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Nearly everyone has seen liquid crystal displays 
(LCDs). They include both the inexpensive devices 
used in watches and sophisticated displays 

designed for use as computer screens. Some LCDs are even 
capable of projecting video images onto screens 20 m wide 
and more. Yet LCD technology is a relatively recent devel
opment. 

Liquid crystal materials were discovered about a centu
ry ago. However, they did not become technologically 
important until the 1970s, when their applicability to 
displays was developed. In fact, active matrix LCDs 
(AMLCDs) became available commercially only 10 years 
ago. Today, LCDs are the dominant flat panel display tech
nology; their share of that market is expected to grow to 
over 60% by 1997.1 Most of the suppliers of these displays 
(and especially of the most advanced, AMLCDs) are Japan
ese; the fastest-growing regional market for these displays is 
the U.S. Thus, LCDs have been drawn into the political 
arena, a highly visible example of the current trade imbal
ance between the U.S. and Japan. 

To help explain the "allure" of LCDs, or why they are 
so attractive both in their technical performance and in their 
business promise, this article is divided into two sections. 
The first will deal with the technology, how it works, and 
why it seems to have beaten out the other current flat panel 
contenders. The second section will concentrate on the 
political side of LCDs—in many ways the more complex 
and least well understood side. 

LCD TECHNOLOGY 

Most of us think of matter as existing in one of three states: 
solid, liquid, or gas. In particular, we think of crystals, with 
their rigid, well-defined structure, as solids, and of liquids 
as isotropic and unordered. However, liquid crystal materi
als are compounds in which the interaction between the 
molecules is strong enough that the orientation of one 
affects the orientation of the others around it. Thus, even 
though the material can flow like a liquid, this strong inter
action tends to give the material long-range order, like a 
crystal. Hence the name liquid crystal. 
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LCD manufacturers take advantage of thisl3 property 
by treating the surfaces of the display to control the liquid 
crystal alignment. This surface alignment layer then con
trols the orientation of the rest of the liquid crystal in the 
(typically) 6 μm-thick LCD. 

The alignment layer is usually generated by rubbing a 
thin layer of polyimide with a rotating felt roller. The result
ing fine scratches in the polyimide create a preferred orien
tation to the liquid crystal molecules at the surface, thus 
aligning all of the liquid crystal. 

By far, the most common LCD structure is the twisted 
nematic, or TN structure. As shown in Figure 1, the two 
glass substrates that sandwich the liquid crystal have been 
rubbed in opposite directions. Each surface affects the liq
uid crystal next to it. Because the two surface orientations 
are at right angles, the liquid crystal ends up with a 90° 
twist when there is no applied electric field. Because of the 
liquid crystal's birefringence, this twisted structure will 
rotate plane-polarized light by 90° as it passes through the 
cell. Thus, if this cell is placed between crossed polarizers, 
light will pass through the assembly. 

When a field is applied, the liquid crystal molecules 
rotate so that they are perpendicular to the glass substrates. 
This removes the twist in the orientation, and thus the 
plane-polarized light is not rotated and is absorbed by the 
second polarizer. This change of orientation in response to 
an applied field varies smoothly, allowing the LCD to have 
intermediate levels of transmittance, or gray scale. 

Creating LCD Images 
Several different methods are used to control the electric 
fields that create images in LCDs. These fields are typically 
applied between two transparent conductive indium-tin 
oxide (ITO) electrodes deposited on the glass substrates. In 
the simplest displays used in watches, the fields are applied 
directly, using ITO electrodes etched into the shape of each 
watch segment or element of the display. There is usually a 
separate electrical connection for each one. This method 
soon becomes unwieldy, as the complexity of the desired 
image increases due to the large number of electrical leads. 

More complex displays use stripes of ITO oriented at 
right angles on the two substrates. In this case each pixel, or 
display element, is determined by the overlap between two 
ITO stripes. For a display with M rows and N columns, this 
reduces the number of electrical leads to (M + N), not (M X 
N). However, now the applied voltage on a single row 
affects all of the elements on that row. Fortunately, if the 
voltage changes faster than their response speed (about 20 
msec), liquid crystal materials respond to the average volt
age applied to them. In addition, they have a definite 
threshold voltage below which they do not respond at all. 
Display designers use these properties of liquid crystals to 
make these passive matrix displays work. 

One simple way to address a passive matrix display is 
to apply a voltage level near threshold to each row in 
sequence throughout the display. Now pulses can be 
applied on the columns, to select the pixels that are "on" 
from those that are "off." Since each of the M rows is only 
selected for (1/M) fraction of the time, these pulses have to 
be M times larger than one would expect from the DC 
threshold (remember that the liquid crystal responds to the 
average applied voltage). But as M gets bigger, these pulses 
get so strong that they start to turn on the "off" pixels as 
well. This limits the number of rows that can be addressed, 
since the voltage difference that can be obtained between 
"on" and "off" pixels is reduced as the number of rows 
increases. Modern supertwisted nematic, or STN, displays 
use a passive matrix to address up to 480 rows, but only at 
the cost of reduced performance relative to more complicat
ed displays. Recent developments in passive matrix 
addressing schemes use more complex waveforms, thus 
promising improved passive matrix display performance. 

The most complicated LCDs use an electrically active 
layer to generate the image. This allows them to obtain the 
best possible rendition of complicated images; however, it 
also means that they are the most expensive and difficult to 
build of any LCD technology. There are at least two different 
types of these LCDs. One—AMLCD— uses an array of elec
trical switches to control the liquid crystal. The other—pho
toconductor-addressed LCD—uses a photoconductor layer. 

A schematic view of an A M L C D is shown in Figure 2. 
An array of switches (typically thin-film transistors, or 
TFTs) is integrated onto a substrate. These are configured 
very much like a standard dynamic RAM memory circuit, 
with a transistor switch and a storage capacitor at each pixel 
location. The stored voltages are used to control the field 
locally across the liquid crystal material, generating an 
image. 

A M L C D s are made using processes very similar to 
those used to fabricate integrated circuits. Both require pho
tolithography to pattern into circuitry various thin films 
deposited or grown on the substrates. Although AMLCDs 
typically have larger geometries than do current advanced 
integrated circuits, their much larger physical size requires 
that they be made not on 150 mm silicon wafers, but on 320 
X 400 mm glass blanks. These larger substrates require larg
er, more complicated equipment to handle them. Also, RAM 
memories (which are electrically similar in design to 
A M L C D substrates) are often made with extra cells that can 
be used to replace defective ones. This works since the 
physical location of a memory bit is not important. Howev-

Figure 1. LCDs use orientation differences induced by an 
applied field to affect the light passing through them. The 
result is an image. 
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er, in a display, the physical location of each 
pixel is crucial; thus, extra cells can't be 
patched in arbitrarily to improve yields. Cur
rent manufacturers use laser cutting and 
deposition techniques to repair shorted or dis
continuous (open) addressing lines in their 
panels. Because of this, A M L C D yields are 
now reported to be 50% or more. However, 
the high cost of materials and capital equip
ment have kept A M L C D prices relatively 
high. A 10-inch (25.4-cm) VGA-resolution 
commercial color A M L C D currently costs 
about $1,500. Its performance is spectacular, however. Dis
plays with higher resolution are under development. Figure 
3 shows the image from a prototype 2048 X 3072 pixel 
AMLCD made by Xerox PARC. First demonstrated in May 
1993, it is designed to display one 8.5" X 11" page of infor
mation with nearly laser printer resolution. 

A cross-section of a photoconductor-addressed LCD is 
shown in Figure 4. The device consists of a stack of thin 
films placed on two glass substrates. A liquid crystal layer is 
placed in between the two pieces of glass. When an A C 
voltage is applied across the entire sandwich, it divides 
itself based on the complex local impedances of the various 
thin film layers. The larger the film's impedance, the more 
voltage is dropped across it. Photoconductor addressed 
LCDs are built with the photoconductor as the layer with 
the highest impedance (at least in the dark); thus, the largest 
fraction of the input voltage is present there when there is 
no input image. When an image is input into the photocon
ductor, it generates hole-electron pairs and reduces the pho
toconductor's impedance. This moves the voltage locally 
from the photoconductor to the next highest impedance in 

the device, the liquid crystal. Thus, an input image gener
ates a spatially varying field across the liquid crystal. A 
photoconductor-addressed LCD is analogous to an amplifi
er in that a low-level input image is used by the LCD to con
trol the light from an outside source, such as an arc lamp, 
thus generating a much brighter version of the input image. 

Image A (page 16) shows the command center for EDS 
Corp. in Texas. The center features a number of large-screen 
projection displays made with photoactivated LCDs. These 
images have 1000+ line color resolution, and sufficient light 
output (more than 2500 lumens) to generate the 20-foot 
diagonal images shown in the photograph. More powerful 
versions of these projectors can generate movie-quality 
video images on theater-size screens. This is shown in 
Image B (page 17), an image from an HDTV tape. The clari
ty and image depth that can be obtained rivals that of 35-
mm film. The photoactivated LCDs, or light valves used in 
these systems, are also difficult to manufacture, requiring 
dozens of defect-free thin films to be deposited with precise
ly controlled properties. Photoactivated light valves, like 
AMLCDs, currently cost in the thousands of dollars. The 
first facilities capable of making light valves in quantity are 
just starting production; the costs are expected to fall below 
$1,000 each as these facilities gain some maturity. 

Color LCDs 
Color is an important attribute for most display images. 
Once someone has used a color computer monitor, for 
example, it is almost impossible for them to be satisfied 
with a monochrome monitor, even if color is not required by 
their work. Color can be generated in several ways, depend
ing on the LCD application. 

LCDs designed to be looked at directly (such as dis
plays for laptop computers) use color filters integrated 
directly into the LCD panel. Each pixel is composed of a 
number of subpixels, each of a different primary color (red, 
green, or blue). This is similar to the way color images are 
generated by the shadow-mask cathode-ray tubes used in 

Display Construction 

Figure 2. Electrically addressed LCDs can use either transistor 
switches or photoconductors to generate an image. 

Figure 3. AMLCDs can generate images that rival laser print
er quality (courtesy Xerox PARC). 
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color televisions. Color AMLCDs typically use either a color 
triad structure or a color quad, with two green subpixels. 
This quad arrangement has the advantage that the green 
resolution is higher, and also that the addressing lines built 
into the AMLCD are easier to route and decode. The color 
filters used in these displays are not very efficient, since 
they are absorptive and have less than 10% transmittance. 

Most projected LCD images are made using three sepa
rate LCDs along with dichroic filters to separate the light 
into its component colors. This approach is much more effi
cient than the color filters used in direct-view AMLCDs; 
however, it does require three LCDs to generate one image 
(rather than one LCD that generates an image at 1/3 of the 
LCD's potential resolution). 

Outsmarting the Competition 
Why have LCDs outpaced other flat panel display technolo
gies, such as plasma or electroluminescent (EL) displays? 
There are at least four reasons for this dominance: 
• LCDs require low voltages for operation, unlike other 
flat panels. This means that they are compatible with stan
dard CMOS integrated circuits and are relatively easy to 
integrate into systems. 
• LCD technology adapts easily to color images. Because 
LCDs only modulate the intensity of the light passing 

through them and do not generate any light of their own, a 
color display can be made by passing colored light through 
the LCD. This is done in direct-view computer panels by 
placing color filters over every element in the display. In 
projectors, it is typically done by splitting the light into 
color channels and putting a separate LCD in each channel. 
Color is much more difficult in either EL or plasma tech
nologies because of materials limitations. 
• AMLCDs use integrated-circuit-like processing to man
ufacture the active matrix. Thus, their manufacture is based 
on adaptations of the extensive understanding and infra
structure resulting from the explosion in integrated circuit 
technology. EL and plasma displays have not been able to 
find a link to such a fertile area. 
• To perfect L C D technology, Japanese manufacturers 
have made an investment that dwarfs the investments in all 
other flat panel areas combined. A U.S.-government funded 
survey done in late 1991 details $2 billion of Japanese invest
ment in production facilities (not including land) for 
AMLCDs. 2 This does not include the many millions of dol
lars invested in developing the technology, or in developing 
and manufacturing other LCDs (such as STN), or the contin
uing investments in the past two years. Those facilities made 
nearly one million full-color AMLCDs for portable comput
ers in 19923—orders-of-magnitude more displays than were 
made in all other flat panel technologies combined (exclud
ing other types of LCDs, such as multiplexed displays). 

LCD technology is definitely in the spotlight today. 
With many of their technical issues resolved, LCDs provide 
breathtaking images in a variety of applications. What is the 
status of such an appealing technology in the U.S., and 
what is its future? 

L C D POLITICS 

AMLCDs were initially conceived and developed in the 
U.S. Lechner and co-workers at RCA Laboratories wrote the 
first theoretical paper describing such devices. Their work 

Image A. Modern command centers (like this one at EDS 
Corp.] use projection displays to share information among 
numerous operators. 

Figure 4. Photoactivated light valves are made of a number of 
thin-film layers. 



was published in 1971.4 Active development programs at 
several companies, including Westinghouse and Hughes 
Aircraft, soon followed. 5 We all had the dream of making 
l iquid crystal televisions, possibly even a TV wrist watch 
like the one featured in the "Dick Tracy" comic strip. The 
first commercial AMLCD product was indeed an LC TV 
wristwatch, 6 made by Japanese watchmaker 
Seiko-Epson, and marketed in 1982 (it was a 
technology tour-de-force, not meant to make 
money despite its $495 price tag). Soon after, 
M o r o z u m i - s a n and his team at Se iko-Epson 
built their first color AMLCD prototypes. 7 In 
the decade since this early color product, Seiko-
Epson has been joined by a host of other Japan
ese companies , revo lu t ion iz ing the d isp lay 
business. The LCD business generated $3 bil
lion in sales in 1992 ($2.1 billion in Japan); the 
business is expected to grow to $10-15 bil l ion 
by the year 2000. The largest U.S. manufacturer 
of LCDs is Standish Industries, with about $20 
mill ion in sales annually. 

The current state of the U.S. flat panel dis
p lay business was surveyed recently in Bar
ron's.8 They concluded that no one in the U.S. 
was really eager to make the investment in a 
product ion facility for AMLCDs. The article 
ends, "Again , it's not a question of technology . 
. . but try to pul l up a list of U.S. companies 
willing to take the plunge, and all you get is a 
blank screen." 

The p r o b l e m , in part , is the di f ference 
between how companies in Japan and the U.S. 
v iew investments. In Japan, companies are 
wil l ing to make large investments in facilities 
to gain market share and eventual profits in a 
particular business. In the U.S., we are reluctant 
to invest hundreds of millions of dollars (and 
that's the size of the ante in this game) to partici
pate in a business where profits are years away 

Image B. Photoactivated light valves can generate 
HDTV images that rival 35-mm film in their size, 
clarity, and visual impact. 

and competition is fierce. Unfortunately, the LCD 
(AMLCD or passive matrix) is already the most 
expensive part of a laptop computer, and it wi l l 
probably stay that way. It is also the biggest dis
criminator in the system. In addition, the trend is to 
put more and more of the electronics into the dis
play; eventually the display may become the com
puter. 

Table 1 gives some information on key compa
nies in the U.S. that are involved in flat panel dis
plays. Several companies have set up joint ven
tures with Japanese companies to take advantage 
of the capabilities and infrastructure that exist in 
Japan for d isp lay development work. The U.S. 
suppliers have large shares of the world market in 
EL and p lasma technologies; unfortunately, the 

world markets in those technologies are small. 

The future of flat panel display technology in the U.S. 
is de f in i t e l y not clear. T h e D e p a r t m e n t of D e f e n s e ' s 
Advanced Research Projects Agency (ARPA) has decided 
that flat panel technology is important to U.S. future com
petitiveness and to the performance of future generations of 

COMPANY TECHNOLOGY STATUS 

OIS AMLCD Military supplier; received $50 
mill ion from ARPA to set up 
prototype production line 

Xerox AMLCD Impressive technology demon
strated; working with AT&T and 
Standish 

IBM AMLCD Set up joint venture withToshiba 
to manufacture AMLCDs in Japan 

In Focus/ 
Motorola 

Passive LCD Established joint venture to manu
facture higher performance pas
sive matrix LCDs 

Hughes 
Aircraft 

Photoactivated 
LC Light Valve 

Set up joint venture with JVC 
to manufacture products in U.S. 

A m p r o / 
Grayhawk 

Photoactivated 
LC Light Valve 

Competitor to Hughes-JVC 
Technology 

K o p i n AMLCD ARPA-funded startup; focused on 
small AMLCDs for projection 
applications 

Planar Systems EL displays World's largest manufacturer of 
EL panels 

Plasmaco, 
Photonics 
Imaging, 
Electroplasma 

Plasma displays 

Table 1. A number of companies are active in flat panel display technology in the 
U.S. 
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military systems, so they have continued the High Definition 
Systems programs begun several years ago. In addition, they 
have funded a number of other initiatives. These range from a 
phosphor materials center in Georgia to a $50 million grant to 
help Optical Imaging Systems Inc. (OIS) set up a small-capaci
ty factory to produce military AMLCDs in Michigan. Howev
er, many potential participants in this business are still discour
aged by the risks of low return and predatory price 
competition from abroad, as well as the lack of any supporting 
infrastructure in the U.S. ARPA has established the U.S. Dis
play Consortium (USDC) with a $20 million grant to try to 
build up the manufacturing infrastructure. USDC, whose 
members include Xerox, AT&T, Standish, OIS, and the Ameri
can Display Consortium (ElectroPlasma Inc., Magnascreen, 
Photonics Imaging, Planar Systems, Plasmaco, and Tektronix), 
plans to use the money to fund grants to companies develop
ing equipment and materials used to make flat panels. Howev
er, unless someone (or ideally more than one "someone") 
decides to build a volume production plant in this country, this 
effort is not sufficient to revitalize the U.S. display industry. 

LCDs definitely have come a long way in the past 
decade. Their allure is as compelling as their displayed 

images. Like Odysseus, our challenge is to take heed of 
their siren call while finding a way to join this revolution 
and not be grounded on the shoals of financial ruin. If the 
Japanese can do it, why can't we? 
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