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ON THE COVER: The topic of films and coat-
ings cuts across many of the key building blocks of
displays.  One of the most interesting and exciting 
trends is the hybridization of these display technology 
platforms with non-display applications that will 
drive the display industry to continue to significantly 
expand in the coming years by not only continuing
to enrich the visual experience of information 
displays, but also enabling the growth of other 
key industries with potential for even larger impact
on the typical consumer.
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The Pace of Innovation in the New Year

Stephen P. Atwood

Happy New Year and welcome to 2011.  It is exciting 
to begin another year here with Information Display maga-
zine.  In fact, this issue begins my 6th year as Executive
Editor, and I’m very proud to be part of this prestigious
publication.  Over the past 5 years, we have printed hun-
dreds of articles covering very nearly every conceivable

aspect of the display industry, and a great many of these articles have made truly inno-
vative disclosures that you would have been unlikely to learn about from any other
media source.  This is especially true for leading-edge developments that sometimes
take several more years to become commercially prominent.

Each year, we choose our issue themes based on our best assessment of the future
direction of the industry and the topics we perceive to be “hot.”  Some topics, such as
LCDs and flexible displays, are perennials that will clearly continue for years to come.
Others, such as touch, 3-D, OLEDs, and TV technology, are more recent additions that
represent the specific trends of the industry over the last couple of years.  Some topics,
such as optical metrology or portable displays, have not returned this year.  The for-
mer is a field that enjoys a small but dedicated following and makes critical contribu-
tions to displays.  However, there was little new to report this year except for the
ongoing important efforts by the ICDM to develop the release of IDMS version 1.0,
which we hear will finally make it out of committee in 2011.  Portable displays are
ubiquitous and have thoroughly fulfilled their promise over the recent years.  Industry
emphasis has now turned to flexible and ultra-low-power displays, which is why we
added this fairly new focus in 2010 and will continue to follow it in 2011.

Which brings us to this month’s issue theme: films and coatings.  This is a new topic 
for us, but one that reflects one of the least recognized but most critical components 
in the supply chain for LCDs and other display technologies.  A typical cell-phone 
display can use as many as six separately engineered films, while commercial televi-
sions may use more than a dozen discrete films and coating components.  The vast
majority of these components address light management and viewing-angle enhance-
ment requirements, but engineered films can also be used for electromagnetic shield-
ing, surface-durability improvements, and even the integration of touch within the
structure of the display.

We were fortunate to have assistance with this issue from guest editor Ion Bita, a
staff engineer and manager for the Display Technology Center at Qualcomm MEMS
Technologies.  With his assistance, we were able to feature articles from some of the
most important names in films and coatings, including 3M, Dupont, and HP.

In our first feature article this month, “Getting the Light Through: TFT-LCD Opti-
cal Films,” author Paul Semenza provides a great survey of the many different types of
light-management films in use today to improve the performance of TFT-LCDs.  From
polarizers to diffusers, prism films, and others, Paul not only gives us the application
landscape but also provides a very insightful look at the marketplace for these compo-
nents as well.

While we’re on the subject of light-management films, our next contribution comes
from the recognized leader in brightness-enhancement films – 3M.  Authors John
Schultz and Bret Haldin share with us a number of new film innovations in their arti-
cle, “Market Evolution and Demand for Thin Films: Projective-Capacitive Touch and 
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4G Mobile Network Looms Both
Near and Far
In October 2009, Information Display pub-
lished “The Approach of 4G,” which looked
at what the next generation in mobile net-
works had to offer and when it would become
available. In short, 4G would be fast, as much
as 3–5 times faster than what was currently
available and would enable all the mobile
Internet applications that carriers were sure
end users wanted – seamless access to movies,
web browsing, etc. At the time, consensus
among industry experts was that, despite
excited pronouncements from carriers, 4G
was a long way off. Only about 25% of users
were even taking advantage of the previous
generation, 3G.
A year and a few months later, even though

market penetration of 3G remains at about
25% or just slightly higher,1 4G is here – and
it is still a long way off. If that sounds con-
fusing, it is. Carriers have begun to roll out
4G service and products. Verizon, for exam-
ple, launched its 4G network in the U.S. in

December 2010, along with at least one 4G-
compatible phone, the LG LV600.2 Accord-
ing to a recent report in The Wall Street
Journal, 4G in general has been working
better than anticipated.3
However, many industry pundits are claim-

ing that the current “4G” service is not 4G at
all because the ITU (International Telecom-
munications Union) announced a set of stan-
dards for 4G in October 2010 that are not
what any carrier is currently capable of – such
as download speeds of 100 Mbps.4 According
to a recent article by David Goldman from
CNN Money.com, which refers to the 4G
phenomenon as a “confusing mess,” even the
fastest current 4G network is only capable of
speeds somewhat over a tenth of 100 Mbps.5
However, the term “4G” has been around

well before the ITU’s recent determination,
and U.S. carriers do not seem, at least on the
surface, to be concerned with the ITU’s stan-
dards. It seems that carriers are choosing to
view “4G” as “fourth generation” in terms of
faster than the last generation rather than a
label of specific capabilities. For that reason,

and also because the appearance of 4G before
3G has penetrated even a third of the market
could conceivably lead to consumer confusion
and subsequent buyer paralysis, industry
experts predict that the term “4G” may disap-
pear from marketing parlance in the near
future. As for now, if you sign up for 4G
service, you will not be downloading movies
at 100 Mbps, but you will have faster service
than you did before.
References
1http://www.accedian.com/blog/news/4g-
adoption/
2http://network4g.verizonwireless.com/#/
devices
3http://blogs.wsj.com/marketbeat/2010/12/16/
report-verizon-4g-push-getting-good-traction/
4http://www.itu.int/net/pressoffice/press_
releases/2010/40.aspx
5http://money.cnn.com/2010/12/01/technology/
4g_myth/index.htm?cnn=yes&hpt=C2

— Jenny Donelan
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Films and Coatings Advance the State of Displays

by Ion Bita

Welcome to 2011, and a Happy New Year to all.  We start
the year with a look at some of the recent developments in
the areas of display films and coating technologies.

In a broad sense, the topic of films and coatings cuts
across many of the key building blocks of displays – panel
manufacturing, optical enhancement films, components

such as touch sensors, and display assembly processes such as lamination and bond-
ing.  Many noteworthy developments were reported in all of these areas at the 2010
SID Display Week Symposium, with progress made in materials, processes, device
architectures, and applications.  One of the most interesting and exciting trends we are
seeing is the hybridization of these display technology platforms with non-display
applications, such as general lighting and photovoltaics, a result of synergies in large-
substrate device manufacturing and light-management solutions.  I believe that these
synergies will drive the display industry to continue to expand significantly in the
coming years, by not only continuing to enrich the visual experience of information
displays, but also enabling the growth of other key industries with potential for even
larger impact on the typical consumer.

We assembled in this issue a collection of three articles from companies that are
leaders in developing display technologies with potential for enabling synergies across
multiple industries.

The first contribution is by John Schultz and Bret Haldin from 3M, a company that
needs no introduction to the display community, given its long history of achieve-
ments in display-enhancement films and materials.  Their article, “Market Evolution
and Demand for Optical Films,” gives a snapshot for developments in the area of 
display films and touch-sensor technologies.  As a highlight, the authors show how the
LCD optical-films platform is getting reshaped to enable critical developments in the
younger field of 3-D displays that do not require glasses (autostereotopic viewing).  
A particular type of 3-D enhancement-film solution developed at 3M is described,
including a double-sided patterned film with a microlens array on the side of a direc-
tional backlight unit and a microprismatic array on the LCD-panel size that is regis-
tered to the other surface with micron-level tolerances.  An important feature of this
innovative solution is that the microlens film does not need precise alignment with the
LCD pixels or light-guide features, simplifying module assembly at the OEMs.

The next article is by Jong-Souk Yeo, Tim Koch, et al. from Hewlett-Packard,
reporting on impressive progress in flexible-display fabrication and architectures in
“Paper-Like Electronic Media: The Case for R2R-Processed Full-Color Reflective
Displays.”  This article showcases a comprehensive approach towards developing a
novel reflective display technology – an electrokinetic pixel technology based on 
electrochromic coatings stacked for full-color operation, development of transparent
metal-oxide TFTs, and a roll-to-roll (R2R) processing platform for flexible plastic
substrate fabrication based on the self-aligned imprint lithography process developed
at HP.  This unique combination of a color-display technology in a plastic R2R-
fabricated active-matrix backplane is discussed as enabling a scalable platform for
low-power transparent print-like media and a path towards eco-friendly bright full-
color flexible electronic media that can be extended to new markets such as digital 
signage.
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TFT-LCD PANELS are built from several
components, including glass substrates, liquid-
crystal mixtures, coatings, frames, and optical
films.  These films play an important role in
the TFT-LCD module in aiding the control,
diffusion, and management of light to
improve viewing angle, contrast ratio, and
other performance metrics.

Components of the Display Optical Stack
TFT-LCD optical films include polarizers,
which linearly polarize the light into and out
of the LCD panel, and backlight optical films,
which are films or sheets that improve optical
efficiency, recycle light in the backlight 
system, or diffuse brightness for uniformity.
Backlight optical-film types include normal
and multi-functional prism sheets as well as
micro-lens, reflective polarizer, diffuser, and
reflector films (Fig. 1).  While two polarizers

are always used, all of the other films can be
used in varying quantities, or not at all,
depending on the panel design, which, in turn,
depends on screen size and application, cost,
physical design, and power-consumption
requirements.

Polarizers
TFT-LCD polarizers are themselves com-
posed of different films (Fig. 2).  Triacetyl
cellulose (TAC) is an encapsulation film used
to support and protect the (polyvinyl alcohol
(PVA) layer that performs the polarization. 

Getting the Light Through: TFT-LCD Optical
Films*

The demand on TFT-LCDs to create bright  high-resolution full-color images in a thin package
and at low power levels has been unrelenting.  This engineering challenge would not be possible 
without the use of optical films to collect, direct, filter, and otherwise “manage” the light
through the display.  Growing demand for “green” LCD panels, the use of LED backlights,
and new power-consumption regulations are driving new backlight designs to add more 
optical films, creating opportunities for filmmakers who can provide improved technology.

by Paul Semenza

*This article is based on DisplaySearch’s
Quarterly Display Optical Film Report.

Paul Semenza is Senior Vice-President, 
Analyst Services, with the market research
firm DisplaySearch.  He can be reached at
paul.semenza@displaysearch.com.
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General TFT-LCD Structure
Top
Polarizer

TFT

CCFL

Light Guide Plate

Bottom Polarizer

Color Filter

Top Diffuser

Bottom Diffuser

Reflector Sheet

Prism Film (BEF)

Fig. 1:  There are several different types of films used in TFT-LCD panels, including the ones
used around the LC cell, within the backlight, and between the backlight and the cell. 
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The requirements for TAC are high light
transmittance, low retardation, low color shift,
high adhesion to PVA, and ease of manufac-
turing.  Compensation films correct for the
phase-retardation property of liquid crystals,
which otherwise can result in contrast-ratio
reduction, gray-scale inversion, and color shift
at particular viewing angles.  Surface treat-
ment improves visibility and prevents loss of
contrast due to reflection.  Typical treatments
include anti-glare, low reflection, anti-reflec-
tion, hard coating, and anti-static.

Prism Sheets – Multi-Function Prism
Films
Prism film, also called lens film or prism
sheet, contains micro-replicated prism struc-
tures on polyester (PET) or polycarbonate
(PC) film.  Prism sheets are used in the LCD
backlight module to enhance luminance by
directing off-axis light from the light source
through the prism structure.  A single sheet of
prism film can direct light toward the viewer
in the horizontal or vertical plane only; off-
angle light in the other plane is not affected.
However, by stacking two prism films – one
for the horizontal off-axis light and one for the
vertical off-axis light – on top of each other, a
two-dimensional optical system can be achieved.

Brightness-enhancement film (BEF) is the
marketing name for prism film used by 3M.  
It is the dominant prism film, but is being
challenged from several directions.  First,
some of the basic patent protection held by
3M on its BEF product is expiring, opening
the door to competitors.  Also, in notebook
PCs, an alternative technology has emerged
that marries a reverse prism film with a prism-
functioning backlight to replace the two
stacked prism sheets.  Another emerging trend
involves micro-lens or diffuser films, which

combine diffuser and prism functions in one
film (Fig. 3).  As backlight brightness
increases and cell transmittance improves,
micro-lens film can replace conventional
prism film or reflective polarizers, thereby
reducing cost.

A further development is lenticular films,
which have a lens arrays with rounded 
vertices and curved surface profiles and
simultaneously exhibit light convergence and
diffusion (Fig. 4).  These films do not require
protective films, do not suffer heat-induced
waving in the luminance profile, and are easy
to handle in the assembly process.  Lenticular-
type films offer 3–8% higher brightness (from
dual collimation and higher lens density) than
micro-lens film, as well as lower cost.

Reflective Polarizers
Reflective polarizers recycle light from the
backlight system that would be absorbed by

the LCD and can increase brightness by
50–60%.  These films select incident light
with a specific polarization state to pass
through and reflect the other polarization state
back into the backlight where it can be recy-
cled; they are used in TFT-LCD products
requiring high brightness, such as TVs, high-
end notebook PCs, and high-end monitors.
There are different approaches to making
reflective polarizers: the most common are
multi-layered polarizers, which have hundreds
of layers that are less than 100 nm thick, and
constructions consisting of cholesteric liquid
crystal and wire grids.

3M has strong IP and technical positions in
multi-layered reflective polarizers, which it
markets as dual-brightness-enhancement film
(DBEF), but several panel makers are starting
to seek alternative solutions.  The TFT-LCD
reflective-polarizer market grew rapidly over
the past year, due to the need for green design,
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Protective
Film
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Compensation film

LR / AR Layer
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PVA

TAC

PSA

Release
Film

Basic texture Right angle
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Curved profile Spherical lens

Distribution

Optical Function

Module Function

Optical Gain
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Linear Linear
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+ diffusing + diffusing

High gain diffusingLamp mura reduction

High

Low
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Fig. 2:  Polarizers are multi-layered films
combining structural, polarizing, and light-
management functions.

Anti-scratch

Optical gain (on-axis)

Major Function

Cost

Optical Mechanics TIR + Refraction Refraction + scattering Scattering

Conventional DiffuserPrism Film High Gain Diffuser/Micro Lens

High Middle Low

Diffusing
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Fig. 3:  Micro-lens film combines the functions of both prism-film and diffuser sheets, providing
an optical gain in between that for these two sheets, and potentially reducing cost.

Fig. 4:  Prism-sheet and multifunction-film technologies are compared.



the use of LED backlights, and the trend
toward reduced power consumption.  How-
ever, increasing panel transmittance and LED
luminance will impact the usage of DBEF. 

Diffusers
Diffusers spread and randomize the light across 
the display to minimize brightness variations.
In the most common type of diffuser plate,
acrylic beads are spread in a resin layer, creat-
ing a medium whose refractive index varies
with location; when light passes through this
layer, the beads cause refractions, reflections,
and scattering that lead to the overall optical-
diffusion effect.  Micro-lens arrays are also
being used, and hologram and engineered
approaches are in development (Fig. 5).

Reflectors
There are two types of reflector film: the 
most common are backlight reflectors (also
called “white” or “silver” reflectors), which
reflect and recycle light from the light-guide
plate, and lamp reflectors, which reflect and
recycle light inside the lamp cover.  White
reflectors are typically about 200 µm thick
and have a reflection ratio of about 95%.  
The reflector film is made of PET.  A UV
coating is typically used on the surface of 
the reflector to limit color change.  There is
also a layer on the bottom of the reflector to
increase reflection from the bottom surface.
White PET, which is the base material for
reflectors, is in shortage due to strong demand
from photovoltaic modules.  The global
capacity for white PET is approximately 4k
tons/month, and PV manufacturing is consum-
ing about 1.5k tons/month.  PET makers gen-
erally find that the PV business is more profit-

able than displays.  With the tight supply, some 
PET suppliers have raised prices, and some
backlight units have adopted transparent PET.

Wide Variation in Film Stacks
Film stacks can vary widely, depending on
requirements including cost, brightness,
power consumption, thickness, and type and

brightness of the backlight used.  In order 
to maintain brightness with high energy effi-
ciency for notebook panels, two cross-stacked
prism sheets are necessary.  Therefore, a stack
of four films (upper diffuser plus cross prisms
plus lower diffuser) is still the mainstream in
notebook backlight units (BLUs) (Table 1).
In order to reduce cost, the upper diffuser can
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Coated Beads
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Source: POC website
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Source: MNTech
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Random
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Fig. 5:  Coated beads in resin are the most common approach to manufacturing diffusers, but
other approaches that could result in improved performance are in production or development.

Table 1:  Film stacks for notebook (12–17 in.) and monitor (15–24 in.) panels

Notebook Notebook Notebook Monitor Monitor Monitor Monitor Monitor Monitor

Top diffuser DBEF Multi-function Top diffuser DBEF Micro-lens Top diffuser
prism film

Cross prism Cross prism Down prism Prism sheet Prism sheet Micro-lens Multi-function Prism sheet Lenticular
sheet x2 sheet x2 sheet film prism film

Down diffuser Down diffuser Down diffuser Down diffuser Down diffuser Down diffuser Down diffuser Micro-lens Micro-lens
film film

Light-guide Light-guide Light-guide Light-guide Light-guide Light-guide Light-guide Light-guide Light-guide 
plate plate plate plate plate plate plate plate plate

Reflector Reflector Reflector Reflector Reflector Reflector Reflector Reflector Reflector



be replaced by a prism sheet with a haze func-
tion (back coating or modified texture) and a
conventional prism.  Monitors typically use a
three-film stack (upper diffuser plus prism
plus lower diffuser).  Korean panel makers
have widely adopted two-film stacks (multi-
function prism plus lower diffuser).

Film stacks in LCD-TV BLUs are highly
dynamic and diverse, evolving every few
quarters.  Various optical films are available
to LCD-TV BLU makers, and there is more
design freedom to find the most cost-effective
film stack that meets specifications (Tables 2
and 3).  Lenticular films, with performance
between that of micro-lens and prism-sheet
varieties, are used to reduce the number of
cold-cathode fluorescent lamps (CCFLs) and
are used with edge-lit LED BLUs to replace
the prism sheets (Table 4).

As the number of LED chips used in edge-
lit LED BLUs decreases, cross-type prism
sheets (horizontal and vertical) are being used
to maintain brightness.  However, this typi-

cally results in a narrow viewing angle.  The
heat from the LEDs creates difficulties for
reflectors and light-guide plates (LGPs),
including warping.  To provide stiffness and
resist bending at high temperatures, thicker
optical films are used.

Market Trends in Optical Films
Demand for all TFT-LCD optical films is
expected to grow from 567 million square
meters in 2009 to 700 million square meters 
in 2010.  However, due to price declines,
TFT-LCD optical-film revenues are expected
to grow more slowly, from $9.3 to $10.5 
billion (Table 5).  Increased demand in total
display area is leading polarizer and backlight
films to grow by more than 25% in area in
2010.  But while polarizer revenues will bene-
fit from LCD TV, resulting in 16% growth in
2010, backlight films are facing price pressure
and are expected to grow by less than 5%.

The supply of polarizers was tight in 2009
and early 2010; some makers had production 

issues and some makers closed fabs.  How-
ever, the top five polarizer makers have been
expanding capacity, which will ease the tight 
supply.  The supply of polarizers can be limited 
by shortages of key materials such as PET films 
used as protection and release films.  Unyielded 
TFT-LCD polarizer capacity is expected to
increase by 23% to 463 million square meters
in 2010.  Nitto Denko and LG Chemical
increased production line speed, and Sumitomo,
Samsung Cheil, BMC, and CMI are expanding
capacity.  LG Chemical leads polarizer ship-
ments in terms of both units and area, followed
by Sumitomo in units due to strong notebook
penetration and Nitto Denko in terms of area
due to higher shipments of LCD TVs.

Prism-sheet revenue is expected to increase
4% in 2010 because LED models use more
prism and lenticular film.  However, the
lenticular-film price is lower than that of
prism film; therefore, the revenue growth rate
is lower than the unit growth rate.  Prism-film
revenue is likely to drop after 2010.
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Table 2:  Film stacks for LCD-TV panels, 26–32 in.

Micro-lens Top
DBEF film DBEF diffuser DBEF

Multi-
Prism  function Lenticular Prism  Prism

DBEF sheet prism film sheet sheet

Micro-lens Down Micro-lens Down Micro-lens Micro-lens Micro-lens Lenticular Down Lenticular Microlens 
film x2 diffuser x2 film x2 diffuser film x2 film x3 film film diffuser film x2 film  x2

Textured Textured Textured Diffuser Diffuser Diffuser Textured Textured Diffuser Diffuser Diffuser 
diffuser diffuser diffuser plate plate plate diffuser diffuser plate plate plate
plate plate plate plate plate

U-CCFL U-CCFL U-CCFL CCFL CCFL CCFL CCFL U-CCFL U-CCFL CCFL CCFL

Table 3:  Film stacks for LCD-TV panels, 40–47 in.

Top Top Micro-lens
diffuser DBEF diffuser film

Multi-
Prism Lenticular Prism Micro-lens Prism function Lenticular Prism
sheet film x2 sheet film x2 sheet prism film sheet DBEF

Micro-lens Down Lenticular Down Micro-lens Micro-lens Micro-lens Micro-lens Down Micro-lens
film diffuser film diffuser film film x2 film film x2 diffuser x3 film x2

Diffuser Diffuser Diffuser Diffuser Diffuser Diffuser Diffuser Diffuser Diffuser Diffuser
plate plate plate plate plate plate plate plate plate plate

U-CCFL CCFL CCFL CCFL CCFL CCFL CCFL CCFL CCFL CCFL



After growing very rapidly in 2008, the
trend toward using multi-function prism film
for monitors, the dominant large-area applica-
tion, slowed in 2009.  Part of the reason is due
to low-yield issues at BLU makers, and
another is that LED models will use normal
prism film for better brightness enhancement.
Prism film with reflective polarizer function-
ality is widely used in portable applications,
providing better brightness enhancement. 

Micro-lens-film revenues are expected to
fall in 2010 due to the reduction in the number
of lamps used and LED models using a back
prism and lenticular structure for increased
optical performance.  Large-sized TV panels
(37 in. and larger) are the dominant application.

The reflective-polarizer market, where TV
is the dominant application, grew in 2009 and
2010 due to the expansion in green designs, 
LED models, and low-power trends.  Increasing 
panel transmittance and LED luminance will
impact the usage of DBEF models after 2011.

Reflector-film demand is growing along
with large-area demand, and increased perfor-

mance requirements are keeping prices high.
Also, the rapid growth of demand in the solar-
cell industry has caused tight supply conditions.

Diffuser demand continues to grow with
area, but multi-function prism film includes
the top diffuser function and will reduce the
usage of diffusers.  In the meantime, some
lenticular films used in LCD TVs do not
require diffusers.

Looking Forward
Polarizers are essential for LCD panels, 
especially in wide-viewing-angle applications,
while films that improve the luminance of the
backlight and the LCD module are very
important for cost reduction and green panel
design; both grow with panel demand.  How-
ever, cost pressure in the optical-film market
is limiting revenue growth.  As this trend is
likely to continue for the next few years, mak-
ing technical improvements to reduce produc-
tion and materials cost is the most critical
focus for polarizer and backlight optical-film
suppliers.  Especially for LCD TV, where

power consumption is a major focus of set
design, panel makers need to reduce the num-
ber of lamps and LEDs that use prism sheets
to maintain brightness.  Prism sheets are grad-
ually becoming a requirement in LCD-TV
panels, which will support increases in prism-
film average price and help to reverse the 
revenue decline.  �
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Table 4:  Film stacks for LED-backlit LCD-TV panels, 40–47 in.

DBEF DBEF

Lenticular film Prism sheet Prism sheet HxV

Micro-lens film x2 Down diffuser Down diffuser

LED Light-guide plate LED Light-guide plate LED Light-guide plate

Reflector Reflector Reflector 

Table 5: Optical films shipments and revenues

Shipments Shipments Revenues Revenues
Film Type 2010, Mm2 2009, Mm2 2009, $M 2010, $M

Polarizer Films 198.3 252.0 $6,468 $7,507

Normal Prism 62.0 79.5 $806 $835

Multi-Function Prism 11.2 12.7 $182 $176

Micro-Lens 49.5 47.7 $304 $245 

Reflective Polarizer 19.7 27.0 $672 $848

Diffuser 129.9 158.6 $481 $503

Reflector 96.5 122.1 $356 $430

Sub-Total 368.8 447.7 $2,801 $3,037

Total 567.1 699.7 $9,269 $10,544

Source: DisplaySearch Quarterly Display Optical Film Report.
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Making displays more energy efficient since 1993.

LCD TVs with 3M Film  
Use Up to 37% Less Power.

3M’s Vikuiti™ Dual Brightness Enhancement Film (DBEF)—the world’s first reflective polarizer—
recycles light that’s normally wasted in LCD devices. Adding Vikuiti DBEF can improve the 
efficiency of LCD TV backlights by 32–52% and can cut total TV energy use by 23–37%. A 
typical 46 LCD TV with Vikuiti DBEF and two diffusers, for example, can operate on 83 fewer
watts than the same TV with three diffusers and no Vikuiti DBEF.  Feel the joy—go to  
3M.com/displayfilms for more information about saving energy with 3M Display Films. 
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SUPPLIERS have made phenomenal
leaps in advancing materials so that electronics
manufacturers can keep up with and, in some
instances, surpass consumers’ demands.  Two
such areas include the role of thin films in the
evolution of LCD technology and the function
of EMI management in optimizing perfor-
mance as a result of the rapid growth in 
projective-capacitive (pro-cap) touch.  This
article will explore how these separate but
interrelated aspects affect display design. 

Evolution of LCD Technology
In the short, meteoric rise of liquid-crystal 
displays (LCDs), few technologies have had
the impact-per-ounce that optical films have
had.  Early in the development of LCDs, these
very thin polymeric sheets were able to
increase light efficiency, thereby extending
battery life so that laptops and other mobile
displays became practical.  Today, that same
film-enabled efficiency means that carefully
designed large-format televisions and moni-
tors can become an acceptable choice for
energy-conscious consumers.  Optical films
have also allowed the introduction of stunning
new functional capabilities such as 3-D and
touch sensitivity.  As consumers have

demanded sleeker and smaller devices, optical
films have also enhanced both performance
[by managing electromagnetic interference
(EMI)] and the viewing experience.  In addi-
tion, films provide viewing privacy and protect 
display surfaces from the assaults of everyday
use – from car keys rubbing across a smart-
phone screen inside a purse to windblown sand 
striking your tablet as you read at the beach.

The contribution of films will continue for
the foreseeable future.  Work currently under
way promises to give LCDs even greater
functionality, better energy efficiency, and
greater design flexibility.  Autostereoscopic
and EMI films, in particular, are illustrative 
of the recent past and future potential of thin
films in LCD technology.

Autostereoscopic Films
Three-dimensional perception provides a level
of sheer wonderment in viewers that is rivaled
by few other advances in display technology.
This has been true since the first full-length 
3-D motion pictures were introduced in the
last century and has become especially so
with the advent of the latest generation of
technologies, which include active-shutter 
and passive glasses.  With regard to no-
glasses (autostereoscopic) viewing, which 
is still under development for many commer-
cial applications, the leading technologies 
are parallax barrier, lenticular, and directional
backlight. 

Films play a key role – indeed, an enabling
role – in several of these technologies and par-

ticularly in the directional backlight solution.
Recent advances in films for 3-D autostereo-
scopic displays demonstrate that, in combina-
tion with other technologies, such films can 
be instrumental in achieving the Holy Grail 
of handheld 3-D displays: “at-a-glance” 3-D 
perception on-axis along with clear off-axis 
2-D perception, full-color fidelity, and full
resolution – all without the use of glasses,
which are generally unacceptable for mobile
device use.  (Off-axis 2-D means there is no
risk of view reversal, as in parallax barrier or
lenticular solutions.)

The key elements of one such possible system 
design are a 120-Hz LCD panel, a directional
backlight unit (DBLU), and a specialized 3-D
enhancement film.  A schematic cross-section
of this configuration is shown in Fig. 1.

The DBLU includes a set of fast-response
LEDs on the left and right side, which alter-
nate off and on (with a brief dark interlude).
When the left LEDs are lit, the unique shape
of the film directs the left image to the left
eye; when the right LEDs are lit, the film
directs the right image to the right eye. This
approach also incorporates a light guide and a
reflective film below the light guide, a config-
uration that is similar to backlights in conven-
tional mobile devices, although the light guide
is designed with specific modifications that
enable the 3-D enhancement film to achieve
its highest performance

It is worth mentioning that the reflective
film behind the light guide is an example of
the early influence of film technology on

Market Evolution and Demand for Optical
Films

Over the years, thin films have contributed greatly to the evolution of LCD technology.  
With the current demand for 3-D and projective-capacitive touch, they continue to do so. 

by John Schultz and Bret Haldin

John Schultz is a research specialist at 3M in
the Optical Systems Division.  Bret Haldin is
a business development manager at 3M with
the Electronics Markets Materials Division.
For more information, contact 3M at 1-888-
3M HELPS. 
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LCDs.  These films’ high reflectivity and light
weight – the result of hundreds of layers
stacked into the thickness of a sandwich bag –
were among the keys to the development of
laptops and other mobile devices.

3-D enhancement film sets this display
apart from other LCDs.  It incorporates an
innovative film design and a high degree of
precision in film manufacturing, unlike other
autostereoscopic designs; however, it does not
require a precise alignment with LCD pixels
or the light-guide features, which means it is
easy to integrate into OEM systems. 

To achieve its 3-D effect, the film uses
lenticular features on the top surface and
prism structures on the bottom surface, a
design that has been informally dubbed “the
ice cream cone,” as shown in Fig. 2.

The top and bottom lenticular and prismatic
features must be registered with micron-scale
tolerances during manufacturing, and the
exact size of the features can be adjusted to
minimize moiré with the LCD.  To provide
autostereoscopic 3-D over a large display, the
prism pitch is slightly larger than the lenticu-
lar pitch so that over the width of the panel the
offset between each lenticular/prism pair
increases with distance from the center of the
display.  This offset is a design parameter
based on the desired viewing distance and the
size of the panel.  For example, the 3-D
enhancement film shown in Fig. 2 has a
44.000-mm pitch per 1000 lenticular features
and a 44.008-mm pitch per 1000 prismatic
features; this difference in pitch produces 
an optimal viewing distance of 400 mm,
although 3-D can be seen both closer and 
farther from the display. 

The example in Fig. 2 introduces the latest
refinement in 3-D enhancement films: in ear-
lier generations, the prism structures butted
directly against each other on the bottom 
surface; in this iteration, a flat region is intro-
duced between prisms.  This flat feature
increases film reliability by reducing the ten-
dency for stress fractures to form at the sharp
inner groove.  Cosmetic features of the film
are also improved with the elimination of
sharp peaks on the master tooling.  Functional
testing found no change in the light-output
distribution when the flat regions were intro-
duced between prisms.

Removing Barriers to Adoption
The integration of DBLUs and 3-D enhance-
ment film resolves several of the barriers to a

broader adoption of 3-D displays in handheld
devices.  Among those barriers are the afore-
mentioned glasses.  Another is viewer fatigue.
There are multiple causes of this discomfort,
but one frequent explanation is “reversed
viewing” of images that are perceived when
the viewer moves slightly off-axis while 
looking at autostereoscopic devices based 
on the parallax-barrier and lenticular-lens
approaches.  The DBLU 3-D enhancement-
film approach is autostereoscopic 3-D on-axis
and provides clear 2-D viewing when the
viewer moves slightly off-axis.  This approach
also minimizes the “black bands” that can
arise between left and right images with
autostereoscopic systems. 

As autostereoscopic films and their DBLU
and fast LCD system components continue to
evolve, the limitations of earlier generations 

of autostereoscopic displays are being resolved.  
The reduction of cross-talk and the elimina-
tion of image reversal – the disconcerting 
in-out or out-in of images and the “scratchy” 
visual appearance because of the half-resolu-
tion display quality – are good examples of how 
films and other system components can help
break down barriers to adoption.  The combi-
nation of a 120-Hz LCD panel, the DBLU,
and the 3-D enhancement film with appropri-
ate selection of the LED sequencing relative
to the LCD panel refresh rate has been effec-
tive at reducing cross-talk to visually accept-
able levels in a full-resolution autostereo-
scopic display with at-a-glance viewing.

EMI Films and Touch Technology
Whether for entertainment, information, or
work, consumers can not seem to get enough
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Fig. 1:  This autostereoscopic 3-D display uses a directional backlighting unit or DBLU.
(Image is conceptual and not to scale.)



of smartphones, tablet computers, and other
types of hand-held devices.  State-of-the-art
materials are needed to manage the electro-
magnetic interference (EMI) and touch-sensor
performance issues that can arise in these designs, 
while simultaneously enabling display engi-
neers to keep up with five important trends: 

• The rapidly increasing market penetra-
tion of projective-capacitive touch.

• Desire for devices that are increasingly
thinner and lighter.

• Desire for increased functionality and
capability in portable devices.

• Increased interest in larger display sizes
for portable devices.

• Demand for state-of-the-art touch func-
tionality 

The above-mentioned demand has driven
tremendous growth in the area of pro-cap
touch sensing in particular.  Pro-cap touch dis-
plays are currently incorporated into a signifi-
cant portion of smartphones and are being
integrated to support touch capability in larger
devices, such as tablets and slates, as well.
Pro-cap capability supports single- and multi-
touch functionality that as a system integrates
relatively well into the current form factors of
interest for portable electronic devices.

However, along with these desirable
attributes, display engineers and product
designers interested in pro-cap systems for
their devices face many integration chal-
lenges.  The system’s performance can be
impacted by a number of issues, such as sen-
sor design and composition, touch integrated-
circuit (IC) capabilities, display characteris-
tics, thickness of the optical stack and cover
lens, and the presence or lack of an air gap
between the pro-cap sensor and the display.
In addition, the demand for multiple function-
alities such as GPS, Bluetooth, and Wi-Fi, and
the need for their associated antennas, can
cause an increased amount of electromagnetic
radiation to be present in and around con-
sumer-electronic devices.  It is important to
note that this radiation, in this case potentially
coming from within the device itself, can
directly impact that same device’s projected
pro-cap touch-system performance.

In short, it is not easy to design and tune a
pro-cap system for a portable electronic
device, and there are many factors, such as the
drive toward thinner devices with increased
functionality and the demand for larger dis-
play sizes, that affect the overall system per-

formance and associated level of touch capa-
bility.  The combination of the above trends is
causing significant focus on the area of EMI
management.  As alluded to above, pro-cap
systems, due to their proximity to radiating
surfaces within the device, and their use in a
wide range of settings, can often be degraded
due to EMI-related issues.  These systems rely
on the ability of a signal-processing algorithm
to detect small changes in capacitance in a
conductive circuit, and these changes can be
masked by interference from surrounding
electronic noise, either from outside the
device or from the device’s own display.  

Materials designed to meet these challenges
today are typically constructed using a base
substrate such as polyethylene terephthalate
(PET) ranging in thickness from 25 to nearly
200 µm, and a thin conductive layer that has
either been coated or deposited on the sub-
strate’s surface.  The conductive layer can be
made of materials such as carbon nanotubes
(CNTs), high-aspect-ratio structures such as
silver nanowires, transparent conductive
oxides such as indium tin oxide (ITO) or zinc
oxide (ZnO), or conductive polymers such as
poly 3,4-ethylenedioxylthiophene (PEDOT).

All of these materials seek to minimize the
inherent tradeoff that occurs with a transpar-
ent conductive material between optical 
quality – measured by criteria such as photopic 
transmission, haze, and color bias – and elec-
trical conductivity.  Figure 3 illustrates how
these materials can be applied with a display
stack construction, usually in conjunction with
an optically clear adhesive (OCA), to mini-
mize the impact of display-generated EMI on
the performance of a pro-cap touch sensor.
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Fig. 2:  The signature “ice cream cone” profile of 3M’s 3-D film is apparent in this cross-
section.  This film features prism structures separated by a flat region that improves the film’s
cosmetic quality.
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Fig. 3:  Film materials can be applied in a
display stack construction.



There continues to be strong interest in the
industry to reduce the width of or even elimi-
nate the bezel around the display, and material
suppliers are working to improve pro-cap
touch sensors, particularly those on a film
substrate, so their interconnects are as narrow
as possible.  3M’s Patterned Transparent Con-
ductors (PTC) offer high-level performance in
this area by utilizing a highly controllable pat-
terning process to provide interconnect struc-
tures five to six times narrower than the indus-
try norm.  More specifically, PTC offers supe-
rior transparency, at resistances that are orders
of magnitude lower than existing ITO prod-
ucts, on a polyester film substrate that is
highly flexible.  These benefits are based on
the use of silver conductive traces that are 
2–3 µm in width, configured in specific
geometries to minimize the optical/electrical 
tradeoff.  These materials offer excellent optics 
down to sheet resistances lower than 20 Ω/�

In Fig. 4, the narrow-bezel benefit of PTC
is illustrated by comparing the screen-printed
interconnect structure used in many ITO/PET
pro-cap touch sensor designs with a PTC-
based interconnect design.  The structure at
left in the figure measures 1.4 mm in width,
while the structure at right is 250 µm across.
It is worth noting that the interconnect struc-
ture on the left supports a 3-in. display size,
while the PTC interconnect structure is for a
4.8-in. display.  Despite having a higher 
number of interconnects, the PTC-based 
structure is almost six times narrower than 
the screen-printed design.

Films and the Future of Display Design
Autostereoscopic and EMI-management films
have done much to advance the performance
and design of LCDs and, in turn, that of
today’s most popular consumer mobile
devices, and they will continue to expand the
potential of these devices.  However, while
using state-of-the-art materials is important,
the most successful breakthroughs and
designs that can move ahead of the trends will
come through early collaboration between
internal product design and engineering teams
and their material suppliers.  It is at this point
that engineers will find these materials most
valuable, as they continue to tackle the chal-
lenges presented by a fast-paced and ever-
demanding market. 

The films discussed in this article are but
two examples of a new generation of films.
Other new and transformational films, soon to
be introduced, will remove long-standing 
barriers to improvements in the cost, perfor-
mance, weight, thickness, and environmental
profile of displays.  Now more than ever,
there are a number of diverse material sets for
display engineers to consider that can meet a
wide range of design goals while improving
and optimizing performance.  �
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Fig. 4:  On the left are micrographs at 50× magnification of a screen-printed interconnect
structure and, at right, a 3M Patterned Transparent Conductor interconnect design for a pro-
cap touch sensor.
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REFLECTIVE DISPLAYS have seen
tremendous growth in recent years, from elec-
tronic readers to digital signage.  One of the
most sought-after additions to this technology
has been color.  Hewlett-Packard (HP) is
approaching the challenge of generating
bright high-quality reflective color images
from the perspective of printing by layering
subtractive colorants (CYM or CMYK) at
every addressable pixel location.  Layered
colorants in electronic media can be enabled
by stacking electro-optic layers that are modu-
lated between colored and transparent optical
states.  And we have developed a novel 
electrokinetic frontplane architecture that 
provides a transparent state with electrically

addressable colorants and is fabricated on a
plastic substrate using roll-to-roll (R2R) 
manufacturing processes.

In order to provide full-color capability in a
stacked architecture of layered colorants, each
colorant layer needs to be addressed with

Paper-Like Electronic Media:  The Case for
R2R-Processed Full-Color Reflective Displays 

A reflective electronic medium with properties similar to printed paper has been a goal within
the display industry for many years.  Most current reflective technologies use techniques 
similar to emissive displays to achieve color capability.  This article focuses on a design 
that mimics color printing methods to achieve a wide color gamut and uses a roll-to-roll 
processing method.

by Jong-Souk Yeo, Richard Elder, Warren Jackson, Randy Hoffman,
Dick Henze, and Tim Koch
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Think “Print” – Not “Display”

Lateral Colorants

Polarizer-Based

Layered Colorants

Monochrome + Color Filter

Fig. 1:  A “print-like” system architecture can be used as an approach to color reflective
media.
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electrical interconnect by integration of a suit-
ably transparent matrix of driving electronics.
This architecture also allows the potential for
an optional backlit transmissive mode under
low-ambient-light conditions.  Consequently,
HP is developing an active-matrix backplane
technology based on transparent metal-oxide
thin-film transistors (TFTs) that is compatible
with existing glass (active-matrix LCD or 
AMLCD) fabs.  Separately, the company has
developed its self-aligned imprint lithography
(SAIL) for low-cost R2R fabrication of
active-matrix backplanes on plastic substrates.
By using the SAIL process, it is possible to
make single-layered electrophoretic displays
using amorphous TFTs.  Preliminary steps
have been taken to adapt SAIL processing to
transparent oxide semiconductors to permit
eventual migration of the transparent active-
matrix backplane to a flexible substrate using
an R2R manufacturing process.1

A Print Paradigm
Reflective displays should be expected to pro-
vide a user interaction similar to that  that of
printed paper, plus the added versatility of
dynamically refreshed images.  Unlike emis-
sive or transmissive displays, the reflective
display does not generate any photons, but
merely reflects ambient light as efficiently as
possible via optical architectures and electri-
cal designs in order to produce colorful
images.  Accordingly, we have adopted a
“print” rather than a “display” approach to
devising a system architecture, designing 
electro-optic switching layers and evaluating
the resulting image in accordance with 
reflective media.  Optically efficient system
architectures require a shift of focus from
polarizer-based lateral colorant or mono-
chrome plus color-filter approaches to a 
system of electronically addressable layered
colorants to achieve saturated color (Fig. 1),

similar to the subtractive-primary approach
adopted by the printing industry.

The visual performance of a reflective 
display is determined by perceived contrast
(∆L*), color gamut (colorfulness), tonal reso-
lution (gray levels), spatial resolution (pixels
per inch or ppi), sensitivity to lighting and
viewing angle, and switching-speed perfor-
mance.  The choice of electro-optic switching
technology determines attributes such as tonal
resolution, spatial resolution, viewing angle,
and switching-speed performance, while the
color gamut and contrast ∆L* can depend
strongly on the architectural arrangement of
the system design.

Since advertisers in conventional printed
media are accustomed to standards such as
Specifications for Newsprint Advertising 
Production (SNAP) for newspaper ad inserts
and the Specifications for Web Offset Publi-
cations (SWOP) for magazines and other
high-quality printing, the performance of
color-reflective electronic media should be
evaluated by these standards if such media is
to be a viable replacement for printed paper.

Meeting SNAP requires a white-state
reflectivity of 60% (lightness L* of 82), a
value that many existing color-reflective tech-
nologies utilizing polarization effects or side-
by-side color filters have difficulty achieving
due to fundamental technology limitations.  In
order to meet these challenges while provid-
ing low power for mobility, good viewing
angle for a paper-like experience, and rich
color with ambient lighting, HP has developed
a novel electro-optic device architecture with
optically transparent and colored states based
on proprietary electronic inks of primary 
subtractive colorants.

Figure 2 shows microscopic images of cells
of this device architecture, which introduces a
uniform distribution of dots where colorant
particles can be compacted.  Since the control
of multiple electrokinetic forces leads to the
compaction of charged colorants, the technol-
ogy is termed “electrokinetic” media.  With-
out an applied voltage, the colorant particles
are spread uniformly within a cell and the 
display element is in the colored state.  Under
a bias condition that provides compaction of
colorant particles into dot-patterned cavities,
the display element produces a transparent
state.  The example shown in Fig. 2 with cyan
ink demonstrates optical transparency (~80%)
at low bias (< 15 V) with relatively fast
switching (< 300 msec). 
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(b)

(c)

(a)

Fig. 2:  (a) Cross section of the three-dimensional cell structure.  (b) A novel device architec-
ture using colored and transparent states.  (c) A schematic of dynamic driving for eight levels of
gray (= 3 bits).
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Plastic Substrates
HP has also developed a set of R2R process-
ing capabilities for making fine-scale circuitry
and physical features on plastic substrates that
is compatible with the needs of reflective 
displays.2 The R2R process, which utilizes
imprint lithography and related techniques as
key patterning steps, also offers significant
cost advantages compared to conventional
photolithographic processes.  The tool set 
currently enables unit processes of coating,
imprinting, plasma treatment, electrolytic and
electroless plating, and laser micromachining.
This low-cost R2R manufacturing platform
has been applied to fabricate the flexible 
electrokinetic frontplane described here. 

A photolithographically prepared master
substrate is used to fabricate a flexible stamp.
The stamp and imprint processes use propri-
etary resin materials to allow replication of
multilevel three-dimensional patterns continu-
ously down the web.  This flexible frontplane
media has been integrated with electrically
addressable ink onto a backplane array made
with transparent multicomponent oxide
(MCO) thin-film transistors (TFTs).  To mod-
ulate the optical state of each pixel, the pixel-
plate electrodes are selectively activated
through the TFT array, while the top electrode
is maintained at a fixed reference bias.  In the
electrokinetic architecture, the out-of-plane
switching geometry allows for the control of
colorants between spread and compacted
states, so various gray scales can be achieved
by modulating the pulse width or pulse ampli-
tude.  Figure 2(c) shows eight levels of gray
using direct-driven segments along with their
respective images.  Continuous dynamic driv-
ing to transition from one gray-scale level to
another is possible without having to reset the
colorant particles. 

This frontplane technology has been
applied to very thin and flexible color elec-
tronic-skin prototypes shown in Figs. 3(a)–(c)
as well as the pixelated color reflective dis-
play shown in Fig. 3(d).  The examples here
provide an effective resolution >100 ppi for a
frontplane with the transparent state at a low
holding power for color reflective media 
(< 50 µW/cm2 at < 15 V typical).  Figure 3(c)
demonstrates segmented prototypes with each
primary colorant and Fig. 3(d) shows the
image of what we believe to be the world’s
first electronic-ink-based pixelated stacked
color reflective display using a three-layered
cyan/magenta/yellow stack, each layer inte-

grated with prototype TFT backplanes.  
We have used a 1225 pixel (35 rows × 35
columns, 750-mm-square pixel size) proto-
type backplane to demonstrate integration 
feasibility of an active-matrix pixelated color
reflective display.3

SAIL Process for R2R Active-Matrix
Backplanes 
Working with PowerFilm, Inc., HP developed
a process for the R2R manufacturing of
active-matrix backplanes using its self-aligned
imprint lithography (SAIL).  The primary goal
in developing the SAIL process was not to make 
flexible displays, but rather inexpensive ones.
We started with the single defining assump-
tion that we would use R2R processes exclu-
sively.  Rather than adapting the existing
active-matrix–on–glass architecture to R2R
fabrication, SAIL aims to capitalize upon the
strengths of R2R fabrication while avoiding
its weaknesses.  R2R processes can provide
lower cost, better uniformity, and higher
throughput than batch processing, particularly
in large-area fabrication.  However, the intro-
duction of flexible plastic substrates presents a
great challenge in layer-to-layer alignment 
because of the dimensional instability of plastic.

The SAIL process overcomes this align-
ment problem by imprinting a 3-D masking
structure on top of the full stack of unpat-
terned thin films required for the thin-film-
transistor (TFT) backplane.  The multiple 
patterns required to create the backplane are
encoded in the different heights of the mask-
ing structure.  By alternately etching the
masking structure and the thin-film stack, the
multiple-layered patterns required for the
backplane are transferred to the device film
layers.  Because the mask distorts along with
the substrate, perfect layer-to-layer alignment
is maintained regardless of process-induced
distortion.  Imprint lithography is ideally
suited for R2R implementation because of its
high resolution, high throughput, and ability
to reproduce complex 3-D structures.  The
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Fig. 3:  Flexible reflective electronic-media
prototypes include (a) flexible segmented
electronic skins, (b) stacked segments that
show additive (cyan plus yellow) and subtrac-
tive colors, (c) segmented examples with each
primary colorant, and (d) an electronic-ink-
based pixelated stacked-color reflective 
display.



imprint process begins with a master patterned
to four different etch depths using a combina-
tion of conventional lithography and MEMS
processes.  This master is replicated onto the
surface of a quartz roller.  A web coated with
photopolymer is wrapped partially around the
quartz roller and UV-cured while in contact
with the roller.  We have imprinted 40-nm
lines on 50-µm-thick polyimide and have
developed materials that can maintain fidelity
for thousands of impressions at throughputs of
greater than 5 m/min.

The SAIL process flow is completely dif-
ferent from the conventional glass-substrate
AMLCD backplane process, which consists 
of a sequence of deposition, alignment, and
patterning steps.  Each of the five or more
thin-film layers is applied, typically with a
vacuum deposition process, then individually
aligned and patterned with photolithography.
Each photolithography sequence involves
application of a resist, alignment, and photo-
imaging of a pattern to the resist, development
of the resist, transferring of the pattern to the
thin film via etching, and, finally, removal of
the resist.

In the SAIL process, instead of sequential
deposition and patterning of each material
layer, the complete TFT stack including the
top (source/drain) and bottom (gate) metal is
first deposited in an inline R2R process.  This
enables high throughput and avoids contami-
nation of critical interfaces produced by inter-
vening patterning steps.  Next, the 3-D mask-
ing structure (Fig. 4) is imprinted on top of 
the thin-film stack as described above.  This
single imprinting step replaces the five or
more repeated applications of photoresist that
dominate materials costs for the conventional
AMLCD process.

The third phase of the SAIL process is a
series of etches that transfers the patterns from

the mask to the device layers.  First, the com-
plete TFT stack is etched away in any area not
covered by the mask, and the gate metal is
undercut until tunnels are formed in specially
designed narrow regions.  This enables the
formation of crossovers and isolates the TFT
gates.  The imprinted mask structure is
sequentially etched back level by level, with
successive masking structure levels serving as
etch masks to define the transistor channel
and top metal patterns.  Finally, the remaining
polymer mask material is removed and the
backplane is complete.

The electrical characteristics for completely
roll-to-roll produced SAIL transistors are
shown in Fig. 5 for different channel lengths.
The scaling of the drain current as 1/L demon-
strates that short-channel effects/contacts do
not become a problem for channel lengths as
small as 1–2 µm, even though the substrate is
changing size by hundreds of microns.  Thus,
large on-currents are possible even with the
relatively low mobility of a-Si.4

In 2009, we demonstrated, in partnership
with E Ink, the world’s first R2R fabricated
displays using these processes (Fig. 6).  This
backplane is based on a thin-film stack 
composed of conventional hydrogenated
amorphous-silicon (a-Si:H) semiconductor

and silicon-nitride dielectric layers.  The 
a-Si:H based SAIL process is currently being
ramped to pilot production for single-layered
electrophoretic displays.

R2R Process Cost Advantages
The primary motivation for R2R processing is
cost: 1000 m of 1-m-wide 50-µm-thick poly-
mer wrapped around a 150-mm diameter core
has an outer diameter of 29 cm and weighs
approximately 50 kg.  One-thousand square
meters of 0.7-mm-thick display glass weighs
over 1700 kg.  The cost of 1.5 × 1.8-m sheets
of display glass (Gen 6) in large quantities 
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Fig. 4:  This four-level imprinted mask is for
an active-matrix backplane.

Fig. 5:  The transfer characteristics are for a-Si SAIL transistors produced using roll-to-roll
processing for various channel lengths. 
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Fig. 6:  This R2R fabricated active-matrix E
Ink display was demonstrated in 2009.



is 3.2 times the cost of 50-µm-thick high-
temperature polymer substrates for the same
area.  The dramatically lower cost of plastic
compared to glass is a significant benefit, but
perhaps more important is the simplicity of
handling a flexible plastic web compared to
the care which must be taken to work with
fragile sheets of glass twice the size of a sheet
of plywood and half the thickness of a CD. 

R2R capital equipment costs are a fraction
of those for flat-panel tools.  This is, in part,
due to ease of handling, but a second impor-
tant contribution comes from the fact that
most R2R processes operate in the steady
state compared to the batch-oriented process-
ing used in flat-panel tools.  In batch process-
ing, much of the cycle time is consumed in
stabilizing transients resulting from changes
in pressure, temperature, or other process 
variables as well as load and unload times.
All of these issues can be eliminated in a
steady-state R2R process.  The footprint of the

processing equipment is also reduced.  Once a
roll is mounted in a machine, a simple roll
feed can move 1000 m of web through the
process, eliminating the need for large, high-
performance load locks and robotics.  

As an example, we present the cost compar-
ison between flat-panel and web-based 
patterning tools.  The solid line in Fig. 7
shows the capital cost of a flat-panel stepper
normalized by its throughput as a function of
substrate size.  Substrate size is represented by
generation number.  For reference, Gen 4 sub-
strate size is 0.68 × 0.885 m, while Gen 10 is
2.85 × 3.05 m.  The two pluses show the 
capital cost of the first two generations of
R2R imprinters used in the SAIL process 
normalized by throughput and plotted on the x
axis at the point where the throughput is equal
to the flat-panel tool.  In this case, the R2R
tools follow a similar trend but are nearly two
orders of magnitude cheaper.  This cost differ-
ence is exaggerated by the fact that the

imprint process is intrinsically a higher-
throughput lower-cost process than step-and-
repeat photolithography, but the minimum
cost advantage in R2R deposition and etch
tools is 5× over batch.

Another major opportunity for cost savings
in R2R manufacturing is minimization or
elimination of clean rooms.  The incremental
capital cost (excluding building shell and 
primary infrastructure) of a class 100 clean
room is ~$10,000/m2.  In addition, the annual
operating cost of the clean room may be as
high as $1000/m2.  In the case of the SAIL
pilot facility, if clean rooms were needed, they
would double the capital cost of the factory.
Flat-panel fabrication requires a clean room
because the exposed surface of the substrate
must be protected from particulate contamina-
tion at all times.  In the case of R2R manufac-
turing, however, when the web is wrapped
around the core, its surface is protected from
contamination.  If each tool enclosure pro-
vides a locally clean environment through
HEPA filtration or because it is a vacuum 
system, then the web can be transported from
tool to tool in a cassette with leaders much
like that of a 35mm film cassette, thereby
eliminating the need for the entire factory to
be a clean room.  Results from our current
processing line, which uses a clean room only
for in-process inspection, support this con-
cept.  Nevertheless, yield will be one of our
greatest challenges in bringing this technology
to market.  The sources and effects of contam-
ination are sufficiently different from those in
batch processing that it will likely take many
years to achieve yields equivalent to flat-panel
displays.

Transparent Metal-Oxide TFT
integration
For many applications requiring inexpensive
large-area electronics mounted on low-
temperature substrates, TFTs based on multi-
component oxide (MCO) channel semi-
conductor offer substantially higher perfor-
mance than can be attained using today’s
ubiquitous a-Si:H TFT technology.  Specifi-
cally, in addition to optical transparency,
MCO-based TFTs offer performance advan-
tages associated with enhanced mobility (on-
current, operating speed, on-off ratio) and 
stability and are amenable to fabrication at
lower temperatures than are needed for con-
ventional a-Si:H processing.  These devices
promise to enable key advancements in thin-
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Fig. 7:  In this comparison of R2R vs. flat-panel capital equipment costs for patterning, the
solid line shows the capital cost of a flat-panel stepper normalized by its throughput as a 
function of substrate size.  The two pluses show the capital cost of the first two generations of
R2R imprinters used in the SAIL process, normalized by throughput and plotted on the x axis at
the point where the throughput is equal to the flat-panel tool.
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film electronics technology, including the
extension of performance limits involving
size, resolution, and refresh frequency for
glass-based active-matrix LCD (AMLCD)
panels; economical backplane manufacturing
and suitable performance for new high-
contrast thin organic LED (AMOLED) dis-
plays; on-glass integration of peripheral dis-
play circuitry such as row and column drivers;
and the integration of high-performance and
low-cost circuitry such as radio-frequency 
signals for RFID tags on low-cost plastic sub-
strates.  For these reasons, we are pursuing the
development of a process for SAIL fabrication
of MCO TFT active-matrix backplanes.

In addition to expected performance advan-
tages, an MCO-based SAIL process may 
provide opportunity for process simplification
and associated improvement in cost and
throughput.  For example, the typical amor-
phous-silicon stack includes an n+ contact
layer that must be removed from the channel
region by a timed back-channel etch, whereas
for the MCO-based device this additional 
contact layer and associated etch are believed
to be unnecessary.  Furthermore, the multi-
component oxide-semiconductor materials
can offer a unique opportunity to tune wet-
etch characteristics via modification of cation
ratio (e.g., for the zinc-tin oxide system, etch

rate varies dramatically as a function of Zn:Sn
ratio for which electrical performance remains
acceptable).  Given the complex balance of
etch selectivities and rates required for a func-
tional SAIL process, this extra degree of free-
dom can be highly advantageous.  These per-
formance and process benefits provide ample
motivation for the development of an MCO-
based SAIL material stack and etch sequence,
and thereby an economical and scalable
approach to future high-performance flexible
thin-film electronics circuits and systems.

Conclusion
A novel hybrid architecture adopting out-of-
plane switching with in-plane optical effects
that provides a transparent state with rela-
tively fast-switching capability compared to
other electrophoretic-based approaches has
been demonstrated.  Based on optical model-
ing, the technology presented here is predicted
to approach the color gamut of the SNAP
printing standard using a system of layered
colorants, enabling a level of image quality
that is critical to extending the technology to
new markets such as digital signage.  Future
integration of HP’s R2R-compatible front-
plane and backplane technologies will demon-
strate a scalable platform for low-power 
transparent print-like media that opens up a

path toward eco-friendly bright full-color
flexible electronic media.
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3D displays have been of high interest to Eyesaver International (ESI) for the past four years. ESI’s main interest has been targeted at stereoscopic 

3D lens mounted to LCD displays that can be viewed without glasses. Steve George, co-founder of ESI, stated that, “Lenticular displays had been around 

for many years before we took a look at this type of technology.  We liked the concept but found shortcomings with the displays that were offered by 

many companies around the world. One issue for these 3D displays is protecting the lenticular lens that’s exposed on the front surface from being 

scratched and likely damaged when deployed in the field.  In addition, front surface reflection was much higher than we were accustomed to seeing.” 

Building a better 3D stereoscopic lenticular display became a mission for Steve, along with Matt Smillie, Tom Larson and John Young all of ESI, and 

Mr. Barret Lippey of Chroma Consulting who has filed a patent application on behalf of ESI for an enhanced 3D lens up to 55”.  Because the lenticular 

surface is so delicate, conventional auto stereoscopic displays with a lenticular lens on the front surface are subject to degradation from contamination, 

scratches and other damage.  Additionally, the crevices between the lenticels are difficult to clean. 

Responding to these issues, ESI has developed a process for attaching a flat sheet of glass - with optional coatings - to the front surface of the 

lenticular lens. By utilizing the same high optical grade lamination technology and process used on the International Space Station, along with a newly 

developed immersion technology, the lenticular lens is protected and the front surface reflection is greatly reduced.  Eyesaver plans to offer this lens to 

companies who are interested in building 3D displays that don’t require glasses. 

Eyesaver International, Inc. is located in Hanover, MA and has been in business for more than 20 years providing companies worldwide with cost 

effective solutions for both protecting and visually improving all types of displays using many different optical coated film laminated to glass and plastic 

substrates.  

 

Interested parties should contact Eyesaver at:  781-829-0808 or info@eyesaverinternational.com 
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SOLUTION-BASED coating methods for
electronic-device applications are the focus of
intense research efforts for many compelling
reasons: reduced costs, improved performance,
and new functionality, just to name a few.
The breadth of applications for passive- and
active-element solution-based coatings spans
displays, lighting, solar cells, sensors, wireless
devices for radio-frequency identification
(RFID), and medical devices.1 Here, the term
active refers to using the semiconducting
nature of the material as its primary function
in a device; for example, in diodes and tran-
sistors.  Most solution-based coating products
that have achieved large-volume manufactur-
ing are confined to passive elements where
the electrical conductivity and/or optical or
mechanical property of the solution-coated
layer are the key to their functionality.  Some
examples are patterned bus lines, anti-reflec-
tive films, planarization layers, and phosphor

layers.  Few examples of solution-coated
active devices have achieved large-scale 
commercial production.

Active-matrix organic light-emitting 
diode (AMOLED) displays are a promising
technology in which organic materials are
employed to form key active electronic layers.
Existing commercial technology for
AMOLED displays currently uses thermal
evaporation and fine-metal masks to deposit
small-molecule materials, but has well-known 
difficulties in scaling to larger-sized glass.2

Solution-coating offers the potential for 
significant cost savings in AMOLED produc-
tion by reducing material waste and by coat-
ing on large-sized glass and may even push
AMOLED technology to a cost lower than
that for AMLCD technology.  A detailed 
cost model predicts that solution-coated
AMOLEDs could cost about 20% less than
AMLCDs for small-sized displays,3 with the
savings growing for larger production lines
and display sizes such as those for AMOLED
TVs.

Solution Technology
DuPont Displays has developed a low-cost
AMOLED technology that combines high-
performance OLED materials tuned for 
solution-processing, coating techniques, and
methods optimized for OLED layers and the 

utilization of existing flat-panel-display equip-
ment.  This OLED fabrication process is 
outlined in Fig. 1, in which two solution-
coating methods are utilized: slot-coating for
blanket layers and continuous nozzle printing
for patterned layers.  Figure 2 shows a vertical
cross-section of an OLED device stack.  The
hole-injection layer (HIL) and hole-transport
layer (HTL) are slot coated; the emissive red,
green, and blue layers (EML) are nozzle-
printed simultaneously, and a multi-layered
cathode is blanket-evaporated.  The brightness
and color-uniformity specifications for flat-
panel displays impose challenging thickness
uniformity requirements for solution-coated
OLED layers.  The uniformity requirements
are broken into several areas:  long range
(across the entire panel), short range (between
neighboring pixels or inter-pixel), and within
a subpixel (intra-pixel).

Figure 2 shows a schematic cross-section of
high and low intra-pixel thickness uniformity
and a corresponding example of a blue sub-
pixel electroluminescent (EL) image.  Inter-
and intra-pixel thickness non-uniformity in
the solution-coated layers can result in visual
defects (mura) as well as non-optimal OLED
device performance, and so our technical team
developed several new analytical, metrology,
and modeling methods to study and improve
solution-coated layer uniformity.

Solution-Coating Technology for AMOLED
Displays

A new solution-coated AMOLED technology is poised for large-format commercial adoption. 
Improvements in intra- and inter-pixel layer uniformity have driven solution-coated AMOLED 
displays to match or exceed commercial evaporated AMOLED displays and AMLCDs for 
short-range uniformity.
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and Jonathan Ziebarth

Reid Chesterfield is Printing Development
Manager at DuPont Displays in Santa 
Barbara, California.  He can be reached at
Reid.J.Chesterfield@usa.dupont.com.
Andrew Johnson is a Sr. Test Engineer,
Charlie Lang is a Technical Fellow, Matthew
Stainer is a Principal Investigator, and Jon
Ziebarth is a Sr. Research Investigator at
DuPont Displays.

24 Information Display 1/11
0362-0972/01/2011-024$1.00 + .00 © SID 2011

frontline technology

mailto:Reid.J.Chesterfield@usa.dupont.com


Slot-Die Coating is the preferred commer-
cial solution-coating technique for preparing
thin uniform blanket layers, and this technique
has been scaled up to (at least) Gen 8 sub-
strates for flat-panel-display processing.  Slot-
die coating is also being developed for use in
general-lighting-based OLED applications.4

Figure 3 (top) shows optical profilometer data
plotted as a contour map of our company’s
HIL slot-die coated onto a 150 × 150-mm
glass substrate.  In this sample layer, we
achieved, via slot coating, better than ±3%
long-range layer thickness uniformity for a
layer as thin as 600 Å.a

Through optimization of formulation, die
geometry, coating, and drying, we found that
slot-die coating can deposit 2–10-µm-thick
wet layers over relatively tall (~1 µm) display
topography such as bus lines, pixel-defining
layers, and circuit vias.  However, differences
in wetting due to surface material type (for
example, ITO vs. photoresist) and surface-
tension gradients can cause thickness non-
uniformity in the dried film that must be mini-
mized.  We define thickness aperture, a figure
of merit for characterizing intra-pixel thick-
ness uniformity, as the percentage of pixel
cross-section within ±10% of the center of
pixel thickness (nominal target thickness).
Figure 3 shows a comparison of spun vs. slot-
die coated subpixel HIL layer thickness, for a
225-Å target thickness.  The slot-die coated
layer has a much higher thickness aperture at 

85% vs. 65% for the spin-coated film.  Gener-
ally, aperture percentage increases with
increasing layer thickness and pixel dimen-
sion and apertures above 95% are achievable
for larger pixels suitable for AMOLED TV.
A previous report from DuPont (cited below)
describes the slot-coating process and formu-
lation strategy to optimize coating and drying
performance in OLEDs.5

Continuous nozzle printing utilizes a lami-
nar liquid jet that issues from a fixed orifice
and then impinges on the substrate.  The print-
ing process operates by continuously moving
the liquid jet across the substrate in alignment
with previously defined wetting and non-
wetting areas.  The printhead traverses back
and forth along the x-axis of the printed plate
while the stage (substrate) proceeds in incre-
ments along the y-axis in synchronization
with the head.  Commercially acceptable
cycle times can be obtained by printing multi-
ple arrays of jets using x-axis traverse speeds 
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Fig. 1:  Solution-coated OLED fabrication can be achieved using the above process flow.
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Fig. 2:  At left is an architectural cross-section of a solution-processed OLED device.  The mid-
dle shows a schematic cross-section of high and low intra-pixel uniformity in OLED layers (not
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up to 5 m/sec. Nozzle printers suitable for
printing solution layers for large-scale

AMOLED displays have been developed
together with Dainippon Screen Mfg. Co.,

Ltd. (Kyoto, Japan) and a multi-nozzle printer
capable of Gen 4 (refers to stage size) sub-
strates has been installed at DuPont Displays’
pilot facility in Santa Barbara, California.

The key elements of nozzle printing are

• Establishing a stable laminar jet.
• Scanning the jet across the substrate.

•  During this time, the ink spreads on the 
substrate due to inertia and retracts 
back to the wetting region of the previ-
ously formed containment pattern.

• Advancing the substrate while the 
nozzle is off the printed region.

• Drying to a uniform thickness profile.

Several approaches for forming a contain-
ment pattern suitable for printing OLED dis-
plays are described in the literature.  DuPont
Displays’ proprietary ink-containment pattern
(Fig. 2) is created during the OLED-fabrica-
tion process and requires no physical contain-
ment structures.  The containment process
forms wetting and non-wetting regions on the
substrate to help contain the red, green, and
blue EML inks; the main purpose of contain-
ment being to prevent cross-contamination
between the inks.

While the length over which the liquid jet is
stable determines the lower limit for flow rate,
the upper limit is set by the orifice (nozzle)
opening and the gap between the orifice and
substrate.  Laminar jet stability has been stud-
ied extensively, and these studies have
explored the effects of jetting parameters 
(orifice size, fluid velocity, and motion of 
the surrounding gas) and liquid properties
(surface tension, viscosity, changing composi-
tion, and viscoelasticity).7

We captured high-resolution high-magnifi-
cation images of our printing jets and mea-
sured the stable length.  For long stable jet
lengths, the predictions of a literature model8

are in reasonable agreement with our observa-
tions.  However, the model severely over-
predicts the lower limits of stable jet length.  We 
used a value of the initial jet perturbation η0/a ~ 
0.07% in the Mahoney-Sterling model, which
is typical in the literature.  Experimentally, we
found that the disagreement with the model is
due to distortion of the jet as it begins to wet
the nozzle face.  Upon impact, the jet spreads
due to inertial forces.  Obviously, spreading
must be controlled to prevent color contami-
nation, e.g., printing green ink into a blue sub-
pixel.  The need to control spreading generally
determines the upper limit on ink flow rate.
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Fig. 3:  At top is a thickness contour map of an HIL slot coated on a 150 × 150-mm bare glass
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We performed computational fluid-dynamic
(CFD) modeling to better understand inertial
spreading in nozzle printing.  All CFD model-
ing used FLOW-3D, a volume of fluid simula-
tion package from Flow Science, Inc., located
in Santa Fe, New Mexico (www.flow3d.com).
Figure 4 shows a sample CFD simulation out-
put of axisymmetric impingement of a laminar
jet on a surface.  To verify the model’s ability
to predict inertial spreading, we simulated
hydraulic jumps, which have previously been
well-described and pictured at larger length
scales.9 We found no literature data for
hydraulic jumps at lengths typical of our
printing process, so we obtained jump radii
(Rh) using the setup shown in Fig. 4.  We
obtained good agreement between CFD 
simulations and our experimental results.

Figure 4 (lower) shows a CFD simulation of 
a simple printing flow.  The jet moves across
a substrate with a surface-tension pattern that
prevents overflow to neighboring print lanes.
The top-view image (middle) shows the wet
line deposited as the jet passes.  The dashed
red lines represent the boundary of the wetting
region, with a non-wetting surface outside the
boundary.  Initially, the liquid spreads onto
the repellent surface due to inertia and retracts
back to the containment boundaries as surface
tension establishes an equilibrium meniscus
shape.  The graphic on the right shows a time
series of the line profile, starting at the point
of widest spreading and progressing toward
the final equilibrium shape.

Customized metrology and analytical 
methods have been developed in our laborato-
ries for measuring thickness and luminance
uniformity in our solution-coated AMOLED 
displays.  Excellent intra- and inter-pixel and
long-range thickness uniformity is required
across several orders of magnitude in length
scale, from tens of microns to tens of 
centimeters or larger.  As a result, we have
developed multiple techniques to study and
optimize the uniformity of the liquid deposi-
tion and drying processes.

The presence of pixel wells complicates
drying by distorting the meniscus.  Careful
control of the drying rate, surface tension, and
viscosity are important factors for achieving 
uniform films.  We constructed a drying
model to help us understand and optimize the
drying process.  Practical inks often contain
multiple solvents, and mixture evaporation is
best described using non-ideal vapor pres-
sures.  We estimate the activity coefficients

for the ink solvents using the UNIFAC 
(Universal Functional Activity Coefficient)
group contribution method.10 Using an 
adaptive time step model, with correlations 
fit to surface tension and viscosity data,
allows us to predict the evolution of fluid
properties through the drying process in 
order to control the resultant film shape and
optimize for flat films.

To characterize the intra-pixel and long-
range uniformity of a printed layer, we used a
standard stylus profilometer to measure multi-
ple spots on the printed display.  In this tech-
nique, we left an unprinted pixel row with
identical underlayers next to the printed pixel
row.  We then subtracted the underlying 
layers from the unprinted row to get a 
measure of the film thickness as a function of
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Fig. 4:  At upper left, a CFD simulation of axisymmetric impingement of a laminar jet on a 
surface is depicted.  At the hydraulic jump, the fluid slows and the liquid-layer height increases
significantly.  Color (blue to red) indicates magnitude of radial velocity (low to high).  At right
is shown the hydraulic jump radius for two nozzles plotted vs. flow rate.  Blue symbols represent
experimental data and red symbols represent CFD simulation.  The upper set of results has
been offset vertically for clarity.  At middle is a schematic of the  hydraulic jump measurement
apparatus and a sample image used to measure Rh.  At lower left is a perspective view of CFD
simulations of a simple printing flow.  The jet moves across a substrate with a surface-tension
pattern that prevents overflow to neighboring print lanes.  The hydraulic jump is distorted by
the movement of the nozzle across the surface.  Colors indicate the magnitude of the lateral
fluid velocity.  Lower-middle is the top view: the wet line is deposited as the jet passes.  The
dashed red lines represent the boundary of the wetting/non-wetting region.  Lower right: 
substrate plane view.  A time sequence shows liquid spreading onto the non-wetting surface due
to inertia and retracting to an equilibrium shape on the wetting pattern.
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position within the pixel.  Automated software
was developed to analyze large data sets
across various display designs and resolutions.
Figure 5 (left) shows thickness profiles for
EML films with good uniformity measured at
16 locations across a 150 × 150-mm printed
substrate.  This data set has a standard devia-
tion of 2 nm, with a 38-nm center-of-well
thickness resulting in ±5% long-range unifor-
mity, illustrating the high level of long-range
uniformity in our printing process.  A thick-
ness aperture metric, similar to that described
for slot-coated layers, helps to numerically
describe the intra-pixel uniformity; typically a
>95% thickness aperture is achievable for 
pixels suitable for AMOLED TVs.  This 
custom measurement system provides direct
and immediate feedback for process develop-
ment without requiring the fabrication of full
OLED devices.  Consequently, we are able to
quickly tune our ink formulation and process
conditions in order to optimize intra-pixel and
long-range uniformity.

In combination with measuring the intra-
pixel thickness uniformity of the slot-die-
coated and nozzle-printed layers, we can also
measure the uniformity of light emission from 
the pixels in a completed device.  Here, we use 
a microscope camera to obtain high-resolution 
images of discrete pixels.  We then use custom 
image-analysis software to measure the lumi-
nance intensity across the pixel.  This tech-
nique yields profiles that are analogous to the
film-thickness profiles described previously;
an example is shown in Fig. 5 (right).  It is

particularly useful to correlate the thickness
profiles for the solution-processed layers with
the luminance-uniformity measured from the
completed OLED to improve performance.

It is well known that jetting simultaneously
out of multiple orifices presents a challenge
for printing technologies, due to short-range
luminance variation that can occur between
subpixels of the same color, sometimes called
stitching or swath marks.11 The authors previ-
ously described this problem for nozzle print-
ers, as well as several implemented fixes in a
2009 SID Symposium presentation, “Multi-
Nozzle Printing: A Cost-Effective Process for
OLED Display Fabrication.”6 In nozzle print-
ing technology, each nozzle acts as an inde-
pendent flow element with separate mass-flow
controllers, so it is very important that nozzle
flows match in order to produce films of iden-
tical thickness in neighboring subpixels.  As a
consequence, we developed techniques to
characterize the uniformity from subpixel to
subpixel.

To compare the deposited volume of ink
between two or more nozzles, we used an
optical profilometer to obtain images of
printed lines on smooth glass substrates.  We
then computed the volume of each line, using
software we developed for this purpose.
Next, this method was calibrated using mea-
surements made on a plate where flows had
been intentionally offset between two nozzles.
We have confidence that this technique is
capable of studying differences in deposited
volumes of less than 1%.

Short-range luminance uniformity (SRU) is
a complicated display metric due to the vari-
ety of resolutions, viewing environments, and
human physiological responses.  A well-
defined automated machine-vision inspection
metric has yet to be defined.  To examine the
effect of coating uniformity, and, in particular,
printing-layer inter-pixel uniformity in our
AMOLED displays, we used an SRU specifi-
cation that had previously been reported to
compare commercial AMLCD and AMOLED
technology.12

We obtained a map of the luminous inten-
sity of each subpixel using a linear high-
resolution CCD camera in conjunction with a
video-photometer and custom image-analysis
software.  We then used formulae13 that deter-
mine the ratio for the maximum and minimum
luminance to calculate the SRU of each sub-
pixel and neighbors in an 8 × 8 block.  We
repeated the analysis for each subpixel in the
display to generate SRU maps as shown in
Fig. 6.  The overall SRU for the display is an
average of all the block SRU values.14 A
commercial AMLCD measured by this
method had an SRU of 0.93.  DuPont solu-
tion-processed AMOLED displays have equal
or greater SRU values for each color, thus
demonstrating the high uniformity of this
solution-coating technology.

Our OLED materials have demonstrated
superior performance.  Table 1 shows printed
OLED device performance of current genera-
tion materials using a common thickness for
all layers except the EML.15 All printed
device data are collected from devices fabri-
cated in an ambient atmosphere clean-room
environment, using the same types of process-
ing techniques planned for commercial 
manufacturing of solution-processed OLED
displays.

In order to prove performance, DuPont 
Displays fabricated multiple solution-coated
AMOLED displays for the SID’s Display
Week 2010 exhibition.  Figure 7 shows front-
and side-view images of a 4 × 4 array repre-
senting a segment of a 40-in. HDTV.  The 16
AMOLED displays used in this demonstration
were fabricated similarly to the one for which
luminance SRU was measured (Fig. 6).

This solution AMOLED technology can be
leveraged into other solution-based organic-
semiconductor applications such as OLED
lighting and organic solar cells.  Specifically,
we are extending the materials, processing,
and architecture know-how generated in
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Fig. 5:  At left are printed film profiles obtained with a stylus profilometer and a custom auto-
mated software analysis program.  The inset shows a sample of the raw scan data where a
printed row is located next to an unprinted row with identical underlayers.  The red dashed
lines represent the edge of the pixel.  On the right is an example of a luminance intensity plot
used to analyze intra-pixel uniformity.
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AMOLED to color-tunable white lighting
under a Department of Energy Solid State
Lighting Project titled “Solution-Processed
Small-Molecule OLED Luminaire for Interior
Illumination.”  The white-lighting project
aims for 40 lm/W using separate printed 
yellow, orange, and blue emitter layers, which
allow color tuning of the luminaire white point.

Summary
DuPont Displays has developed a full set of
high-performance materials and solution-pro-
cessing technology to address the high cost of
manufacturing AMOLEDs.  We optimized
our coating processes to be cost and perfor-
mance competitive with existing commercial
vapor-deposition technology.  The brightness
and color-uniformity specifications for flat-
panel displays present challenging thickness
and uniformity requirements for solution-
coated AMOLED layers.  Using a wide 
variety of custom modeling and analytical
approaches, we have developed short- and
long-range film-thickness control and unifor-
mity that is commercially viable at large glass
sizes.  These coating technology improve-
ments should extend to other solution-based
applications as well.
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Summary

Color Ush

Blue 0.94
Green 0.94
Red 0.95

Table 1:  This printed RGB test coupon 
performance summary uses a 

T50 adjusted OLED-TV lifetime 
(conservatively estimated using all pixels

on, 100% of the time) and measured 
efficiency for simulated 
OLED-TV conditions.16

Printed 
T50

CIE Efficiency lifetime
Color 1931 x,y (cd/A) (hours)

Red 0.65, 0.35 15.1 29,000

Green 0.26, 0.64 21.9 230,000

Blue 0.14, 0.14 6.0 40,000

Fig. 7:  This prototype AMOLED-TV array was made with DuPont’s OLED solution-processing
technology and materials and was exhibited at the Society for Information Display’s Display
Week 2010.  The array is composed of 16 4.4-in.-diagonal 55-ppi displays, representing a 
segment of a 40-in. HDTV.
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EMI Management.”  With a combination of his-
torical context and a survey of the new innovative
structures being developed by 3M, the authors
paint a nice portrait of some of the interesting
ways new film designs can enhance displays.

Roll-to-roll manufacturing processes for
applying liquid coatings on flexible substrates
have been a staple of the materials industry
for decades.  Recent innovations have
included concepts for printing OLED and
other display materials onto flexible substrates
to make high-volume low-cost displays.  Now
HP has developed a roll-to-roll methodology
for printing multiple layers of proprietary
electronic inks of primary subtractive color-
ants to make what it terms “electrokinetic
media.”  Authors Jong-Souk Yeo et al., from
HP Labs, describe this development in
“Paper-Like Electronic Media: The Case for
R2R-Processed Full-Color Reflective Dis-
plays.”  There are many interesting facets to
this development, including the possibility of
manufacturing reflective active-matrix dis-
plays on flexible backplanes with transparent
oxide transistors.  But for me, the most
intriguing is the concept of making color not
by using conventional R-G-B discrete reflec-
tive regions, but by layering electrically
switchable layers of C-M-Y that can be indi-
vidually addressed to become transparent or
opaque in at least eight discrete gray levels
each.  This novel approach could be one of
those ideas that changes the way we look at
engineering reflective displays.

Finally this month, imagine being able to
fabricate an active-matrix OLED display
entirely with a conventional coating process
such as nozzle jet printing.  In their article
titled “Solution Coating Technology for
AMOLED Displays,” authors Reid Chesterfield,
Andrew Johnson, Charlie Lang, Matthew
Stainer, and Jonathan Ziebarth from DuPont
Displays describe their very clever and well-
engineered process to fabricate complete
AMOLED pixels, which they demonstrated in
finished displays at Display Week 2010.  I
think their analysis is impressive, and this
accomplishment obviously involved a great
deal of dedicated work.  At the end, the pro-
cess itself appears almost deceptively simple
to implement, and I am looking forward to
seeing more progress and hopefully commer-
cialization in the near future.

For many of us, 2010 was a tough year in
business terms.  There is economic growth out
there, but the gains are hard-won, and the

business of displays is far from fully pre-
dictable these days.  I do not know at press
time of this issue how the full year will net out
in terms of commercial sales and revenue for
TVs and other electronics, but based on the
recently announced reductions in output at
some major LCD manufacturers, I do not
think the numbers will be awe-inspiring.  The
same may go for the industrial and specialty
markets, though I believe those are showing
more promise for sustained growth.  I hope
we will not need to endure another year of
halting starts between short bursts of recov-
ery, which can be draining on any business
team.  It is hard to make investments in new
technology when the timeline to achieve the
required economic return is unpredictable.  It
is also hard to make hiring decisions when the
revenue forecast is foggy.  Expansion and
investment are the keys to capitalizing on the
recovery, but you need capital and cash flow,
which makes every new undertaking riskier
and more uncertain than it should be.
Nonetheless, as you read through the rest of
this issue, I hope you get re-inspired to tackle
some tough problems of your own and realize
that regardless of the business climate, it 
is clear that innovation is alive and well, 
especially in the less-publicized corners of 
the display business such as films and coating
technology.  �

The third article, “Solution Coating
Technology for AMOLED Displays,” by
Reid Chesterfield et al. from DuPont 
Displays, presents an overview of per-
haps the most advanced implementation
of solution-processed electronic material
coatings and their use for large-area elec-
tronic device fabrication to date.  Most
solution-based electronic coatings found
in large-scale manufacturing are typically
used for less-demanding passive devices.
The DuPont team presents an overview
of a systematic approach for developing
solution-based coating methods for ultra-
thin semiconductor layers and device 
fabrication on large-area glass substrates,
based on engineering the OLED material
itself, the printing equipment and pro-
cess, and the necessary substrate engi-
neering necessary to create a patterned
RGB three-color OLED display architec-
ture.  As highlights, impressive long-
range uniformities of +3% for organic
semiconductor layers as thin as 600 Å are
shown, and instrumental development of
customized metrology and analytical
tools to characterize and develop these
advanced processes is discussed.

Though the selection of articles was neces-
sarily small, we hope that these snapshots of
current developments in display materials,
processing, and device architectures will pro-
vide glimpses into the exciting future ahead of
us, where higher performance displays will
emerge, as well as new applications that will
result from hybridizing these advanced 
display technologies with emerging ones.

Last but not least – a happy, healthy, and
prosperous new year to all!  �

Ion Bita is Staff Engineer/Manager, Display
Technology Center, at Qualcomm MEMS
Technologies.  He can be reached at
ibita@qualcomm.com.
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Over the last several years, the SID office has been
busily adding to its storehouse of electronically
available and searchable technical literature. Many
members have already had occasion to search for a
JSID (Journal of the Society for Information Display)
or another SID-related paper.

However, what many individuals may not know is
that the Digests of past SID International Symposia
are also available for members at no charge.  These
Digests go back as far as 1998, and the number of
papers grows with each passing SID symposium.

Both the Journal of the SID and the SID Interna-
tional Symposium Digest of Technical Papers are
fully indexed and available online as part of AIP’s
Scitation online fulfillment database. All SID mem-
bers can download these articles free of charge
using their regular SID login and password.

Furthermore, the following additional Digests
from SID-sponsored conferences are also accessi-
ble in the SID Members Only area:

•  ADEAC (Americas Display Engineering and 
Applications Conference):  2004–2006

• ADT (Advanced Display Technologies):
1997–1999, 2001–2002

• ASID (Asian Symposium on Information Display):
2000, 2002, 2004, 2006, 2007

• Asia Display: Various years, sometimes com-
bined with other conferences

• Big Displays: 2007
• SID Business Conference:  2003–2009
• Color Imaging Conference:  1993–2002,

2007–2009
• DAC (Display Applications Conference): 2007
• IDMC (International Display Manufacturing 

Conference): 2000–2009
• IDRC (International Display Research Confer-

ence): 1997–2009
• IDW (International Display Workshops):

1999–2009
• IMID (International Meeting on Information 

Display) 2001–2010 

• LA Chapter
One-Day
Symposium:
2006-2010

• Microdisplay
Conference:
2000–2002

• Mobile 
Displays:
2006–2008

• Vehicle 
Displays:
1999–2010

The only
requirement
for unlimited
access to all of
this literature is
a current SID
membership.
This makes
available the
world’s most
extensive
repository of
display-related
technical litera-
ture, including
Digests for SID-
sponsored conferences that individuals may not
have been able to attend in person.  

Any individual whose SID membership has
expired and wishes to renew it in order to take
advantage of this important benefit should go to
www.sid.org/members/membership.html and 
follow the instructions. For problems or ques-
tions, contact jenny@sid.org.  �

Log-in Hints
To log in, do the following:

• Go to www.sid.org and click
on Member Log-In.

• Enter your login and pass-
word and click “sign on.”

• If you do not know or have
forgotten your login and/or
password, click the link:
Reset My Password and your
login and password will be
sent to you.

Once logged in, use the link
Search SID Publications, after
which the custom Google search
engine will come up. For much
older documents, users can click
on the link for the Pre-1998 
Publications Search, which will
provide a list of older articles
available from the SID library.
Contact SID headquarters to
receive scanned copies of these
articles.  (For this service, there
is a fee of $2.50 per page, even

for members.)

Did You Know?

SID Members Have Exclusive Access to a Treasure Trove of 

Technical Display Literature

This is the first in an occasional series on how Society for 
Information Display members can maximize the benefits of their
membership.  
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Active-Matrix Devices and Circuits

16–20 Amorphous-oxide TFT backplane for large-sized
AMOLED TVs
Yeon Gon Mo, et al., Samsung Mobile Display, Korea

Cognitive and Interactive Displays and Systems

70–78 The technologies of in-cell optical touch panel with
novel input functions   
Kohei Tanaka, et al., Sharp Corp., Japan; Chris Brown,
Sharp Laboratories of Europe, Ltd., UK

Display Backlighting

37–47 A monolithic segmented functional light guide for 2-D
dimming LCD backlight 
K. Käläntär, Leiz Advanced Technology, Japan

48–56 Novel LCDs with IR-sensitive backlights   
Kwonju Yi, et al., Samsung Advanced Institute of
Technology, Japan

100–105 High-luminance and luminous-efficacy mercury-free
flat fluorescent lamp (MFFL) with local-dimming 
functionality
Jae-Chul Jung, et al., Seoul National University, Korea

Electronic Paper

1–7 Bright e-skin technology and applications: Simplified
gray-scale e-paper
K.-M. H. Lenssen, et al., Philips Research, The
Netherlands  

Flexible Displays and Electronics

63–69 High-performance organic–inorganic hybrid plastic
substrate for flexible displays and electronics   
Jia-Ming Liu, et al., ITRI, Taiwan

94–99 Improvement in image quality of a 5.8-in. OTFT-driven 
flexible AMOLED display
Yoshiki Nakajima, et al., Japan Broadcasting Corp.
(NHK), Japan

LCDs

57–62 A novel pixel memory using integrated voltage-loss-
compensation (VLC) circuit for ultra-low-power 
TFT-LCDs   
Yoshimitsu Yamauchi, et al., Sharp Corp., Japan

LC Technology

106-109 Stability of liquid-crystal layers based on the analysis
of the adsorption on the alignment-layer surface   
Sejoon Oh, et al., Tohoku University, Japan

OLEDs

21–28 Device-dependent angular luminance enhancement
and optical responses of organic light-emitting devices
with a microlens-array film   
Kuan-Yu Chen, et al., National Taiwan University,
Taiwan, ROC; Jia-Rong Lin and Mao-Kuo Wei, National
Dong Hwa University, Taiwan, ROC

80–86 Detailed analysis of exciton decay time change in 
organic light-emitting devices caused by optical effects
Saso Mladenovski, et al., Ghent University, The
Netherlands; Sebastian Reineke, Technische Universität,
Germany

87–93 A new wettability-control technique for fabricating
color OLED panels by an ink-jet-printing method   
Shigehiro Ueno, et al., Dai Nippon Printing Co., Ltd.,
Japan

PDPs

8–14 Surface characterization of MgO:Al,N films with meta-
stable de-excitation spectroscopy and x-ray photo-
electron spectroscopy  
Mikihiko Nishitani, Co-Operation Laboratory of
Panasonic, Osaka University, Japan; Yukihiro Morita, 
et al., Co-Operation Laboratory of Panasonic, Osaka
University, Japan, and the AVC Network, Panasonic
Corp., Japan; Yasuhiro Yamauchi, et al., Image Devices
Development Center, Panasonic Corp., Japan; Yasushi
Yamauchi, National Institute of Material Science, Japan

110–115 Time-averaged spatial profile of Xe excitation efficiency 
in PDPs   
Tomokazu Shiga, et al., The University of Electro-
Communications, Japan; Gerrit Oversluizen, Philips
Research Laboratories, The Netherlands

116–122 A reduction method of dynamic false contour utilizing
the frame-rate-control method with suppression of the
side effect on PDPs   
Takatoshi Ohara, et al., Hitachi Central Research
Laboratory, Japan

Projection Displays and Systems

123–128 High-contrast front-projection system for large-screen 
displays suppressing reflection and diffusion of ambient 
light   
Ryota Sato, et al., Tohoku University, Japan

3-D Displays and Systems

29–36 Control of subjective depth on 3-D displays by a quan-
tified monocular depth cue    
Shuichi Takahashi, et al., Sony Corp., Japan; Kazuya
Matsubara, et al., Tohoku University, Japan
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The following papers appear in the February 2011 (Vol. 19/1) issue of JSID.
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Individual Membership 
Join on-line at www.sid.org/membership or  via this form. 

I am a new member 
Please renew my membership _______________________ 

SID member number 

Annual membership includes FREE on-line access to the SID 
Symposium Digest of Technical papers, Journal of the SID, 
and Information Display Magazine. Please see the website for 
bulk membership discounts. 

1 Year  2 Years  3 Years 

Regular/Associate Member $100 $190 $270 

Student Membership $5 $10 $15 

JSID Hard Copy Subscription $50 $100 $150 
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Join Today
JOIN SID 
We invite you to join SID to participate in shaping the future 
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Display technologies and display-related products 
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In every specialty you will find SID members as leading contributors 
to their profession. 
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International Display Research Conference (IDRC) 
International Display Workshops (IDW) 
International Meeting on Information Display (IMID) 
Many regional conferences, seminars, workshops, and 
webinars. 

Networking Develop your career and become a 
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Over 5,000 members in industry and academia consisting of 
your prospective colleagues, sponsors, suppliers, customers 

and competitors. 
Chapter activities to network, learn, and serve your local 
display community. 
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Advantech US, Inc.
Applied Concepts, Inc.
Astra Products, Inc.
AU Optronics Corp.
autronic–Melchers GmbH

BigByte Corp.

CDT, Ltd.
Chi Mei Optoelectronics Corp.
Chunghwa Picture Tubes, Ltd.
Corning Incorporated
CTS – Computer Technology

Solutions
Cyantek Corp.
Cytec Industries, Inc.

Dawar Technologies, Inc.
DisplaySearch
Dontech, Inc.
DTC/ITRI

eMagin Corp.
Endicott Research Group, Inc.
ENEA
Epoxy Technology
Europtec USA, Inc.

Global Display Solutions

Hitachi, Ltd.

IDT
IGNIS Innovation, Inc.
Industrial Electronic Engineers,

Inc. (IEE)
Industrial Technology Research

Institute
Instrument Systems GmbH
IST (Imaging Systems

Technology)

Japan Patent Office

Kent Displays, Inc.
Kuraray Co., Ltd.

LG Display Co., Ltd.
LXD, Inc.

Microvision, Inc.
Mitsubishi Chemical Corp.
Mitsubishi Electric Corp.

Nano-Proprietary, Inc.
NEC Corp.
NextWindow
Nippon Seiki Co., Ltd.
Noritake Itron Corp.
Novaled AG

Ocular
Optical Filters, Ltd.

Panasonic
Parker Chomerics/Silver Cloud
Photo Research
Planar Systems, Inc.
Prime View International Co.,

Ltd.

Qualcomm
Quantum Data, Inc.

Radiant Imaging, Inc.
Reflective Display Optics

Samsung Electronics Co., LCD
Business

Sartomer USA LLC
Schott North America, Inc.
Sharp Corp.
SLENCIL Co.
Synapse Product Development

LLC

Tannas Electronics
Teijin DuPont Films Japan, Ltd.
TFD, Inc.
TLC International
Tyco Electronics, Elo

TouchSystems

Universal Display Corp.

Vestal Electronics A.S.

Westar Display Technologies,
Inc.

WINTEK Corp.

3M ..........................5,13,31,C4

ELDIM S.A. ............................3

EuropTec...............................30

GUNZE USA..........................7

Lite Pa Co., Ltd.....................C3

Radiant Imaging....................C2
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Dr. Jia-Ming Liu
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12 Park View Court
The Paddock, Eaton Ford
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PE19 7SD U.K.
+44-(0)-1480-218400
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Sales Office – Taiwan

Jie Tsai, Project Manager
ACE Forum, Inc.
10F-1, No. 180, Sec. 4
Nanjing E. Rd.
Taipei 105, Taiwan
+886-2-2570-6960 x302
fax: +886-2-2570-2305
jie@aceforum.com.tw

Sales Office – U.S.A.

Christine von Steiger, Sales Manager
Palisades Convention Management
411 Lafayette Street, Suite 201
New York, NY 10003
413/783-0473
fax: 413/783-0474
cvonsteiger@pcm411.com

Michele Klein, Sales Coordinator
Palisades Convention Management
411 Lafayette Street, Suite 201
New York, NY 10003
212/460-8090 x216
fax: 212/460-5460
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3D Without the Glasses!
3D viewing is the next big wave in electronic device technology, and 3M is leading the way with 
breakthrough innovations. Introducing 3D Optical Film from 3M—the fi rst true 3D experience for handhelds 
that doesn’t require glasses. Easily integrated into the backlight modules of LCDs, 3D Optical Film is going 
to revolutionize how consumers interact with mobile phones, games and other handheld devices. 

The Difference is Amazing1-800-553-9215
© 3M 2010



�� I wish to join SID. Twelve-month 
membership is $100 and includes 
a subscription to Information Display
Magazine and on-line access to the 
monthly Journal of the SID.

�� I wish only to receive a FREE
subscription to Information Display
Magazine (U.S. subscribers only). 
Questions at left must be answered.

Signature ________________________________

Date ____________________________________

Name ___________________________________

Title_____________________________________

Company ________________________________

Department/Mail Stop _____________________

Address__________________________________

________________________________________

City _____________________________________

State __________________— Zip ____________

Country__________________________________

Phone ___________________________________

E-mail___________________________________

�� Check here if you do not want your
name and address released to outside
mailing lists.

�� Check here if magazine to be sent to
home address below: 
(business address still required)

___________________________________

___________________________________

___________________________________

PROFESSIONAL INFORMATION

1. Are you professionally involved with 
information displays, display manufac-
turing equipment/materials, or display
applications?

110 �� Yes     111 ��  No

2. What is your principal job function? 
(check one)

210 �� General / Corporate / Financial

211 �� Design, Development Engineering 

212 �� Engineering Systems 
(Evaluation, OC, Stds.)

213 �� Basic Research

214 �� Manufacturing / Production

215 �� Purchasing / Procurement

216 �� Marketing / Sales

217 �� Advertising / Public Relations

218 �� Consulting

219 �� College or University Education 

220 �� Other (please be specific) 

3. What is the organization’s primary
end product or service? (check one)

310 �� Cathode-ray Tubes

311 �� Electroluminescent Displays

312 �� Field-emission Displays

313 �� Liquid-crystal Displays & Modules 

314 �� Plasma Display Panels

315 �� Displays (Other)

316 �� Display Components, Hardware,
Subassemblies

317 �� Display Manufacturing 
Equipment, Materials, Services

318 �� Printing / Reproduction / 
Facsimile Equipment

319 �� Color Services / Systems

320 �� Communications Systems /
Equipment

321 �� Computer Monitors / Peripherals

322 �� Computers

323 �� Consulting Services, Technical

324 �� Consulting Services, 
Management / Marketing

325 �� Education

326 �� Industrial Controls, Systems, 
Equipment, Robotics

327 �� Medical Imaging / Electronic 
Equipment

328 �� Military / Air, Space, Ground 
Support / Avionics

329 �� Navigation & Guidance 
Equipment / Systems

330 �� Oceanography & Support 
Equipment

331 �� Office & Business Machines
332 �� Television Systems / Broadcast

Equipment
333 �� Television Receivers, Consumer

Electronics, Appliances
334 �� Test, Measurement, & 

Instrumentation Equipment
335 �� Transportation, Commercial Signage

336 �� Other (please be specific) 

4. What is your purchasing influence?
410 �� I make the final decision.
411 �� I strongly influence the final 

decision.
412 �� I specify products/services 

that we need.
413 �� I do not make purchasing decisions.

5. What is your highest degree?

510 �� A.A., A.S., or equivalent
511 �� B.A., B.S., or equivalent
512 �� M.A., M.S., or equivalent
513 �� Ph.D. or equivalent

6. What is the subject area of your 
highest degree?
610 �� Electrical / Electronics Engineering
611 �� Engineering, other
612 �� Computer / Information Science
613 �� Chemistry
614 �� Materials Science
615 �� Physics
616 �� Management / Marketing
617 �� Other (please be specific) 

7. Please check the publications that you
receive personally addressed to you by
mail (check all that apply):
710 �� EE Times
711 �� Electronic Design News
712 �� Solid State Technology
713 �� Laser Focus World
714 �� IEEE Spectrum

membership/subscription request
Use this card to request a SID membership application, or to order a
complimentary subscription to Information Display.
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