characterization of a new backlight light guide plate with
spectrum-specific gratings for each subpixel of the overlaying
display.
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Introduction

Recent developments in mobile communication terminals
have made it possible to effectively utilize the mobile
phone as a multimedia device [1], and the development of
mobile networks and wireless broadband services support
the data transfer of multimedia content both to and from the
mobile terminals. Today’s mobile user can expect a
reasonable mobile internet experience, and consequently
the user interface needs to support the consumption of and
interaction with mobile multimedia. Power consumption
has become a limiting factor of mobile multimedia use, as
the display needs to be on for appreciably longer periods of
time as compared to the basic telephone call function of the
mobile device. The display backlight unit (BLU) is the
most power-hungry subsystem of the user interface [2], and
power savings in the BLU are an intensive area of research.

The backlights of the common liquid-crystal displays
(LCDs) of today’s mobile phones are usually based on a
light guide plate (LGP) with scattering centers or
microreflectors distributed statistically across one face of
the LGP. Light traveling under total internal reflection
(TIR) conditions scatters or reflects toward the display
when impinging on these structures, and the user sees the
image on the LCD as the incoming light is modulated by
the display. Since most commonly the LCD is divided into
subpixels designed to filter light of the respective color
primaries, a lot of the light is wasted in the absorption of
the color filter, as well as in absorption of the masked areas
of the display. Kimmel et al. developed a concept based on
diffractive optics to direct the light from red (R), green (G),
and blue (B) light-emitting diodes (LEDs) into the
spectrum-specific subpixels of the display matrix [3-6].
This concept was experimentally verified to be feasible by
using 1 cm?” sized model gratings. The full concept requires
a BLU made to conform to a prospective display, as well as
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fanout structures to spread the light into the whole LGP. In
this study, both these advancements have been fabricated,
to be implemented in a prospective 128 (x3) by 160 pixel
mobile display.

Diffractive Backlight Design and Fabrication

Diffractive backlights have been previously proposed with
a pixelated but uniform grating structure [7]. This approach
and other studies in diffractive BLUs require additional
microlenses, micromirrors, and even dedicated display
matrices [8] to effectively utilize the spectral separation of
the colors. This paper extends the work done on grating
arrays published before by Kimmel ez al. [3-6] in that for
the first time, a full display sized diffractive LGP without
mirrors or microlens structures was fabricated. A mobile
display module with 128 by 160 pixels with red, green, and
blue (R, G, and B) subpixels in portrait orientation was
used as the basis for the design. For each subpixel, a slanted
grating was designed to diffract light of the corresponding
spectral band toward the respective subpixel. The display
parameters are shown in Table 1, and the grating
parameters are shown in Table 2. In order to achieve good
uniformity across the LGP, area modulation was used in the
subpixel structure so that pixels closer to the light source
only used a small portion of the center of the subpixel
transmission window as an active grating area, and this area
was increased toward the end of the array, so that 100%
modulation was achieved at the end farthest from the light
sources. Fanout grating arrays in a double bowtie
arrangement were provided along the sides of the LGP to
spread the incoming light from the LEDs used as light
sources. These gratings were binary, with 50 % fill factor.
Figure 1 shows the design in detail.

Table 1. Prospective display parameters for the
backlight grating array.

Resolution 128 (x3) by 160
Pixel size 222 um by 222 pm
Active area 29 mm by 36 mm
Display glass thickness 0.63 mm

A 52 mm by 54 mm LGP for the BLU was fabricated in the
clean room at Nanocomp Ltd. in Joensuu area, Finland,
from a fused silica master, on a 0.65 mm thick episulfide
polymer substrate. The active grating matrix as well as the
fanout gratings were manufactured by ultraviolet
embossing from episulfide on top and bottom of the
substrate, respectively, similarly to grating arrays reported
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in previous work [4, 6]. The edges of the LGP were in front of a calibrated Eldim EZLite 120 R conoscope at a
beveled to 45 degrees to allow efficient coupling of LEDs location with maximum emission intensity. Polar plots of
to the LGP, in order to spread the light in the fanout the outcoupled angular light distribution were obtained by
structure. the conoscope for all individual primary colors as well as
Table 2. Grating parameters. for all RGB LEDs on at the same time.
Results
Primary Width by | Depth | Grating | Grating . . X R R R
length (nm) | period | slant By visual inspection, it was evident that the fanout gratings
(nm) direction spread out the light only weakly, and streaks of light were
(degrees) prominently visible across the display from the incoupling
Red (640 nm) 111 pm 340 330 45 points of the LEDs (see Figure 3). Figt_lre 4 summarizes the
by 59 um conoscope measurements. In addition, the angles of
detected maxima of the angular distribution, as well as the
Green (525 59 umby | 340 430 +45 measured full angular width of emission at half maximum
nm) 11 pm intensity (FWHM) of outcoupled light are shown in Table
Blue (460 nm) | 111 um 240 375 -45 3.
by 59 um
Red fanout 10 mm by | 450 360 0
(Double 36 mm
bowtie)
Green fanout 8mmby | 370 290 0
(Double 29 mm
bowtie)
Blue fanout 10 mm by | 320 250 0
(Double 36 mm
bowtie)
Green LEDs
“Green” fanout = =] Red LEDs
a) gratings A \&
Blue LEDs /O
P[xel area . Af ]
with subpixel gratings
e ) Figure 2. Experimental setup. Green LEDs illuminate
EHIE ctve area the LGP from below.
EE . :
“Blu/e"’ fanout “Red” fan‘out
gratings gratings

b) P

Figure 1. LGP layout. a) Grating arrangement from
top, b) Direction of grating slants from the side
(“green” slant perpendicular to both “blue” and “red”
grating slants). The figures are not to scale.

Characterization Experiment

The experimental setup for the characterization is shown in
Figure 2. The LGP was mounted on an X-Y translation
stage. 0.6 mm thick Osram LEDs with dominant
wavelengths of 625 nm (R), 528 nm (G), and 460 nm (B)
[9, 10] were attached to supports that were cut and ground
to a 45 degree angle to allow for effective incoupling of the
light into the LGP. The LEDs were driven at the nominal
20 mA direct current. Two LEDs were used for each of the

red, green, and blue primaries. This assembly was mounted Figure 3. Diffractive LGP with all LEDs on.
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a)

EZContrast by ELDIM

c)

EZCortiast by ELDIM 20

Figure 4. Polar coordinate plots: a) blue, b) green, c) red, d) all combined.

The measurements were repeated for polarized light. Only
one of the LEDs for each primary color was used, and a
thin (0.3 mm) foil of reflecting polarizer material was
placed in between the LED and the beveled edge of the
LGP to result in a transverse electric (TE) polarized
emission for the red and blue wavelengths. To achieve the
same direction of polarization for all colors, the “green”
grating was designed to be preferentially diffracting for
transverse magnetic (TM) polarized light, and thus the
polarizer was cut at 90° orientation with respect to the
polarizers used for the red and blue LEDs. The outcoupling
distribution characteristics are very similar to those shown
in Figure 4, but the intensity of maximum emission is
roughly a sixth of the measured value for the unpolarized
case for the green LED, and a half of the unpolarized case
for blue and red LEDs. The “sidelobes” that are visible in
Figure 4 a) and c) at the 270° region are missing from the
measured polar plots for the polarized case. The angles of
maximum outcoupling as well as the FWHM for each
primary color are given in Table 3.

To examine the reason for the poor spreading of light in the
fanout gratings, scanning eclectron microscope (SEM)
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images were taken of surplus molds of the fanout gratings
(See. Figure 5). It can be seen that the profile of the fanout
grating area for the red fanout section differs somewhat
from the intended binary profile, and the same phenomenon
is seen in the other fanout gratings as well. Similar images
of the slanted grating areas show good correspondence to
the design parameters given in Table 2. The depth of the
replicated fanout grating for the red section is 416 nm,
which is smaller than the intended depth of 450 nm.
Similarly, the depth of the blue section is 278 nm as
compared to the design value of 330 nm.

Conclusions

For the first time, a full display sized LGP incorporating a
pixelated grating array, with fanout gratings, was presented.
In principle, the results show that it is possible to direct
light into the viewing area of the user by diffractive optics
by using a full display sized grating array. There are
artifacts that are visible from Figure 4 as “sidelobes” of
outcoupled light distribution that are a result of the
emission from the other LED of the respective color that
was outside the intersecting path of the LEDs under the



objective of the conoscope. This sidelobe was not visible in
the polarized case, due to the omission of one of the LEDs
for each color in this measurement. Otherwise, the
outcoupled intensity distributions were similar in both
cases. The intensity values for the measurements done in
the polarized case are not exactly comparable to the
measurements done for the unpolarized case, as the
experiment had to be taken apart and reassembled to insert
the polarizers. Therefore, the location of the conocsocpe
objective for making the measurements was not exactly the
same as for the unpolarized case.

Table 3. Angles about the zenith of the outcoupling
maxima and the FWHM of the emission in the grating
experiment.

Primary | Angle of maximum Full width at half
outcoupling (degrees) maximum (degrees)

Unpolarized | Polarized | Unpolarized | Polarized
Blue 10 6 25 23
Green 5 5 18 18
Red 5 8 23 22

EHT = 200kV Signal A = InLens Date :30 Jun 2008
WD = 3.4 mm Photo No. = 4913 Time :12:07:59

Figure 5. Scanning electron microscope image of the
grating used for fanout of the red LEDs.

The fanout gratings were not as effective as was intended.
In addition, the incoupling of LEDs was not optimized as
of yet for this experiment. Less divergent light sources,
coupled at precisely controlled angles, would help in this
respect. The fanout grating profiles, as shown by electron
microscopy, were not strictly binary, which may only
partly explain the poor spreading of the light in the fanout
sections. The waists of the bowtie structures in the fanout
gratings were probably too narrow to spread the light. The
fanout gratings require further study to verify the
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contribution of the individual factors on spreading the light
uniformly in the LGP.

Further work is planned to couple these backlights together
with working displays to examine the energy efficiency and
color gamut aspects of display design using diffractive
backlights. There is great potential to improve the energy
efficiency of mobile displays, and this study shows
significant steps toward this goal.
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Abstract

Power efficiency demands on mobile displays are increasing
rapidly, as new multimedia services and applications are being
adopted by users. Diffractive backlights and electrowetting
displays have been proposed as some of the solutions to solve the
poor efficiency of current mobile display systems. In this study, an
electrowetting display was coupled with a pixelated, diffractive
becklight light guide plate. This is to our knowledge the first time
when a pixelated, diffractive backlight has been demonstrated in
conjunction with an actual display. The results of the study show
that the backlight and display panel need to be optimized as a
system in order to obtain an applicable module for mobile use.

1. Introduction

Recent developments in mobile communication networks have
made it possible for the mobile data services and applications to
become a mainstream mode of interaction with mobile phones [1].
These services, such as mobile gaming, TV broadcasts, web
browsing, and navigation, are getting very accessible due to the
high information content screens employed in many modern
mobile terminals. As the display in the mobile “smart phone”
becomes larger in area and as it is manufactured with higher pixel
density, the management of light throughput is becoming the
limiting factor in power efficiency of mobile device user
interfaces.

Kimmel et al have proposed a diffractive grating array based
approach to solve the light throughput problem [2-7]. Whereas in
the state-of-the-art of mobile display systems, white light-emitting
diodes (LEDs) are used to launch an essentially uniform and
spectrally broadband “sheet” of light into the light guide plate
(LGP), which in return is directed toward the liquid-crystal
display by means of brightness-enhancing films and diffusers [8],
in the new concept, light from red, green, and blue LEDs is
separated to be launched through the individual subpixels in the
display so that each respective primary band of light travels only
through the active aperture area of the respective subpixel. The
system benefits for this approach arise from selecting the
appropriate primary color of light for each subpixel, instead of
filtering the broadband light through the display color filter array.
In principle, a tenfold light throughput improvement can be
realized with the new concept, if polarized light sources are used.

The latest experiments in the grating array design incorporated an
active area array with 128 by 160 pixels, arranged in an RGB
subpixel array [7]. The array was manufactured to correspond to a
prospective display. Combining the backlight grating array with a
display would then provide a platform for further research.
Electrowetting (EW) displays that correspond mechanically to the
subpixel matrix dimensions were used to investigate the
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applicability of the pixelated diffractive LGPs in conjunction with
an actual display. Since electrowetting displays are polarization
insensitive, further power savings, as compared to liquid-crystal
displays (LCDs), can be expected.

Conoscopic measurements on a color filterless EW display in
conjunction with the pixelated LGP as well as with a color filter
corresponding to the display matrix were performed. The results
show poor contrast in using the electrowetting display, but
measurements done with the color filter illustrate key aspects in
color space engineering of diffractive backlight displays.

2. Diffractive Backlight Design and

Fabrication

Diffractive backlights have been proposed with a pixelated but
uniform grating structure [9, 10], where either a uniform, single-
period binary or sinusoidal grating structure is used [9], or a
similar structure is proposed to be pixelated [10]. These
conceptual solutions have the drawback that the broadband light
structures used in the studies diffract light to a wide range of
angles, and microlens arrays as well as sometimes micromirror
arrays, and in addition, even specialized pixel arrangements need
to be used to fully exploit the diffraction. In a pixelated grating
array with dedicated gratings for each subpixel, the direction of
the diffracted beam can be optimized for each primary color.
Furthermore, by using controlled grating profiles such as slanted
gratings, the desired transmitted order of diffraction can be
selected for each primary color, resulting in very high efficiency
of output coupling [11].

In this study, a grating array, with a slanted grating for each
subpixel [7], was applied in order to diffract light of the
corresponding spectral band toward the respective subpixel. The
EW display parameters are shown in Table 1, and the grating
parameters are shown in Table 2. Area modulation was applied in
the subpixel structure with increasing diffractive area in each
subpixel toward the end of the array, in order to achieve good
uniformity of light output across the display. Binary fanout
grating arrays with 50 % fill factor, in a double bowtie
arrangement, were provided along the sides of the LGP to spread
the incoming light from the LEDs used as light sources.

Table 1. Display parameters for the experiment.

128 (x3) by 160

Resolution

Pixel size 222 um by 222 pm

Active area 29 mm by 36 mm

0.63 (x2) mm

Display glass thickness
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Figure 1 shows the LGP design in detail. As shown in [7], a 52
mm by 54 mm plate for the BLU was fabricated on a 0.65 mm
thick episulfide polymer substrate at Nanocomp Ltd. in Joensuu
area, Finland. The active grating matrix, as well as the fanout
gratings, were manufactured using a fused silica master grating
array by ultraviolet embossing from episulfide, on top and bottom
of the substrate, respectively. The LGP edges were beveled to 45
degrees to allow efficient coupling of light from LEDs to the
LGP.

Table 2. Grating parameters.

Primary Width by | Depth | Grating | Grating
length (nm) period slant
(nm) direction
(degrees)
Red (640 nm) | 111 um 340 530 +45
by 59 um

Green (525 59 umby | 340 430 +45
nm) 111 um

Blue (460 111 um 240 375 -45

nm) by 59 um

Red fanout 10 mm by | 450 360 0
(Double 36 mm

bowtie)

Green fanout | 8 mm by 370 290 0
(Double 29 mm

bowtie)

Blue fanout 10 mm by | 320 250 0
(Double 36 mm

bowtie)

Green LEDs
“Green” fanout = = Red LEDs
a) gratings ~ ‘X
Blue LEDs /O
Pixel area Al ]
With_s_upgiz(el gratings
IEN=
I_ _——— : o I I

Pl
“Blue” fanout “Red” faxout

gratings gratings
w7 74
b) P

Figure 1. LGP layout. a) Grating arrangement from top, b)
Direction of grating slants from the side (“green” slant
perpendicular to both “blue” and “red” grating slants). The figures
are not to scale.
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3. Electrowetting Display Design and

Manufacture

Electrowetting displays operate on electrostatic forces acting on
an oil/electrolyte interface [12]. With oil containing a dye
configuration with a specific absorption characteristic, movement
of the interface along the substrate of a display blocks the light
corresponding to the absorption spectrum of the oil.
Electrowetting displays can be reflective, transflective, or
transmissive. In this experiment, a Liquavista panel with 128 (x3)
by 160 pixels was used [13]. This panel was specially
manufactured to be used as a transmissive display, without
reflecting structures and color filters, so as to be applicable to be
used with a diffractive backlight plate.

Each panel is processed starting from standard amorphous silicon
active matrix substrates from a thin-film transistor liquid-crystal
display (TFT-LCD) foundry. First the hydrophobic dielectric
layer is deposited on the indium tin oxide (ITO) electrode and
then the panel, coupled to a thin glass cover without color filter, is
filled with two liquids: the oil with the absorbing dyes and the
transparent liquid. Size reduction of the inter-pixel gaps and
shielding with a black-mask configuration prevents undesired
light leakage.

Once the panel is finished, the source and the gate integrated
circuit (IC) drivers are bonded on the glass as well as the foil
connecting the panel to the small driving board. The IC drivers
provide for up to 6-bit grey scales per color to the panel with a
pulse width modulation technique.

4. Experimental Characterization of the

System

The display and the LGP were coupled together, to align the
respective display and grating arrays, by means of a
micromanipulator system. A similar arrangement was used to
mount a striped RGB color filter in the place of the display to
compare color space adjustment. The display was driven using a
Nokia 3110 Classic mobile phone, with test screens stored in
memory. The setup was then mounted in front of a calibrated
Eldim EZLite 120 R conoscope to obtain polar plots of the
outcoupling characteristics of light throughput. Osram LEDs [14,
15] were mounted at a 45 degree angle with respect to the face of
the display arrangement to allow for effective incoupling of the
light into the LGP. The drive current of the red and blue LEDs
was varied, while keeping the green LED current at the nominal
20 mA, in order to control the effective color space available to
the user. Table 3 shows the obtained maxima and full width at
half maximum (FWHM) of the output angular distribution of light
from the grating array, as reported in [7].

Table 3. Angles about the zenith and the FWHM of the
outcoupling maxima in the model grating experiment.

Primary | Inclination (°) FWHM (°)
Blue 10 25
Green 5 18
Red 5 23
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5. Results

Figure 2 shows a polar coordinate plot of the output-coupled
radiation when all LEDs are driven at 20 mA, with the display
turned “on”. When the display pixels are turned “off”, the image
looks quite similar, but the luminance level is slightly smaller.
Averaging over the +/- 60° span of the conoscope aperture, along
the azimuth angle at 0°, the luminance contrast ratio is only 1.6.
The images also show a periodic structure in the output
characteristics that can be attributed to crosstalk of the outcoupled
light from the diffractive grating array through the neighboring
subpixels of each full pixel. This is also seen in similar
conoscopic measurements done in situations where each of the
individual color LEDs were driven at 20 mA and varying the “on
and “oft” conditions of the respective primary subpixels.

Measurements done with the color filter array do not exhibit
appreciable crosstalk between the neighboring subpixels, which
shows that the color filter blocks the unwanted output radiation
quite well. Taking a cross section of the polar coordinate plots for
different combinations of LED drive current conditions, at
azimuth angle of 45°, where the contribution of the red and green
primary colors was roughly equal, it can be seen that the
contribution of individual primary colors will affect the output
color space. The results of this experiment are also shown in
Figure 3. As Figure 3 shows, it is possible to adjust the
contribution of each respective primary color LED to the overall
luminance by adjusting the drive current. This can be a starting
point for effective color space engineering in mobile displays. In
this experiment, the effect of the blue primary contribution was
low in comparison to the effect of adjusting the red LED current.

EZContrast by ELDIM

Figure 2. Polar coordinate plot of the electrowetting display
coupled with the diffractive grating LGP.

6. Conclusions

For mobile display technology, it is important to reduce power
dissipation of the display itself, and a radical redesign of the
display module is required in order to make major inroads in
reducing power consumption. In this study, the diffractive
pixelated backlight has been applied to a display for the first time.
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The results of this study illustrate the need to optimize the constituent
technologies together as a system to achieve best performance. The EW
display used in the study was a modified reflective display with
accordingly engineered dye-electrolyte system that did not suit very
well to the diffractive backlight technology. The display was also
manufactured on too thick glass for optimal operation of the backlight,
as the divergence of the output coupled light resulted in severe crosstalk
between subpixels. Since there was no color filter in the display itself, in
this experiment the color contrast could not be characterized. The results
obtained with the color filter array only show that conceptually it is
possible to adjust the white point and color space of displays equipped
with diffractive LGPs by varying the drive current of the LEDs.

Further work is planned to couple the pixelated diffractive grating
array designs with mobile LCDs to study the color space
engineering aspects further and in more detail. As was already
concluded in the earlier study on the LGPs [7], the fanout of the
structure does not work very well, and other ways to realize the
fanout are being investigated, to realize a viable mobile display
system with improved light throughput efficiency.
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Figure 3. The effect of primary LED current to the overall
luminance over a range of conoscopic characterization angles.
The LEDs are driven at 20 mA, unless otherwise mentioned in the
legend.
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Abstract. Modern mobile communication devices have user interfaces that are dominated by
high-quality displays. Increased multimedia use imposes high demands on the design of display
modules, as the content available for mobile use becomes visually richer. Especially the power
dissipation of the display can limit the amount of time available for multimedia consumption and
interaction. In the mobile liquid-crystal display (LCD), the energy efficiency is determined by
the backlight design. State-of-the-art backlights direct white light through a display subpixel
array, with high uniformity and up to 90% efficiency in white light output. Therefore, it is dif-
ficult to obtain system-level energy savings by improving the backlight design alone. Diffractive
backlights have recently been proposed to reduce the power dissipation of the display module,
and slanted grating arrays are among the enabling optical features that allow for reduction in
power dissipation beyond what is available in the state of the art. By the use of diffractive grating
arrays, the required primary color (red, green, or blue) is directed through the LCD subpixel
array with geometrical registration, instead of flooding the whole LCD with white light and
filtering the primary colors through the subpixel color filter array. We present a study on grating
structures based on slanted grating arrays fabricated in high refractive index materials. The
grating design principles and grating outcoupling results are provided, and an outline of a new
embedded system design is given. Emphasis is on grating array design aspects for future energy-
efficient display system design. The results show that savings in power consumption can be
expected with advanced display system design based on embedded slanted grating array
backlight light guide plates. © 2012 Society of Photo-Optical Instrumentation Engineers (SPIE).
[DOL: 10.1117/1.JPE.2.024501]
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1 Introduction and Background

The mobile phone is no longer only a device to use to place a voice call to a person. The new uses
of mobile phones derive from the multimedia capabilities of the devices and the enhanced digital
networks that enable vast amounts of data to be transferred between the network and the device.
Web browsing, gaming, video telephony, and navigation have become commonplace uses for
mobile phones, and since many of these applications require high visual quality for enjoying
these new services, the image quality demands on the mobile display have escalated. The mobile
phone usage patterns are increasingly incorporating multimedia consumption and live interac-
tion. Many visually demanding applications such as navigation, gaming, and social media
require the display to provide the best image quality at all times. This means that power-saving
techniques such as power-save modes and time-outs cannot be as effectively utilized as before.'

Today, the majority of multimedia-capable mobile phone displays are active-matrix liquid-
crystal color displays. Also, organic light-emitting displays (OLEDs) are taking a strong
foothold on the mobile display market. Both varieties offer high image quality for the user,
but of these, only the liquid-crystal display (LCD) can be made transflective, that is, in such

*Present address: Microsoft Oy, Keilaranta 7, 02150 Espoo, Finland.
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a way that light reflecting from the ambient environment can also be utilized to show information
to the user, although with reduced color gamut and contrast. While the OLED technology is
emissive and does not need an external light source for operation, the prevalent technology in
the mobile market, LCD, relies on its transmissive mode on a backlight to provide the light that
the liquid-crystal material modulates to present high-quality visual information to the user.”

In modern mobile LCDs, the backlight plays the largest role in power dissipation.” The struc-
ture of a modern mobile display is essentially composed of a stack of optical films with the
electro-optic LC material sandwiched between two plates of glass. The end result is a display
with a very good image quality in the transmissive case. The backlight provides good light
throughput and uniformity. The efficiency can be up to 90% and the uniformity about 80%.
However, the light-guide plate (LGP) of the backlight unit (BLU) is designed to flood the display
glass with white light. The light is then filtered in the color filter array (CFA) to red (R), green
(G), and blue (B) subpixels. The eye and the human visual system then process the information
shown on the display to an intelligible image for the human user.

In modern mobile displays, the resolution and pixel pitch are very high, over 300 pixels per
inch (ppi) in some cases. This means that to effectively drive the display, the transistors them-
selves, the possible reflective area, and the black matrix in between the subpixels in the thin-film
transistor (TFT) array span a large portion of the subpixel area. Furthermore, the CFA obviously
blocks at least two thirds of the light throughput. Not even taking into account the material
losses, the total system losses are on the order of 90%.° There are several possible ways to
improve the system efficiency of an LCD. One of these is to use temporal multiplexing of the
primary color subpixels instead of spatial multiplexing. Using red, green, and blue light sources
allows for fast field-sequential color (FSC) displays. Fast LC modes are required in this case, and
in FSC displays, the temperature plays a large role in the speed of the LC and thus also in the
viability of this approach, in any display that is to be used outdoors.” Another way to circumvent
the high losses in the current LCD structure is to separate the backlight output to the primary
colors already in the backlight itself. This has been attempted by proposed designs with diffrac-
tive optical means to separate the primary colors into several output angles.”® In this approach,
additional microlens arrays, and sometimes also micromirror structures, are required to avoid
crosstalk between the subpixels.”® One possible way to separate the primaries without using
additional microstructures is to apply RGB light sources on the periphery of the display panel
and a spectrum-specific grating under each subpixel. The subpixel structure of the display
panel is thus geometrically duplicated on the backlight LGP in the grating array. In this approach,
light is selected instead of filtered, and there is a possibility to create a display that has radically
better system efficiency than in the state-of-the-art LCDs.>*!!

Using a subpixel-level registrated backlight structure under the LC glass requires a new
paradigm for manufacturing LCDs. Depending on the thickness of the glass, the accuracy
requirement of placement is in the order of micrometers, following the analysis of similar struc-
tures done previously. It is obvious that the closer the backlight LGP is to the active electro-optic
material, the better the throughput of light will be, and also crosstalk will then be more easily
minimized. The LCD industry to date is geared to stacking the required optical films without
such registration accuracy. In order to provide a solution for the registration requirement, it
would be beneficial to integrate the LGP as a part of the actual display glass structure, which
would result in a manufacturing paradigm that in accuracy closely resembles CFA manufactur-
ing and alignment.

The work to date on pixelated diffractive LGPs has provided results on the color separation as
a separate component in the display.'>~'! In this work, the authors extend the previous work to
embedded structures that can be thought of as a starting point for this new manufacturing para-
digm. Concurrently, as it has become clear that the current state of the art in mobile display
system design has reached a high degree of maturity, the need to reduce power dissipation
in the mobile multimedia device has escalated. Therefore, a new system concept for mobile
display design has been devised, based on slanted grating arrays.> In previous studies, grating
arrays ranging from 1 cm X 1 cm demonstration pieces™ to full mobile display-sized light guide
plates'*!" have been shown. Figure 1 presents the basic principle of the backlight unit design.
Instead of flooding the display subpixel array with essentially white light and filtering the desired
primary colors through the color filter array of an LCD, a pixelated diffractive design selects the
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Fig. 1 Basic concept of a diffractive display backlight.>”

desired primary subpixels and directs the respective spectral band of light from red, green, and
blue LEDs through this subpixel array, ultimately removing the requirement for a color filter
array. This principle of backlight design can be used for all electro-optically modulating trans-
missive displays such as LCDs and electrowetting displays. The array of slanted gratings needs
to correspond geometrically to the display subpixel array and an alignment step is required in
display module fabrication. Previous results show that it is possible to direct the light effi-
ciently,™ and with proper grating design it is also possible to obtain color purity adequate
for removal of the color filter array.” Current mobile display modules have glass thickness of
up to 0.6 mm, and this means that the grating array needs to present very low divergence, if the
grating array is behind the display glass. LED collimation is a limiting design factor, and with
this glass thickness, it is impossible to eliminate crosstalk completely due to the Lambertian
emission characteristics of current LED modules'? and due to the diffraction from very small
grating areas that spreads the light. Therefore, a new design, based on embedded gratings, is
proposed. The slanted gratings have been manufactured in high—refractive index glass and
a polymer has been deposited on this structure to act as a low-index cladding layer. This structure
can then be used as the back glass substrate of an LCD or an electrowetting display. With the new
design, significant advances in display module light throughput efficiency can be expected,
especially since the integration of the backlight in the back substrate of the LCD removes
the need to fabricate a dedicated backlight unit completely.

2 Grating Array Design and Fabrication

Based on the results of our previous research,’”!'" similar slanted gratings were designed for the
embedded pixelated LGP structure with red, green, and blue primary subpixels. The green
subpixel gratings were oriented orthogonally to the red and blue subpixel gratings, and since
the intended use was an LCD panel that requires the same polarization from all subpixel gratings,
the polarization of the outcoupled light from the green subpixel was designed to be orthogonal
(transverse magnetic [TM]) to the blue and red subpixel outcoupling (transverse electric [TE]).
The modeling of the gratings was done using the C-method,'? the rigorous diffraction theory
based on coordinate transformations, with the S-matrix algorithm for the layered structure. 14 The
grating design parameters are shown in Table 1.

The gratings were etched on a titanium oxide layer and were covered by a low—refractive
index polymer having sufficient thickness. All the grating structures were binary, having a 45 deg
slanting angle. This angle was sufficiently large to give an advantage of Bragg grating and was
the same for all the gratings for practical reasons. The depth of the grating intended for the blue
primary was tuned in such a way that the diffraction efficiency was high enough but as low as
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Table 1 Grating array parameters.

Parameter/grating “Red” subpixel grating “Green” subpixel grating “Blue” subpixel grating
Design 4 (nm) 640 525 460
Grating period (nm) 450 370 325
Grating depth (nm) 250 240 150
Slant angle (degrees) 45 45 —45
Filling ratio (%) 50 50 50
Grating width (um) 111 59 111
Grating length (um) 59 111 59
Aperture of grating (%)? 13 13 13

2The aperture refers to the proportion of fabricated grating area of the total pixel area.

possible for the red light. The red light arrives from the opposite direction to the blue light, and
thus the grating for blue is not a Bragg grating for the red primary light source. The design for the
“red” grating was done using similar principles. The green light disturbs very little the blue and
red primaries, as the green grating is oriented 90 deg in conical angle with respect to the blue
and red light rays. The polarization of the incoming light was designed to be TE, that is, the
electric vector parallel to the grating grooves. This condition is accurately met if the illumination
is very well collimated, which is not the case when using LEDs. The light guide itself depolarizes
the light somewhat due to the total internal reflections inside the light guide, and consequently
there will be some amount of TM light in the light entering the grating. The diffraction from the
gratings designed for the red and blue primaries thus produces mostly TE polarized light.

The design of the grating for the green light is based on TM polarization, because the outputs
of all different colors must have the same polarization due to the LCD operation principle. The
green light is only marginally scattered from the red and blue gratings, as they are in 90-deg
conical orientation with respect to the green light. The depth of the green grating was designed to
be slightly less than the depth of the maximum efficiency in order to tune the efficiency more
suitably in this small sample.

The gratings were positioned on a 1.5-mm-thick glass plate, 10 cm X 10 cm, in the center
area. Altogether the array was 65 pixels wide (14.43 mm) and 81 pixels tall (17.98 mm), repre-
senting a hypothetical subsection of a mobile LCD backlight with 222 um pixel pitch. The
grating area in each subpixel was 59 ym wide and 111 pm tall. The grating array was fabricated
by Nanocomp Oy (Lehmo, Finland) on a high refractive index (n) glass (LASFN46A, n = 1.91)
with a 400 nm-thick titanium dioxide overlay fabricated by atomic layer deposition (ALD) at
Beneq Oy (Vantaa, Finland). The gratings were etched, by reactive ion-beam etching, on the
TiO, layer (n = 2.2), and a 500 nm-thick DuPont AF1600 low-index polymer layer (n = 1.31)
was spin-coated on top, to form a cladding layer for the whole structure.

3 Experiment Design

Figure 2 shows the experimental setup in schematic form. The setup was mainly built on a
Spindler & Hoyer mini rail frame, on an aluminum optical breadboard. The light sources
were first aligned by means of two 0.6-mm-diameter apertures, and the remaining optical
parts were then aligned using the green source as the reference. The light sources were a
4-mW green frequency-doubled diode laser pointer at 525 nm, a 6 mW red helium-neon
laser at 632.8 nm, and a 0.4-mW blue frequency-doubled diode laser at 473 nm (as measured
using a Edmund Optics LaserCheck detector). The green source was mounted at the beginning of
the mini rail setup, and it could be removed when the red and blue sources were required. The
light paths were aligned by means of the 0.6-mm circular apertures, which were about 240 mm
apart. Therefore, the maximum angular error in the alignment was in the order of a minute of arc.
Polarization control was achieved by a rotatable absorbing polarizer. A semi-transparent mirror
reflected part of the light to a second mirror, which again directed the light to a BK7 prism for
coupling the light into the LGP. This prism was placed under the light guide plate, and index-
matching fluid was used to have the prism adhere to the LGP by capillary action. From the
semitransparent mirror, part of the light was let through to the aperture at the end of the
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Fig. 2 Schematic of the experiment design: (a) red light source, (b) blue light source, (c) green
light source.

mini rail, in order to maintain alignment of the experiment through the series of the measure-
ments. A reference detector was placed after the aperture.

The detectors used for the measurements were Siemens SFH 217 photodiodes'> mounted on
a micromanipulator stage arrangement, and a simple operational amplifier circuit was used to
convert the photocurrent from the photodiode to a voltage signal. The voltage was measured with
two Hewlett-Packard 34401A digital multimeters. For each separate light source, a reference
measurement was done first to acquire the signal level for a theoretical value representing
100% outcoupling from a single point on the LGP. This was achieved by placing a mirror on
the path of light and directing the beam of light to the main detector. At the same time, the
voltage signal for the beam of light propagating from the semitransparent mirror to the reference
detector was recorded.

For each light source, measurements were done for the TE and TM polarization states of light
entering the prism. First, the maximal intensity of the outcoupled light was sought by adjusting
the position of the detector on top of the LGP. After this, the detector was moved along the
sample and the outcoupled light signal was recorded. Next, the polarizer was rotated 90 deg
and the outcoupling for the orthogonal state of polarization was recorded, to account for the
polarization sensitivity of outcoupling. These experiments were repeated for all light sources
for the three respective principal orientations of the LGP. In some cases, a neutral density filter
and an additional semitransparent mirror were used to reduce the amount of light in calibration
024501-5
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and during the experiment, if one of the detectors was near or at maximum voltage level. A
Thorlabs 1/2 plate was used with the blue laser to turn the polarization prior to the absorbing
polarizer, when required.

Figure 3 depicts the light propagation in the LGP schematically. It can be seen from the
geometry of the experiment that the light coupled into the LGP is guided in a zig-zag fashion,
with the distance between points of reflection becoming / = 2 tan 6. Since the design for the
grating array was done for @ = 50°, for the plate thickness & = 1.5 mm, the expected distance
[ = 3.58 mm. Once the light enters the grating area, the light is then coupled out at points on the
front surface of the LGP, and the distance between outcoupling points is therefore also /.

4 Results

Figure 4 shows a scanning electron microscope (SEM) image of a model grating, similar to the
one used for the measurements, from a cladding deposition trial. The cladding polymer lifts off in
the preparation process for SEM, but it can be seen that the thickness of the cladding layer is on
the order of 500 nm. It can also be seen from Fig. 4 that the grating fabrication is feasible in TiO,.
The 400 nm-thick TiO, layer is not resolvable in the SEM image. Since only one sample was
fabricated for this study, it could not be sacrificed for a SEM study, but the results shown in Fig. 4
are considered to be representative of the fabrication technique.

Figures 5-7 show the measured intensity curves, normalized to the maximum value of
outcoupling, after Fresnel losses,'® in the prism coupling arrangement, of the measurements
along the surface of the LGP. As was expected, several peaks along the grating area were
observed for each light source and polarization. The locations of the maxima of these curves
show that the distance between the outcoupling peaks was 3.6 mm on the average, which agrees
with the expected design incidence angle of the gratings, within the measurement accuracy (the
detector was moved with 0.25...0.50 mm steps). The full width at half maximum (FWHM),

EHT = 5,00kV Signal A=InLons  Dato :18 Mar 2010
Mag = 9319KX WD = 35mm Time :13:11:02

=NANOCOMP

Fig. 4 Scanning electron microscope (SEM) image of a grating structure similar to the one used in
the study. The polymer cladding lifts off in the preparation process for SEM.
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Fig. 7 Normalized intensity for blue outcoupling.

measured separately for selected outcoupling peaks with 0.25 mm resolution in detector place-
ment, was about 1.5 mm for all light sources. Also, one G peak was scanned by varying the angle
of the detector, centered at the point of outcoupling. In this measurement, the FWHM of the peak
was about 3°. Both these measurements actually represent a convolution of the detector function
and the beam characteristics.

In order to verify that the backlight function can be done using divergent light sources, a
verification experiment was performed with a red laser diode (wavelength about 630 nm)
that had an adjustable lens at the front. The spreading of the outcoupled beam of the TM
mode was verified as shown in Fig. 8. The intensity values in this experiment were not referenced
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intensities: (a) green outcoupling, (b) red outcoupling, (c) blue outcoupling.

Journal of Photonics for Energy 024501-8 Vol. 2, 2012



Kimmel and Levola: Mobile display backlight light guide plates based on slanted grating arrays

to any specific calibration value of outcoupling, and the zero point for the x-coordinate was also
different than for the main experiment. The TE mode behaves similarly to the TM outcoupling in
the divergent case.

5 Discussion

The results show that the light is outcoupled as expected, with intensity of outcoupled light
decreasing with the distance from the incoupling point (with the green light source the decrease
starts from the second peak, since evidently the incident beam hits the grating only partially,
leaving the first outcoupled peak incomplete). This is understandable, since there is no area
modulation in the grating array to take into account the already outcoupled energy along the
propagation path of the light. Scattering from the grating array layout amounts to about
10% of incident intensity, as calculated from scalar diffraction theory, and this is evidenced
from the decay of the peaks and due to the appearance of a background outcoupling, detected
between the peaks in Figs. 5-7. Scattering contributes partially to the total outcoupled energy.
Figure 9 presents the comparison of the theoretical decay characteristics of the outcoupling peaks
with experimental findings. The theoretical outcoupled peaks are normalized to the first detected
outcoupled peak intensities, except for the green outcoupling, as it was evident that the first
incoming beam only hit the edge of the grating array, resulting in partial outcoupled intensity.
The results show that in the experiment, the outcoupling decays more rapidly than predicted,
indicating that some of the scattering losses have not been taken fully in account.

The polarization sensitivity of outcoupling varied, with the green TE outcoupling 7% higher
than the TM outcoupling, red TE coupling out 206% stronger than TM, and blue TE 78% more
intense than the respective TM polarization state. The coupling from the green TM mode could
reach higher values with different grating design, but in this experiment the present outcoupled
intensity values were considered to be adequate. The outcoupling efficiency is controlled by
grating area and with smaller area the scattering from the small structures increases. The dis-
crepancy in the green outcoupling polarization state to the design objective can be explained by a
further modeling result where a grating depth of 250 nm gives similar results to the measured
values. In addition, the deviations of the experimental groove shape from the designed one can
explain this. Fabricating much deeper grooves would improve the situation. This means that
when modeling the grating parameters, the depth of the grating is in the “shallower side” of
the efficiency maximum, but it could also be in the “deeper side.” However, this would result
in a groove depth exceeding 400 nm, and this means that a thicker titanium oxide layer ought to
be used in this case.

6 Conclusions

The outcoupling pattern from the grating array was as expected from the geometry of the sample
LGP, for native laser light sources. Diverging or focusing the light along the light path would
result in a larger angular and lateral spread of incoupling, and thus the observed peaks would
subside and the output distribution would be more even. This would also be the case with LEDs
as light sources, as in a typical mobile display. These assumptions were confirmed by a
verification experiment using a spread-beam red diode laser.

The outcoupling polarization sensitivity did not follow the design objectives for the “green”
grating, but by running a simulation with a 10-nm deeper grating than in the original design, the
measured values agreed with the model. This means that the actual fabricated grating depth for
the green subpixels was deeper than the design value. The actual height of the cladding layer also
affects the outcoupling somewhat, but the actual calculation is outside the scope of this paper. In
a possible LGP manufactured for display use, the cladding must be thick enough (about 700 nm)
so that the evanescent field of the light at the grating array interface will not be disturbed by
materials outside the cladding proper.

It was shown in this study that outcoupling of light is possible for embedded gratings, etched
in glass. Furthermore, it was shown that the low—refractive index polymer cladding did not
deter the outcoupling. Therefore, it can be said that for an embedded backlight concept, an
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etched grating array approach is possible. In this approach, the pixelated grating array can be
fabricated right next to the electro-optically active LC layer, and maximum throughput of light,
for this backlight concept, can be achieved with the associated savings in expended energy for a
given display luminance.

A mobile display system can be created by this approach with the backlight integrated in the
back substrate. The final back substrate structure would require transparent electrodes, such as
indium tin oxide (ITO), as an additional layer on top of the cladding. A display-oriented inves-
tigation of embedded backlight light guide plates is in the planning phase, and this involves
adding an LC layer and a color filter array on top of the LGP, for full color contrast measurement
with red, green, and blue LEDs as light sources.

The economic implications of changing to a new display module manufacturing paradigm
are unknown, and it remains to be seen whether the display industry can embrace a new
system module design concept such as the one proposed in this study. In particular, the concept
calls for manufacturing a grating array on the back substrate of each display manufactured on a
large multi-display substrate glass plate. In this study, a single etched grating array was used.
In a practical application, a replication technique should be used instead, to achieve an
economic way to fabricate displays with diffractive grating arrays. Furthermore, for many
backplane configurations, the cladding layer should be such that a layer of ITO or other trans-
parent conducting material can be deposited on top. Such polymers are available, but could not
be used for this research. Finally, most likely, the transistor layer of an active-matrix display
should be on the top substrate. While this is not impossible to achieve, the shielding properties
of the transistor array and the reflecting structures for transflective use must be designed
accordingly.
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