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1
LIQUID CRYSTAL DISPLAY DEVICE

BACKGROUND

1. Technical Field

The present invention relates to liquid crystal display
devices, and particularly to atypeincluding a pair of opposing
substrates between which a liquid crystal layer is disposed,
and a pair of electrodes separated by an insulating layer that
are disposed on one of the substrates and drive the liquid
crystal layer.

2. Related Art

Among liquid crystal display devices, a twisted nematic
(TN) type is widely used. This type is limited in viewing angle
in principle. Transverse electric field liquid crystal display
devices are known as a type to eliminate the limitation. In the
transverse electric field type, pixel electrodes and a common
electrode are formed on the same substrate, and a voltage is
applied between the pixel electrodes and the common elec-
trode to generate an electric field substantially parallel to the
surface of the substrate, thereby driving liquid crystal mol-
ecules in a plane substantially parallel to the surface of the
substrate.

Transverse electric field liquid crystal display devices
include an in-plane switching (IPS) type and a fringe field
switching (FFS) type. In the IPS type, a comb-like pixel
electrode and another comb-like common electrode are
arranged in combination. In the FFS type, an upper electrode
and a lower electrode are disposed with an insulating layer in
between. One of the electrodes is used as a common electrode
while the other is used as a pixel electrode, and apertures
through which an electric field is transmitted, such as slits, are
formed in the upper electrode.

Japanese Unexamined Patent Application Publication No.
2001-183685 discloses a structure of the insulating layer
between the upper electrode and the lower electrode. In this
structure, the pixel electrode and the common electrode are
formed of ITO with an insulating layer in between. The insu-
lating layer is defined by a TFT surface protection insulating
layer or a TFT gate insulating layer.

A liquid crystal display device includes a storage capacitor
to reduce the changes in pixel potential for driving the liquid
crystal. In the FFS type, the capacitor defined by the overlap
of the upper electrode and the lower electrode can be used as
the storage capacitor, with the insulating layer disposed
between the upper electrode and the lower electrode. For a
smaller storage capacitor having a higher capacitance, the
insulating layer between the upper electrode and the lower
electrode requires increased properties.

For a FFS type liquid crystal device, transistors are formed
on a glass substrate, and subsequently a planarizing layer is
formed. Then, a lower electrode, an insulating layer, and an
upper electrode are formed in that order. Since the insulating
layer is formed among such many steps for forming layers,
the adhesions between the insulating layer and the adjoining
layers may be varied to cause the insulating layer to separate.
Consequently, problems occur that the liquid crystal display
device cannot display high-quality images. For example, the
insulation between the upper electrode and the lower elec-
trode may be reduced; the electric field for driving the liquid
crystal layer may be disturbed; or the storage capacitor is
seriously degraded in characteristics.

SUMMARY

Accordingly, anadvantage of some aspects of the invention
is that it provides a liquid crystal display device in which the
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adhesion of an insulating layer between an upper electrode
and a lower electrode is enhanced to increase the quality of
displayed images.

The invention is based on the findings that in an FFS type
liquid crystal display device, the insulating layer formed
between the upper electrode and the lower electrode estab-
lishes a specific relationship between the residual stress of the
insulating layer and its adhesion to other layers. More spe-
cifically, if the insulating layer has a residual stress within a
specific range, the adhesion can be kept at a substantially
constant value. If the residual stress is increased beyond the
range, the insulating layer separates. The following embodi-
ments are based on the findings.

According to an aspect of the invention, a liquid crystal
display device is provided which includes a pair of substrates
opposing each other, a liquid crystal layer disposed between
the pair of substrates, and a pair of electrodes separated by an
insulating layer and disposed on one of the substrates. The
pair of electrodes drives the liquid crystal layer. The insulat-
ing layer has a compressive stress in the range of 0 to 5x10*
N/em?. According to experiments, the insulating layer having
a compressive stress in this range is not separated from other
layers or films. Such an insulating layer leads to a liquid
crystal display device that can display high-quality images.

Preferably, the insulating layer and the pair of electrodes
define a storage capacitor. In this instance, the storage capaci-
tor can be designed more freely than a storage capacitor
using, for example, the gate of a pixel TFT.

Preferably, the insulating layer is made of an inorganic
insulating material. Preferably, the insulating layer includes
at least one layer selected from the group consisting of a
silicon nitride layer, a silicon oxide layer, and a silicon oxyni-
tride layer. Since an inorganic insulating layer generally has a
higher dielectric constant than an organic insulating layer, the
inorganic insulating layer leads to superior capacitance prop-
erties.

Preferably, the liquid crystal display device further
includes a transistor on the substrate on which the pair of
electrodes is disposed, and a planarizing layer disposed over
the transistor. The electrodes separated by the insulating layer
are disposed on the planarizing layer. Even though the insu-
lating layer is formed on the planarizing layer, the insulating
layer having a compressive stress in the above range does not
separate, and the resulting liquid crystal display device can
display high-quality images.

Preferably, one of the electrodes acts as a pixel electrode
and the other acts as a common electrode. Preferably, at least
one of the electrodes is made of a transparent electroconduc-
tive film. Preferably, one of the electrodes is disposed closer
to the liquid crystal layer than the other and has apertures.

The inorganic insulating material used for the insulating
layer may have a refractive index in the range of 1.46 to 2.00
and a dielectric constant in the range of 4 to 7. Such an
insulating layer ensures sufficient properties for a storage
capacitor and leads to a liquid crystal display device that can
display high-quality images.

The liquid crystal display device further including a tran-
sistor and a planarizing layer in that order on the substrate on
which the pair of electrodes are disposed, the electrodes sepa-
rated by the insulating layer may be disposed on the planariz-
ing layer, and one of the electrodes is made of a transparent
electroconductive film and the other is disposed closer to the
liquid crystal layer and has apertures. The insulating layer is
formed under conditions that the planarizing layer and the
electrode made of the transparent electroconductive film are
not degraded. Thus, layers underlying the insulating layer
used for the storage capacitor can be prevented from being
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affected by the step of forming the insulating layer. For
example, even though one of the electrodes is made of a
transparent electroconductive film, the transparency and elec-
troconductivity can be hardly degraded. In addition, the insu-
lating layer can lead to superior capacitance properties.

The insulating layer may be made of an inorganic insulat-
ing material, and the planarizing layer may be made of an
organic insulating material. In general, an organic insulating
material forms a more even layer than an inorganic insulating
material. Accordingly, an organic planarizing layer can
reduce unevenness and steps formed by the underlying layers.
Since an inorganic insulating material generally has a higher
dielectric constant than an organic insulating material, an
inorganic insulating layer can lead to superior capacitance
properties.

In this structure, the insulating layer preferably has a
refractive index in the range of 1.46 to 2.00 and a dielectric
constant in the range of 4 to 7. Such an insulating layer
ensures sufficient properties for a storage capacitor and leads
to aliquid crystal display device that can display high-quality
images.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be described with reference to the
accompanying drawings, wherein like numbers reference like
elements.

FIG. 11is a plan view of pixels on an element substrate of a
liquid crystal display device according to an embodiment of
the invention.

FIG. 2 is a sectional view taken along line II-1I in FIG. 1.

FIG. 3 is a flow diagram of a process for manufacturing a
liquid crystal display device according to the embodiment of
the invention.

FIG. 4 is a graph showing the relationship between the
residual stress of an FFS insulating layer and its separation
frequency.

FIG. 5 is a schematic sectional view of another embodi-
ment of the invention.

FIG. 6 is a schematic sectional view of still another
embodiment of the invention.

DESCRIPTION OF EXEMPLARY
EMBODIMENTS

An embodiment of the invention will now be described
with reference to the drawings. While the following embodi-
ments will describe FFS liquid crystal display devices that
display images using three colors: red (R), green (G), and blue
(B), more colors may be used including, for example, cyan
(C), or monochrome images may be displayed. The shapes,
structures, materials, and others described below are no more
than examples, and may be modified according to the appli-
cation of the liquid crystal display device. The FFS liquid
crystal display devices described in the following embodi-
ments ate of transverse electric field type whose upper elec-
trode has slits as apertures through which an electric field is
transmitted. However, the aperture may be in a comb-like
shape or fence-like shape. The liquid crystal display device
may not be of FFS type, but IPS type. The slits used herein
refer to apertures whose ends are closed, and each slit is
separated from each other without connecting to each other.
The comb-like or fence-like shape refers to apertures con-
nected to each other.

FIG. 1 is a plan view of pixels on the element substrate 10
of aliquid crystal display device according to an embodiment
of the invention. The liquid crystal display device includes a
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pair of substrates between which a liquid crystal layer is
disposed. The liquid crystal layer is driven by a pair of elec-
trodes, and thus the liquid crystal display device displays
images. In order to drive a plurality of pixels, a transistor is
provided for each pixel. The substrates may be distinguished
from each other by whether transistors are disposed. The
substrate on which transistors are disposed may be referred to
as an element substrate 10, and the other substrate, opposing
the element substrate 10, may be referred to as an opposing
substrate. For color images, a set of R, G, B three color pixels
defines a picture element, and transistors are provided to the
respective pixels.

FIG. 1 specifically shows the structure in plan view of a
picture element, that is, three pixels, in the display region for
images formed by R, G, and B three colors on the element
substrate 10 of an FFS active matrix liquid crystal display
device. FIG. 2 is a sectional view taken along line II-1T in FIG.
1, in which the thicknesses of parts are enlarged.

On the element substrate 10 of the liquid crystal display
device, as shown in FIG. 1, a plurality of drain lines 34 extend
in a straight line (in a vertical direction in FIG. 1), and a
plurality of gate lines 36 extend in the direction intersecting
with the drain lines 34 (in the direction perpendicular to the
drain lines 34 in the embodiment, in the transverse direction
in FIG. 1). The drain lines 34 act as signal lines to which
image data signals are transmitted from a control circuit (not
shown) of the liquid crystal display device. Therefore, the
drain lines 34 may be called data lines or simply signal lines.
The gate lines 36 act as signal lines to which scanning signals
for selecting transistors provided for each pixel. Therefore the
gate lines may be called scanning lines.

Each pixel is disposed in regions (pixel regions) divided by
the drain lines 34 and the gate lines 36. F1G.1 shows R, G, and
B three color pixels defining a picture element. Since the
common electrode 46 is formed over the entire surface of the
element substrate 10 or in such a manner as to cover a plural-
ity of pixels, FIG. 1 does not show the contour of the common
electrode 46 except the lines of slits 48.

A pixel TFT 20 is disposed in each pixel region surrounded
by the drain lines 34 and the gate lines 36. In FIG. 1, the pixel
TFT 20 is defined by a substantially U-shaped semiconductor
layer (substantially inverted U-shape in FIG. 1). The gate line
36 extends across the two arms of the U-shape in the direction
perpendicular to the drain line 34. In this structure, the source
electrode 32 of the pixel TFT 20 and its drain electrode 33
connected to the drain line 34 are disposed at the same side
with respect to the gate line 36. Consequently, in the pixel
TFT 20, the gate line 36 intersects the semiconductor layer
twice between the source and the drain. This is equivalent to
astructure having two gate electrodes between the source and
the drain of a semiconductor layer.

Thus, the drain of the pixel TFT 20 is connected to the
corresponding drain line 34 through the drain electrode 33.
The source is connected to the pixel electrode 42 through the
source electrode 32. The pixel electrode 42 is disposed in a
planar form for each pixel, and connected to the source of the
corresponding pixel TFT 20. FIG. 1 shows rectangular pixel
electrodes 42.

The common electrode 46 is disposed over the element
substrate 10. Alternatively, the common electrode 46 may be
disposed for each pixel in some cases. In this instance, com-
mon electrode liens are formed to connect the common elec-
trodes. The common electrode 46 is defined by a transparent
electroconductive layer in which slits 48 (apertures) are
formed. When a voltage is applied between the pixel elec-
trode 42 and the common electrode 46, an electric field 50
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(see FIG. 2) is transmitted through the slits 48 to generate a
transverse electric field parallel to the surface of the substrate.

Analignment layer (not shown) is disposed on the common
electrode 46 and subjected to rubbing for orientation. The
rubbing may be performed in the direction, for example,
parallel to the gate lines 36 in FIG. 1. The slits 48 of the
common electrode 46 extend in a direction slightly slanted
with respect to the rubbing direction. For example, the slits 48
may be formed at an angle of about 5° with the rubbing
direction. By forming the alignment layer on the common
electrode 46 and subsequently subjecting the alignment layer
to rubbing, the element substrate 10 is completed.

Turning now to FIG. 2, the structure of the element sub-
strate 10 of the FFS liquid crystal display device will be
described. FIG. 2 is a sectional view taken along line II-II in
FIG. 1, showing one of the pixels.

The element substrate 10 includes an optically transparent
base 18, the pixel TFT’s 20 disposed on the optically trans-
parent base 18 with an appropriate buffer layer in between, an
insulating interlayer 30, source electrodes 32, drain elec-
trodes 33, a passivation layer (PV layer) 38, a planarizing
layer 40, the pixel electrodes 42, an FFS insulating layer 44,
and the common electrode 46.

FIG. 3 is a flow diagram of the process for manufacturing
the liquid crystal display device including a detailed proce-
dure for preparing the element substrate 10. The process will
be described using the reference numerals in FIGS. 1 and 2.
First, the optically transparent base 18 is prepared, and the
pixel TFT’s 20 (transistors) are formed on the optically trans-
parent base 18 (S10).

The optically transparent base 18 is made of, for example,
aglass plate. The pixel TF1’s 20 are arranged on the optically
transparent base 18 with an appropriate buffer layer in
between. In the present embodiment, each pixel TFT 20
includes a semiconductor layer formed of polysilicon at a low
temperature, a gate insulating layer, and a gate electrode 22 in
that order from below. The gate insulating layer is made of,
for example, silicon oxide (SiO, ) or silicon nitride (SiN, ) and
is disposed on the optically transparent base 18 to cover the
semiconductor layer. The gate electrode 22 is made of a
metal, such as Mo or Al, and disposed on the gate insulating
layer so as to oppose the semiconductor layer. The gate elec-
trode 22 is positioned over the semiconductor layer on the
element substrate 10.

After forming the pixel TFT 20, the insulating interlayer 30
is formed of, for example, silicon oxide or silicon nitride so as
to cover the gate electrode 22.

Then, the insulating interlayer 30 is provided with contact
holes for the source 24 and the drain 26. The source electrode
32 and the drain electrode 33 are drawn out through the
contact holes. The drain electrode 33 is formed of a metal,
such as Mo, Al, or Ti, on the insulating interlayer 30 and
connected to the drain 26 of the pixel TFT 20 through the
contact hole for the drain. The drain electrode 33 is extended
so as to serve as the drain line 34. The source electrode 32 is
formed of, for example, the same material as the drain elec-
trode 33 on the insulating interlayer 30 so as to be connected
to the source 24 of the pixel TFT 20 through the other contact
hole, or the contact hole for the source. The source electrode
32 will be connected to the pixel electrode 42, which is made
of a transparent electroconductive film, as will be described
below.

In the present embodiment, the junction of the drain elec-
trode 33 and the drain line 34 acting as the data line is defined
as the drain of the pixel TFT 20, and the junction of the source
electrode 32 and the pixel electrode 42 is defined as the source
of the pixel TFT 20. Since the drain and source of a pixel TFT
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20 are compatible, however, the source may be connected to
the data line and the drain may be connected to the pixel
electrode 42.

The process up to the step of drawing out the source elec-
trode 32 and the drain electrode 33 is referred to as a pixel
TFT forming step (S10) as a whole. Subsequently, a passiva-
tion (PV) layer 38 is formed (S12). The PV layer 38 is an
insulating layer protecting the entire pixel TFT 20, including
the source electrode 32 and the drain electrode 33, from the
external environment. The PV layer 38 may be formed of, for
example, silicon oxide or silicon nitride like the insulating
interlayer 30, or may be formed of a different material from
the insulating interlayer 30.

Then, the planarizing layer 40 is formed (S14). The pla-
narizing layer 40 is formed on the PV layer 38 so as to cover
the drain electrode 33 and drain line 34 and the source elec-
trode 32, thus planarizing the unevenness formed by the pre-
ceding steps for forming layers, contact holes, and other parts.

The planarizing layer 40 can be formed of a transparent
organic insulating material, such as acrylic resin, or an inor-
ganic insulating material, such as silicon nitride (SiNx), sili-
con oxide (SiOx), or silicon oxynitride (SiOxNy). Preferably,
the planarizing layer 40 is formed of heat-resistant, reaction-
resistant insulating material in consideration of the FFS insu-
lating layer 44 that will be formed on the planarizing layer.
Accordingly, preferred materials are inorganic insulating
materials, such as silicon nitride, silicon oxide, and silicon
oxynitride. If a transparent organic insulating material, such
as acrylic resin, is used, the steps subsequent to the formation
of the planarizing layer are preferably performed at a low
temperature to prevent the deterioration of the planarizing
layer 40. For example, the step subsequent to the formation of
the planarizing layer is preferably performed at a temperature
in the range of about 150 to 300° C.

After the formation of the planarizing layer, the pixel elec-
trode 42 (lower electrode) is formed (516). Specifically, a
contact hole is formed in the PV layer 38 an the planarizing
layer 40, and then an transparent electroconductive film is
formed of indium tin oxide (ITO) or indium zinc oxide over
the entire surface of the substrate. The transparent electrocon-
ductive film is patterned into the pixel electrodes 42. Thus, the
source electrode 32 and the pixel electrode 42 are electrically
connected to each other through the contact hole.

After the formation of the pixel electrode 42, the FFS
insulating layer 44 is formed over the entire surface of the
substrate (S18). The FFS insulating layer 44 is intended to
isolate the lower electrode, or the pixel electrode 42, from the
subsequently formed upper electrode, or the common elec-
trode 46, and besides to form storage capacitors in the respec-
tive pixels of the FFS liquid crystal display device.

The FFS insulating layer 44 is preferably formed of a
material having a high dielectric constant in consideration of
use for the storage capacitor. Accordingly, an inorganic insu-
lating material is used rather than an organic insulating mate-
rial, and preferably, the FFS insulating layer includes at least
one of a silicon nitride film, a silicon oxide film, and a silicon
oxynitride film.

Since the planarizing layer 40 and the pixel electrode 42
have been formed before forming the FFS insulating layer 44,
the conditions for forming the FFS insulating layer 44 are set
from the viewpoint of adhesion with these films. More spe-
cifically, the adhesion between the FFS insulating layer 44
and other layers or films is varied depending on the surface
states of the planarizing layer 40 and the pixel electrode 42,
treatment conditions changing their surface states after form-
ing the planarizing layer and before forming the FFS insulat-
ing layer, and the conditions for forming the FFS insulating
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layer 44. Hence, the FFS insulating layer 44 is formed under
conditions that can establish stable adhesion.

FIG. 4 shows the relationship between the residual stress of
the FFS insulating layer and its separation frequency obtained
from experiments. The relationship will be described with
reference to FIGS. 110 3.

The residual stress of the FFS insulating layer 44 can be
obtained from the warp of a glass plate on which an FFS
insulating layer 44 is formed. For example, the warp of the
element substrate 10 is measured in an intermediate step in
the process for forming the structure as shown in FIG. 2, after
Step S16 shown in FIG. 3 has been completed. Then, an FFS
insulating layer 44 is formed in Step S18, and the warp of the
element substrate 10 is measure at this time. The change in
warp resulting from the formation of the FFS insulating layer
44 is calculated from the results of the measurements. The
change in warp can be determined as the residual stress of the
FFS insulating layer 44.

The separation frequency of the FFS insulating layer 44
can be determined by observing the degree of the separation
of the FFS insulating layer 44 from other layers or films as the
number of positions of the separation or the area of the sepa-
ration in an intermediate step after the formation of the FFS
insulating layer 44 in the process for preparing the element
substrate 10. For example, the positions from which the FFS
insulating layer 44 is separated are counted in an intermediate
step for preparing a single element substrate 10 and the result
canbe defined as the relative separation frequency. The obser-
vation for separation frequency is preferably performed on an
object on which the FFS insulating layer 44 has been formed.
In order to accelerate the test, a specific test condition may be
added. For example, a cleaning step cleaning the liquid crys-
tal display device may be performed as a test condition. By
measuring the separation frequency under such accelerating
conditions, the separation frequency can easily be evaluated,
and besides, the separation of the insulating layer 44 that may
occur in subsequent steps can be evaluated. For example, the
separation frequency may be measured after ultrasonic clean-
ing performed under specific conditions.

In FIG. 4, the horizontal axis represents the residual stress
of the FFS insulating layer 44 and the vertical axis represents
the separation frequency. As shown in FIG. 4, when the
residual stress acts as a compressive stress and is in the range
of 0 to 5x10* N/em?, the FFS insulating layer 44 hardly
separates; when the residual stress acts as a tensile stress, the
separation frequency increases according to the tensile stress.

According to the observation, the FFS insulating layer 44
more often separates from the interface with the planarizing
layer 40 than that with the lower electrode or the pixel elec-
trode 42. The FFS insulating layer 44 is in contact with several
types of layers or films, and it is important that the relation-
ship between the residual stress and the separation frequency
is comprehensively evaluated according to the adhesion
between the FFS insulating layer 44 and other layers or films.

FIG. 4 shows that the adhesion between the FFS insulating
layer 44 and other layers or films can be increased by setting
the residual stress as a compressive stress in the range of 0 to
5x10* N/cm?, thereby increasing the quality of images that
the liquid crystal display device displays. The residual stress
can be controlled by appropriately selecting the conditions
for forming the FFS insulating layer 44. For example, the rate
of forming the FFS insulating layer may be controlled so that
the FFS insulating layer has a residual stress in a predeter-
mined range. Alternatively, the heating rate or cooling rate in
the formation ofthe FFS insulating layer may be controlled so
that the FFS insulating layer has a residual stress in a prede-
termined range. In view of the residual stress of the element
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substrate 10 in an intermediate step before forming the FFS
insulating layer 44, the conditions for forming the FFS insu-
lating layer 44 may be selected so that the resulting FFS
insulating layer 44 has a residual stress in a predetermined
range.

In addition, since the planarizing layer 40 and the pixel
electrode 42 have been formed before forming the FFS insu-
lating layer 44, the FFS insulating layer 44 is formed under
the conditions that do not degrade the planarizing layer 40 or
the pixel electrode 42.

The planarizing layer 40 is made of an transparent organic
insulating material, such as acrylic resin, or an inorganic,
insulating material, such as silicon nitride, silicon oxide, or
silicon oxynitride. A planarizing layer 40 made of an inor-
ganic insulating material is hardly affected by the conditions
for forming the FFS insulating layer 44. In contrast, a pla-
narizing layer 40 made of a transparent organic insulating
material may react with an oxidizing gas to be degraded
depending on the temperature for forming the FFS insulating
layer 44. For example, the transmittance of the planarizing
layer 40 may be reduced to 90% or less, and consequently, the
quality of displayed images may be degraded. Therefore, the
FFS insulating layer 44 is preferably formed at a temperature
at which the planarizing layer 40 is not degraded. The forma-
tion of the FFS insulating layer 44 is more preferably started
under conditions that the oxidizing gas has been reduced to
the extent that the surface state of the planarizing layer 40 is
not degraded.

The pixel electrode 42 is made of a transparent electrocon-
ductive film, and indium tin oxide (ITO) or indium zinc oxide
(IZ0) is used for the transparent electroconductive film, as
described above. The transparency and electroconductivity of
suich a transparent electroconductive film are degraded under
areducing atmosphere. For example, the transmittancy of the
transparent electroconductive film may be reduced to 70% or
less and its resistivity may be increased to 10° Qcm or more.
Consequently, the quality of displayed images is degraded. It
is therefore preferable that the FES insulating layer 44 be
formed under conditions not containing a reducing gas (for
example, hydrogen). If the FFS insulating layer is made of an
inorganic insulating material, such as silicon nitride, silicon
oxide, or silicon oxynitride, however, a gas containing hydro-
gen, such as monosilane (SiH,), may be used as the material
gas, or a hydrogen-containing gas such as ammonia (NH,) is
often contained in the carrier gas for reaction even if monosi-
lane is not used. In such a case, where a reducing gas is
inevitably used, the FFS insulating layer 44 is preferably
formed at a temperature at which the pixel electrode 42 is not
degraded by a reduction reaction. More preferably, the reduc-
ing gas is reduced to the extent that the transparency and the
electroconductivity of the transparent electroconductive film
are not degraded.

It is preferable that the FFS insulating layer 44 be formed
under conditions that do not degrade the planarizing layer 40
and the pixel electrodes 42. In practice, the FFS insulating
layer forming step (S18) is performed at a temperature in the
range of about 150 to 300° C. In this temperature range, the
characteristics of the planarizing layer 40 are hardly changed
even if an oxidizing gas is used for forming the FFS insulating
layer. Also, the pixel electrode 42 is hardly reduced even if a
reducing gas is used for forming the FFS insulating layer, and
the transparency of the pixel electrode is not degraded. In
addition, the resulting insulating layer has appropriate char-
acteristics for a capacitor.

The FFS insulating layer 44 can be formed of an inorganic
insulating material. Accordingly, the insulating layer can
exhibit a refractive index in the range of 1.46 to 2.00 and a
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dielectric constant in the range of 4 to 7. By setting the
properties of the FFS insulating layer in those ranges and
appropriately setting the thickness of the FFS insulating layer
44, the storage capacitance can be appropriately set according
to the specifications of the liquid crystal display device.

Turning back to FIG. 3, the common electrode 46 (upper
electrode) is formed after the formation of the FFS insulating
layer 44 (S20). More specifically, a transparent electrocon-
ductive film is formed of indium tin oxide (ITO) or indium
zine oxide (IZO) over the entire surface of the FFS insulating
layer 44. The resulting transparent electroconductive film is
patterned into a common electrode 46 having a plurality of
slits 48. A common electrode potential is supplied to the
common electrode 46 through a common electrode line (not
shown).

The slits 48 are apertures through which an electric field 50
for driving the liquid crystal layer between the pixel electrode
42 (lower electrode) and the common electrode 46 (upper
electrode) is transmitted. As shown in FIG. 1, the slits 48 are
closed narrow apertures extend in a direction slightly slanted
with respect to the direction in which the gate line 36 extends.
The slanted angle is set in view of the rubbing angle for
orientation in a subsequent step.

After the formation of the common electrode 46 (upper
electrode), an alignment layer is formed on the common
electrode 46 (S22). The alignment layer has the function of
aligning liquid crystal molecules in the early stage. For the
alignment layer, an organic film, such as polyimide film, is
subjected to rubbing. Thus, the element substrate 10 is com-
pleted (S24). In addition, the opposing substrate including
color filters and an alignment layer is prepared, but not
described herein. The opposing substrate and the element
substrate 10 are combined together with a liquid crystal layer
in between (S26). Thus, the liquid crystal display device is
completed (S28).

As described above, the upper electrode or common elec-
trode 46 and the lower electrode or pixel electrode 42 between
which the FFS insulating layer 44 is disposed are formed over
the planarizing layer 40, on the same optically transparent
base 18. This structure may be called overlayer structure. The
upper electrode or common electrode 46 is provided with slits
48. A voltage is applied between the lower electrode or pixel
electrode 42 and the upper electrode or common electrode 46
to transmit an electric field 50 through the slits 48, thereby
generating a transverse electric field mainly parallel to the
surface of the substrate. Thus, the transverse electric field
drives the liquid crystal layer through the alignment layer. In
this structure, the common electrode 46, the pixel electrode
42, and the FFS insulating layer 44 between the electrodes
define a capacitor. The capacitor can be used as a storage
capacitor of the liquid crystal display device. Thus, an FFS
active matrix liquid crystal display device is completed.

By use of the capacitor defined by the common electrode
46 and the pixel electrode 42 with the FFS insulating layer 44
in between as a storage capacitor of the liquid crystal display
device, a storage capacitance can easily be obtained accord-
ing to the specifications of the liquid crystal display device.
This 1s because the dielectric constant, thickness, etc. of the
FFS insulating layer 44 can be set independent of the charac-
teristics of the pixel TFT 20, and thus can be set in a wide
range. The FFS insulating layer 44 between the common
electrode 46 and the pixel electrode 42 can increase the adhe-
sion to other layers or films by setting the residual stress of the
FFS insulating layer 44 in a predetermined range. Thus, the
resulting liquid crystal display device can display high-qual-
ity images.
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In the above embodiment, the lower electrode as the pixel
electrode and the upper electrode as the common electrode
having slits are disposed with the FFS insulating layer in
between. Alternatively, a lower electrode may be formed as
the common electrode, and an upper electrode is formed as
the pixel electrode. This structure will now be described. In
the description, the same parts as in FIGS. 1 and 2 are desig-
nated by the same reference numerals and their detailed
description is omitted.

FIG. 5isa schematic sectional view of an element substrate
12 including a lower electrode acting as the common elec-
trode 46 and an upper electrode having slits 49 acting as the
pixel electrode 42. When the upper electrode is used as the
pixel electrode 42, the pixel electrode 42 connected to the
source electrode 32 is disposed on the FFS insulating layer
44, as shown in FIG. 5, and is the uppermost layer of the
element substrate 12. Slits 49 are formed in the uppermost
pixel electrode 42. The slits 49 are closed narrow apertures
extending in a direction slightly slanted with respect to the
direction in which the gate line 36 extends, as described with
reference to FIGS. 1 and 2. The common electrode 46 (lower
electrode) is disposed over the entire surface of the element
substrate 12 or in such a manner as to cover a plurality of
pixels.

A liquid crystal display device including the element sub-
strate 12 having such as structure can be produced by a similar
procedure to that shown in FIG. 3, changing the steps corre-
sponding to the steps forming the above structure. The FFS
insulating layer 44 is formed so as to have a residual stress in
a predetermined range, as described for Step S18 in FIG. 3,
thereby increasing the adhesion with the other layers or films.
Consequently, the resulting liquid crystal display device can
display high quality images. In addition, the FFS insulating
layer 44 is formed under conditions that do not degrade the
planarizing layer 40 or the common electrode 46 (lower elec-
trode). Thus, the liquid crystal display device can display
high-quality images.

In the above embodiments, the pixel TFT has the structure
including a semiconductor layer, a gate insulating layer, and
a gate electrode in that order in the direction from the opti-
cally transparent base to the alignment layer. Alternatively, a
so-called inverted staggered type pixel TFT may be used. The
inverted staggered type has a structure including a gate elec-
trode, a gate insulating layer, and a semiconductor layer in
that order from the optically transparent base to the alignment
layer. A structure including an inverted staggered pixel TFT
will now be described. In the following description, the same
parts as in FIGS. 1 and 2 are designated by the same reference
numerals and their detailed description is omitted.

FIG. 6isa schematic sectional view of an element substrate
14 including an inverted staggered pixel TFT 21. For this
structure, the gate electrode 23 is first formed on the optically
transparent base 18, and subsequently a gate insulating layer
is formed on the gate electrode 23. Then, a semiconductor
layer is deposited over the gate insulating layer. The semicon-
ductor layer may be made of amorphous silicon. The semi-
conductor layer includes a channel-forming layer and a
highly doped layer for forming a source/drain contact layer.
The source electrode 32 and the drain electrode 33 are respec-
tively connected to both ends of the highly doped layer. The
element substrate 14 can be produced in the same process as
described with reference to FIG. 3, except for the step of
forming the pixel TFT 21.

A liquid crystal display device including the element sub-
strate 14 using the inverted staggered pixel TFT can be pro-
duced by a similar procedure to that shown in FIG. 3, chang-
ing steps for forming the pixel TFT. The FFS insulating layer
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44 is formed so as to have a residual stress in a predetermined
range, and the steps from forming the planarizing layer 40 to
forming the FFS insulating layer are performed under prede-
termined conditions that do not change the surface states of
the planarizing layer 40 or the pixel electrode 42, as described
for Step S18 in FIG. 3. Thus, the adhesion between the FFS
insulating layer and other layers or films can be increased.
Consequently, the resulting liquid crystal display device can
display high-quality images. By forming the FFS insulating
layer under conditions that do not degrade the planarizing
layer 40 or the lower electrode or pixel electrode 42, the liquid
crystal display device can display high-quality images.

What is claimed is:

1. A liquid crystal display device comprising:

a pair of substrates opposing each other;

a liquid crystal layer disposed between the pair of sub-

strates; and
a pair of electrodes separated by an insulating layer, dis-
posed on one of the substrates, the pair of electrodes
driving the liquid crystal layer, a first one of the elec-
trodes being disposed closer to the liquid crystal layer
than a second one ofthe electrodes and having apertures,

wherein the insulating layer has a compressive stress in the
range of 0 to 5x10* N/em®.

2. The liquid crystal display device according to claim 1,
wherein the insulating layer and the pair of electrodes define
a storage capacitor.

3. The liquid crystal display device according to claim 1,
wherein the insulating layer is made of an inorganic insulat-
ing material.

4. The liquid crystal display device according to claim 3,
wherein the inorganic insulating material has a refractive
index in the range of 1.46 to 2.00 and a dielectric constant in
the range of 4 to 7.
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5. The liquid crystal display device according to claim 1,
wherein the insulating layer includes at least one film selected
from the group consisting of a silicon nitride film, a silicon
oxide film, and a silicon oxynitride film.

6. The liquid crystal display device according to claim 1,
further comprising a transistor on the substrate on which the
pair of electrodes is disposed, and a planarizing layer dis-
posed over the transistor, wherein the electrodes separated by
the insulating layer are disposed on the planarizing layer.

7. The liquid crystal display device according to claim 1,
wherein the second one of the electrodes acts as a pixel
electrode and the first one of the electrodes acts as a common
electrode.

8. The liquid crystal display device according to claim 7,
wherein at least one of the electrodes is made of a transparent
electroconductive film.

9. The liquid crystal display device according to claim 1,
further comprising a transistor and a planarizing layer in that
order on the substrate on which the pair of electrodes are
disposed, wherein the electrodes separated by the insulating
layer are disposed on the planarizing layer, and the second
one of the electrodes is made of a transparent electroconduc-
tive film, and wherein the insulating layer is formed under
conditions that the planarizing layer and the second one of the
electrodes made of the transparent electroconductive film are
not degraded.

10. The liquid crystal display device according to claim 9,
wherein the insulating layer is made of an inorganic insulat-
ing material, and the planarizing layer is made of an organic
insulating material.

11. The liquid crystal display device according to claim 9,
wherein the insulating layer has a refractive index in the range
of 1.46 to 2.00 and a dielectric constant in the range of 4 to 7.
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