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(57) ABSTRACT

In avideo voltage comparator circuit, an average of first video
voltages applied to pixel electrodes of pixels in the second-
half rows in a k-th frame period (k is a natural number) is
compared with an average of second video voltages applied to
pixel electrodes of pixels in the first-half rows in a (k+1)th
frame period for each row. In an overdrive voltage switching
circuit, when a difference obtained from the comparison in
the video voltage comparator circuit is greater than or equal to
a threshold value, the overdrive voltage in the (k+1)th frame
period is switched to a first overdrive voltage, and when the
difference obtained from the comparison in the video voltage
comparator circuit is less than the threshold value, the over-
drive voltage in the (k+1)th frame period is switched to a
second overdrive voltage lower than the first overdrive volt-
age.
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FIG. 8A
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LIQUID CRYSTAL DISPLAY DEVICE AND
DRIVING METHOD THEREOF

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a liquid crystal dis-
play device and a driving method thereof.

[0003] The liquid crystal display device refers to a device
including a liquid crystal element. The liquid crystal display
device includes a driver circuit for driving a plurality of
pixels, for example. The liquid crystal display device also
includes a control circuit, a power source circuit, a signal
generation circuit, and the like which are arranged on another
substrate.

[0004] 2. Description of the Related Art

[0005] Liquid crystal display devices have been commod-
itized as a result of recent technological innovation, and
development thereof has still been actively promoted for
higher value-added products.

[0006] Some of the added values for liquid crystal display
devices are an increase in aperture ratio for power saving and
an increase in definition for improvement of display quality.
One of the means to achieve both higher aperture ratio and
higher definition is to reduce the size of a capacitor included
in a pixel as well as the pixel size (for example, see Patent
Documents 1 and 2).

[0007] Patent Document 2 also discloses combination of
overdriving and a structure for reducing the size of a capaci-
tor. The combination of overdriving and the structure for
reducing the size of a capacitor results in an improvement in
the response time of liquid crystals which is lowered with a
decrease in capacitance.

REFERENCES

Patent Documents

[0008] [Patent Document 1] Japanese Published Patent
Application No. 2011-109081

[0009] [Patent Document 2| Japanese Published Patent
Application No. 2011-138118

SUMMARY OF THE INVENTION

[0010] Aliquid crystal display device generally employs an
inversion driving method in order to prevent burn-in or the
like due to degradation of liquid crystal elements. However,
when the inversion driving is performed with a structure for
reducing the size of a capacitor, the influence of parasitic
capacitance becomes more significant than that of an inten-
tionally provided capacitor, which causes a variation in con-
trast even when an image with the same gray level is dis-
played with the same video voltage. This variation largely
differs between the first-half rows and the second-halfrows in
the row direction. Note that the row direction refers to a
longitudinal direction of an area in which a gate line driver
circuit of a liquid crystal display device is provided, and the
column direction refers to a longitudinal direction of an area
in which a source line driver circuit is provided.

[0011] In the case where a video voltage of a source line is
inverted every frame period, the period of switching the polar-
ity of the video voltage is different between a pixel in the last
row which is in the second-half rows and a pixel in the first
row which is in the first-half rows even when the same video
voltage is applied to the source line, which probably causes
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the above difference. Therefore, in a liquid crystal display
device in which a capacitor is reduced in size so as to reduce
the capacitance, uniform contrast cannot be obtained even in
the case where an image with the same gray level is displayed
with the same video voltage, leading to lowering of display
quality. This problem is serious particularly when overdriving
is used to operate the liquid crystal display device because the
voltage level of a source line greatly varies at the time of
polarity inversion.

[0012] The above problem will be described in detail with
reference to FIGS. 7A to 7C. FIG. 7A is a circuit diagram of
apixel included in a liquid crystal display device. A pixel 600
illustrated in FIG. 7A includes a transistor 601, a capacitor
602, and a liquid crystal element 603. A gate of the transistor
601 is connected to a gate line GL_i (i is an arbitrary natural
number), one of a source and a drain of the transistor 601 is
connected to a source line SL_j (j is an arbitrary natural
number), and the other thereof is connected to a node Cpix.
Note that the node Cpix denotes a pixel electrode of the liquid
crystal element 603 and an electrode electrically connected to
the pixel electrode.

[0013] The pixel 600 illustrated in FIG. 7A also includes a
capacitor 604 and a capacitor 605 which are parasitic capaci-
tance between the node Cpix and the source line SL._j and
between the node Cpix and a source line SL_j+1, respec-
tively. This parasitic capacitance is generated when elec-
trodes overlap with each other or come close to each other,
and is different from an intentionally provided capacitor.
[0014] In FIG. 7B, curved lines represent voltage levels
GL, SL, and Vpix of the gate line GL_i, the source line SL_j,
and the node Cpix illustrated in FIG. 7A, respectively, and
also represent a luminance change LC with optical response
of a liquid crystal element in the case of overdriving. In FIG.
7B, the vertical axis represents voltage and the horizontal axis
represents time, and Vcom is a common voltage. Note that in
FIG. 7B, as the luminance change LC comes close to the
voltage level Vpix, a desired optical response can be obtained.
It is also noted that in FIG. 7B, curved lines with the same
voltage level are displaced from one another for convenience
of explanation.

[0015] As illustrated in FIG. 7B, in overdriving, when the
voltage level GL is H level, the voltage level SL is increased
to a level (overdrive voltage) higher than a desired video
voltage, and then switched to the video voltage. The voltage
level Vpix changes according to the voltage level SL. The
luminance change LC changes according to the voltage level
Vpix. Note that the time required for a change in the voltage
level Vpix is several tens to hundreds of microseconds, while
the time required for a change in the luminance change LC is
at least several milliseconds though it depends on the
response time of the liquid crystal element.

[0016] FIG. 7C illustrates changes in the voltage level GL,
the voltage level SL, the voltage level Vpix, and the lumi-
nance change L.C in a pixel (m, y) in one of the second-half
rows and a pixel (1, y) in one of the first-half rows among
pixels arranged in m rows and n columns (m and n are each a
natural number greater than or equal to 2, and y is an arbitrary
natural number less than or equal to n).

[0017] Even when the same video voltage is applied to a
source line, the period of switching the polarity of the video
voltage differs between the first-half rows and the second-half
rows. The problem caused by this will be described with
reference to FIG. 7C. Note that in the case where pixels are
arranged in m rows, the first-half rows refer to the first to x-th
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rows (X is a natural number greater than 1 and less than m),
and the second-half rows refer to the (x+1)th to m-th rows.
Note that the following description will be made on the
assumption that x is m/2.

[0018] InFIG.7C,thepolarity ofavideo voltage is inverted
between a writing period of the m-th row in a k-th frame
period (k is a natural number) and a writing period of the first
row in a (k+1)th frame period, and the voltage level GL, the
voltage level SL, the voltage level Vpix, and the luminance
change LC at that time are illustrated like in FIG. 7B. Note
thatinFIG.7C,V__1,V_ 2, and V_m denote writing of video
voltages to the pixels of the first row, the second row, and the
m-th row, respectively.

[0019] As illustrated in FIG. 7C, in the k-th frame period,
the writing of the video voltage to the pixel (1, y) including
the luminance change L.C is completed by V_m.

[0020] Description will be made on a specific example in
which the luminance change L.C in the pixel (1, y) in the k-th
frame period is completed by the time of writing the video
voltage to the pixel (m, y) in the k-th frame period. For
example, it is assumed that the frame frequency is 60 Hz and
the optical response time of a liquid crystal element is 8 ms.
Then, one frame period is 16.7 ms; therefore, the optical
response of the liquid crystal element is completed until the
writing of the video voltage from the first row to the m/2-th
row is completed. Accordingly, the luminance change LC,
which changes according to the video voltage written to the
pixel (1, y) in the k-th frame period, is completed by the time
of writing the video voltage to the pixel (m, y) in the k-th
frame period.

[0021]  After the writing of the video voltage to the pixel (1,
y) in the k-th frame period, the voltage level SL varies peri-
odically when video voltages are written to the pixels from
the first row to the m-th row, though it keeps the same polarity
during the k-th frame period. At this time, the voltage level SL
varies with the same polarity as a video voltage written to a
pixel (1, n) if frame inversion driving or source line inversion
driving is performed. Thus, even if the voltage level Vpix
changes with a change in the voltage level SL when the video
voltage is written to the pixel (1, n) in the k-th frame period,
the voltage level Vpix varies at a desired voltage level or a
level slightly higher than the desired voltage level, which
allows a desired optical response of the liquid crystal element
to be eventually obtained by the luminance change LC.
[0022] On the other hand, in the k-th frame period, the
period of writing V_m in the pixel (m, y) including the lumi-
nance change LC is not completed by V__1 in the (k+1)th
frame period. The luminance change LC in the writing V_m
is not completed in the k-th frame period but further takes
almost as much time as a writing period of a video voltage
from the first row to the m/2-th row in the (k+1)th frame
period.

[0023] The voltage level Vpix, which changes according to
the V_m in the pixel (m, y) in the k-th frame period, changes
with a change in the voltage level S whose polarity is
inverted and which is amplified by overdriving as illustrated
by V_1andV_ 2 inthe (k+1)th frame period. Because of the
voltage level SL whose polarity is opposite to that in the k-th
frame period, the voltage level Vpix in the (k+1)th frame
period varies periodically at a level lower than a desired level
and is not kept at the voltage level based on the V_m in the
k-th frame period. Therefore, a desired optical response of the
liquid crystal element cannot be eventually obtained by the
luminance change L.C. The problem in that a desired optical
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response of the liquid crystal element cannot be eventually
obtained by the luminance change LC becomes more serious
in the latter rows which are considerably influenced by the
subsequent frame period.

[0024] The change in the voltage level Vpix is caused by a
capacitive coupling at the node Cpix between the capacitor
604 and the capacitor 605 in FIG. 7A. The influence of the
capacitive coupling between the capacitor 604 and the capaci-
tor 605 becomes apparent as the capacitance of the capacitor
602 is reduced.

[0025] In the case where general inversion driving is per-
formed or the capacitor 602 has high capacitance, the voltage
level Vpix hardly changes and has little influence. However,
in the case where the capacitor 602 has low capacitance and
an overdrive voltage is applied to the whole of the pixel
portion by overdriving, the optical response of a liquid crystal
element differs between pixels in the first-half rows and pixels
in the second-half rows even when the same video voltage is
written to the pixel portion. As a result, a variation in contrast
is caused even when an image with the same gray level is
displayed with the same video voltage.

[0026] In view of the above, an object of one embodiment
of the present invention is to provide a liquid crystal display
device and a driving method thereof, in which lowering of
display quality due to parasitic capacitance generated in a
pixel electrode can be prevented even when the capacitance of
a pixel is reduced as much as possible in order to achieve a
high aperture ratio.

[0027] One embodiment of the present invention is a liquid
crystal display device including a pixel portion having pixels
arranged in m rows and n columns (m and n are each a natural
number greater than or equal to 2), and an overdrive voltage
generation portion in which an overdrive voltage higher than
avideo voltage is generated and the overdrive voltage and the
video voltage are applied to a pixel electrode of a pixel during
a gate selection period. The overdrive voltage generation
portion includes a video voltage comparator circuit in which
an average of first video voltages applied to pixel electrodes
of pixels inan (x+1)th row (x is a natural number greater than
1 and less than m) to an m-th row in a k-th frame period (k is
a natural number) is compared with an average of second
video voltages applied to pixel electrodes of pixels in a first
row to an x-th row ina (k+1)th frame period for each row; and
an overdrive voltage switching circuit in which when a dif-
ference obtained from the comparison in the video voltage
comparator circuit is greater than or equal to a threshold
value, the overdrive voltage in the (k+1)th frame period is
switched to a first overdrive voltage, and when the difference
obtained from the comparison in the video voltage compara-
tor circuit is less than the threshold value, the overdrive volt-
age in the (k+1)th frame period is switched to a second over-
drive voltage lower than the first overdrive voltage.

[0028] In the liquid crystal display device of one embodi-
ment of the present invention, a semiconductor layer included
in a transistor in the pixel portion is preferably an oxide
semiconductor layer.

[0029] In the liquid crystal display device of one embodi-
ment of the present invention, a capacitor in the pixel portion
preferably has a static capacitance of 30 {F or lower.

[0030] One embodiment of the present invention is a
method for driving a liquid crystal display device including
pixels arranged in m rows and n columns (m and n are each a
natural number greater than or equal to 2), and performing
overdriving in which an overdrive voltage higher than a video
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voltage is applied to a pixel electrode of a pixel during a gate
selection period, and then the video voltage is applied to the
pixel electrode. The method for driving the liquid crystal
display device includes the following steps: comparing an
average of first video voltages applied to pixel electrodes of
pixels in an (x+1)th row (X is a natural number greater than 1
and less than m) to an m-th row in a k-th frame period (k is a
natural number) with an average of second video voltages
applied to pixel electrodes of pixels in a first row to an x-th
row in a (k+1)th frame period for each row; and performing
overdriving in the (k+1)th frame period, with use of a first
overdrive voltage when a difference obtained from the com-
parison is greater than or equal to a threshold value, and with
use of a second overdrive voltage when the difference
obtained from the comparison is less than the threshold value.
[0031] In the method for driving a liquid crystal display
device of one embodiment of the present invention, frame
inversion driving is preferably performed in the k-th frame
period and the (k+1)th frame period.

[0032] In the method for driving a liquid crystal display
device of one embodiment of the present invention, source
line inversion driving is preferably performed in the k-th
frame period and the (k+1)th frame period.

[0033] According to one embodiment of the present inven-
tion, it is possible to prevent lowering of display quality due
to parasitic capacitance generated in a pixel electrode even
when the capacitance of a pixelis reduced as much as possible
in order to achieve a high aperture ratio.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] In the accompanying drawings:

[0035] FIGS. 1A to 1C are schematic views showing the
operation of a liquid crystal display device;

[0036] FIGS. 2A to 2C are schematic views showing the
operation of a liquid crystal display device;

[0037] FIG.3isadiagram showing the operation ofa liquid
crystal display device;

[0038] FIGS. 4A to 4C are block diagrams of a liquid
crystal display device;

[0039] FIGS. 5A and 5B are schematic views showing the
operation of a liquid crystal display device;

[0040] FIGS. 6A and 6B are schematic views showing the
operation of a liquid crystal display device;

[0041] FIG. 7A is a circuit diagram and FIGS. 7B and 7C
are schematic views each showing the operation of a liquid
crystal display device;

[0042] FIG. 8A is a top view and FIGS. 8B and 8C are
cross-sectional views of a liquid crystal display device;
[0043] FIGS.9A and 9B are top views of a pixel of a liquid
crystal display device;

[0044] FIGS. 10A1 and 10A2 are external views and FIG.
10B is a cross-sectional view of a liquid crystal display
device;

[0045] FIGS. 11A to 11C are views showing electronic
devices using a liquid crystal display device; and

[0046] FIG. 12 is a diagram showing the operation of a
liquid crystal display device.

DETAILED DESCRIPTION OF THE INVENTION

[0047] Hereinafter, embodiments will be described with
reference to drawings. Note that the embodiments can be
implemented with various modes, and it will be readily appre-
ciated by those skilled in the art that modes and details can be
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changed in various ways without departing from the spirit and
scope of the present invention. Thus, the present invention
should not be interpreted as being limited to the following
description of the embodiments.

[0048] In the reference drawings, the size, the thickness of
layers, and/or regions may be exaggerated for clarity in some
cases. Therefore, embodiments of the present invention are
not limited to such scales. Note that drawings are schematic
views of ideal examples, and the embodiments of the present
invention are not limited to the shape or the value illustrated
in the drawings. For example, variation in signal, voltage, or
current due to noise or difference in timing can be included.
[0049] Note that in this specification and the like, a transis-
tor is an element having at least three terminals of a gate, a
drain, and a source. In addition, the transistor has a channel
region between a drain (a drain terminal, a drain region, or a
drain electrode) and a source (a source terminal, a source
region, or a source electrode), and current can flow through
the drain, the channel region, and the source.

[0050] Here, since the source and the drain of the transistor
change depending on the structure, operating conditions, and
the like of the transistor, it is difficult to define which is a
source or a drain. Thus, a portion which functions as the
source and a portion which functions as the drain are not
called a source and a drain and one of the source and the drain
is referred to as a first electrode and the other thereof is
referred to as a second electrode in some cases.

[0051] Note that in this specification, ordinal numbers such
as “first”, “second”, and “third” are used in order to avoid
confusion among components, and the terms do not limit the
components numerically.

[0052] Note that in this specification, when it is described
that “A and B are connected to each other”, the case where A
and B are electrically connected to each other is included in
addition to the case where A and B are directly connected to
each other. Here, the description “A and B are electrically
connected to each other” means the following case: when an
object having any electrical function exists between A and B,
an electric signal can be transmitted and received between A
and B.

[0053] Note that in this specification, terms for describing
arrangement, such as “over” and “under”, are used for con-
venience for describing a positional relation between compo-
nents with reference to drawings. Further, a positional rela-
tion between components is changed as appropriate in
accordance with a direction in which each component is
described. Thus, there is no limitation to terms used in this
specification, and description can be made appropriately
depending on the situation.

[0054] Note that positional relations of circuit blocks in
block diagrams are specified for description, and even in the
case where different circuit blocks have different functions,
they may be provided in an actual circuit or region so that
different functions are achieved in the same circuit or region.
In addition, functions of circuit blocks in block diagrams are
specified for description, and even in the case where one
circuit block is illustrated, blocks may be provided in an
actual circuit or region so that processing performed by one
circuit block is performed by a plurality of circuit blocks.
[0055] Note that a pixel corresponds to a display unit con-
trolling the luminance of one color component (e.g., any one
of R (red), G (green), and B (blue)). Therefore, in a color
display device, the minimum display unit of a color image is
composed ofthree pixels ofan R pixel. a G pixel and a B pixel.
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Note that the color of the color elements is not necessarily of
three varieties and may be of three or more varieties or may
include a color other than RGB.

Embodiment 1

[0056] Embodiment 1 will be described with reference to
the drawings. Note that the order of description in this
embodiment is as follows.

1. Basic principles of a liquid crystal display device disclosed
in this specification

2. Inversion driving of the liquid crystal display device

3. Block diagram of the liquid crystal display device

4. Top structure and cross-sectional structure of a pixel

5. Details of components in the pixel

6. Modified examples of the top structure of the pixel

7. Liquid crystal display device disclosed in this specification
<1. Basic Principles of a Liquid Crystal Display Device Dis-
closed in this Specification>

[0057] First, the basic principles for the present invention
will be described.

[0058] The basic operation of one embodiment of the
present invention can be explained using the schematic views
of FIGS. 1A to 1C and FIGS. 2A to 2C.

[0059] The structure illustrated in FIGS. 1A to 1C is as
follows: the average of first video voltages applied to pixel
electrodes of pixels in the second-half rows during a k-th
frame period (k is a natural number) is compared with the
average of second video voltages applied to pixel electrodes
of pixels in the first-half rows during a (k+1)th frame period,
and when a difference obtained from the comparison is
greater than or equal to a threshold value, overdriving in the
(k+1)th frame period is switched to a first overdrive voltage.
In the structure illustrated in FIGS. 2A to 2C, when the
aforementioned difference obtained from the comparison is
less than the threshold value, overdriving in the (k+1)th frame
period is switched to a second overdrive voltage lower than
the first overdrive voltage.

[0060] FIG. 1A is a schematic view showing a change in
video voltages applied to pixel electrodes of pixels in the
same column during the k-th frame period and the (k+1)th
frame period. The video voltages from the first row to an m-th
row are arranged sequentially from the left. FIG. 1A shows a
change in the video voltages from the first row to the m-th row
in an arbitrary y-th column. Note that a longer bar represents
a higher video voltage.

[0061] In this specification, the row direction is a longitu-
dinal direction of an area in which a gate line driver circuit of
a liquid crystal display device is provided, and the column
direction is a longitudinal direction of an area in which a
source line driver circuit is provided. The row direction and
the column direction are illustrated in the drawings in some
cases. Pixels in the same row refer to pixels connected to the
same gate line, and pixels in the same column refer to pixels
connected to the same source line.

[0062] Note that the first-half rows refer to the first to x-th
rows (X is a natural number greater than 1 and less than m).
The second-half rows refer to the (x+1)th to m-th rows. In
FIG. 1A, x is m/2, so that the first-half rows are the first to
m/2-th rows and the second-half rows are the (m/2+1)th to
m-th rows. Note that the value of x which separates the
first-half rows and the second-half rows may be determined in
advance depending on, for example, the optical response time
of a liquid crystal element.
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[0063] 1In FIG. 1A, a video voltage applied to a pixel elec-
trode of a pixel in the last row (m-th row) during the k-th
frame period is denoted as V_k. Further, the average of video
voltages (first video voltages) applied to pixel electrodes of
pixels in the second-half rows during the k-th frame period is
denoted as a voltage level ave k.

[0064] Also in FIG. 1A, a video voltage applied to a pixel
electrode of a pixel in the first row during the (k+1)th frame
period is denoted as V_k+1. Further, the average of video
voltages (second video voltages) applied to pixel electrodes
of pixels in the first-half rows during the (k+1)th frame period
1s denoted as a voltage level ave_k+1.

[0065] The voltage level ave_k and the voltage level ave_
k+1 described in FIG. 1A are juxtaposed in the schematic
view of FIG. 1B. As described above, in the structure dis-
closed in this specification, the average of the first video
voltages applied to the pixel electrodes of the pixels in the
second-half rows during the k-th frame period is compared
with the average of the second video voltages applied to the
pixel electrodes of the pixels in the first-half rows during the
(k+1)th frame period. Then, a difference obtained from the
comparison is compared with a threshold value.

[0066] Specifically, in FIG. 1B, the voltage level AV1
which is the difference between the voltage level ave_k and
the voltage level ave_k+1 is estimated and compared with the
threshold value. Note that in the structure disclosed in this
specification, the voltage level AV1 is used in order to deter-
mine the degree of change between the video voltages applied
to the pixel electrodes of the pixels in the second half rows
during the k-th frame period and the video voltages applied to
the pixel electrodes of the pixels in the first half rows during
the (k+1)th frame period. If this degree of change can be
determined by a signal other than the video voltages, the
voltage level AV 1 is not necessarily estimated.

[0067] Note that in the description of this embodiment, a
voltage level (Vmax/2) half a video voltage (Vmax) with the
maximum grayscale value is used as the threshold value com-
pared with a difference obtained from the comparison. Note
that in the structure disclosed in this specification, the thresh-
old value is not limited to the voltage level half'the Vmax, and
may be determined as appropriate in consideration of liquid
crystal elements to be used, frame frequency, and the like.
[0068] In the specific example of FIG. 1B, the difference
obtained from the comparison between the voltage level
ave_k and the voltage level ave_k+1 is the voltage level AV1,
and the voltage level AV1 is greater than or equal to the
threshold value Vmax/2. Accordingly, overdriving in the
(k+1)th frame periodis switched to the first overdrive voltage.
[0069] FIG. 1C is a schematic view showing a waveform of
overdriving using the first overdrive voltage based on the
comparison in FIG. 1B. FIG. 1C shows a waveform at the
time when the video voltage V_k applied to the pixel elec-
trode of the pixel in the last row (m-th row) during the k-th
frame period is overdriven, and a waveform at the time when
the video voltage V_k+1 applied to the pixel electrode of the
pixel in the first row during the (k+1)th frame period is over-
driven.

[0070] In the schematic view of FIG. 1C, the overdrive
voltage is determined from a first lookup table: an overdrive
voltage OVER_V_k (LUT (A)) for the video voltage V_k,
and an overdrive voltage OVER_V_k+1 (LUT (A)) for the
video voltageV_k+1. Note that the overdrive voltage OVER _
V_k+1 (LUT (A)) has a voltage level higher than the video
voltage V_k+1 by AVb.
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[0071] As shown in FIG. 1C, based on the comparison in
FIG. 1B, the overdrive voltage OVER_V_k+1 (LUT (A)) for
the video voltage V_k+1 is determined from the first lookup
table. The overdrive voltage determined from the first lookup
table is higher than that determined from a second lookup
table described below.

[0072] The overdrive voltage determined from the first
lookup table is preferably used in the case where a video
voltage varies greatly during continuous frame periods; there-
fore, it 1s preferably used in the case where there is a large
difference between the voltage level ave_k and the voltage
level ave k+1.

[0073] FIG.2Aisa schematic view showing, as in FIG. 1A,
a change in video voltages applied to pixel electrodes of
pixels in the same column during the k-th frame period and
the (k+1)th frame period. The video voltages from the first
row to the m-th row are arranged sequentially from the left. In
FIG. 2A, an (y+1)th column is selected as an arbitrary column
and video voltages during the k-th frame period and the
(k+1)th frame period have different values from those in FIG.
1A. Consequently, the voltage level ave_k and the voltage
level ave_k+11n FIG. 2A are different from those in FIG. 1A.
Note that in FIG. 2A, the video voltage V_k applied to the
pixel electrode of the pixel in the last row (m-th row) during
the k-th period and the video voltage V_k+1 applied to the
pixel electrode of the pixel in the first row during the (k+1)th
frame period are the same as those in FIG. 1A.

[0074] FIG. 2B is a schematic view in which the voltage
level ave_k and the voltage level ave_k+1 described in FIG.
2A are juxtaposed as in FIG. 1B.

[0075] Inamannersimilartothatin FIG. 1B, avoltagelevel
AV?2 is estimated and compared with a threshold value in FIG.
2B.

[0076] In the specific example of FIG. 2B, the difference
obtained from the comparison between the voltage level
ave_k and the voltage level ave_k+1 is the voltage level AV2,
and the voltage level AV2 is smaller than the threshold value
Vmax/2. Accordingly, overdriving in the (k+1)th frame
period is switched to the second overdrive voltage.

[0077] FIG. 2C is a schematic view showing a waveform of
overdriving using the second overdrive voltage based on the
comparison in FIG. 2B as in FIG. 1C.

[0078] In the schematic view of FIG. 2C, the overdrive
voltage is determined from the second lookup table: an over-
drive voltage OVER_V_k (LUT (A)) for the video voltage
V_k, and an overdrive voltage OVER_V_k+1 (LUT (B)) for
the video voltage V_k+1. Note that the overdrive voltage
OVER_V_k+1 (LUT (B)) has a voltage level higher than the
video voltage V_k+1 by AVs which is lower than AVb shown
in FIG. 1C.

[0079] As shown in FIG. 2C, based on the comparison in
FIG. 2B, the overdrive voltage OVER_V_k+1 (LUT (B)) for
the video voltage V_k+1 is determined from the second
lookup table. The overdrive voltage determined from the
second lookup table is lower than that determined from the
first lookup table.

[0080] The overdrive voltage determined from the second
lookup table is preferably used in the case where a video
voltage varies slightly during continuous frame periods;
therefore, it is preferably used in the case where there is a
small difference between the voltage level ave_k and the
voltage level ave_k+1.

[0081] According to one embodiment of the present inven-
tion, as described with reference to the schematic views of
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FIGS.1A to 1Cand FIGS. 2A to 2C, the overdrive voltage can
be switched to a different level based on the degree of change
in the video voltage in continuous frame periods.

[0082] The effect of one embodiment of the present inven-
tion will be specifically described with reference to the sche-
matic view of FIG. 3. FIG. 3 illustrates, as FIG. 7C, changes
in the voltage level GL, the voltage level SL, the voltage level
Vpix, and the luminance change LC in a pixel (m, y+1) in one
of the second-half rows and a pixel (1, y+1) in one of the
first-half rows. FIG. 3 shows the case where the overdrive
voltage is determined from the second lookup table as in
FIGS. 2A t0 2C.

[0083] In FIG. 3, as described in FIG. 7C, the period of
writing V_m in the pixel (m, y+1) including the luminance
change L.C in the k-th frame period is not completed by V__1
in the (k+1)th frame period. The luminance change LC in the
writing V_m is not completed in the k-th frame period but
further takes almost as much time as a writing period of a
video voltage from the first row to the m/2-th row in the
(k+1)th frame period, which corresponds to the writing
period in the first-half rows described in FIGS. 1A to 1C and
FIGS. 2A 10 2C.

[0084] The voltage level Vpix, which changes according to
the V_m in the pixel (m, y+1) in the k-th frame period,
changes with a change in the voltage level SL whose polarity
is inverted and which is amplified by overdriving as illus-
trated by V__1 and V_ 2 in the (k+1)th frame period.

[0085] According to one embodiment of the present inven-
tion, the overdrive voltage amplified by overdriving at this
time can be switched to a different level based on the degree
of change in the video voltage in continuous frame periods.
Consequently, even when the voltage level Vpix in the (k+1)
th frame period varies because of the voltage level S whose
polarity is opposite to that in the k-th frame period, the degree
of variation can be reduced. As a result, it is possible to
prevent the following defect described in FIG. 7C: the optical
response of a liquid crystal element differs between pixels in
the first-half rows and pixels in the second-half rows even
when the same video voltage is written to the pixel portion,
and a variation in contrast is caused even when an image with
the same gray level is displayed with the same video voltage.
[0086] The aforementioned prevention of a variation in
contrast is particularly effective in a liquid crystal display
device in which a capacitor in a pixel has a low capacitance,
for example, the pixel density is higher than or equal to 300
ppi. the aperture ratio is higher than or equal to 60%, and the
capacitance in the pixel is lower than or equal to 30 {F (3.0x
107"*F). In other words, according to one embodiment of the
present invention, both a high aperture ratio and a high defi-
nition can be achieved while lowering of display quality is
prevented.

[0087] That is to say, according to one embodiment, even
when the capacitance of a pixelis reduced as much as possible
in order to achieve a high aperture ratio, lowering of display
quality due to parasitic capacitance generated in a pixel elec-
trode can be prevented.

<2. Inversion Driving of the Liquid Crystal Display Device>

[0088] Examples of the inversion driving in the liquid crys-
tal display device include frame inversion driving, gate line
inversion driving, source line inversion driving, and dot inver-
sion driving. In one embodiment of the present invention, it is
particularly preferable to employ the frame inversion driving
and the source line inversion driving.
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[0089] FIG. 4A is a schematic view of a liquid crystal
display device for illustrating the inversion driving in the
liquid crystal display device. FIG. 4A illustrates a source line
driver circuit (SD), a gate line driver circuit (GD), and a pixel
portion pix. Also in FIG. 4A, a row direction and a column
direction are illustrated and a video voltage is written in the
row direction. Note that in FIG. 4A, the row direction is a
longitudinal direction of an area in which the gate line driver
circuit of the liquid crystal display device is provided, and the
column direction is a longitudinal direction of an area in
which the source line driver circuit is provided.

[0090] FIG. 4B is another schematic view of the liquid
crystal display device illustrated in FIG. 4A, which shows a
video voltage in each pixel when the frame inversion driving
is performed in the k-th frame period and the (k+1)th frame
period. As illustrated in FIG. 4B, a positive video voltage is
applied to a pixel electrode of each pixel in the k-th frame
period, and a negative video voltage is applied to the pixel
electrode of each pixel in the (k+1)th frame period.

[0091] FIG. 4C is another schematic view of the liquid
crystal display device illustrated in FIG. 4A, which shows a
video voltage in each pixel when the source line inversion
driving is performed in the k-th frame period and the (k+1)th
frame period. As illustrated in FIG. 4C, in the k-th frame
period, a positive video voltage is applied to a pixel electrode
of each pixel in the odd-numbered columns and a negative
video voltage is applied to a pixel electrode of each pixel in
the even-numbered columns. In the (k+1)th frame period, a
negative video voltage is applied to a pixel electrode of each
pixel in the odd-numbered columns and a positive video
voltage is applied to a pixel electrode of each pixel in the
even-numbered columuns.

[0092] Note that in FIGS. 4B and 4C, “+” represents a
positive video voltage while “~” represents a negative video
voltage.

[0093] FIGS.5A and 5B focus on video voltages which are
inverted every column in the k-th frame period and the (k+1)
th frame period by the frame inversion driving and the source
line inversion driving illustrated in FIGS. 4B and 4C. As
indicated by arrows in FIGS. 5A and 5B, the polarity of video
voltages applied to pixel electrodes of pixels arranged in the
column direction is inverted in continuous frame periods.
Such a structure in which the polarity is inverted every frame
period in the column direction is particularly effective for the
aforementioned liquid crystal display device which has a low
capacitance in a pixel and is largely influenced by parasitic
capacitance.

[0094] It is thus effective that the frame inversion driving
and the source line inversion driving employ the aforemen-
tioned structure of one embodiment of the present invention:
the overdrive voltage amplified by overdriving is switched to
a different level based on the degree of change in the video
voltage in continuous frame periods.

[0095] Furthermore, in the source line inversion driving,
the polarity of a video voltage is inverted between source lines
adjacent to a pixel. Accordingly, the effect of a variationin the
voltage level of a pixel electrode can be offset by video
voltages with inverted polarity, whereby lowering of display
quality can be further prevented.

[0096] Note that the frame inversion driving and the source
line inversion driving may be combined with common inver-
sion driving or the like as necessary.
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<3. Block Diagram of the Liquid Crystal Display Device>

[0097] FIG. 6A is ablock diagram showing the operation of
the aforementioned liquid crystal display device. The liquid
crystal display device can be roughly divided into a signal
generation portion 100 and a display portion 110. Note that
the signal generation portion 100 is electrically connected to
the display portion 110 with a connecting unit such as an FPC
120.

[0098] The signal generation portion 100 generates a signal
necessary for displaying an image in the display portion 110.
In FIG. 6A, the signal generation portion 100 and the display
portion 110 are provided on different substrates; however,
they may be formed on the same substrate.

[0099] An image is displayed in the display portion 110
based on a signal generated in the signal generation portion
100.

[0100] Examples of the signal inputto the signal generation
portion include a data signal data, a horizontal synchroniza-
tion signal HS, a vertical synchronization signal VS, a clock
signal CLK, and a data control signal DE as illustrated in FIG.
6A. Another signal or a power source voltage may be input
with these signals.

[0101] The signal generation portion 100 includes an over-
drive voltage generation portion 101, a power source circuit
102, and a timing controller 103.

[0102] The overdrive voltage generation portion 101 deter-
mines an overdrive voltage for performing overdriving based
on the data signal input thereto, and outputs the overdrive
voltage to the display portion.

[0103] The power source circuit 102 generates a power
source voltage for driving the signal generation portion 100
and the display portion 110 in accordance with a power
source supplied externally. Note that the power source sup-
plied externally may be home electrical power, a battery, or
the like.

[0104] Thetiming controller 103 generates various kinds of
control signals such as a start pulse and a clock signal for
performing display in the display portion 110 in accordance
with the horizontal synchronization signal HS, the vertical
synchronization signal VS, the clock signal CLK, and the data
control signal DE.

[0105] The display portion 110 includes a pixel portion
111, a gate line driver circuit 112, and a source line driver
circuit 113. The pixel portion 111 includes a plurality of
pixels 114. In the pixel 114, a desired image can be obtained
by the optical response of a liquid crystal element with a scan
signal supplied to gate lines GL.__1 to GL_m connected to the
gate line driver circuit 112, and an overdrive voltage and a
video voltage which are applied to source lines SL__1toSL_n
connected to the source line driver circuit 113.

[0106] In the pixel portion 111, the gate lines GL._1 to
GL_m are substantially perpendicular to the source lines
SL_ 1toSL_n. The pixel 114 is provided at the intersection of
one of the gate lines and one of the source lines. In the case of
color display. the pixels 114 corresponding to the respective
colors of RGB are arranged in sequence in the pixel portion
111. Note that the pixels of RGB may be arranged in a stripe
pattern, a mosaic pattern, a delta pattern, or the like as appro-
priate.

[0107] The gate line driver circuit 112 may include a shift
register or the like, so that pulses can be sequentially output to
the pixels 114 in accordance with a start pulse and a clock
signal. The number of the gate lines GL.__1 to GL._m may be
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determined depending on the number of the pixels 114; in
FIG. 6A, m gate lines are provided because the pixels are
arranged in m rows.

[0108] Thesource linedriver circuit 113 may include a shift
register or the like, so that a video voltage and an overdrive
voltage can be sequentially output to the pixels 114. The
number of the source lines SL.__1to SL,_n may be determined
depending on the number of the pixels 114; in FIG. 6A, n
source lines are provided because the pixels are arranged in n
columns.

[0109] InFIG. 6A, the pixels 114 are arranged in a matrix.
Note that the pixel 114 may include a plurality of subpixels or
the like, so that gate lines and source lines corresponding to
the subpixels can be used for driving.

[0110] FIG. 6B illustrates a specific structure of the over-
drive voltage generation portion 101.

[0111] Theoverdrive voltage generation portion 101 can be
roughly divided into a video voltage comparator circuit 130
and an overdrive voltage switching circuit 140.

[0112] Thevideo voltage comparator circuit 130 compares
video voltages in continuous frame periods and outputs the
comparison result. Although the video voltages are compared
here, voltage values corresponding to digital signals are com-
pared actually. Alternatively, other signals equivalent to the
video voltages may be compared so that the comparisonresult
is output. For example, the video voltage comparator circuit
130 may compare data signals which are digital signals cor-
responding to the video voltages.

[0113] The overdrive voltage switching circuit 140 deter-
mines an overdrive voltage based on the comparison result in
the video voltage comparator circuit 130. For example, when
the comparison result in the video voltage comparator circuit
130 indicates that the difference between video voltages
based on compared data signals exceeds the threshold value,
a normal overdrive voltage is determined and output; and
when the comparison result indicates that the difference
between video voltages based on compared data signals does
not exceed the threshold value, an overdrive voltage lower
than the normal overdrive voltage is determined and output.

[0114] Thevideo voltage comparator circuit 130 includes a
selection circuit 131, a storage circuit 132, a storage circuit
133, an arithmetic circuit 134, a comparator circuit 135, and
a selection circuit 136.

[0115] The selection circuit 131 sorts data signals data
input thereto for each frame period and stores the data signals
in the storage circuit 132 and the storage circuit 133. The
selection circuit 131 may include a demultiplexer or the like.
In the block diagram of FIG. 6B, the data signal data is sorted
into a data signal data_k in a k-th frame period and a data
signal data_k+1 ina (k+1)th frame period, for example. Note
that depending on the structures of the storage circuit 132 and
the storage circuit 133, data signals in different frame periods
may be stored in the same storage circuit and read separately.

[0116] The storage circuit 132 stores a data signal in one
frame period. The block diagram of FIG. 6B shows an
example in which the data signal data_k in the k-th frame
period is stored as described above.

[0117] The storage circuit 133 stores a data signal in one
frame period similarly to the storage circuit 132. The block
diagram of FIG. 6B shows an example in which the data
signal data_k+1 in the (k+1)th frame period is stored as
described above. Alternatively, a plurality of storage circuits
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may be additionally provided so as to store a data signal in a
subsequent frame period (e.g., adata signalina (k+2)th frame
period).

[0118] The arithmetic circuit 134 adds the data signals in
the respective frame periods, which are stored in the storage
circuit 132 and the storage circuit 133, and calculates the
average. The average may be obtained by the arithmetic cir-
cuit 134 in the following manner: as described above, the
first-half rows and the second-half rows are determined
depending on the optical response time of a liquid crystal
element; among the video voltages applied to pixels con-
nected to the same source line, the data signal data_k in the
k-th frame period used for calculation is read from the storage
circuit 132, and the data signal data_k+1 in the (k+1)th frame
period used for calculation is read from the storage circuit
132; then, the average of the video voltage is calculated. Note
that in the arithmetic circuit 134, the data signal data_k and
the data signal data_k+1 output from the storage circuit 132
and the storage circuit 133 may be converted into video volt-
ages so that the average of the video voltage is calculated.
[0119] Thecomparator circuit 135 calculates the difference
between the average of the video voltages in the k-th frame
period and the average of the video voltages in the (k+1)th
frame period, which are obtained in the arithmetic circuit, and
compares the difference with a reference voltage which is to
be a threshold value, thereby detecting whether a change in
the voltage level in continuous frame periods is rapid or not.
The comparison result is output as a comparison data signal
Comp_data to the overdrive voltage switching circuit 140.
[0120] The selection circuit 136 selects a data signal in a
frameperiod (here, the (k+1)th frame period) during which an
overdrive voltage is determined between the data signal
data_k in the k-th frame period and the data signal data_k+1
in the (k+1)th frame period, and outputs the data signal to the
overdrive voltage switching circuit 140. The selection circuit
136 may include a multiplexer or the like.

[0121] The overdrive voltage switching circuit 140
includes a lookup table address generation circuit 141, a
selection circuit 142, a lookup table 143, a lookup table 144,
and an overdrive voltage arithmetic circuit 145.

[0122] The lookup table address generation circuit 141
generates a lookup table address ADv_k+1 indicating a
lookup table which stores the overdrive voltage obtained
based on the input data signal (in FIG. 6B, the data signal in
the (k+1)th frame period). The lookup table address ADv_
k+1 generated in the lookup table address generation circuit
141 is switched in the selection circuit 142 so as to be input to
the lookup table 143 or the lookup table 144.

[0123] The selection circuit 142 sorts the lookup table
address ADv_k+1 input thereto into the lookup table 143 or
the lookup table 144 in accordance with the comparison data
signal Comp_data. The selection circuit 142 includes a
demultiplexer or the like.

[0124] In the aforementioned examples of FIGS. 1A to 1C
and FIGS. 2A to 2C, when the difference between the aver-
ages of the video voltages compared in the comparison circuit
135 is greater than or equal to the threshold value, the first
lookup table is selected so that the overdrive voltage is set
higher, and when the difference between the averages of the
video voltages compared in the comparison circuit 135 1s less
than the threshold value, the second lookup table is selected
so that the overdrive voltage is set lower.

[0125] The lookup table 143 stores a compensation coeffi-
cient OVER_A corresponding to each bit, which is necessary
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for calculating a required overdrive voltage with use of the
original video voltage. The compensation coefficient
OVER_A is determined in advance so that a higher video
voltage is compensated by a higher overdrive voltage.
[0126] Similarly to the lookup table 143, the lookup table
144 stores a compensation coefficient OVER_B correspond-
ing to each bit, which is necessary for calculating a required
overdrive voltage with use of the original video voltage. The
compensation coefficient OVER_B is determined in advance
so that a higher video voltage is compensated by a higher
overdrive voltage. Note that as described above, the compen-
sation coefficient OVER _A and the compensation coefficient
OVER_B are determined in advance so as to obtain different
overdrive voltages.

[0127] The overdrive voltage arithmetic circuit 145 per-
forms interpolation of the original signal (in FIG. 6B, the data
signal data_k+1 in the (k+1)th frame period) in accordance
with the compensation coefficient OVER_A or the compen-
sation coefficient OVER_B, thereby converting the original
signal into the overdrive voltage OVER_V_k+1. Note that
when the generation of the overdrive voltage OVER_V_k+1
is followed by output of the video voltage V_k+1 based on the
original data signal data_k+1, a signal can be supplied to a
pixel electrode of a pixel.

[0128] Asdescribed above, theblock diagrams of FIGS. 6A
and 6B have a structure including the pixel portion having
pixels arranged in m rows and n columns, and the overdrive
voltage generation portion in which an overdrive voltage
higher than a video voltage is generated based on a video
voltage and the overdrive voltage and the video voltage are
supplied to a pixel electrode of a pixel during a gate selection
period.

[0129] Inaddition, the block diagrams of FIGS. 6 A and 6B
have a structure in which the overdrive voltage generation
portion includes a video voltage comparator circuit in which
an average of first video voltages supplied to pixel electrodes
of pixels in the second-half rows in a k-th frame period (k is
a natural number) is compared with an average of second
video voltages supplied to pixel electrodes of pixels in the
first-half rows in a (k+1)th frame period for each row; and an
overdrive voltage switching circuit in which when a differ-
ence obtained from the comparison in the video voltage com-
parator circuit is greater than or equal to a threshold value, the
overdrive voltage in the (k+1)th frame period is switched to a
first overdrive voltage, and when the difference obtained from
the comparison in the video voltage comparator circuit is less
than the threshold value, the overdrive voltage in the (k+1)th
frame period is switched to a second overdrive voltage lower
than the first overdrive voltage.

[0130] Further in the liquid crystal display device illus-
trated in FIGS. 6 A and 6B, an average of first video voltages
applied to pixel electrodes of pixels in the second-half rows in
a k-th frame period (k is a natural number) is compared with
an average of second video voltages applied to pixel elec-
trodes of pixels in the first-halfrows in a (k+1)th frame period
for each row; and when a difference obtained from the com-
parison is greater than or equal to a threshold value, overdriv-
ing is performed with use of a first overdrive voltage in the
(k+1)th frame period, and when the difference obtained from
the comparison is less than the threshold value, overdriving is
performed with use of a second overdrive voltage lower than
the first overdrive voltage.

[0131] Accordingly, even when the capacitance of a pixel is
reduced as much as possible in order to achieve a high aper-
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ture ratio, lowering of display quality due to parasitic capaci-
tance generated in a pixel electrode can be prevented.

<4. Top Structure and Cross-Sectional Structure of a Pixel>

[0132] Next, a specific structure of a pixel included in the
liquid crystal display device will be described with reference
to FIGS. 8A to 8C. FIG. 8A is a top view of a pixel. FIG. 8B
is a cross-sectional view taken along dashed-dotted line A-B
of FIG. 8A. FIG. 8C is a cross-sectional view taken along
dashed-dotted line C-D of FIG. 8 A. Note that in FIGS. 8A to
8C, elements such as a liquid crystal and a counter electrode
are omitted for simplicity of the drawings.

[0133] The top view of FIG. 8A illustrates a conductive
layer 301A serving as a gate electrode or a gate line, a con-
ductive layer 301B serving as a capacitor line and a first
electrode of a capacitor, a semiconductor layer 303, a con-
ductive layer 304 A serving as a source line or a source elec-
trode, a conductive layer 304B serving as a drain electrode
and a second electrode of the capacitor, an opening 306 for
connecting the conductive layer 304B and a pixel electrode, a
conductive layer 307 serving as the pixel electrode, and an
opening 308.

[0134] The conductive layers 301A and 301B extend in the
direction substantially perpendicular to the conductive layer
304A (in FIG. 8A, the horizontal direction). The conductive
layer 304 A extends in the direction substantially perpendicu-
lar to the conductive layers 301A and 301B (in FIG. 8A, the
vertical direction).

[0135] FIG. 8B illustrates the cross section along dashed-
dotted line A-B of FIG. 8A, and FIG. 8C illustrates the cross
section along dashed-dotted line C-D of FIG. 8A.

[0136] The cross-sectional structures along dashed-dotted
lines A-B and C-D are as follows. The conductive layer 301 A
partly serving as a gate electrode of a transistor 311, and the
conductive layer 301B serving as a first electrode of a capaci-
tor 312 are provided over a substrate 300. An insulating layer
302 serving as a gate insulating film of the transistor 311 is
provided over the conductive layers 301A and 301B. A semi-
conductor layer 303 is provided over a part of the insulating
layer 302 which overlaps with the conductive layer 301A.
The conductive layer 304 A serving as a source electrode of
the transistor 311, and the conductive layer 304B serving as a
second electrode of the capacitor 312 and a drain electrode of
the transistor 311 are provided over the conductive layer
301B, the insulating layer 302, and the semiconductor layer
303. An insulating layer 305 serving as a protective insulating
film of the transistor 311 is provided over the insulating layer
302, the semiconductor layer 303, and the conductive layers
304A and 304B. The insulating layer 305 includes the open-
ing 306 reaching the conductive layer 304B, and the conduc-
tive layer 307 serving as a pixel electrode is provided over the
opening 306 and the insulating layer 305.

[0137] Although not illustrated, a light-shielding film is
provided over the conductive layer 307 so as to block light in
the region other than the opening 308 in FIG. 8A. A light-
transmitting conductive film is provided as a counter elec-
trode covering the light-shielding film. Note that an align-
ment film is provided over the conductive layer 307 and the
counter electrode as necessary. A liquid crystal is provided
between the conductive layer 307 and the counter electrode.
[0138] Here, the features of the transistor 311 including an
oxide semiconductor are described. The transistor including
an oxide semiconductor is an n-channel transistor. Further,
oxygen vacancies in the oxide semiconductor might generate



US 2014/0104262 Al

carriers. This might degrade the electrical characteristics and
reliability of the transistor. For example, in some cases, the
threshold voltage of the transistor is shifted in a negative
direction, and drain current flows when gate voltageis 0 V. A
transistor in which drain current flows when gate voltage is 0
V is referred to as a normally-on transistor, whereas a tran-
sistor in which substantially no drain current flows when gate
voltage is 0V is referred to as a normally-off transistor.
[0139] Inview of the above, when an oxide semiconductor
film is used, it is preferable that defects, typically oxygen
vacancies in the oxide semiconductor film be reduced as
much as possible. For example, it is preferable that the spin
density of the oxide semiconductor film (the density of
defects in the oxide semiconductor film) at a g-value of 1.93
in electron spin resonance spectroscopy in which a magnetic
field is applied in parallel to the film surface be reduced to
lower than or equal to the lower detection limit of measure-
ment equipment. When the defects, typically the oxygen
vacancies in the oxide semiconductor film are reduced as
much as possible, the transistor can be prevented from being
normally on, leading to an improvement in the electrical
characteristics and reliability of the liquid crystal display
device.

[0140] The shift of the threshold voltage of a transistor in a
negative direction is caused in some cases by hydrogen (in-
cluding a hydrogen compound such as water) contained in an
oxide semiconductor film as well as by oxygen vacancies.
Hydrogen contained in the oxide semiconductor film reacts
with oxygen bonded to a metal atom to be water and forms
vacancies (also referred to as oxygen vacancies) in a lattice
from which oxygen is released (or a portion from which
oxygen is released). In addition, the reaction of part of hydro-
gen and oxygen causes generation of electrons serving as
carriers. Thus, a transistor including an oxide semiconductor
film that contains hydrogen is likely to be normally on.
[0141] Accordingly, it is preferable that hydrogen be
reduced as much as possible in the semiconductor layer 303
of the transistor 311. Specifically, the concentration of hydro-
gen in the semiconductor layer 303 that is measured by sec-
ondary ion mass spectrometry (SIMS) is lower than 5x10'®
atoms/cm?, preferably lower than or equal to 1x10'* atoms/
cm’, more preferably lower than or equal to 5x10'7 atoms/
cm?, and still more preferably lower than or equal to 1x10'°
atoms/cm’,

[0142] Further, the concentration of an alkali metal or an
alkaline earth metal in the semiconductor layer 303 that is
measured by SIMS is lower than or equal to 1x10'® atoms/
cm?, preferably lower than or equal to 2x10'® atoms/cm®.
When an alkali metal or an alkaline earth metal is bonded to
an oxide semiconductor, carriers are generated in some cases.
This might lead to an increase in the off-state current of the
transistor.

[0143] Further, when nitrogen is contained in the oxide
semiconductor, electrons serving as carriers are generated
and carrier density is increased, so that the oxide semicon-
ductor film easily becomes n-type. As a result, a transistor
including the oxide semiconductor film that contains nitrogen
is likely to be normally on. For this reason, nitrogen in the
semiconductor layer 303 is preferably reduced as much as
possible. The concentration of nitrogen is preferably, for
example, lower than or equal to 5x10'® atoms/cm®.

[0144] Further, when a Group 14 element such as silicon
and carbon is contained in the oxide semiconductor film,
electrons serving as carriers are generated and carrier density
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is increased, so that the oxide semiconductor film easily
becomes n-type. Thus, in the transistor including the oxide
semiconductor film, in particular, at the interface between the
insulating layer 302 (not illustrated in FIG. 8A) and the semi-
conductor layer 303, the concentration of silicon that is mea-
sured by SIMS is lower than or equal to 3x10'® atoms/cm?,
preferably lower than or equal to 3x10*7 atoms/cn1®. Note that
at an interface, the concentration of carbon that is measured
by SIMS is lower than or equal to 3x10'® atoms/cm?, prefer-
ably lower than or equal to 3x10"” atoms/cm’.

[0145] As described above, by using the semiconductor
layer 303 that is highly purified by reducing impurities (e.g,,
hydrogen, nitrogen, silicon, carbon, an alkali metal, and an
alkaline earth metal) as much as possible, the transistor 311
can be prevented from being normally on, so that the off-state
current of the transistor 311 can be significantly reduced.
Thus, one embodiment of the present invention is a liquid
crystal display device having favorable electrical character-
istics and high reliability. Note that the highly purified oxide
semiconductor can be regarded as an intrinsic semiconductor
or a substantially intrinsic semiconductor.

[0146] In addition, the transistor 311 is an enhancement
transistor, and the semiconductor layer 303 is an oxide semi-
conductor film on which impurity addition treatment for
increasing conductivity by intentionally increasing carrier
density is not performed. Thus, the carrier density of the
semiconductor layer 303 is equal to or lower than 1x10""/
e, equal to or lower than 1x10%cm?, equal to or lower than
1x10"/cm?, equal to or lower than 1x10'*cm?, or equal to or
lower than 1x10*%/cm?.

[0147] Note that various experiments can prove low off-
state current of a transistor including a highly-purified oxide
semiconductor film. For example, even when an element has
achannel width of 1x10° um and a channel length L of 10 pum,
off-state current can be lower than or equal to the measure-
ment limit of a semiconductor parameter analyzer, i.e., lower
than or equal to 1x107"> A, at a voltage (drain voltage) across
asource and a drain of 1 V to 10'V. In that case, it can be seen
that off-state current corresponding to a value obtained by
division of the off-state current by the channel width of the
transistor is lower than or equal to 100 zA/um. In addition, a
capacitor and a transistor were connected to each other and
off-state current was measured using a circuit in which elec-
tric charge flowing to or from the capacitor is controlled by
the transistor. In the measurement, a highly-purified oxide
semiconductor film was used in the channel formation region
of'the transistor, and the off-state current of the transistor was
measured from a change in the amount of electric charge of
the capacitor per unit hour. As a result, it can be seen that, in
the case where the voltage across a source electrode and a
drain electrode of the transistoris 3 V, a lower off-state current
of several tens of yoctoamperes per micrometer is obtained.
Accordingly, the transistor including the highly-purified
oxide semiconductor film has extremely low off-state current.

[0148] Note that the amount of off-state current of a tran-
sistor in a pixel has the following effect on display quality
when a capacitor is intentionally omitted. FIG. 12 illustrates
a simple circuit structure of a pixel. FIG. 12 shows a source
line SL, a gate line GL, a transistor FET, a capacitor Cs, and
a liquid crystal element L.

[0149] Arrows illustrated in FIG. 12 indicate leakage cur-
rent: off-state current loff flowing through the transistor FET,
leakage current I_GI flowing through an insulating film serv-
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ing as a gate insulating film of the transistor FET, and leakage
current I_L flowing through the liquid crystal element L.
[0150] In the case of a transistor including an oxide semi-
conductor in a semiconductor layer, the off-state current loff
is less than or equal to 100 zA/um (1x107*° A/um) as
described above. Further, the leakage current [_Glisless than
orequal to 1 aA/um (1x107*® A/um). The leakage currentI_T,
is lessthan orequal to 1 aA/um intwisted nematic (TN) liquid
crystal, for example.

[0151] Thevideo voltageV held in the pixel electrode of the
pixel is changed by leakage current I leaked from the pixel.
The voltage V can be estimated from Formula 1. In Formula
1, T denotes holding time and C denotes the capacitance.

V={IxT)/C )

[0152] InFormula 1, the capacitance C is 0.1 pF (1x1073
F). At this time, when I=10 aA (1x107*7 A) and T=1/60 s at a
frame frequency of 60 Hz, the changing voltageV is approxi-
mately 107° V, and thus a change in gray level due to leakage
current does not cause a serious problem.

[0153] Assuming that the capacitance C is 1 fl (1.0x107°
A) in consideration of parasitic capacitance generated in the
pixel electrode in the case where a capacitor is intentionally
omitted, the changing voltage V is approximately 1x10~*V,
and thus the change in gray level due to leakage current I does
not cause a serious problem.

[0154] In the case where a pixel includes a transistor con-
taining amorphous silicon in a semiconductor layer, the off-
state current ] ofthe transistor is approximately 1x107° A, At
this time, when the capacitance C is approximately 1 {F
(1.0x1071% A), and I is 100 TA (1x10™*2 A) and T is 1/60 s at
a frame frequency of 60 Hz, the changing voltage V is
approximately several volts, and thus the change in gray level
due to leakage current is not negligible.

[0155] Thus, in this embodiment, the transistor in a pixel
includes an oxide semiconductor in a semiconductor layer,
and has a lower off-state current than a transistor including
amorphous silicon in a semiconductor layer. The use of the
transistor including an oxide semiconductor and having low
off-state current leads to a reduction in the change in gray
level due to the leakage current 1.

[0156] As described above, the transistor in a pixel in the
liquid crystal display device disclosed in this specification has
low off-state current when an oxide semiconductor is used for
a semiconductor layer. When a transistor having low off-state
current is used as a switching element, a video voltage which
has been written to a pixel electrode in the pixel varies only
slightly due to off-state current even when the video voltage is
retained for a long time. Accordingly, in the liquid crystal
display device using a transistor including an oxide semicon-
ductor layer, images can be displayed without decreasing
display quality even when a capacitor has a low capacitance.

<Details of Components in the Pixel>

[0157] The top view of FIG. 8A and the cross-sectional
views of FIGS. 8B and 8C will be described in detail below.
[0158] Although there is no particular limitation on the
material and the like of the substrate 300, it is necessary that
the substrate 300 have heat resistance high enough to with-
stand at least heat treatment performed in a manufacturing
process of a liquid crystal display device. Examples of the
substrate are a glass substrate, a ceramic substrate, and a
plastic substrate, and as the glass substrate, an alkali-free
glass substrate such as a barium borosilicate glass substrate,
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an aluminoborosilicate glass substrate, or an aluminosilicate
glass substrate is preferably used.

[0159] The conductive layers 301A and 301B, through
which a large amount of current flows, are preferably formed
using a metal film; typically, they are formed to have a single-
layer structure or a stacked-layer structure using any of metal
materials such as molybdenum (Mo), titanium (11), tungsten
(W), tantalum (Ta), aluminum (Al), copper (Cu), chromium
(Cr), neodymium (Nd), or scandium (Sc), or an alloy material
which contains any of these materials as its main component.

[0160] Examples of the conductive layers 301A and 301B
are a single-layer structure using aluminum containing sili-
con, a two-layer structure in which titanium is stacked over
aluminum, a two-layer structure in which titanium is stacked
over titanium nitride, a two-layer structure in which tungsten
is stacked over titanium nitride, a two-layer structure in which
tungsten is stacked over tantalum nitride, a two-layer struc-
ture in which copper is stacked over Cu—Mg—Al alloy, and
a three-layer structure in which titanium nitride, copper, and
tungsten are stacked in this order.

[0161] The conductive layers 301A and 301B are prefer-
ably formed using aluminum or copper, which are low resis-
tance materials. With the use of aluminum or copper, signal
delay can be reduced, so that image quality can be improved.
Note that aluminum has low heat resistance, and thus a defect
due to hillocks, whiskers, or migration is easily generated. In
order to prevent migration of aluminum, a layer of a metal
material having a higher melting point than aluminum, such
as molybdenum, titanium, or tungsten, is preferably stacked
over an aluminum layer. Also in the case where copper is
used, in order to prevent a defect due to migration and diffu-
sion of copper elements, a layer of a metal material having a
higher melting point than copper, such as molybdenum, tita-
nium, or tungsten, is preferably stacked over a copper layer.

[0162] Further, as illustrated in FIGS. 8A and 8B, the con-
ductive layer 301 A preferably has such a shape that the semi-
conductor layer 303 can be provided in the region of the
conductive layer 301A. As aresult, the conductive layer 301 A
blocks light from a light source such as a backlight, whereby
change or degradation of the electrical characteristics of the
transistor 311 (e.g., threshold voltage) can be suppressed.

[0163] The insulating layer 302 is formed to have a single-
layer structure or a stacked-layer structure using, for example,
one or more of insulating materials such as silicon oxide,
silicon oxynitride, silicon nitride oxide, silicon nitride, alu-
minum oxide, hafnium oxide, gallium oxide, and a Ga—Zn-
based metal oxide. Note that in order to improve the charac-
teristics of the interface between the insulating layer 302 and
the semiconductor layer 303, a region in the insulating layer
302, which is in contact with at least the semiconductor layer
303, is preferably formed using an oxide insulating film.

[0164] When the insulating layer 302 is provided with an
insulating film having a barrier property against oxygen,
hydrogen, water, and the like, it is possible to prevent diffu-
sion of oxygen from the semiconductor layer 303 to the
outside and entry of hydrogen, water, or the like into the
semiconductor layer 303 from the outside. Examples of the
insulating film having a barrier property against oxygen,
hydrogen, water, and the like, include an aluminum oxide
film, an aluminum oxynitride film, a gallium oxide film, a
gallium oxynitride film, an yttrium oxide film, an yttrium
oxynitride film, a hafnium oxide film, a hafnium oxynitride
film, and a silicon nitride film.
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[0165] Moreover, it is preferable that the insulating layer
302 have the following stacked-layer structure: a silicon
nitride film with a small number of defects as a first silicon
nitride film; a silicon nitride film with small amounts of
released hydrogen and released ammonia as a second silicon
nitride film over the first silicon nitride film; and any one of
the oxide insulating films given above as examples of the
insulating layer 302 over the second silicon nitride film.
[0166] Preferably used as the second silicon nitride film is
a nitride insulating film which releases less hydrogen mol-
ecules than 5x10*" molecules/cm?, preferably less than or
equal to 3x10! molecules/cn1®, and more preferably less than
or equal to 1x10*" molecules/cm®, and less ammonia mol-
ecules than 1x10** molecules/cm®, preferably less than or
equal to 5x10*! molecules/cm?, and more preferably less than
or equal to 1x10?" molecules/cm?®, which are measured by
thermal desorption spectroscopy. When the first silicon
nitride film and the second silicon nitride film are used as part
of the insulating layer 302, the gate insulating layer 302 can
be a gate insulating film which has few defects and from
which little hydrogen and ammonia are released. Thus, the
amount of hydrogen and nitrogen contained in the insulating
layer 302 which enter the semiconductor layer 303 can be
reduced.

[0167] Inthe case where the trap levels (also referred to as
interface states) are present at the interface between an oxide
semiconductor film and a gate insulating film or in the gate
insulating film in a transistor including an oxide semiconduc-
tor, these trap levels cause a shift of the threshold voltage of
the transistor, typically, a shift of the threshold voltage in the
negative direction, and an increase in the subthreshold swing
(S value) showing a gate voltage needed for changing the
drain current by an order of magnitude when the transistor is
turned on. This causes a problem in that electrical character-
istics vary among transistors. Therefore, the use of a silicon
nitride film having few defects as a gate insulating film and
provision of an oxide insulating film in contact with the
semiconductor layer 303 can reduce a shift of the threshold
voltage in the negative direction and minimize an increase in
S value.

[0168] The thickness of the insulating layer 302 is greater
than or equal to 5 nm and less than or equal to 400 nm,
preferably greater than or equal to 10 nm and less than or
equal to 300 nm, and more preferably greater than or equal to
50 nm and less than or equal to 250 nm.

[0169] The semiconductor layer 303 can be an amorphous
layer, a single-crystalline layer, or a polycrystalline layer. The
thickness of the semiconductor layer 303 is greater than or
equal to 1 nm and less than or equal to 100 nm, preferably
greater than or equal to 1 nm and less than or equal to 50 nm,
more preferably greater than or equal to 1 nm and less than or
equal to 30 nm, and still more preferably greater than or equal
to 3 nm and less than or equal to 20 nm.

[0170] An oxide semiconductor which can be used for the
semiconductor layer 303 has an energy gap of greater than or
equal to 2 eV, preferably greater than or equal to 2.5 eV, and
more preferably greater than or equal to 3 eV. The use of such
an oxide semiconductor having a wide energy gap can reduce
the off-state current of the transistor 311.

[0171] An oxide semiconductor used for the semiconduc-
tor layer 303 preferably contains at least indium (In) or zinc
(Zn). Alternatively, the oxide semiconductor preferably con-
tains both In and Zn. In order to reduce variations in the
electrical characteristics of transistors including the oxide
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semiconductor, the oxide semiconductor preferably contains
one or more stabilizers in addition to one of or both In and Zn.
[0172] Examples of stabilizers are gallium (Ga), tin (Sn),
hafnium (Hf), aluminum (Al), and zirconium (Zr). Other
examples of stabilizers are lanthanoids such as lanthanum
(La), cerium (Ce), praseodymium (Pr), neodymium (Nd),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium
(Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium
(Tm), ytterbium (YD), and lutetium (Lu).

[0173] For an oxide semiconductor which can be used for
the semiconductor layer 303, for example, the following can
be used: an indium oxide; a tin oxide; a zinc oxide; an oxide
containing two kinds of metals, such as an In—Zn-based
oxide, a Sn—Zn-based oxide, an Al—Zn-based oxide, a
Zn—Mg-based oxide, a Sn—Mg-based oxide, an In—Mg-
based oxide, or an In—Ga-based oxide; an oxide containing
three kinds of metals, such as an In—Ga—Zn-based oxide
(also referred to as IGZ0), an In—Al—Z7n-based oxide, an
In—Sn—Zn-based oxide, a Sn—Ga—Zn-based oxide,
Al—Ga—7n-based oxide, a Sn—Al—Z7n-based oxide,
In—Hf—Zn-based oxide, an In—Zr—Zn-based oxide,
In—Ti—Zn-based oxide, an In—Sc—Z7n-based oxide,
In—Y—Zn-based oxide, an In—La—Zn-based oxide,
In—Ce—Z7n-based oxide, an In—Pr—Zn-based oxide,
In—Nd—Zn-based oxide, an In—Sm—~Zn-based oxide,
In—FEu—~Z7n-based oxide, an In—Gd—Zn-based oxide,
In—Tb—Zn-based oxide, an In—Dy—Zn-based oxide,
In—Ho—Z7n-based oxide, an In—FEr—Z7n-based oxide,
In—Tm—Zn-based oxide, an In—Yb—Zn-based oxide, or
an In—Lu—7n-based oxide; or an oxide containing four
kinds of metals, such as an In—Sn—Ga—Zn-based oxide, an
In—Hf—Ga—7Z7n-based oxide, an In—Al—Ga—Zn-based
oxide, an In—Sn—Al—Zn-based oxide, an In—Sn—Hf—
7Zn-based oxide, or an In—Hf—Al—Zn-based oxide.

[0174] Here, an “In—Ga—Zn-based oxide” means an
oxide containing In, Ga, and Zn as its main components and
there is no particular limitation on the ratio of In, Ga, and Zn.
Further, the In—Ga—7n-based oxide may contain a metal
element other than In, Ga, and Zn.

[0175] Alternatively, a material represented by InMO,
(ZnO),, (m>0) may beused as an oxide semiconductor. Note
that M represents one or more metal elements selected from
Ga, Fe, Mn, and Co, or the above element as a stabilizer.
[0176] For example, an In—Ga—Zn-based metal oxide
with an atomic ratio of In:Ga: Zn=1:1:1 (=1/3:1/3:1/3), In:Ga:
Zn=2:2:1 (=2/5:2/5:1/5), or In:Ga:Zn=3:1:2 (=1/2:1/6:1/3).
Alternatively, an In—Sn—Z7n-based oxide with an atomic
ratio of In:Sn:Zn=1:1:1 (=1/3:1/3:1/3), In:Sn:Zn=2:1:3 (=1/
3:1/6:1/2), or In:Sn:Zn=2:1:5 (=1/4:1/8:5/8) may be used.
Note that the proportion of each atom in the atomic ratio of the
metal oxide varies within a range of +20% as an error.
[0177] Note that without limitation to the materials given
above, a material with an appropriate atomic ratio depending
on semiconductor characteristics and electrical characteris-
tics (field-effect mobility, threshold voltage, and the like) may
be used. Further, it is preferable to appropriately set the carrier
density, the impurity concentration, the defect density, the
atomic ratio of a metal element and oxygen, the interatomic
distance, the density, or the like in order to obtain necessary
semiconductor characteristics. For example, high field-effect
mobility can be obtained relatively easily in the case of using
an In—Sn—~7n oxide. Also in the case of using an In—Ga—
Zn-based oxide, field-effect mobility can be increased by
reducing the defect density in a bulk.
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[0178] Theinsulating layer 305 can be formed using any of
the materials that can be used for the insulating layer 302.
[0179] In particular, when the insulating layer 305 has a
three-layer structure, it is preferable that a second oxide insu-
lating film be formed over a first oxide insulating film and
then a nitride insulating film be formed thereover. By provid-
ing the nitride insulating film, impurities such as hydrogen
and water can be prevented from entering the transistor 311
(in particular, the semiconductor layer 303) from the outside.
Note that the first oxide insulating film is not necessarily
provided.

[0180] Further, an oxide insulating film in which the oxy-
gen content is higher than that in the stoichiometric compo-
sition is preferably used as one of or both the first oxide
insulating film and the second oxide insulating film. In that
case, oxygen can be prevented from being released from the
semiconductor layer 303, and the oxygen contained in an
oxygen-excess region can be transferred to the semiconduc-
tor layer 303 to fill oxygen vacancies. For example, when an
oxide insulating film having the feature described below is
used, the oxygen vacancies in the semiconductor layer 303
canbe filled. The feature of the oxide insulating film is that the
number of oxygen molecules released from the oxide insu-
lating film is greater than or equal to 1.0x10'® molecules/cm®
when measured by thermal desorption spectroscopy (herein-
after referred to as TDS). Note that an oxide insulating film
partly including a region in which the oxygen content is
higher than that in the stoichiometric composition (oxygen
excess region) may be used as one of or both the first oxide
insulating film and the second oxide insulating film. When
such an oxygen excess region is present in a region overlap-
ping with at least the semiconductor layer 303, oxygen is
prevented from being released from the semiconductor layer
303 and the oxygen contained in the oxygen excess region can
be transferred to the semiconductor layer 303 to fill oxygen
vacancies.

[0181] Inthe case where the second oxide insulating film is
an oxide insulating film in which the oxygen content is higher
than that in the stoichiometric composition, the first oxide
insulating film is preferably an oxide insulating film through
which oxygen penetrates. Oxygen which enters the first oxide
insulating film from the outside does not completely pen-
etrate through the first oxide insulating film to be released and
part thereof remains in the first oxide insulating film. Further,
there is oxygen which is contained in the first oxide insulating
film from the first and is released from the first oxide insulat-
ing film to the outside. Thus, the first oxide insulating film
preferably has a high coefficient of diffusion of oxygen.
[0182] Sincethe first oxide insulating film is in contact with
the semiconductor layer 303, the oxide insulating film is
preferably an oxide insulating film through which oxygen
penetrates and which has a low interface state density with the
oxide semiconductor layer 303. For example, the first oxide
insulating film preferably has a lower defect density than the
second oxide insulating film. Specifically, the spin density of
the first oxide insulating film at a g-value of 2.001 (F-center)
obtained by electron spin resonance is 3.0x10'7 spins/cm?® or
lower, preferably 5.0x10'® spins/cm® or lower. Note that the
spin density at a g-value of 2.001 obtained by electron spin
resonance corresponds to the number of dangling bonds con-
tained in the first oxide insulating film.

[0183] The thickness of the first oxide insulating film can
be greater than or equal to 5 nm and less than or equal to 150
nm, preferably greater than or equal to 5 nm and less than or
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equal to 50 nm, and more preferably greater than or equal to
10 nm and less than or equal to 30 nm. The thickness of the
second oxide insulating film can be greater than or equal to 30
nm and less than or equal to 500 nm, preferably greater than
or equal to 150 nm and less than or equal to 400 nm.

[0184] When the first oxide insulating film over the semi-
conductor layer 303 penetrates oxygen and has a low inter-
face state density with the semiconductor layer 303 and the
second oxide insulating film includes an oxygen-excess
region or oxygen whose content is higher than that in the
stoichiometric composition, oxygen can be easily supplied to
the semiconductor layer 303, the release of oxygen from the
semiconductor layer 303 can be prevented, and the oxygen
contained in the second oxide insulating film can be trans-
ferred to the semiconductor layer 303 to fill oxygen vacancies
in the semiconductor layer 303. Thus, the transistor 311 can
be prevented from being normally on.

[0185] In the case where an oxide insulating film contain-
ing nitrogen, such as a silicon oxynitride film or a silicon
nitride oxide film, is used as one of or both the first oxide
insulating film and the second oxide insulating film, the nitro-
gen concentration measured by secondary ion mass spec-
trometry (SIMS) is higher than or equal to the lower limit of
measurement by SIMS and lower than 3x10°° atoms/cm’,
preferably higher than or equal to 1x10'® atoms/cm® and
lower than or equal to 1x10°° atoms/cm®. In that case, the
amount of nitrogen which enters the semiconductor layer 303
included in the transistor 311 can be reduced and the number
of defects in the nitrogen-containing oxide insulating film
itself can be reduced.

[0186] In the case where a nitride insulating film is used in
the insulating layer 305, one of or both the first oxide insu-
lating film and the second oxide insulating film preferably has
a barrier property against nitrogen. For example, a dense
oxide insulating film can have a barrier property against nitro-
gen. Specifically, it is preferably to use an oxide insulating
film which can be etched at a rate less than or equal to 10 nm
per minute when the temperature is 25° C. and 0.5 wt % of
fluoric acid is used.

[0187] As the nitride insulating film, a nitride insulating
film with a low hydrogen content can be provided. The nitride
insulating film is as follows, for example: the number of
hydrogen molecules released from the nitride insulating film
is less than 5.0x10?' molecules/cm’, preferably less than
3.0x10* molecules/cm?, and more preferably less than 1.0x
10! molecules/cm® when measured by TDS spectroscopy.
[0188] Further, the nitride insulating film has excellent step
coverage and thus can be advantageously used as a protective
insulating film of the transistor 311.

[0189] The nitride insulating film has a thickness large
enough to prevent entry of impurities such as hydrogen and
water from the outside. For example, the thickness of the
nitride insulating film can be greater than or equal to 50 nm
and less than or equal to 200 nm, preferably greater than or
equal to 50 nm and less than or equal to 150 nm, and more
preferably greater than or equal to 50 nm and less than or
equal to 100 nm.

[0190] By providing the nitride insulating film over the
second oxide insulating film, impurities such as hydrogen and
water can be prevented from entering the semiconductor layer
303 from the outside. Moreover, when a nitride insulating
film with a low hydrogen content is provided as the nitride
insulating film, it is possible to reduce variations in the elec-
trical characteristics of the transistor 311.
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[0191] The conductive layer 307 is formed using a light-
transmitting conductive matetial such as indium tin oxide,
indium oxide containing tungsten oxide, indium zinc oxide
containing tungsten oxide, indium oxide containing titanium
oxide, indium tin oxide containing titanium oxide, indium
zinc oxide, or indium tin oxide to which silicon oxide is
added.

<6. Modified Examples of the Top Structure of the Pixel>

[0192] The layout of the pixel in the liquid crystal display
device of the present invention is not limited to the structure
in FIGS. 8A to 8C. For example, the conductive layers 304 A
and 304B overlapping with the semiconductor layer may
have a U-shape or a C-shape.

[0193] Further, although the conductive layers 301B and
304B overlap with each other to form the capacitor 312 in
FIGS. 8A to 8C, the conductive layer 301B may be omitted as
illustrated in FIG. 9A so that the capacitor is intentionally
omitted. In that case, the parasitic capacitance generated in
the conductive layer 307 is actively used, whereby the aper-
ture ratio can be further increased.

[0194] InFIGS. 8A to 8C, the conductive layers 301B and
304B overlap with each other to form the capacitor 312, and
this area in which the conductive layers 301B and 304B
overlap with each other is increased in some cases as illus-
trated in FIG. 9B, so that the capacitance of the capacitor is
intentionally increased. In that case, the effect of parasitic
capacitance can be alleviated.

[0195] The top view of the pixel illustrated in FIG. 8A is
designed so that the pixel density is higher than or equal to
300 ppi and the capacitance in the pixel is 15 fF (1.5x107'4F).
The pixel in FIG. 8 A has an aperture ratio 0f 61.0%. The top
view of the pixel illustrated in FIG. 9A is designed so that the
pixel density is higher than or equal to 300 ppi and a capacitor
line in the pixel 1s omitted. The pixel in FIG. 9A has an
aperture ratio of 67.0%. The top view of the pixel illustrated
in FIG. 9B is designed so that the pixel density is higher than
or equal to 300 ppi and the capacitance in the pixel is 30 {F
(3.0x107** F). The pixel in FIG. 9B has an aperture ratio of
55.2%.

<7. Liquid Crystal Display Device Disclosed in this Specifi-
cation>

[0196] In the liquid crystal display device disclosed in this
specification, the overdrive voltage amplified by overdriving
can be switched depending on the degree of change in a video
voltage in continuous frame periods. Consequently, even
when the voltage level Vpix in the (k+1)th frame period varies
because of the voltage level SL whose polarity is opposite to
that in the k-th frame period, the degree of variation can be
reduced. As a result, it is possible to prevent the following
defect: the optical response of a liquid crystal element differs
between pixels in the first-half rows and pixels in the second-
half rows even when the same video voltage is written to the
pixel portion, and a variation in contrast is caused even when
an image with the same gray level is displayed with the same
video voltage.

[0197] In the aforementioned liquid crystal display device
disclosed in this specification, frame inversion driving is pref-
erably performed and source line inversion driving is more
preferably performed. Since the polarity of video voltages
applied to pixel electrodes of pixels arranged in the column
direction is similarly inverted, the above-described variation
in contrast can be prevented more effectively.
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[0198] The aforementioned prevention of a variation in
contrast is particularly effective in a liquid crystal display
device in which a capacitor in a pixel has a low capacitance,
for example, the pixel density is higher than or equal to 300
ppi. the aperture ratio is higher than or equal to 60%, and the
capacitance in the pixel is lower than or equal to 30 {F (3.0x
107**F). In other words, according to one embodiment of the
present invention, both a high aperture ratio and a high defi-
nition can be achieved while lowering of display quality is
prevented.

[0199] According to one embodiment of the present inven-
tion, even when the capacitance of a pixel is reduced as much
as possible in order to achieve a high aperture ratio, lowering
of display quality due to parasitic capacitance generated in a
pixel electrode can be prevented.

[0200] This embodiment can be implemented in appropri-
ate combination with the structures described in the other
embodiments.

Embodiment 2

[0201] Inthis embodiment, the appearance and a cross sec-
tion of a liquid crystal display device will be illustrated and
the structure thereof will be described.

[0202] Note that the liquid crystal display device includes
the following modules in its category: a module provided
with a connector, for example, a flexible printed circuit
(FPC), a tape automated bonding (TAB) tape, or a tape carrier
package (TCP); a module provided with a printed wiring
board at the end of a TAB tape or a TCP; and a module where
an integrated circuit (IC) is directly mounted on a display
element by a chip-on-glass (COG) method.

[0203] The appearance and a cross section of a liquid crys-
tal display device will be described with reference to FIGS.
10A1,10A2, and 10B. FIGS. 10A1 and 10A2 are each a plan
view of a panel in which transistors 1310 and 1311 and a
liquid crystal element 1313 are sealed between a first sub-
strate 1301 and a second substrate 1306 with a sealant 1305.
FIG. 10B is a cross-sectional view along line M-N in FIGS.
10A1 and 10A2.

[0204] The sealant 1305 is provided to surround a pixel
portion 1302 and a gate line driver circuit 1304 that are
provided over the first substrate 1301. The second substrate
1306 is provided over the pixel portion 1302 and the gate line
driver circuit 1304. Thus, the pixel portion 1302 and the gate
line driver circuit 1304 are sealed together with a liquid crys-
tal layer 1308, by the first substrate 1301, the sealant 1305,
and the second substrate 1306. A source line driver circuit
1303 that is formed using a single crystal semiconductor film
or a polycrystalline semiconductor film over a substrate sepa-
rately prepared is mounted in a region that is different from
the region surrounded by the sealant 1305 over the first sub-
strate 1301.

[0205] Note that there is no particular limitation on the
connection method of a driver circuit which is separately
formed, and a COG method, a wire bonding method, a TAB
method, or the like can be used. FIG, 10A1 illustrates an
example of mounting the source line driver circuit 1303 by a
COG method, and FIG. 10A2 illustrates an example of
mounting the source line driver circuit 1303 by a TAB
method.

[0206] The pixel portion 1302 and the gate line driver cir-
cuit 1304 provided over the first substrate 1301 include a
plurality of transistors. FIG. 10B illustrates the transistor
1311 included in the pixel portion 1302 and the transistor
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1311 included in the gate line driver circuit 1304, as an
example. An insulating layer 1320 is provided over the tran-
sistors 1310 and 1311.

[0207] In each of the transistors 1310 and 1311, an oxide
semiconductor can be used for a semiconductor layer. In this
embodiment, the transistors 1310 and 1311 are n-channel
transistors.

[0208] A pixel electrode layer 1330 included in the liquid
crystal element 1313 is connected to the transistor 1310. A
counter electrode layer 1331 of the liquid crystal element
1313 is formed on the second substrate 1306. A portion where
the pixel electrode layer 1330, the counter electrode layer
1331, and the liquid crystal layer 1308 overlap with one
another corresponds to the liquid crystal element 1313. Note
that the pixel electrode layer 1330 and the counter electrode
layer 1331 are provided with an insulating layer 1332 and an
insulating layer 1333 serving as alignment films, respectively,
and the liquid crystal layer 1308 is sandwiched between the
pixel electrode layer 1330 and the counter electrode layer
1331 with the insulating layers 1332 and 1333 placed ther-
ebetween.

[0209] Alight-transmitting substrate can be used as the first
substrate 1301 and the second substrate 1306; glass, ceram-
ics, orplastics can be used. As plastics, a fiberglass-reinforced
plastic (FRP) plate, a polyvinyl fluoride (PVF) film, a poly-
ester film, or an acrylic resin film can be used.

[0210] A structure 1335 is a columnar spacer obtained by
selective etching of an insulating film and is provided in order
to control the distance (a cell gap) between the pixel electrode
layer 1330 and the counter electrode layer 1331. Alterna-
tively, a spherical spacer may be used. The counter electrode
layer 1331 is connected to a common potential line formed
over the substrate where the transistor 1310 is formed. With
the use of a common contact portion, the counter electrode
layer 1331 and the common potential line can be connected to
each other by conductive particles arranged between the pair
of substrates. Note that the conductive particles can be
included in the sealant 1305.

[0211] Note that as a display mode of the liquid crystal
element, any of the following can be used: a twisted nematic
(TN) mode, an in-plane-switching (IPS) mode, a fringe field
switching (FFS) mode, a multi-domain vertical alignment
(MVA) mode, a patterned vertical alignment (PVA) mode, an
axially symmetric aligned micro-cell (ASM) mode, an opti-
cally compensated birefringence (OCB) mode, a ferroelectric
liquid crystal (FLC) mode, an anti-ferroelectric liquid crystal
(AFLC) mode, and the like. Note that the electrode structure
or the like in the liquid crystal display device can be changed
as appropriate in accordance with the display mode.

[0212] Alternatively, liquid crystal exhibiting a blue phase
for which an alignment film is unnecessary may be used. A
blue phase is one of liquid crystal phases, which is generated
Justbefore a cholesteric phase changes into an isotropic phase
while temperature of cholesteric liquid crystal is increased.
Since the blue phase is generated within an only narrow range
of temperature, liquid crystal composition containing a chiral
material at 5 wt % or more so as to improve the temperature
range is used for the liquid crystal layer 1308. The liquid
crystal composition which includes a liquid crystal showing a
blue phase and a chiral material has a short response time of
1 msec or less and has optical isotropy, which makes the
alignment process unnecessary and the viewing angle depen-
dence small.
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[0213] Note that in this embodiment, a transflective liquid
crystal display device can be used in addition to a transmis-
sive liquid crystal display device.

[0214] This embodiment shows the example of the liquid
crystal display device in which a polarizing plate is provided
on the outer side of the substrate (on the viewer side) and a
coloring layer and an electrode layer used for a display ele-
ment are provided in this order on the inner side of the sub-
strate; alternatively, a polarizing plate may be provided on the
inner side of the substrate. The stacked structure of the polar-
izing plate and the coloring layer is not limited to that in this
embodiment and may be set as appropriate depending on
materials of the polarizing plate and the coloring layer or
conditions of manufacturing process. Further, a light-shield-
ing film serving as a black matrix may be provided in a portion
other than the display portion.

[0215] The transistors 1310 and 1311 each includes a gate
insulating layer, a gate electrode layer, and a wiring layer
(e.g., a source wiring layer or a capacitor wiring layer), in
addition to the semiconductor layer.

[0216] The insulating layer 1320 is formed over the tran-
sistors 1310 and 1311. As the insulating layer 1320, a silicon
nitride film is formed by a sputtering method, for example.
[0217] Thepixel electrode layer 1330 and the counter elec-
trode layer 1331 can be formed using a light-transmitting
conductive material such as indium oxide containing tung-
sten oxide, indium zinc oxide containing tungsten oxide,
indium oxide containing titanium oxide, indium tin oxide
containing titanium oxide, indium tin oxide, indium zinc
oxide, or indium tin oxide to which silicon oxide is added.
[0218] As the conductive high molecule, a so-called it-
electron conjugated conductive polymer can be used. For
example, polyaniline or a derivative thereof, polypyrrole or a
derivative thereof, polythiophene or a derivative thereof, and
acopolymer of two or more of aniline, pyrrole, and thiophene
or a derivative thereof can be used.

[0219] A variety of signals and potentials are supplied to
the source line driver circuit 1303 which is formed separately,
and the gate line driver circuit 1304 or the pixel portion 1302
from an FPC 1318.

[0220] A connection terminal electrode 1315 is formed
using the same conductive film as the pixel electrode layer
1330 included in the liquid crystal element 1313. A terminal
electrode 1316 is formed using the same conductive film as
source and drain electrode layers of the transistors 1310 and
1311.

[0221] The connection terminal electrode 1315 is electri-
cally connected to a terminal included in the FPC 1318 via an
anisotropic conductive film 1319.

[0222] Although FIGS. 10A1, 10A2, and 10B show the
examplein which the source line driver circuit 1303 is formed
separately and mounted on the first substrate 1301, this
embodiment is not limited to this structure. The gate line
driver circuit may be formed separately and then mounted, or
only part of the source line driver circuit or part of the gate line
driver circuit may be formed separately and then mounted.
[0223] This embodiment can be implemented in appropri-
ate combination with the structures described in the other
embodiments.

Embodiment 3

[0224] Inthis embodiment, specific examples of electronic
devices each of which is manufactured using the liquid crystal
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display device described in any of the above embodiments are
described with reference to FIGS. 11A to 11C.

[0225] Examples of electronic devices to which one
embodiment of the present invention can be applied include a
television set (also referred to as a television or a television
receiver), a monitor of a computer or the like, a camera such
as a digital camera or a digital video camera, a digital photo
frame, a mobile phone, a portable game machine, a portable
information terminal, an audio reproducing device, a game
machine (e.g., a pachinko machine or a slot machine), and a
game console. FIGS. 11A to 11C illustrate specific examples
of these electronic devices.

[0226] FIG. 11A illustrates a portable information terminal
1400 including a display portion. The portable information
terminal 1400 includes a display portion 1402 and an opera-
tion button 1403 which are incorporated in a housing 1401.
The liquid crystal display device of one embodiment of the
present invention can be used for the display portion 1402.
[0227] FIG. 11B illustrates a cellular phone 1410. The cel-
lular phone 1410 includes a display portion 1412, an opera-
tion button 1413, a speaker 1414, and a microphone 1415
which are incorporated in a housing 1411. The liquid crystal
display device of one embodiment of the present invention
can be used for the display portion 1412.

[0228] FIG. 11C illustrates an audio reproducing device
1420. The audio reproducing device 1420 includes a display
portion 1422, an operation button 1423, and an antenna 1424
which are incorporated in a housing 1421. In addition, the
antenna 1424 transmits and receives data via a wireless sig-
nal. The liquid crystal display device of one embodiment of
the present invention can be used for the display portion 1422.
[0229] The display portions 1402, 1412, and 1422 each
have a touch-input function. When a user touches a displayed
button (not illustrated) which is displayed on the display
portion 1402, 1412, or 1422 with his/her fingers or the like,
the user can carry out operation on the screen and input of
information.

[0230] When the liquid crystal display device shown in any
of the above embodiments is used for the display portions
1402, 1412, and 1422, both the aperture ratio and the defini-
tion can be made higher than ever before while lowering of
display quality is prevented.

[0231] This embodiment can be implemented in appropri-
ate combination with the structures described in the other
embodiments.

[0232] This application is based on Japanese Patent Appli-
cation serial No. 2012-226747 filed with Japan Patent Office
on Oct. 12, 2012, the entire contents of which are hereby
incorporated by reference.

What is claimed is:

1. A liquid crystal display device comprising:

a pixel portion including pixels arranged in m rows and n
columns, where m and n are each a natural number
greater than or equal to 2; and

an overdrive voltage generation portion in which an over-
drive voltage higher than a video voltage is generated,
and the overdrive voltage and the video voltage are
applied to a pixel electrode of a pixel during a gate
selection period,

wherein the overdrive voltage generation portion com-
prises:

a video voltage comparator circuit in which an average
of first video voltages applied to pixel electrodes of
pixels in an (x+1)th row to an m-th row in ak-th frame
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period is, for each row, compared with an average of
second video voltages applied to pixel electrodes of
pixels in a first row to an x-th row in a (k+1)th frame
period, where x is a natural number greater than 1 and
less than m, and where k is a natural number; and

an overdrive voltage switching circuit in which when a
difference obtained from a comparison in the video
voltage comparator circuit is greater than or equal to a
threshold value, the overdrive voltage in the (k+1)th
frame period is switched to a first overdrive voltage,
and when the difference obtained from the compari-
son in the video voltage comparator circuitis less than
the threshold value, the overdrive voltage in the (k+1)
th frame period is switched to a second overdrive
voltage lower than the first overdrive voltage.

2. The liquid crystal display device according to claim 1,
wherein a capacitor in the pixel portion has a static capaci-
tance of 30 {F or lower.

3. The liquid crystal display device according to claim 1,
wherein the liquid crystal display device is a transflective
liquid crystal display device.

4. The liquid crystal display device according to claim 1,
wherein the liquid crystal display device is a transmissive
liquid crystal display device.

5. The liquid crystal display device according to claim 1,

wherein the threshold value is a voltage level of half a video
voltage with the maximum grayscale value in the first
and second video voltages.

6. An electronic device comprising the liquid crystal dis-
play device according to claim 1, wherein the electronic
device is selected from the group consisting of a portable
information terminal, a cellular phone, and an audio repro-
ducing device.

7. A liquid crystal display device comprising:
a pixel portion including pixels arranged in m rows and n

columns, where m and n are each a natural number
greater than or equal to 2; and

an overdrive voltage generation portion in which an over-
drive voltage higher than a video voltage is generated,
and the overdrive voltage and the video voltage are
applied to a pixel electrode of a pixel during a gate
selection period,

wherein the overdrive voltage generation portion com-
prises:

a video voltage comparator circuit in which an average
of first video voltages applied to pixel electrodes of
pixels in an (x+1)th row to an m-th row in ak-th frame
period is, for each row, compared with an average of
second video voltages applied to pixel electrodes of
pixels in a first row to an x-th row in a (k+1)th frame
period, where x is a natural number greater than 1 and
less than m, and where k is a natural number; and

an overdrive voltage switching circuit in which when a
difference obtained from a comparison in the video
voltage comparator circuit is greater than or equal to a
threshold value, the overdrive voltage in the (k+1)th
frame period is switched to a first overdrive voltage,
and when the difference obtained from the compari-
son in the video voltage comparator circuitis less than
the threshold value, the overdrive voltage in the (k+1)
th frame period is switched to a second overdrive
voltage lower than the first overdrive voltage,
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wherein a semiconductor layer included in a transistor in
the pixel portion comprises an oxide semiconductor
layer.

8. The liquid crystal display device according to claim 7,
wherein a capacitor in the pixel portion has a static capaci-
tance of 30 {F or lower.

9. The liquid crystal display device according to claim 7,
wherein the semiconductor layer comprises a substantially
intrinsic semiconductor.

10. The liquid crystal display device according to claim 7,
wherein a carrier density of the semiconductor layer is equal
to or lower than 1x10"7/em’.

11. The liquid crystal display device according to claim 7,
wherein the liquid crystal display device is a transflective
liquid crystal display device.

12. The liquid crystal display device according to claim 7,
wherein the liquid crystal display device is a transmissive
liquid crystal display device.

13. The liquid crystal display device according to claim 7,

wherein the threshold value is a voltage level of half avideo

voltage with the maximum grayscale value in the first
and second video voltages.

14. An electronic device comprising the liquid crystal dis-
play device according to claim 7, wherein the electronic
device is selected from the group consisting of a portable
information terminal, a cellular phone, and an audio repro-
ducing device.

15. A method for driving a liquid crystal display device
comprising pixels arranged in m rows and n columns, where
m and n are each a natural number greater than or equal to 2,
and performing overdriving in which an overdrive voltage
higher than a video voltage is applied to a pixel electrode of a
pixel during a gate selection period, and then the video volt-
age is applied to the pixel electrode,
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the method for driving the liquid crystal display device

comprising the steps of:
comparing an average of first video voltages applied to
pixel electrodes of pixels in an (x+1)th row to an m-th
row in a k-th frame period with an average of second
video voltages applied to pixel electrodes of pixels in a
first row to an X-throw in a (k+1)th frame period for each
row, where X is a natural number greater than 1 and less
than m, and where k is a natural number; and

performing overdriving in the (k+1)th frame period, with
use of a first overdrive voltage when a difference
obtained from a comparison is greater than or equal to a
threshold value, and with use of a second overdrive
voltage when the difference obtained from the compari-
son is less than the threshold value.

16. The method for driving a liquid crystal display device,
according to claim 15, wherein frame inversion driving is
performed in the k-th frame period and the (k+1)th frame
period.

17. The method for driving a liquid crystal display device,
according to claim 15, wherein source line inversion driving
is performed in the k-th frame period and the (k+1)th frame
period.

18. The method for driving a liquid crystal display device,
according to claim 15,

wherein a semiconductor layer included in a transistor in a

pixel portion including the pixels comprises an oxide
semiconductor layer.

19. The method for driving a liquid crystal display device,
according to claim 15,

wherein the threshold value is a voltage level of half a video

voltage with the maximum grayscale value in the first
and second video voltages.
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