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45. Display Glass

Matt Dejneka, T. J. Kiczenski

Active matrix displays are rapidly making all other
display technologies on the market obsolete. They
are all around us, from the smart watches on our
wrist, to the phones in our pocket, to the TVs in
our homes and they provide us with information,
entertainment, biometrics, and a connection to
the world, all on a thin bright device. The array of
thin film transistors in the backplane of all active
matrix devices eliminates cross-talk between pix-
els, provides a larger dynamic range in brightness,
and accelerates the response time of the display.
Whether it be a liquid crystal display (LCD) or an or-
ganic light emitting diode (OLED)-based display, an
efficient and responsive active matrix of thin film
transistors requires high mobility silicon, which
requires high processing temperatures and precise
patterning. This puts great demands on the glass
substrate that the transistors and the entire display
are built upon. The glass must be incredibly flat,
smooth, and dimensionally stable at temperatures
that would sag common window glass in a heap.
This chapter will explore the amazing melting and
forming technologies that have been developed to
produce precision display glass sheets as well as
the glass compositions that are the foundation for
glass forming and device fabrication.
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45.1 Overview of Display Technologies

Displays have evolved from being a luxury item in
the early days of cathode ray tube (CRT) televisions
to a virtual necessity in the modern world. Due to
the wide breadth of display applications, from tele-
visions to car dashboards to phones and tablets to
wearables, current displays employ a range of tech-
nologies. While a vast array of display technologies
exist, many (such as CRT, passive matrix LCD, elec-
troluminescent and plasma displays) are very mature,
and innovation around the glass substrates used in
those applications has slowed or ceased. CRTs dom-
inated the display market for 75 years, from their
monochrome introduction in 1922 for oscilloscopes
and radar, to black-and-white TV in 1931, to color
in 1953, to large screens in the 1980s [45.1], until
lighter, thinner, and more efficient LCD flat screens
started replacing them around the turn of the cen-
tury and ultimately drove CRTs out of the market
in 2007 (2010 in some parts of the world). Plasma
displays with their better contrast ratio and darker
blacks reached their peak around 2008, but succumbed
to LCD displays in 2014 because of their potential
screen burn-in issues [45.2] and the improved bright-
ness and efficiency of LCDs [45.3]. Previous articles
and books [45.4] have discussed these outdated tech-
nologies in more detail, so this chapter will focus on
the current battleground technologies in modern dis-
plays, which are active matrix liquid crystal display
(AMLCD) and OLED, as they continually push the
boundaries on attainable resolutions, brightness, speed,
and power consumption.
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45.1.1 LCD Displays

To understand the requirements for the glass, we must
first understand how these devices work. An LCD
works by rotating the polarization of light to turn a pixel
on and off, as illustrated in Fig. 45.1. Incoming light
from a back light first passes through a polarizer on the
outside surface of the LCD backplane substrate glass.
On the inside of this glass is a thin layer of polymer
with tiny grooves oriented parallel to the polarizer. The
opposing parallel piece of glass called the color filter
(CF) (the reason for this name will become apparent
shortly) also has a grooved polymer layer on the inside
aligned to a polarizer on the outside. However, the po-
larizers and grooves on the CF sheet are rotated 90ı
relative to the backplane sheet, so that the polarizers
are crossed and no light should be able to get through.
Now, if we fill the gap between the backplane and the
CF with liquid crystal (LC), we can control the passage
of light. The molecules of the nematic liquid crystal are
long and polar. Thus, they align with the grooves on
the inside surface of the backplane, then twist a little
with each successive layer until they are rotated 90ı
and oriented with the grooves on the CF on the other
side of the gap. Now, when polarized light enters the
gap, it will rotate with the twisted nematic liquid crys-
tal and pass through the polarizer on the CF, as shown
on the left-hand side of Fig. 45.1. If a voltage is ap-
plied across the gap between the backplane and CF, the
nematic liquid crystal molecules will orient parallel to
the electric field and perpendicular to the glass sheets,
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as shown on the right-hand side of Fig. 45.1. In this
orientation, there is no rotation of the polarization, so
the light will be blocked, and the pixel will be off or
black. As the strength of the electric field is varied, so
is the degree of light passed through the pixel, and so
it is a continuously variable switch. To make an array
of pixels, rows of transparent conductor lines are ap-
plied to one sheet of glass and columns of conductive
lines are applied to the other. Half the switching volt-
age is applied to the column and half is applied to the
row, so that at the intersection point there is enough
voltage to switch the state of the LC at the intersec-
tion and turn the pixel on or off without switching the
state of neighboring pixels. To make a full color dis-
play, each pixel is made up of three red, green, and blue
subpixels, whose intensities can be independently con-
trolled to achieve the desired color. Thus red, green, and
blue filters are printed on the output layer of glass at
each pixel, and this explains why it is called the CF
layer. These passive matrix devices, whose pixels are
addressed by rows and columns of conductors, are rel-
atively simple to make and are inexpensive, but suffer
from slow response time because the applied net volt-
age is barely enough to switch the polarization state.
They also suffer from ghosting due to imprecise volt-
age control, since the half voltage applied to any row
or column affects the voltage felt by the whole row or
column and neighboring pixels.
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45.1.2 AMLCD

Active matrix (AMLCD) devices overcome these short-
falls by incorporating at least one transistor and capaci-
tor at each pixel, as shown in Fig. 45.2. The transistors
serve as switches to individually address each pixel
without affecting neighboring ones, while the storage
capacitor stores enough charge to maintain the pixel in
its desired state until the next refresh. The transistors
are grown on the glass substrate as thin films and are
referred to as thin film transistors (TFTs). The conduct-
ing metal layers and semiconducting Si that make up
the TFT are shown in the top expanded subpixel cross-
section in Fig. 45.2. The rows and columns are made in
different layers on the backplane substrate and are con-
nected at each pixel by a transistor whose output is sent
to a capacitor connected to the pixel via a transparent
electrode, which is usually made of indium tin oxide
(ITO). The transistor acts as a switch, so that when the
row voltage (gate line) is above threshold for the tran-
sistor, it will be on and, then, the charge sent down the
column (data line) will pass through the transistor and
be stored on the capacitor to keep the pixel at the desired
level until the next refresh. The circuitry is the same as
that shown for the active matrix OLED in Fig. 45.3. The
column charge cannot affect any neighboring pixels,
since their transistors are in an off state. Thus, volt-
ages well above the switching voltage for the LC can
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be used in the horizontal gate lines for faster switching
without impacting neighboring pixels and higher dy-
namic range of the display can be achieved, providing
faster displays with greater contrast. However, these de-
vices are more complex and require more than 6 million
(1080 rows � 1920 columns � 3 colors) transistors and
capacitors for a single 1080p HD TV with 1080 rows
and 1920 columns, and more than 26:5 million transis-
tors and capacitors for a 4K TV with 4096 rows and
2160 columns; 8K or UHD TV has 7680 rows and 4320
columns requiring 99:5 million transistors and capaci-
tors to be built on a sheet of glass. Thus, there are tough
demands on the glass substrate that must remain di-
mensionally stable during the fabrication process, since
even 10 ppm of shrinkage or distortion would result in
misregistration between the pixels in the backplane and
those in the CF layers, which go through very different
thermal processes.

45.1.3 AMOLED

Active matrix OLED (AMOLED) devices operate very
differently than LCD devices, but as we will soon dis-
cover, have a lot in commonwith them. OLEDs work by
emitting light directly, so they have a wider viewing an-
gle, and there is no need for color filters, which absorb
two thirds of the light, so they can be more efficient than
LCDs. Even though linear polarizers are not necessary
for optically switching OLED pixels on and off, they
require a circular polarizer for ambient light rejection,
so both LCDs and OLEDs lose half their light output
via the circular polarizer. OLEDs also require a glass
substrate on which to build the device and an array
of conductors to address the transistors that switch the
pixels on and off, as illustrated in Fig. 45.3. A transpar-
ent conductive oxide layer, usually ITO, is deposited as

the anode on the substrate. Then, an organic conductive
layer is deposited to transport holes from the anode to
the emissive layer. The organic emissive layer controls
the color of the pixel, and red, green, and blue emitting
organic layers are patterned as subpixels directly on top
of the hole transport (injection) layer. The emissive lay-
ers are then contacted with a common cathode, usually
with a low work function metal like Ca, to inject elec-
trons into the emissive layer. The transistor controls the
current flowing through the emissive layer, where the
electrons and holes recombine to emit light with nearly
20% efficiency for red and green diodes but only 5%
for blue diodes. The light emission is proportional to
the current, so darker areas use only 40% of the power
of an LCD, but white areas can consume three times
the power of an LCD. The light is emitted in all direc-
tions, but in the case of a metallic cathode, it will reflect
the light back out through the substrate. Nearly trans-
parent displays can also be made with OLED devices
with transparent cathodes. OLED displays also put high
demands on the glass substrates. The low work func-
tion cathodes will oxidize if exposed to oxygen, and the
emitting layers are degraded by exposure to water va-
por, so the glass substrate and superstrate (seal) must
be hermetic and impervious to air and humidity. Since
OLEDs are current driven devices, the transistors re-
quire high mobility Si in their TFT arrays, which means
high process temperatures, so the glass needs to have
excellent dimensional stability during processing and
a very smooth surface, just like LCDs.

45.1.4 Quantum Dot Displays

Quantum-dot light-emitting diodes (QLED)s are an
emerging display type, which could be a serious threat
for OLEDs. In fact, Samsung, the largest TV maker in
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the world, says that it is focusing on QLED instead of
OLED [45.5]. There are two architectures for QLEDs.
In one scenario, the quantum dots are simply used as
phosphors not diodes, and red and green emitting quan-
tum dots replace the red and green color filters in the
CF panel, and the blue color filter is left out. Now,
when blue LEDs are used as the sole light source, the
blue light travels unimpeded through the now missing
blue filter and excites the red and green emitting QDs.
The LC controls the intensity of each subpixel just like
a conventional LCD. In the second architecture, the
QDs function as electroluminescent diodes deposited
in the clear aperture between the TFTs. This type of
display is like an OLED display, where the organic
LEDs and conductive layers are replaced with inor-
ganic QDs. When the TFTs are turned on, they pass
current through the QLED, and direct red, green, and
blue emitting QDs are used to generate light at the
pixel. This technology provides deep blacks and high
contrast ratio, since the pixels in the off state are ex-
tremely black [45.6]. Regardless of the architecture,
most QLEDs still rely on active matrix backplanes with
TFTs for best performance, so the requirements of the
glass are still the same as for AMLCD and AMOLED
devices.

45.1.5 Active Matrix TFT Technology

Independent of the display type, active matrix displays
offer faster response and better dynamic range than
their passive matrix counterparts. Whether it is LCD,
OLED, or QD, most active matrix display technolo-
gies use one of three primary TFT backplane tech-
nologies: amorphous silicon (a-Si), oxide TFT (often
called IGZO, short for indium gallium zinc oxide), or
low-temperature poly-silicon (LTPS). These different
TFT technologies differ somewhat in their designs but
are primarily distinguished based on the material used
as the semiconductor layer. The most commonly em-
ployed technology is the a-Si TFT backplane due to
its simplicity, scalability, and low cost compared to
the other options. Generally, a-Si based devices uti-
lize lower temperature processes (200�300 ıC peak
temperature) and are lower resolution displays. The
scalability of the a-Si technology, however, makes it
very suitable for large displays, which often have lower
resolution and less demanding power requirements than
mobile devices. Higher performance displays (such
as in extremely high resolution televisions or higher
end mobile devices) place more demand on the TFTs,

requiring higher mobility semiconductor layers. The
LTPS process enables considerably higher electron mo-
bility than a-Si based TFTs (up to 100 times higher),
allowing TFTs to be smaller, which enables higher res-
olution, lower power consumption, or both. TFTs are
not transparent and are, generally, hidden under the
black matrix between pixels, so the smaller they are,
the more area available for the clear aperture to let light
through the pixel. The ratio between the light emitting
area versus the total area of a pixel, including the black
matrix and opaque electronics, is called the aperture
ratio. Higher mobility Si enables higher aperture ra-
tio, so either the pixels can be brighter or smaller with
LTPS. If they are smaller, then more pixels can fit in the
same area, and resolution is increased. While LTPS can
clearly enable a better display, there are many down-
sides as well, such as the higher temperatures required
(as high as 600�700 ıC) to grow the Si semiconduc-
tors, increased complexity of manufacture, higher costs,
and the difficulty in scaling to large display sizes. The
third technology, oxide TFTs, has, therefore, been get-
ting a lot of attention in recent years, since it offers
the scalability of a-Si but with increased electron mo-
bility (although not as high as LTPS), which could
enable high resolution and large displays. Currently, ox-
ide TFTs are used mostly in tablets and are just starting
to migrate to TV. This technology strikes a balance be-
tween a-Si and LTPS and, it will be interesting to see
how widely adopted it is in the future amongst the large
panel manufacturers [45.7].

Today’s touch screen devices have more than just
two pieces of glass. Figure 45.4 compares the com-
ponents used to make LCD and OLED touch screen
devices. Both can utilize four sheets of glass, includ-
ing a chemically strengthened cover glass that is more
scratch and damage resistant than the display glasses to
protect them from breakage. They also have a thin touch
sensor with an array of transparent electrodes to sense
the location of a user’s finger or stylus. Most multitouch
sensors use capacitive touch with rows of transparent
electrodes on one side of the touch sensor and columns
on the other, creating small capacitors at each cross-
ing. When a user’s finger(s) touches the cover glass, it
changes the capacitance at the nearby crossing(s) of the
rows and columns on the touch sensor and is detected
as a touch [45.8]. Some new phones integrate the rows
and columns of transparent touch electrodes directly on
the cover glass (on-cell touch) or directly on the display
glass (in-cell touch) to eliminate the extra touch sensor
glass layer for a thinner device [45.9].
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45.2 Display Glass Properties

45.2.1 Basic Compositional Requirements

All glasses used in the industry today have to satisfy
some basic requirements before they can be considered
as display substrates. The first of these is to control al-
kali contamination, which can poison Si-based devices
and cause performance issues in the TFTs. Most dis-
play glasses are considered alkali-free, although they
all contain a low level (� 100 ppm or less) of alkali in
practice from tramp contamination in the raw materials.
This residual level of alkali is generally prevented from
entering the TFT through the application of a barrier
layer of silicon dioxide or silicon nitride on the sub-
strate. Furthermore, the aluminum and boron ions in the
glass have a strong affinity for alkalis and prevent them
from diffusing out of the glass and into the Si [45.10].
So, while not truly alkali-free, a glass must have a low
enough level of mobile alkali ions such that industry-
accepted solutions to alkali-diffusion are effective.

Another historically pervasive attribute of display
glasses is a low density. While not directly related to the
performance of the device, a lower density glass would
reduce the weight of the device (always critical in
today’s mobile devices) and would allow for easier han-
dling of the large sheets in the manufacturing process.
It also reduces sag during the manufacturing process.
However, more recent glasses have seen their densities
increase relative to the glasses used 10�20 years ago

as backplanes have become increasingly thinner while
putting more stringent requirements on the total pitch
variability of the substrates (this will be discussed in the
next section). The fact that the substrates are thinned
to only a couple of hundred �m in thickness means
that the density of the glass contributes less weight to
the overall device than previous designs. This lower
contribution of weight to the article, therefore, reduces
some of the value of a low density glass, allowing
glass manufacturers to better optimize attributes that
would improve display performance at the expense of
increased density.

45.2.2 Total Pitch Variability

Within the display industry, there is an ever-increasing
demand for higher resolution, brighter screens, or lower
power consumption for longer battery life in mobile
devices. To enable these improvements, perfect regis-
tration (or as perfect as possible) of the various layers
of the TFT is critical. The TFT fabrication process can
be simplified to a series of thin film deposition, pho-
tolithographic patterning, etching, and heat treatment
steps. Just a few �m of shrinkage can cause a pattern
error between successive photolithographic exposures
if not properly compensated for [45.11]. Total pitch is
the distance any given location or feature on a glass sub-
strate moves during processing. If the shrinkage or total
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pitch is uniform and reproducible from sheet to sheet,
it is not a big problem. Reasonably large amounts of
total pitch can actually be accounted for by compensa-
tion in the TFT process, traditionally up to 20�30 ppm.
Since the TFTs and conductive paths are patterned pho-
tolithographically, the photo mask can be scaled up in
size by 20�30 ppm, so that after processing, the product
shrinks to the target dimensions and feature sizes and
locations. If the total pitch is too large to be compen-
sated for, considerable losses for the panel manufacturer
due to dead pixels or light leakage due to misalignment
of features (such as the TFT and color filter) would re-
sult. What is interesting is that, once below the upper
limit of pitch change for a given process, further re-
duction in total pitch change does not necessarily lead
to better alignment. Rather, improvements in variabil-
ity of the total pitch (known in the industry as total
pitch variation or TPV) will lead to better and more
repeatable alignment. In other words, a larger but less
variable total pitch value is preferred to a smaller but
more variable value (although it should be noted that
the ultimate desire is often minimal total pitch and min-
imal total pitch variability). This is due to the fact that,
once a given amount of total pitch is identified for
a given process, the optical compensation can take care
of any change in total pitch as long as it is consistent
and does not vary. A reduction in total pitch variability
can increase the selects of a panel manufacturer’s pro-
cess, thereby improving their economics. Beyond cost
savings, reducing total pitch variability can also allow
the panel manufacturer to improve their aperture ratio.
A higher aperture ratio would allow for more light to
be emitted at a given resolution (enabling better battery
life and/or brightness) or higher resolutions at a fixed
aperture ratio. However the manufacturer chooses to
spend the improved TPV performance of the substrate,
the end result is a better and/or less expensive device.
Therefore, total pitch variability has become the most
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important distinguishing factor between potential sub-
strate glasses.

Translated to glass properties, this means the glass
backplane must demonstrate the minimal amount of
total pitch variability possible. Historically, this was de-
scribed by the compaction or shrinkage performance of
the glass, which is the dimensional change undergone
by the glass under a thermal cycle in the manufacture
of the TFT, often at the highest temperatures in the pro-
cess like the dehydrogenation step in a LTPS process.
The bulk of this dimensional change is due to viscous
relaxation, which can also be described as the relax-
ation of the fictive temperature of the glass (defined as
the temperature corresponding to the equilibrium state
described by the structure trapped in the glass during
formation) towards the temperature of the display panel
maker’s process. This became known as compaction
due to the fact that the fictive temperature set into the
glass during manufacture is often above the heat treat-
ment temperature of the glass during the TFT process.
Unlike crystalline materials, the density of a glass is de-
pendent on thermal history and can change with heat
treatment. If the heat treatment temperature is below
the fictive temperature of the glass, relaxation of the
glass structure during processing will result in a re-
duction of fictive temperature, as shown in Fig. 45.5a.
A lower fictive temperature glass has a more dense
structure and will, therefore, occupy a smaller volume,
resulting in compaction or shrinkage of the glass dur-
ing the heat treatment. Unlike crystalline materials, the
final volume and density of glass is dependent on the
thermal history of the glass. Figure 45.5b shows the
change in volume as it is cooled at different rates. At
high temperatures, the glass has a low viscosity, and the
structure relaxes quickly and the volume contracts inde-
pendently of the cooling rate, hence the two curves are
coincident at high temperature. However, as the glass
becomes more viscous at lower temperatures, the struc-
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ture cannot equilibrate quickly enough to keep up, and
the volume contraction will slow down and follow the
upper curve and transition from the volume contraction
curve of the liquid melt at high temperatures to the vol-
ume contraction of the solid glass at low temperatures
and set in a fictive temperature of Tf0 . If the glass is
cooled more slowly, the glass has more time to relax
and can equilibrate at higher viscosities (lower temper-
atures) and contract to a denser lower volume state as
illustrated by the lower curve and have a lower fictive
temperature Tf1 . In practicality, most glasses will lock
in a fictive temperature corresponding to a viscosity
of between the strain point (1013:7 Pa s) for extremely
well-annealed optical glasses and 1010 Pa s for fusion
drawn glasses. When heat treatments are made to the
glass after forming, its fictive temperature will relax
towards the heat treatment temperature. If the heat treat-
ment temperature is below the fictive temperature, the
glass will contract, and the lower the temperature, the
slower the rate of equilibration and densification. If the
heat treatment temperature were instead above the fic-
tive temperature of the glass, the fictive temperature
would increase during relaxation, causing an expan-
sion of the glass. It is, therefore, more proper to refer
to this phenomenon as dimensional change rather than
compaction, since the latter is shaded by empirical ex-
perience in the industry and is not reflective of the actual
physics in play.

While the total pitch of a substrate was historically
attributed to the structural relaxation of the glass due to
these changes in fictive temperature, total pitch is actu-
ally due to a number of factors and not just the change
of the average fictive temperature of the glass. In the
following sections, we will discuss some of the most
important of these factors, each of which have an addi-
tive contribution to the TPV:

1. Elastic distortion
2. Stress relaxation
3. Viscous relaxation.

Elastic Distortion
Perhaps the easiest to understand of the factors con-
tributing to total pitch variation is elastic distortion.
During the manufacture of a TFT, various films are de-
posited on the glass.While efforts are made to minimize
stresses in these films, invariably there is residual stress
in the films, which then causes a concomitant strain in
the glass. The resulting pitch change in the substrate
is consequently governed by the elastic modulus of the
glass E and the thickness of the substrate h, as seen in
the Stoney equation

�ftf D Eh2

6.1� 
/R
: (45.1)

In (45.1), �f is the in-plane stress in the film, tf is
the film thickness, E is the Young’s modulus of the
substrate, h is the thickness of the substrate, 
 is the
Poisson’s ratio of the substrate, and R is the radius
of curvature of the substrate after the film deposi-
tion [45.12]. When there is no film stress, �f D 0, R
must go to infinity, and the sheet is perfectly flat. As
can be seen from the equation, when a higher stress
film (or thicker film) is applied to a glass substrate
with a given modulus and thickness, the radius of the
curvature must decrease, resulting in decreased R, and
increased warp. Similarly, for a given film stress and
film thickness, an increase in either the Young’s modu-
lus or the substrate thickness will result in an increase in
the radius of curvature of the substrate, resulting in less
warp and a flatter sheet. While the most efficient way
to reduce distortion due to film stresses is by increas-
ing the thickness of the substrate (varies as thickness
squared), the display industry is constantly driving to
thinner and thinner substrates. Consequently, a higher
modulus glass is one of the only ways one can reduce
the pitch change from a given applied stress from the
films, thereby reducing the contribution to total pitch
from elastic distortion. Similarly, variations in applied
film stress will cause variations in the resulting strain
in the glass, so a glass with a higher Young’s modulus
would also reduce the TPV due to elastic distortion.

Stress Relaxation
Once films with stresses have been applied to the glass
substrate during TFT manufacturing (often during the
early steps of the process), subsequent time spent at el-
evated temperatures can result in the relaxation of both
the film and the glass. This can be a source of TPV
if the sheet experiences different temperatures during
later steps in the manufacturing process or if there are
variations in initial film stress, causing varying degrees
of relaxation.

This stress relaxation happens much faster (roughly
10�) [45.13] than the bulk structural relaxation corre-
sponding to the evolution of the fictive temperature of
the glass during heat treatments (covered earlier and in
the next section) and can, therefore, be a major source
of dimensional change in the glass at lower tempera-
tures where bulk structural relaxation has a negligible
contribution to dimensional changes. The rate of stress
relaxation is governed primarily by the viscosity of
the glass at the processing temperature. In fact, the
measurement of stress relaxation in a controlled lab en-
vironment can be used as a way to directly measure the
non-equilibrium viscosity of a glass at an experimental
temperature.

At high temperatures (well above the glass transition
temperature), the glass structure is in virtually instant
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equilibriumwith any perturbations to temperature. Con-
sequently, the viscosity–temperature relation of a glass
at high temperatures can be easily described by a smooth
function. At lower temperatures, however, the viscos-
ity of the glass is much more complicated. This low
temperature viscosity is not only a function of the com-
position of the glass (which determines the viscosity–
temperature curve) and the temperature of measurement
but also of the thermal history of the glass and time. As
a glass is cooled through the glass transition region, the
structure ceases to evolve and is frozen at the fictive tem-
perature. When the structure ceases to evolve, the vis-
cosity of the glass departs from the smooth equilibrium
viscosity curve and begins to follow a different trend
with an effective viscosity (solid line in Fig. 45.6) be-
low that which would be predicted exclusively from the
equilibrium curve (dashed line in Fig. 45.6). This lower
viscosity is due to the more open structure trapped in the
glass characteristic of its higher fictive temperature. The
degree of the departure of the glass from the extrapolated
equilibrium viscosity curve is, further, dependent on the
fictive temperature of the glass (and, therefore, on the
cooling rate of the glass) with a higher fictive tempera-
ture glass having a lower viscosity than the same compo-
sition with a lower fictive temperature. Because of this,
maximizing the viscosity of a glass through composition
design, thermal history manipulation, or a combination
of both, is the best way to reduce the amount of stress
relaxation a glass undergoes during TFTmanufacturing.
Assuming a similar thermal history, the amount of stress
relaxed in a given time at temperature should scale di-
rectly with the annealing point of the glass (which is
a good metric for low temperature viscosity as it is the

Tf

1/T

Log η

Fig. 45.6 Equilibrium and non-equilibrium viscosity. Be-
low Tf, the glass structure is locked in, and the effective
viscosity (non-equilibrium viscosity) becomes lower than
the theoretical viscosity the glass could have if it were
allowed to fully equilibrate at a given temperature (illus-
trated with the dashed line)

temperature where the glass viscosity is 1012:2 Pa s). To
measure stress relaxation, a load is applied to a beam
of glass at temperature to induce a specified amount of
deflection. The stress relaxation is then calculated from
the decay in the force required to maintain the specified
deflection. In Fig. 45.7, several glasses with varying an-
nealing points are held at relevant temperatures for TFT
processing, and the expected trend is precisely what is
observed—the higher the annealing point of the glass,
the less stress relaxation. The less stress relaxation, the
lower the TPV, so higher annealing point glasses are de-
sirable for reducing stress relaxation.

Viscous Relaxation
Also referred to as structural relaxation, viscous relax-
ation of a glass is governed by the relaxation of the
non-equilibrium nature of the structure of a glass to-
wards the structure consistent with the temperature of
the process step at hand due to changes in fictive tem-
perature. The time dependence of viscous relaxation is
roughly described by the Kohlrausch–Williams–Watts
(KWW) equation [45.14]

Tf.t/ D TC ŒTf.tD 0/� T�e�
t

�.T;Tf / ; (45.2)

where Tf.t/ is the change in fictive temperature as
a function of time, T is the temperature of the thermal
cycle in question, Tf.tD 0/ is the initial fictive temper-
ature, and �.T; Tf/ is the relaxation time, which is pro-
portional to the viscosity of the glass with said fictive
temperature at the temperature of the thermal cycle. In
simplistic terms, the rate of this relaxation depends on
the driving force for the dimensional change and a re-
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Fig. 45.7 Stress relaxation as a function of glass annealing
point
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sistance to that change. The driving force in this case is
the deviation of the fictive temperature of the glass from
the temperature of the process step . . . the larger the de-
viation, the larger the driving force for structural relax-
ation. The resistance to this change is the exponential
term in (45.2) and is proportional to the effective vis-
cosity of the glass, which is a function of the glass com-
position, its fictive temperature, and the temperature of
the process step (as discussed in Sect. 45.2.2, Stress
Relaxation). A reduction in the amount of dimensional
change due to structural relaxation can be achieved by
either reducing the driving force or increasing the resis-
tance to the change. Reducing the driving force for di-
mensional change can be accomplished by reducing the
difference between the fictive temperature of the glass
and the temperature of the heat treatment step. This is
illustrated in Fig. 45.8 in the comparison of the stan-
dard glass with the same glass that has been annealed at
the heat treatment temperature for some time. This plot
in Fig. 45.8 shows the dimensional change as a func-
tion of time at temperature up to 120min. While the low
viscosity glass immediately compacts even at the short-
est times, the annealed version does not start showing
appreciable compaction until it has been held at temper-
ature for over 15min. Even at long times, the annealed
glass continues to demonstrate considerably reduced di-
mensional change relative to the composition with the
higher fictive temperature. Alternatively, increasing the
resistance to a change in fictive temperature can achieve
a similar result. In the right image, a higher viscosity
glass is compared to the same standard glass as used in
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Fig. 45.8a,b Dimensional change (compaction) as a function of time for (a) annealed (squares) and as formed (dia-
monds) glass and (b) low (diamonds) and high (squares) viscosity glasses

the annealing study. This glass also has minimal dimen-
sional change until it has been at temperature of over
15min and ends up at virtually the same level of dimen-
sional change as the annealed sample, demonstrating
the similar efficacy of both approaches.

Since annealing or extremely slow cooling a glass
can be cost prohibitive, a very attractive way to reduce
the dimensional change observed in a given thermal cy-
cle is to maximize the low temperature viscosity of the
glass. As can be seen in Fig. 45.9, if an equivalent cool-
ing rate is applied to a series of glasses with increasing
annealing point, the compaction continuously decreases
in a high temperature test cycle. This strong correlation
of the low temperature viscosity of the glass (i. e., the
annealing point) with reduced dimensional change is
one of the key factors driving the historical increase in
the annealing point of display substrates. Furthermore,
the temperatures used by display panel manufacturers
are not always known and can vary from one manu-
facturer to another and can even change when different
products are being made, so overcoming dimensional
change with increasing viscosity is a more robust solu-
tion than annealing the glass.

45.2.3 Physical Requirements

While we have discussed a number of compositional
requirements for a display glass, the physical require-
ments for use as a display glass are every bit as
stringent. The glass must be exceptionally flat, have
low stress, and be clean. The TFT performance can
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Fig. 45.9 Compaction as a function of the glass annealing
point

be detrimentally impacted if the surface has too much
roughness (from scratches or even just the general
surface texture). Similarly, a glass substrate with too
much distortion or shape can cause handling errors in
coarse scale or cell gap deviations in smaller scales. The
cleanliness of the substrate must be exceptional, with
particles on the order of < 1�m causing visual defects
in the resulting display. In high performance displays,
the monitored particles may be a low as 0:3�m in di-
ameter. If not carefully monitored, particles can cause
massive losses in the manufacturing process (as was the
case in the early days of AMLCD manufacture). Thus,
the glass needs to be transparent, extremely flat, ther-
mally stable, clean, and chemically stable. To achieve
these attributes, the glass composition needs to melt
well, have a high liquidus viscosity and annealing point
while being compatible with a forming process that is
capable of making flat precision sheets. The melting
and forming processes used to achieve these feats will
be explored next.

45.3 Melting and Fining

Melting is the process of dissolving solid batch mate-
rials into a liquid melt, while fining is the process of
removing gaseous inclusions or bubbles from the melt.
Display glasses need to not only survive the high tem-
perature TFT manufacturing process, but the sheet must
remain dimensionally stable so that it does not warp or
shrink to maintain pixel alignment between the TFT and
CF panels, which requires a high annealing point, as
discussed in Sect. 45.2.2. Unfortunately, raising the an-
nealing temperature of the glass also makes it harder
to melt and remove bubbles. Figure 45.10 compares
the viscosity curves of display glasses to typical soda-
lime silicate. The display compositions are roughly
200�300 ıC higher in annealing point with a commen-
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Fig. 45.10 Viscosity curves of exemplary glasses

surate increase in the temperatures required to lower the
viscosity of the melt to between 10 and 100Pa s, where
the batch materials quickly dissolve and trapped gas
bubbles can rise to the surface in a reasonable amount
of time.

45.3.1 Melting

When batch enters the melting tank, fluxes such as boric
acid and alkaline earth carbonates decompose to oxides
and react with some alumina and silica to form fluid
melts. These melts become enriched with more alu-
mina and silica as the melting progresses causing the
viscosity to increase. To make pristine glass and elimi-
nate solid inclusions such as unmelted batch, the batch
must be fully dissolved into the melt before the glass
begins to cool. The rate of dissolution of any solid par-
ticle will be determined by the solubility of the particle
in the surrounding glass melt and the diffusivity of the
component ions of the particle in the glass. The solu-
bility is determined by the identity of the particle and
the composition and temperature of the glass melt. The
diffusivityD is inversely proportional to viscosity as de-
scribed by the Stokes–Einstein equation [45.15]

DD kBT

6� rH
; (45.3)

where kB D 1:38�10�23 J=K is Boltzmann’s constant,
T is the absolute temperature, � is the viscosity, and
rH is the hydrodynamic radius of the ion [45.16]. Thus,
increasing temperature will increase T and decrease �,
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which will both increase D, as well as the solubility of
the particle components, and combined they greatly in-
crease the dissolution rate of any remaining sand grains
or other batch materials. However, the glass melting
tank walls are made of ceramic refractories similar to
the batch materials (primarily SiO2, Al2O3, and ZrO2),
so increases in temperature will increase the rate of
tank corrosion and shorten the usable tank life, caus-
ing costly down time and tank rebuilds. In fact, the tank
corrosion rate roughly doubles for every 50�100 ıC
increase in temperature [45.17]. Thus, there must be
a balance between the glass melting rate and the tank
corrosion rate. For example, very high SiO2 .> 94%/
glasses with annealing points greater than 1000 ıC have
long been known [45.18], but they are not economically
feasible to melt and must be made by more expensive,
lower throughput means. Alkali metal oxides like Li2O,
Na2O, and K2O are extremely effective for dissolving
SiO2 grains because of their high diffusivity and viscos-
ity lowering power, which improves melting and fining.
Hence, they are used in most glasses for windows and
containers, but they are forbidden in display glasses be-
cause their high mobility quickly poisons Si transistors.
Thus, display glasses are considerably more challeng-
ing to melt than their alkali-containing counterparts and
require higher temperatures and more advanced tank
materials. Higher annealing point glasses needed for
improved display glass performance also increase the
viscosity at melting temperatures, making them even
more difficult to melt and fine. Thus, the glass composi-
tion should be designed to have a steep viscosity curve,
so that it has a high annealing point for good TPV per-
formance and yet a reasonable melting temperature and
high batch dissolution rate to enable efficient produc-
tion of high quality glass. The dissolution rate can also
be improved by judicious selection of raw materials and
their particle size.

45.3.2 Fining

The melting of typical display glass raw materials pro-
duces a lot of gas. Alkaline earth carbonates release
CO2, while the trace amounts of nitrates and sulfates
liberate N2, O2, NOx, and SO2. There is also a con-
siderable amount of air trapped between melting batch
particles, which then expands with increasing temper-
ature and further increases the gas load in the molten
glass. Bubbles are lighter than molten glass, so they
float to the top at a rate that is determined by the viscos-
ity of the surrounding glass melt [45.19]. The upward
terminal velocity v of a bubble of radius r in a glass
melt of viscosity �, and density � is given by

v D 2gr2�

9�
; (45.4)

where g is the acceleration due to gravity [45.20]. While
larger bubbles rise fast enough to be eliminated quickly,
the smaller bubbles are the most troublesome, since
they are impeded by the viscous drag. To observe this
speed differential at room temperature, just vigorously
shake a half empty bottle of a viscous liquid like liq-
uid soap and watch the large bubbles race past the tiny
ones on their ascent. A 0:1mm diameter bubble will
only rise about 10 cm=day in a glass melt of 10 Pa s vis-
cosity, which is far too slow for effective removal. The
temperature of the glass can be increased to reduce the
viscosity, but the slope of the viscosity curve is rela-
tively shallow in the melting and fining regime of the
viscosity curve shown in Fig. 45.10, so lowering the
viscosity by a factor of 100 to 0:1 Pa s would require
a 400 ıC increase to well above 2000 ıC, which is far
beyond the capability of any large scale melter and the
materials used to contain the molten glass. However, the
upward velocity is proportional to r2, so if the size of the
bubble could be increased by 10�, then a 1mm bubble
will rise 100� faster according to (45.4). So, ironically,
the key to fining is to generate more gas and make small
bubbles larger, so they can be removed quickly [45.19].
As2O5 is a very powerful fining agent and has been
used for centuries, since it tends to reduce at high tem-
peratures (liberating oxygen) and then oxidize at low
temperatures according to (45.5) [45.21, 22].

As2O5 • As2O3 CO2 (45.5)

To generate a new bubble requires the generation of
a new gas–liquid interface creating a nucleation barrier
to generating new bubbles. Furthermore, the capillary
pressure inside a bubble is inversely proportional to the
radius of the bubble, so it takes a lot of pressure to
nucleate a tiny bubble. Thus, it is energetically more
favorable for the O2 generated by the As2O5 reduction
to preferentially go into existing bubbles during fining,
rather than generating new bubbles. So, once the glass
is melted and the large bubbles have already risen to the
top, the glass laden with residual tiny bubbles (or seeds,
as they are called in the glass industry) then enters the
fining section of the melter, where the temperature is in-
creased, causing a reduction of the fining agent and the
liberation of O2, which makes the small bubbles larger
and increases their upward velocity. The glass depth is
also typically shallower in the fining section, so the bub-
bles have less distance to rise to the surface. As the glass
is conditioned in the sections after the finer and cooled
for forming, any residual small O2 bubbles will then
be resorbed as the As2O3 is oxidized back to As2O5.
Since increasing temperature drives (45.5) to the right,
decreasing temperature will drive it back to the left and
aid O2 resorption as the glass cools. As the temperature
decreases, so does the volume of gas (according to the
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ideal gas law PV D nRT). Hence, the bubble shrinks,
which increases the surface area to volume ratio of the
bubble and the capillary pressure inside, both of which
aid in the reversal rate of (45.5). As2O5 is ideal for
chemical fining because there is a large shift in the re-
dox ratio at typical glass melting temperatures, and it
has a large solubility in most glasses. Unfortunately,
As2O5 is toxic and now highly regulated; SnO2 is a safe
non-toxic multivalent oxide also capable of chemical
fining via (45.6) [45.19].

SnO2 • SnOC 1

2
O2 (45.6)

Unfortunately, SnO2 is not as soluble as As2O5 in most
glasses of interest, so its concentration is limited to
a few tenths of a weight percent, which limits the
amount of chemical fining. At high SnO2 concentra-
tions, the liquidus temperature increases and crystalline
SnO2 (cassiterite) will precipitate, decreasing the liq-
uidus viscosity of the glass limiting the forming options
available. To make matters worse, typically only a few
percent of the total SnO2 reduces to SnO at typical fin-
ing temperatures, further limiting its fining capacity,
unlike As2O5, which exhibits almost an order of mag-
nitude greater redox change and works over a much
wider temperature range. In fact, if 1wt% As2O5 in the
glass is replaced with 0:25wt% SnO2 (near the solubil-
ity limit for some display compositions) in lab melts,
the bubble concentration increases by orders of mag-
nitude. Thus, the melting process, raw materials, and

Fining agent +
raw materials +

composition

Fining agent + 
raw materials +

composition + process

No fining agent Fining agent Fining agent +
raw materials

Fig. 45.11 Polished cross-sections of glasses melted at 1500 ıC for 1 h followed by 1 h at 1600 ıC revealing the fining
performance. From [45.19]

redox state of the glass need to be tuned and more care-
fully controlled to eliminate bubbles with SnO2 [45.19].
Nitrates are also added to make the initial melt as oxi-
dized as possible for maximum oxygen capacity.

To evaluate the effect of composition, batch mate-
rials, time, and temperature, 1 kg batch size crucible
melts can be melted with an accelerated schedule to
exacerbate the bubble problem and amplify the differ-
ences between different materials and melt conditions.
Figure 45.11 shows the bubbles in cross-sections of
intentionally under-melted glasses. The samples were
cored from a glass melted in a 600 cm3 Pt crucible at
1500 ıC for 1 h followed by 1 h at 1600 ıC. This mimics
fining in a tank, but with shorter times and tempera-
tures to elevate the bubble signal. The first glass is the
control sample with no fining agent and shows thou-
sands of bubbles. SnO2 fining agent was added to the
second and improved, but still has hundreds of bub-
bles remaining. Tuning the raw materials and the base
glass composition further improves fining, as shown in
the middle and center right images in Fig. 45.11, al-
though it was still unacceptable. Finally by tuning the
process temperature to the new composition, the bub-
bles were eliminated and the high quality sample on
the far right was obtained. Thus the glass composi-
tion, batch materials, fining agent, process, and melting
equipment must all be optimized in concert to achieve
high quality molten glass. Next, the processes to turn
this high quality melt into high quality sheets will be
explored.
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45.4 Forming Precision Sheets for Displays

Glass substrates for LCD and OLED displays must be
very flat, smooth, and dimensionally stable, and then
remain that way through the various high temperature
processing steps required to make displays. The sur-
faces must be pristine, flat, and smooth, since the layers
of the TFTs grown on them are only nanometers thick,
so any protrusions or roughness that may penetrate
these layers would result in a dead pixel. Additionally,
the gap between the back plane and color filter layer
is only a few �m wide, so any warp or surface in-
homogeneities would change the gap and, hence, the
thickness of the liquid crystal layer between them and
either kill the pixels near the defect or decrease the
contrast and brightness of the display near the defect.
Furthermore, many devices are made on a single sheet
of glass, so large sheets are necessary for economies
of scale. Thus, we need a forming process capable
of making large precision sheets with extremely flat,
smooth, and clean surfaces with high throughput and
low cost.

45.4.1 The Slot Draw Process

Making flat sheets of optical quality glass is nothing
new. Glass makers have been struggling for thousands
of years to make optical quality windows ever since the
Egyptians first discovered glass and the ability to plas-
tically form it while hot. The methods evolved from the
crown process of rapidly spinning a hot gob of glass
on the end of a ponty to the cylinder process of up
drawing a large hollow cylinder of glass, slicing it lon-
gitudinally, and opening up the cylinder and sagging it
to a flat sheet. The first method suffered from radial
thickness gradients and the latter from a poor surface
after sagging. These were followed by the Fourcault
process [45.23] of up drawing glass through a floating
refractory slot to form a sheet, but corrosion of the re-
fractory slot led to long threads of corrosion products
and optical distortion of the surface [45.24]. Colburn
improved the Fourcault process by taking the glass from
the free surface of the glass melt and pulled it upwards
using knurled drive wheels to stabilize the edge of the
sheet and prevent surface tension from collapsing the
width of the sheet and drive it upwards. Colburn also
reheated the glass just above the up draw and bent it
90ı over a polished roller to turn it horizontally and
feed directly into a lehr [45.25]. Sadly, neither Fourcault
nor Colburn lived long enough to see their processes
achieve commercial success [45.24], but by the mid
1900s the worlds production of sheet glass was roughly
72% Fourcault, 20% Colburn, and 8% some combina-
tion of the two [45.26].

Don Brown at Corning Incorporated turned the up
draw process upside down and designed a clever slot
that extended downwards along the edges at 30ı, as
shown in Fig. 45.12 to make thin, uniform thickness
sheets without any edge beads in the early 1940s. Sur-
face tension of the glass ribbon acts to reduce the
width of the drawn sheet, but the angled slot on the
edges provides an outward lateral force from the sur-
face tension of the glass on the lowest vertical portions
of the slot, and the slot also provides additional glass
flow near the edge and at a lower vertical location, so
the sheet is wider than what would be achieved with
a simple horizontal slot. The precision slot orifice is
typically made of a refractory metal like Pt, so that
corrosion and wear do not degrade slot geometry nor
contribute to cord or solid inclusions on the surface of
the sheet as a refractory oxide would [45.27]. The slot
process was used to produce a range of very thin micro-
scope cover slips around 100�m thick from Corning
0211 glass and 30 years later thicker sheet was sold
as Corning’s first LCD product when LCD technology

Molten glass

Screw

V-shaped slot

Air cooling nozzle

Roller

Thin sheet glass

Angled slot edge

Rectangular opening

Fig. 45.12 The slot draw process. Molten glass is con-
tained by a refractory melting tank with a rectangular
opening in the bottom, which has the slot die consisting
of the V-shaped slot and angled slot edges. This die is
clamped to the bottom of the glass tank by screws. The
molten glass emerges through the die as a sheet, which is
then cooled by air blown through the nozzle to form a thin
sheet, which is pulled by rollers to control the sheet thick-
ness and apply tension to keep the sheet flat (after [45.26])
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emerged in the 1980s. The slot drawn surface is a very
smooth fire polished surface and was well suited for
early displays, which were quite small (watches, calcu-
lators, indicators, etc.). However, the large scale warp
was not suitable for today’s larger devices and devitri-
fication and the slot orifice shape had to be carefully
controlled to avoid thickness bands and changes in the
sheet geometry. Nevertheless, modern control systems
can alleviate many of these early challenges [45.21],
and, in fact, Schott Glass used a variant of the slot draw
method to make very thin LCD glass for mobile appli-
cations [45.28].

45.4.2 Float

Even though several of the main features of the
float process were patented by Henry Bessemer in
1848 [45.29], the float glass process was not success-
ful in producing saleable glass until refinements were
made by Alastair Pilkington [45.30] a century later. Af-
ter the first full-sized float line was built in 1957, it
took 7 years of problem solving, development, and pa-
tient investment (£7 million in 1960 or $200 million
in today’s dollars) by Pilkington Brothers Ltd. [45.31]
until the process finally became profitable and quickly
made all previous methods of making flat glass obso-
lete [45.24]. In the float process, glass is delivered onto
a bath of molten tin at a viscosity of about 1000Pa s,
as shown in Fig. 45.13. Since the glass is less dense
than the molten tin, it floats on top. Gravity natu-
rally makes the surface of the molten tin flat, which
in turn makes the molten glass flat on both the top
and bottom sides. The glass is held on the molten tin
long enough (about 1min) at a low enough viscosity
(1000Pa s) to even out any surface irregularities and for
the surfaces to become flat and parallel. The tin bath
is in a controlled atmosphere to prevent oxidation of
the metal and is also in a thermal gradient so that the
glass cools and stiffens as it moves across the molten
tin before it is pulled off the cooler end of the bath by
rollers at roughly 1010 Pa s. The balance of surface ten-
sion and gravity produces an equilibrium thickness of

Lip

Molten tin
Tank wall

Tank wall

Controlled atmosphere
Lehr

Molten glass

Fig. 45.13 Cross-section of the float
glass process

6�7mm, depending on the density and surface tension
of the glass, but thicker and thinner sheets can be pro-
duced by side walls and stretching, respectively. The
process was improved by delivering the glass to the
tin bath over a wide refractory lip just above the tin
bath to prevent the aggressive corrosion that takes place
at the glass/tin/refractory triple point and reduce cord
(Fig. 45.13). This design also moved the refractory-
laden glass layer previously in contact with the lip to
the interior of the sheet, so that any corrosion products
from the refractory lip were encapsulated deep within
the glass rather than on the surface, which prevented
surface devitrification and optical disturbances that had
previously plagued the bottom side of the sheet [45.31].
The relatively slow cooling on the long float process
line anneals the glass and lowers its fictive temperature,
so the float process produces glasses with relatively low
compaction for its annealing point. The float process is
used to make the vast majority of all flat glass produced
worldwide because it is able to provide enormous vol-
umes of large format soda-lime window quality glass
at low cost. While float glass is perfectly suitable for
windows, the float-formed surface is rougher than the
competing processes for display substrates and must be
ground and polished before use. The high temperatures
required to float alkali-free display compositions cause
evaporation and degradation of the tin bath, which is
challenging to manage. Thus, float glass is just a small
fraction of the glass used for displays. However, Schott
pioneered the use of microfloat technology, which is,
as the name implies, much smaller than traditional float
processes. This reduction in size allows process inno-
vations to be implemented that enable much higher
process temperatures than the traditional float process.
By reaching higher melting and forming temperatures,
microfloat is able to produce higher strain point glasses
than soda-lime and also in the smaller volumes and thin-
ner formats required for display glasses. Pilkington and
Saint Gobain also used the microfloat process [45.32].
Asahi Glass Company produces its AN100 AMLCD
substrate product launched in 1998 using the microfloat
process [45.33].
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45.4.3 Fusion

While a floated glass surface is perfectly suitable for
windows and windshields, the surface is still too rough
and wavy for LCDs and must be polished, which in-
creases cost [45.34]. Shortly before float glass took
over the windshield market in the 1960s, Corning engi-
neers Stuart Dockerty and Clint Shay began working on
a forming process in which both sides of the glass were
untouched and pristine for automobile windshields.
Windshields required better quality glass than the or-
dinary windows available at the time to avoid distortion
and improve safety. They realized that the formingman-
drel or tool had to be inside the glass to achieve this
feat. They began with a tube with a tear drop shaped
cross-section and put a slot in the top of the tube rather
than the bottom. Incoming glass would fill the horizon-
tal tube to the top and then overflow both sides of the
tube at the top, run down both sides and then fuse back
together at the sharp point of the downwardly converg-
ing sides. This fusing of the two sheets running down
both sides of the pipe buried the refractory contact sur-
face in the middle of the sheet, leaving both surfaces
untouched and pristine [45.35]. Dockerty then modified
the tube into a wedge shaped V with a trough on the
top, as shown in Fig. 45.14. This knife shaped forming
mandrel was designed to create a uniform rate of glass
flow over the trough walls along the entire length of the
tube or pipe and became known as an isopipe. Once
the flow from both sides of the isopipe fused together
at the bottom or root of the isopipe, gravity pulled the
sheet straight down, assisted by knurled edge rolls to
maintain the width of the sheet. The sheet cools as
it travels downward and sets into a rigid solid where
pulling rolls control the downward speed of the sheet.
The sheet thickness is controlled by the speed of these
rolls and sheets < 0:1 to 10mm thick can be made by
this process.

The fusion process has several advantages. First the
surface is impeccable and flat, any contamination from
dissolution of the isopipe is buried in the middle, where
it would not disturb the untouched outer surfaces, which
have been naturally flattened and polished by the sur-
face tension. Today’s fusion surface has a root mean
square (RMS) roughness of less than 0:5 nm [45.11],
which is most impressive considering SiO4 tetrahedra
(the fundamental building block of a silicate glass) are
about 0:26 nm on a side! Second, inevitable wear of the
isopipe will not distort the flow, shape, or thickness of
the sheet. In slot processes like the Fourcault, Coburn,
or slot draw processes, the sheet thickness will change
as a function of the slot width. In the slot draw pro-
cess, the width of the slot meters the flow of glass, so
as the slot widens, flow increases, and the temperature

Fig. 45.14 Illustration of the fusion process. Courtesy
Corning Incorporated

of the slot must be reduced to prevent runaway flow.
Eventually, the temperature is too low, and the glass can
devitrify, or the forming characteristics can exceed the
operating window of the slot design. Even when refrac-
tory metals like Pt are used in the slot, the hydrostatic
pressure head can slowly bow the slot open over time.
In the fusion process, wear of the trough walls has little
effect on flow or flow distribution, since it is an overflow
design. The fusion process can also tolerate significant
wear on the root as well without changing the sheet
attributes. A video of the fusion process is available
in [45.36].

While the fusion process provides the best surface
quality of currently known forming processes, it is also
the most demanding and limiting when it comes to glass
composition. The glass needs to be pulled off the bot-
tom of the isopipe faster than it falls to avoid U shaped
ripples in the sheet called baggy warp. In other words,
the pulling force on the sheet must exceed the gravita-
tional force, which requires the glass to have a liquidus
viscosity greater than 104 Pa s. Only a small fraction
of known glasses meet this challenging requirement, so
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tion sizes over time. Courtesy Corning
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glass compositions have to be specially designed for fu-
sion, as will be discussed in Sect. 45.5.

The fusion process has scaled well over time and
advances in glass forming technology have kept pace
with advances in the panel making industry. From the
small 0:3m� 0:4m Gen 1 display substrates in 1990,
the process has gradually increased in size to the enor-
mous 2:94m�3:37m Gen 10:5 sheets in 2018 shown in
Fig. 45.15. Part of the reason why a-Si TFT-LCD won
the display platform battle was because of its scalabil-
ity and versatility, which were enabled by the ability
of substrate makers to deliver larger and larger sheets
(Table 45.1) without sacrificing attributes [45.37]. For
the LCD watches, clocks, and gasoline pump indica-
tors that made up the early market, 0:3m�0:4m Gen 1
substrates were adequate. However, the more devices
a panel maker can fabricate on a sheet, the greater their
economies of scale. The introduction of LCD note-
books and desktop monitors drove the Gen 1 size up
to Gen 5. The LCD TV era began in 2003, and eight
3200 or six 3700 panels efficiently utilized the area of
Gen 6 sheets, but 46 and 5200 class TVs required Gen 7
and 8 sized substrates for low cost production. Today’s
Gen 10 sheets can host 24 3200 panels, 15 4200 panels,
or 6 6500 panels [45.11], as shown in Fig. 45.16. These
sheets are so large, in fact, that they will not fit under
many highway overpasses when loaded on a truck, so
some glass factories are located adjacent to the panel
maker to avoid shipping difficulties.

Ironically, fusion was two decades ahead of its time
for display and languished for decades since the in-

Table 45.1 LCD substrate generation (Gen) size over time

Generation Size
(l�w , cm)

Date introduced

1 30� 40 1990
2 37� 47 1993
3 55� 65 1995
3:5 60� 72 1995
4 68� 88 2000
4:5 73� 92 2000
5 110� 130 2002
5:5 130� 150 2002
6 150� 180 2003
7 187� 220 2004
7:5 195� 225 2005
8 220� 250 2006
10 288� 313 2009
10:5 294� 337 2018

tended windshield application did not work out because
the newly developed float process was less expen-
sive [45.38]. However, the fusion process was used to
make photosensitive glass for sunglasses in the 1970s
and then began making the first LCD glasses in the
1980s. Today, the fusion process supplies most of the
world’s LCD and OLED display glasses [45.34] as well
as the chemically strengthened cover glasses that pro-
tect the display and enable rugged mobile touch screen
devices [45.19]. After 50 years, the fusion process is
now making glass for thinner, stronger, and lighter
weight windshields for its originally intended automo-
tive market [45.39]!
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a) b) c)

Fig. 45.16a–c Simulated layout of popular 16 W 9 LCD TVs on Gen 10 size substrates showing efficient area utilization and high
throughput. Panel sizes are the nominal diagonal screen dimensions: (a) 24 3200 panels, (b) 15 4200 panels, and (c) 6 6500 panels.
Courtesy Corning incorporated

45.5 Glass Composition

The earliest TFT-based displays were small
monochrome LCDs for watches, digital clocks,
and calculators built on Corning 0211 alkali zinc
borosilicate, because it was widely available in thin
sheets and had lower alkali content than soda-lime-
based silicate glass. Table 45.2 lists the properties of
several glasses used for LCD and OLED displays.
Even though the alkali content of 0211 was not high, it
was still enough to impact the lifetime of the display,
and the first alkali-free glasses were introduced in
the 1980s. These alkaline earth borosilicates were
based upon the anorthite, silica, pseudowollastonite
eutectic marked as point B in Fig. 45.17. Nearly
every LCD display glass made ever since is close to
the anorthite-silica (cristobalite, tridymite, or quartz)
cotectic between A and B with some B2O3 and a mix
of alkaline earth oxides (MgO, CaO, SrO, BaO, and
sometimes ZnO). Why is this composition region so
fertile for LCD glass substrates? These glasses have the
right combination of properties for Si-based electronics
and are relatively easy to melt and manufacture. First,

Table 45.2 Glass properties and year introduced

Glass Strain point
(ıC)

Annealing
point
(ıC)

Softening
point
(ıC)

CTE
(ppm=ıC)

�

(g=cm3)
Young’s
modulus
(GPa)

LCD market
year

Soda-lime 500 550 730 8:7 2:5 70 –
Corning 0211 510 550 720 7:4 2:53 74 1967
Corning 7059 590 640 845 4:6 2:76 68 1984
Corning 1737 665 730 975 3:8 2:54 71 1993
EAGLE 2000® 665 720 985 3:2 2:38 71 2000
EAGLE XG® 670 720 970 3:2 2:38 74 2006
Jade® 735 785 1030 3:8 2:63 82:1 2008
LotusNXT® 750 805 1045 3:5 2:59 83 2015
Rare earth-containing 780 830 1045 3:8 2:84 88 –

they are free of alkalis that can migrate and poison thin
film Si transistors. They have coefficients of thermal
expansion that are very close to Si, which minimize
thermal stresses on the electronics and prevent delami-
nation or spalling. They also have 150�200 ıC higher
strain and annealing points than conventional soda-lime
glasses, so the glasses can withstand higher processing
temperatures, which enables better quality Si with
higher mobility and better device performance, as
listed in Table 45.2. Finally, the anorthite-silica cotectic
between A and B has the lowest liquidus temperature in
the ternary, and because these compositions are high in
SiO2, they are more viscous, so their liquidus viscosity
is high enough to enable forming into precision sheet.
Long before the first color liquid crystal displays were
ever made, Dumbaugh and Alpha [45.40] realized
that alkaline earth aluminosilicates were well suited
for thin film Si-based transistors and engineered
compositions designed for the task. So what are the
key compositional drivers for LCD glasses and how
can we tailor their properties? While most commercial
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Fig. 45.17 CaO-Al2O3-SiO2 phase diagram. All values are given in ıC. After [45.41]

glasses contain eight or more intentional oxides, it is
much easier to understand and visualize the complex
property dependencies on composition by simplifying
the composition to ternary diagrams, so they will be
used extensively in the next section.

45.5.1 Liquidus

The liquidus is defined as the highest temperature where
crystals will exist in equilibrium with the surrounding
liquid [45.42]. Above this temperature, only the liquid
phase exists, and the glass will never crystallize above
the liquidus temperature. It is the most difficult prop-
erty to optimize and predict because the liquidus surface
is complex (Fig. 45.17) and has mathematical discon-
tinuities at eutectics and cotectics, which are actually

the points of greatest interest, as will soon become ap-
parent. It is also one of the most important properties
for manufacturing because it dictates which forming
process and temperatures can be used to make prod-
ucts [45.26]. Hence, liquidus is first on our list of prop-
erties to explore. The greater the viscosity of the glass,
the more forming processes are available for forming.
To be able to make flat pristine precision sheets via fu-
sion, recall that the viscosity must exceed 104 Pa s. As
shown in Fig. 45.10, the viscosity of any glass can be in-
creased by lowering the temperature. However, once the
liquidus temperature is reached, the glass can begin to
devitrify, and crystals will grow especially on any static
surface contacting the glass below the liquidus temper-
ature. Thus, to avoid crystalline defects or inclusions in
the pristine sheet, the glass must exit the forming system
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and support its own weight (or float on a denser liquid)
when it is still above its liquidus temperature. While the
viscosity of the glass can be increased by increasing the
SiO2 content, it also becomes very difficult to melt and
refine the glass, as discussed in Sect. 45.3. Thus, the
best way to increase the liquidus viscosity of the glass
is to decrease its liquidus temperature. To decrease the
liquidus temperature, the thermodynamic activity of the
devitrification components must be decreased. In other
words, the offending components need to be diluted or
shifted away from the composition of the devitrification
crystals that form. For example, consider the composi-
tion X in Fig. 45.17 with an anorthite liquidus temper-
ature of 1300 ıC. SiO2 can be added to X to decrease
the activity of anorthite, but we quickly cross into the
tridymite (SiO2) phase field, and further SiO2 additions
now increase the liquidus temperature. So, it can be
far more effective to suppress anorthite by diluting the
CaOwith other alkaline earths likeMgO, SrO, BaO, and
sometimes ZnO. As CaO is replaced by BaO (keeping
Al2O3 and SiO2 the same), anorthite will be suppressed,
and the liquidus temperature will decrease, so the liq-
uidus viscosity will increase. Eventually, we can add too
much BaO and run into celsian (BaO-Al2O3-2SiO2), so
we resort to MgO, and SrO in a similar manner, coming
up with the ideal mix of alkaline earth oxides. The red
X will move straight down into the ternary until we hit
the extension of the tridymite phase field. Now, we must
either decrease the SiO2 content or add something else
to further suppress the liquidus. B2O3 is the perfect ad-
dition, since it is not compatible with any of the alkaline
earth silicate crystal structures nor any of the SiO2 poly-
morphs, so it effectively dilutes all of the troublesome
phases and effectively lowers the liquidus temperature.
With the appropriate mix of alkaline earths and B2O3

the liquidus temperature can be suppressed by roughly
200 ıC and the liquidus viscosity increased by orders of
magnitude to enable fusion. Unfortunately, we cannot
simply add as much B2O3, as we want to suppress the
liquidus because we have to balance other properties for
the display maker as well as the ability to manufacture
precision sheets. This is true for all glass constituents,
and their impact on other properties will be explored
next.

45.5.2 Annealing Point

Most glass properties are not as complex as liquidus and
tend to vary in a much more systematic and predictable
manner. Figure 45.18 shows the effect of composition
on the annealing point (1012:2 Pa s) of glasses in the
CaO-Al2O3-SiO2 ternary system. The biggest driver
is the CaO=Al2O3 ratio with the SiO2 content being
a minor factor to increase the annealing point. As the
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Fig. 45.18 Annealing point (1012:2 Pa s) of glasses in the
CaO-Al2O3-SiO2 ternary system

CaO=Al2O3 ratio increases, the annealing point of the
glass decreases and vice versa. This is because alka-
line earth oxides (RO) like CaO break up the glass
network and create non-bridging oxygens, which lower
the viscosity of the glass. Al2O3 counters this effect
by consuming these non-bridging oxygens to make two
AlO4 tetrahedral units, each with four bridging oxy-
gens, charge balanced by the Ca2C ion to restore the
network [45.43]. The identity of the alkaline earth does
not matter immensely, and similar behavior is exhib-
ited for all the alkaline earths. However, the smaller and
higher the field strength of the alkaline earth ion, the
higher the annealing point following the order MgO >
CaO > SrO > BaO, so a MgO glass will have a higher
annealing point than the analogous CaO glass. A mix of
alkaline earths will also have a slightly lower annealing
point than a simplemixing line would predict. However,
almost all modern glasses will have a mix of alkaline
earth ions because of its beneficial effect on the liquidus
temperature, as discussed in the previous section. Liq-
uidus will trump most other properties, since it does not
matter how great a glass’s properties may be if the glass
is not manufacturable. Recall that liquidus is also one of
the reasons why B2O3 is added to the glass even though
it has a deleterious effect on the annealing point as
shown in Fig. 45.19. So, even though annealing points
of 900 ıC are attainable in the CaO-Al2O3-SiO2 system,
by the time the composition is shifted to a reasonable
liquidus temperature with less Al2O3, a mix of alkaline
earths, and the addition of B2O3, the practical anneal-
ing points of most display glasses from 1980 until 2007
were around 720 ıC, as listed in Table 45.2. However,
with the drive for higher performance, low tempera-
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Fig. 45.19 Effect of B2O3 on the annealing point of the
CaO-Al2O3-SiO2 system

ture polycrystalline Si (LTPS) devices (such as high
resolution LCDs and OLED devices for mobile and
wearable technology)motivated glass researchers to de-
liver glasses with higher annealing points. These were
around 790 ıC in 2008 and have now broken the 800 ıC
barrier with today’s high performance display glasses
like Lotus NXT® [45.44], as shown in Table 45.2. The
strain point (1013:7 Pa s) is so close in viscosity to the
annealing point that the compositional dependencies
of the strain point are nearly identical and follow the
same trends as the annealing point, just roughly 55 ıC
apart.

45.5.3 Softening Point

The softening point at 106:6 Pa s is 5:5 orders of mag-
nitude away from the annealing point and it is driven
most strongly by the alkaline earth content, as shown
in Fig. 45.20. The decrease in the softening point with
CaO content is non-linear and is steepest at lowest al-
kaline earth content, and the decrease lessens at higher
levels of CaO. Substituting other alkaline earth oxides
for CaO has a similar effect to the annealing point with
MgO lowering the softening point the least and BaO the
most. Adding or increasing B2O3 will lower the soften-
ing point, just like it does for the annealing and strain
points.

45.5.4 Thermal Expansion

The coefficient of thermal expansion (CTE) of the glass
must be closely matched to that of the thin film Si tran-
sistors that will be deposited on the glass. The thermal
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Fig. 45.20 Softening point of glasses in the CaO-Al2O3-
SiO2 ternary system

expansion coefficient of Si changes nonlinearly with
temperature, but has an average CTE of 3:37 ppm=ıC
between room temperature and 300 ıC [45.45–47].
Thus it is desirable to have a glass with a CTE
near 3:4 ppm=ıC. Of course, the CTE of Si increases
with temperature and varies with the n-type or p-type
dopants used. Furthermore, the gate oxides grown on
the Si will also impact the thermal stresses developed on
cooling, so the full temperature cycle and dopants and
details of the TFT fabrication process need to be known
to truly minimize thermal stresses between the TFTs
and the substrate. However, each display manufacturer
uses a different process with different temperatures and
materials, which is rarely shared with glass manufactur-
ers, so estimates are often used. Fortunately, the CTE of
alkaline earth aluminosilicate glasses also increase with
temperature similar to Si, so if the CTE of the glass is
within about 0:7 of 3:37 ppm=ıC, the thermal stresses
that develop on cooling from TFT fabrication are small
and generally acceptable.

Figure 45.21 shows that the CTE of compositions
near the anorthite-silica cotectic are between 4 and
5 ppm=ıC, so are too high for Si-based TFTs. However,
there is a second benefit to adding B2O3 to decrease
the liquidus temperature and that is a marked decrease
in the thermal expansion coefficient. For glasses in the
optimal zone for liquidus with 60�70% SiO2, B2O3 ad-
ditions of about 10% drop the CTE from 4:0�4:5 to the
target 3:5 ppm=ıC as the composition moves from left
to right across the diagram in Fig. 45.22. Figure 45.21
also indicates that the alkaline earth content is the
biggest driver to increase CTE, so the mix of alkaline
earth oxides also has a significant impact on CTE with
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Fig. 45.21 Coefficient of thermal expansion of glasses in
the CaO-Al2O3-SiO2 ternary system

B2O3

SiO2

CaO ∙Al2O3

80

60

40

2080

60

40

20

80604020

CTE (ppm/°C)  
10.0
9.5
9.0
8.5
8.0
7.5
7.0
6.5
6.0
5.5
5.0
4.5

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5

Fig. 45.22 Effect of B2O3 on the coefficient of thermal ex-
pansion of glasses in the CaO-Al2O3-SiO2 system

MgO increasing CTE the least and BaO the most, fol-
lowing the usual series (MgO < CaO < SrO < BaO).

45.5.5 Density

Display makers prefer a glass with low density not only
to decrease the weight of the final device, but also to
decrease gravitational sag during processing, since the
sheets are only supported on the edges during some
processing steps. The density of alkaline earth alumi-
nosilicates decreases with SiO2 content, as shown in
Fig. 45.23. The alkaline earth identity also has a strong
impact on density and increases with the molecular
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Fig. 45.24 Effect of B2O3 on the density of glasses in the
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weight of the alkaline earth oxide, so density will in-
crease in the usual series (MgO < CaO < SrO < BaO).
B2O3 is also a large lever for decreasing density, as
illustrated in Fig. 45.24, but unfortunately it also de-
creases the modulus of the glass.

45.5.6 Young’s Modulus

Display makers also prefer glasses with higher modu-
lus because they are stiffer and will exhibit less elastic
distortion and TPV, as explained in Sect. 45.2.2. Higher
modulus glasses also sag less when only supported on
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the edges. The sag S of an elastic material is propor-
tional to

S/ L4�g.1� 
/2

t2E
; (45.7)

where L is the unsupported span, � is the density, g
is the gravitational constant, 
 is Poisson’s ratio, t is
the thickness, and E is Young’s modulus. As today’s
display substrates become thinner and thinner, the sag
across a large sheet becomes appreciable. The variable
distance from the processing equipment head to the
substrate during device manufacture can either cause
decreased precision or require more complex machin-
ery to compensate for the sag. Higher modulus also
decreases deflection of the device in use and better
maintains the LC gap between the sheets. Figure 45.25
shows that the CaO �Al2O3 content is the biggest driver
to increase modulus and that increasing SiO2 decreases
the modulus. The mix of alkaline earths is also impor-
tant and the modulus will increase in the usual series
(MgO > CaO > SrO > BaO). Moreover, since the den-
sity increases in the opposite direction, gravitational
sag will be doubly increased going from MgO to
BaO due to the increase in density and decrease in
modulus. B2O3 decreases the modulus, as shown in
Fig. 45.26, but it also decreases density, so its effect
on sag is not as dramatic as the heavy alkaline earth ox-
ides.

45.5.7 Optical Properties

Display glasses should not distort the color or bright-
ness of a display. Any stress in the glass sheet will give
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Fig. 45.26 Effect of B2O3 on Young’s modulus E of
glasses in the CaO-Al2O3-SiO2 system

rise to birefringence. The stress multiplied by the stress
optical coefficient of the glass equals the birefringence.
Recall that LCDs work by polarization control, so any
birefringence in the glass will rotate the polarization,
lead to light leakage, and decrease the contrast ratio of
the display. Thus, the birefringence of the glass sheet
needs to be minimized. While the composition can be
used to adjust the stress optical coefficient by about
10%, the stress can be reduced an order of magnitude
by carefully cooling the glass uniformly to avoid differ-
ences in fictive temperature, shrinkage, and CTE. Thus,
most manufacturers pay far more attention to glass pro-
cessing than composition for controlling birefringence.
Of course, birefringence is of little concern for unpolar-
ized devices such as OLED displays.

Display glasses need to be transparent, so uni-
form high optical transmission > 90% from 400 to
700 nm is a must. Some processing and photolithogra-
phy during device manufacturing is done in the UV at
365 nm, which requires at least 80% transmission down
to 350 nm. The internal transmission of the glass in the
visible portion of the spectrum is nearly unaffected by
changes in the major oxide constituents (SiO2, Al2O3,
B2O3, MgO, CaO, SrO, BaO) and will be dictated by
the level of optically absorbing impurities, especially
the ubiquitous transition metal contaminants including
oxides of Fe and its neighbors V, Cr, Mn, Co, Ni, and
Cu, so it is desirable to choose raw materials like sand,
limestone, and aluminum oxide sources that contain
less than 500 ppm of these impurities.

For light diffusing panels which guide light from
the LEDs at the edges of the panel to the backplane of
the LCD, these impurities must be kept below 100 ppm
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to enable efficient transmission over the 1m long path
length to the center of today’s large screen LCD TVs.
Until 2016, polymer light-guide plates (LGP) were used
to guide and distribute light from the LEDs at the edges
evenly across the entire display. However, polymer
LGPs swell with humidity and temperature, which can
cause warping and compromise their opto-mechanical
performance. Thus, designers had to incorporate a wide
bezel, a thicker backlight, and air gaps to accommodate
the swelling and shrinking of the polymer LGP. While
glass is far more dimensionally stable and does not swell
with humidity, the transmission and color shift of exist-
ing display glasses was not sufficient to evenly illumi-
nate large TVs. However, Corning scientists designed
a glass with low attenuation and high color purity that
matches the best available polymers. This glass takes
slim TVs from 15mm thick with polymer LGPs and
large bezels and enables narrow bezel 6500 TVs that are
less than 5mm thick! This innovation received the 2016
Display Component of the Year award [45.48].

45.5.8 Durability

Display glasses need to stand up to impacts, drops, and
thermal cycling, so they need to be mechanically strong.
Since strength is dictated by surface flaws [45.19, 49],
a pristine surface and well finished edges free of nicks
and cracks is imperative. The fusion process provides
a pristine surface that is untouched during the glass
manufacturing process and is thus ideally suited. For
mobile devices like smart phones and tablets, which are
dropped and swiped far more than stationary LCDmon-
itors and TVs, extra protection is provided by covering
the display with a chemically strengthened cover glass,
but that is the subject of other book chapters [45.19] and
Chap. 8.

Display glasses also need to be chemically durable,
not only to the environment, but to the manufactur-
ing process itself. The display fabrication process can
have more than seven thin film patterning steps and as
many etching steps consisting of treatments by com-
plex corrosive mixtures of acids, bases, and fluorides
that the glass host must endure while portions of the
Si, conductive pathways, and gate dielectrics are etched
away [45.50]. With the exception of some specific acid
solutions, the acid durability of glass generally im-
proves exponentially with SiO2 content. In contrast,
a high B2O3 content tends to lower acid durability. To
complicate the issue, many panel makers etch the glass
to less than half of its original thickness after device
fabrication to thin the display panel for lightweight and
super thin displays for mobile devices. Thus, it is of-
ten desirable for the glass to etch quickly in one acid
for chemical thinning of the panel, while being durable

in the corrosive gasses, plasmas, and solutions used to
etch the Si, gate dielectrics, conductive paths, etc. This
is especially difficult to do, since many of the solutions
and processes are proprietary to the display maker and
thus unknown to the glass designer.

45.5.9 Other Properties

There are many other properties of interest to LCD
makers, like dielectric constant, loss tangent, resistiv-
ity, refractive index, dispersion, heat capacity, thermal
conductivity, and hardness. However, it is already chal-
lenging enough to balance all the tradeoffs with the
primary properties of concern that these secondary
properties are typically not optimized and simply are
what they are, although there can be exceptions for ex-
otic devices where secondary properties are of primary
importance.

45.5.10 Rare Earth Oxides

The rare earth oxides (oxides of Sc, Y, and the lan-
thanides La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb, and Lu) are chemically all very
similar and, hence, hard to separate. They are useful
in display glasses because they steepen the viscos-
ity curve of alkaline earth aluminosilicates [45.51], as
illustrated in Fig. 45.10, and increase Young’s modu-
lus. Relative to LotusNXT®, the viscosity curve pivots
about the softening point as more rare earth oxide is
added, meaning that the annealing and strain points
are increased, which improves compaction and TPV
performance, while the melting and fining tempera-
tures are reduced, which makes melting and refining
of rare earth oxide-containing glass easier. The rare
earth oxides significantly increase the anneal and strain
points of the glass to increase thermal stability and
reduce TPV and compaction during elevated process
conditions, while the higher modulus helps reduce elas-
tic distortion. Replacing RO with La2O3 in alkaline
earth aluminosilicates will raise the strain and an-
nealing point by about 10 ıC per mol%, as shown in
Fig. 45.27, but there is a 0:09 ppm=ıC per mol% penalty
for also increasing the CTE, so a careful balance is
required.

The choice of rare earth is important, since most
rare earths including the oxides of Ce, Pr, Nd, Sm,
Eu, Tb, Dy, Ho, Er, and Tm have absorption bands in
the visible portion of the spectrum and can reduce the
optical transmission of an LCD or fluoresce to create
undesired light in the display or during photolithog-
raphy. However, absorption is not a concern for the
backplane glass for top emitting OLED devices. This
leaves Sc, Y, La, Gd, Yb, and Lu as the most broadly

http://dx.doi.org/10.1007/978-3-319-93728-1_8
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Fig. 45.27 Effect of La2O3 on strain point (diamonds), an-
nealing point (squares), and CTE (circles)

useful rare earth oxides, with La and Y being the rare
earths of choice, since they are the most abundant and
least expensive options of the relatively costly rare earth
family. Regardless of cost or color, the impact of the
rare earth ion on glass properties scales with their ionic
radius. Of the lanthanides, the ionic radius decreases
as the atomic number increases [45.52, 53], with La3C
being the largest and Lu3C the smallest, so Lu3C will in-
crease the modulus and steepen the viscosity curve the
most, while La3C will increase the modulus and steepen
the viscosity curve the least.

SiO2

Two liquids

Y2Si2O7
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Fig. 45.28 Y2O3-Al2O3-SiO2 phase
diagram. All values are given in ıC.
After [45.54]

The rare earths increase the CTE of alkaline earth
aluminosilicates, and the trend in CTE is just the oppo-
site of the modulus with the smaller rare earths increas-
ing CTE the least and the largest ions increasing it the
most. Density will simply scale with the atomic weight,
so Lu2O3 will increase density the most and La2O3

the least. Sc is the smallest and lightest of the rare
earths and provides the highest modulus, strain point,
annealing point, and lowest CTE and density because
of its small size, high field strength, and low molecular
weight. However, it is prohibitively expensive, so Y is
a more practical alternative with only a slight penalty in
properties. While the addition of rare earth oxides low-
ers the viscosity above the softening point and lowers
the viscosity in the liquidus regime, they fortuitously
compensate by lowering the liquidus temperature. The
alkaline earth aluminosilicates all have a high melting
point (refractory) RO-Al2O3-2SiO2 phase, as exempli-
fied previously by anorthite in Fig. 45.17, while there
are no ternary RE2O3-Al2O3-SiO2 phases in the anal-
ogous RE2O3 ternary [45.55] illustrated in Fig. 45.28.
So, the liquidus is actually at a minimum near the mid-
dle portion of the RE2O3-Al2O3-SiO2 diagram unlike
the RO-Al2O3-SiO2 diagram.

Because rare earths lower the liquidus temperature,
little or no B2O3 is needed in these compositions, so
the B2O3 penalty for strain and the annealing point
is avoided, and both are boosted by 30 ıC to 780 and
830 ıC, respectively, as listed in Table 45.2, yet the
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glass is easier to melt. Rare earth oxides enable fusion
formable glasses with strain points above 750 ıC with
only 2mol% rare earth oxide addition, and higher rare
earth oxide additions provide an even bigger benefit to
melting temperature reduction, as shown in Fig. 45.29.
This reduction in the melting and forming temperature
can translate into longer tank and forming line life,
which reduces time and cost. The rare earth-containing
glasses also have a 5% benefit in modulus increas-
ing stiffness and decreasing sag. However, there is
a penalty in density and CTE for adding the heavier and
larger rare earths, as listed in Table 45.2. Figure 45.30
shows that Y2O3 increases the modulus by approxi-
mately 1:8GPa=mol%. The spread in the data about
the trend line is caused by the impact of the various
mixes of alkaline earths used in those compositions,
since MgO has a more positive impact on modulus than
BaO. La2O3 provides a modulus increase of roughly
1:4GPa=mol%. This boost in modulus decreases ther-
mal sag and elastic distortion.

45.5.11 Compositional Summary

Glass composition is a complex and delicate balance
between multiple customer and manufacturing proper-
ties and attributes. While the increase or decrease of one
oxide improves one property, it usually degrades three
others, so all seven major constituents must be simul-
taneously optimized to obtain the best possible mix of
attributes in a manufacturable composition. SiO2 is by
far the largest fraction of the glass, since it provides
low density, low CTE, good durability, and high vis-
cosity, and its concentration is typically in the vicinity
of the alkaline earth aluminosilicate-silica cotectic. This
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maximizes the liquidus viscosity, which enables fusion
forming and gives rise to some of the most important
product attributes:

1. A flat pristine surface
2. Uniform thickness
3. Low cost.

The alkaline earths help make the glass meltable,
eliminating knots, stones, and melting defects, while
their mix controls the liquidus, viscosity, annealing



Display Glass 45.6 Three-Dimensional (3-D) Upconversion Displays 1545
Part

F
|45.6

point, CTE, modulus, and density. The Al2O3 helps
compensate for the low annealing point of alkaline earth
rich glasses by consuming non-bridging oxygens and
bolstering the glass network, which raises the modulus,
annealing point, and viscosity, while lowering the CTE.
B2O3 helps to lower the liquidus, density, fining temper-

ature, and CTE, but it also degrades the annealing point,
durability, and Young’s modulus of the glass. The rare
earth oxides steepen the viscosity curve and boost the
modulus, enabling very high strain point glasses that
are easy to melt but that are expensive and increase the
density and CTE of the glass.

45.6 Three-Dimensional (3-D) Upconversion Displays

Rare earth-doped glasses and glass-ceramics also make
three-dimensional (3-D) upconversion displays possi-
ble [45.56–58]. In a 3-D upconversion display, two
infrared laser beams of different wavelengths are in-
tersected to create visible upconversion luminescence
at the point of intersection. For the case of Pr3C-doped
glass, the first laser beam, at 1014nm, excites every ac-
tive ion in its path to the first excited state, Pr3C 1G4,
as shown in Fig. 45.31. The 1014 nm laser can only ex-
cite to the first level and no further because there is no
Pr3C energy level 9862 cm�1 (energy of 1014 nm pho-
ton) above the metastable 1G4. Then, the second laser
beam at 850 nm will only excite Pr3C ions already in
the 1G4 to the 3P2 level (excited state absorption), which
will quickly non-radiatively decay to the 3P0 and then
emit blue light as the excited ion returns to the ground
state. Similar schemes can be used with Tm3C and
Er3C-doped glasses to create blue and green emissions.

At higher Pr3C concentrations, one excited ion in
the 3P0 state will cross relax with a nearby ion in the
3H4 ground state, dropping the first ion to 1D2 and ex-
citing the second ion to 3H6. The ion in the 1D2 state

Energy (×1000 cm–1)
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4

Fig. 45.31 Pr3C upconversion scheme
for 3-D display and resulting 3-D
image. Reproduced with permis-
sion [45.56, 57]. Photo courtesy
E. Downing

will then radiate red light, as shown in Fig. 45.31. There
is no 850 nm absorption (no level near 11 760 cm�1) in
unexcited Pr3C, thus upconversion will only take place
where the two beams intersect. This process of sequen-
tially absorbing two photons of different wavelengths
(or energies) by the same ion is called two-frequency
upconversion. In this manner, any location in 3-D space
within the rare earth-doped glass or glass-ceramic can
be addressed by scanning the 850 and 1014nm laser
beams to intersect at that location and cause visible flu-
orescence [45.57]. To create full color RGB displays,
Pr3C can be used for red, Er3C for green, and Tm3C for
blue [45.56] emission, although there are other possi-
bilities. The fluorescence lifetime of these rare earths
in the visible portion of the spectra is on the order of
milliseconds, so if the lasers are scanned on the or-
der of 1000Hz, the image is continuous and flicker
free. Laser arrays are also possible to simultaneously
address multiple pixels without the need for steering
optics. Unlike stereoscopic 3-D displays, which send
different images to the left and right eye creating vir-
tual images, 3-D upconversion displays create real 3-D
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images that can simultaneously be viewed by multi-
ple observers without the need for special glasses or
headgear. These devices are not yet commercially vi-
able due to complexity and expense, but are quite
impressive in operation and may one day be useful for
3-D rendering of medical images, air traffic control, or
entertainment.

Stereoscopic 3-D TVs typically use either passive
polarization or active shutter to send left and right eye
signals. For passive polarization led by LG and Vizio,
left and right eye images are displayed with orthogo-

nal polarizations, and the viewer wears a pair of glasses
with the left eye polarized in one direction and the right
eye polarization rotated 90ı to separate the two images.
For active shutter, the left and right eye images are dis-
played sequentially in time, so the viewer’s glasses are
actually shutters that turn on and off sequentially and
are synched to the TV to display left and then right
images in fast succession. Neither of these technolo-
gies change the requirements on the glass, and both are
falling out of favor, so they will not be discussed fur-
ther [45.59].

45.7 Electronics on Glass

The processing time required to crystallize amorphous
Si into higher mobility and performance polycrys-
talline Si decreases exponentially with temperature
above 800 ıC, as illustrated in Fig. 45.32. These tem-
peratures would soften most early display glasses in
Table 45.2, cause unacceptable compaction, TPV, and
permanently deform them due to thermal sag. However,
new rare earth-containing glasses can easily survive
temperatures up to 850 ıC, where the Si can now be
annealed in reasonable time to increase mobility and de-
vice performance. Figure 45.33 shows the performance
of Si transistors grown at 600 and 900 ıC. Note that
5V is plenty to switch the transistor current grown at
900 ıC by 6 orders of magnitude from the off to the on
state, while the transistor grown at 600 ıC requires more
than 10V to change the current by 6 orders of magni-
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Fig. 45.32 Time required to crystallize, anneal, and grow
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tude. The transistor grown at 600 ıC has lower electron
mobility, inferior current voltage performance, and is
unsuitable for high end devices.

Not only can the Si be crystallized at these tem-
peratures, but as Fig. 45.32 shows, the crystals can
be annealed and defects healed in a few tens of min-
utes at 830 ıC. This will further increase the electron
mobility and transistor performance. Finally, gate ox-
ide layers can be grown in this temperature regime
by oxidizing the Si. At 830 ıC, 10 nm of SiO2 can
be thermally grown in about an hour. While these
polysilicon devices do not have as high mobility and
performance as single crystal Si devices and are not
quite suitable for CPUs, they are sufficient for drivers,
interfaces, and memory, so that these devices can be
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integrated directly onto the display glass simplifying
design, increasing reliability, and reducing cost. It is
also possible to make single crystal Si devices on these
high strain point glasses by anodically bonding single
crystal Si or Ge to the glass and then processing the
electronics just as if it were on a wafer, so that the

entire computer could be integrated on the glass sub-
strate [45.60, 61]. High strain point transparent glass-
ceramics are also suitable for making single crystal
devices on glass [45.61, 62]. The downside to transpar-
ent glass-ceramics and rare earth-containing glasses is
their increased cost.

45.8 Flexible Glass and Displays

Most people do not think of glass as a flexible mate-
rial even though they may have experienced glass wool,
fiberglass insulation, and fiber optics because the bulk
of their glass experience has been with thick brittle con-
tainers, windows, and cell phone covers. The resistance
to bending or flexural rigidity .D/ decreases with the
thickness .t/ cubed according to

DD .Et3/

12.1� 
/2
; (45.8)

where E is Young’s modulus, and 
 is Poisson’s ra-
tio. Thus, the flexibility quickly increases as the glass
becomes thinner, and quite bendable glass is possible,
as shown in Fig. 45.34. Most polymers have approxi-
mately 20 times lower modulus than glass, and hence,
are much more flexible [45.63]. However, polymers are
much more prone to scratching, cannot tolerate high
temperatures for deposition of Si-based electronics,
and are not hermetic, so they cannot protect sensitive
OLED-based devices from moisture. So, glass is still

Fig. 45.34 Flexible Willow® glass. Courtesy Corning In-
corporated

desired for flexible displays. Flexible glass is nothing
new. Corning developed a composition and process to
make spools of glass only 25�m thick in the early
1940s to make capacitors [45.64]. Today, the process
has been scaled up from the 25mm wide ribbons used
to replace the natural mica for capacitors, to 1300mm
wide ribbons of flexible glass with up to 300m length
wound on a spool [45.65]. Nippon Electric Glass Co.,
Ltd. (NEG) has even made transparent flexible displays
using two 30�m thick sheets of its G-Leaf™ ultra-
thin glass to encapsulate the device [45.66]. Spools of
flexible glass enable continuous roll-to-roll processing
for high throughput, low cost manufacturing and may
enable many devices such as photovoltaics, electronic
circuit substrates, sensors, OLED lighting, and flexi-
ble displays from LCD to OLED to e-paper [45.64].
However, to be competitive, display fabs need to be
large, and most of today’s display making infrastructure
is built around rigid display panels and batch process-
ing, so investors want to recoup their investment before
starting over with roll-to-roll processing.

Thus, many flexible display manufacturers actually
use rigid display lines to manufacture their flexible
displays instead of building new roll-to-roll lines to
best utilize their existing assets. Even though the fi-
nal flexible display may or may not have display glass
in it, the manufacturing process still uses glass in
both cases. Figure 45.35 compares the process flow
for making rigid and flexible OLED displays. Sam-
sung display builds their super AMOLED devices on
Lotus™NXT glass [45.67] and then lifts them off using
laser debonding [45.68]. The rigid Lotus™NXT sub-
strate provides a very flat and smooth surface with
excellent dimensional stability and uniform UV trans-
parency for uniform laser lift off of the finished device
from the substrate. Since these displays are of high res-
olution, they require tiny features, high performance
transistors, and precision patterning, so the substrate
needs to provide extreme dimensional stability and re-
producibility over the entire temperature cycle of the
OLED fabrication process and low TPV, as discussed in
Sect. 45.2.2. The high modulus minimizes sag and dis-
tortion while the high annealing point minimizes TPV.
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Sisk et al. [45.68] provides more details and a good
comparison of the flexible and rigid OLED processes.

After thin film encapsulation and liftoff, the flex-
ible display can then be curved or bent and bonded
to the curved cover glass of mobile devices like the
Samsung Galaxy S8 [45.67] or the iPhone X [45.69].
So, currently the manufacturer gets to do all the flex-
ing of the flexible display, while the consumer can only
dream of foldable smart phones [45.70], flexible wear-
ables, and roll-up TV’s. So why aren’t flexible displays
prevalent? The short answer is reliability. While the
flexibility of a sheet increases inversely with the thick-
ness cubed, the stress on the surface of a bent sheet of
glass only falls off linearly with the thickness [45.71],
so even though the glass is flexible, the glass cover is
still under a large bending stress and there is too little
thickness for ion exchange to provide a very signifi-
cant compressive layer. Polymers are lower modulus,
so they take the bending well, but the hermetic encap-
sulants can fail after repeated bends, sharp contact, or
blunt force allowing moisture to penetrate and destroy
the device. Thus, the devices are usually only bent once
and then mounted into a rigid curved device (as shown
in Fig. 45.36) where the delicate thin display is pro-
tected from scratching and mechanical abuse that can
initiate small flaws that could then lead to failure on the

Cover glass

Circular polarizer

Transparent encapsulation

Plastic TFT backplane
with OLED

Heat sink

Display module built upon a high-
performance display-glass carrier

Fig. 45.36 Stack-up schematic of flexible OLED display
used to make a curved device. Courtesy Corning Incorpo-
rated

very next flex. These issues need to be resolved before
consumers can have flexible displays rolled up in a pen
that last for more than a few uses.

45.9 Conclusions

Flat panel displays have infiltrated almost every aspect
of our lives, with displays on our walls, in our vehicles,
and in our pockets. Panel makers have continuously
pushed beyond perceived limitations to make brighter,
faster, bigger, higher contrast, and higher resolution dis-

plays than was thought possible just 25 years ago when
CRTs still dominated the display market. The higher
performance, lower cost, and lower power consump-
tion of LCD displays increased their reach from simple
monochrome alpha numeric readouts on watches and
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gas pumps to full color brilliant displays on moni-
tors, TVs, automobiles, cameras, cell phones, and all
the way back to (smart) watches. Most of these ad-
vancements would not have been possible without the
large innovations made in glass composition and form-
ing. Larger and thinner sheets of higher temperature,
alkali-free, stiffer glasses, with lower TPV and preci-
sion surfaces enabled displays to enrich many aspects
of our daily life. Flat panel display demand is poised
to hit 210 million m2 in 2018 [45.72], or enough to
cover 30 000 soccer fields. Since most display devices
use at least two pieces of glass, and yields are always
less than 100%, the demand for display glass will be
more than double that amount. The next generation
of displays will surely have better performance, inte-
grate more functions, and reach even more applications,
such as appliances, gadgets, large signage, automotive,
architecture, home décor, displays integrated with fab-
rics, and augmented or virtual reality displays. The
viral videos A Day Made of Glass [45.73] and A Day
Made of Glass 2 [45.74] show what the future of
display glass may hold. Sizes will continue to grow,
while curved and flexible displays will likely pene-
trate more of the market in the years ahead. OLED
will continue to capture a market share at the expense

of LCD [45.75]. More of these devices will be touch
enabled, thinner, and more connected in the future, of-
fering greater functionality. While 8K TVs are readily
available, their content is scarce and technologically
challenging to deliver. Their 33 megapixel images at
120 frames per second require 48Gb=s bandwidth or
500Mbps compressed, so advancements in multichan-
nel broadcasting and content delivery are required.With
8K, resolution is nearing the point where the human
eye can no longer perceive future improvements, so
performance enhancements in other areas like bright-
ness, contrast, color gamut, 3-D, and speed are likely.
The exception is near eye displays like those used in
virtual and augmented reality devices, where increased
resolution makes a perceptible difference. These new
applications and enhancements will require continuous
innovations in panel making (such as flexible and/or
transparent displays and roll-to-roll processing), and
a concomitant suite of new glass substrates will en-
able these inventions. While considerable innovation
has already been delivered in the composition and man-
ufacturing of glass substrates since the inception of
the flat panel displays several decades ago, we expect
this to remain a fruitful and exciting field for years to
come.
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