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1
EL DISPLAY DEVICE AND ELECTRONIC
DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an EL (electrolumines-
cence) display device obtained by fabricating semiconductor
elements (elements formed by using a thin semiconductor
film) on a substrate and to an electronic device having the EL
display device as a display unit.

2. Prior Art

Technology has been greatly advanced in recent years for
forming TFTs on a substrate, and attempts have been made to
develop an active matrix-type display device. In particular,
TFTs using a polysilicon film exhibit a higher electric-field
mobility (also called mobility) than that of the conventional
TFTs using an amorphous silicon film, and make it possible to
accomplish a high-speed operation. This makes it possible to
control the pixels, which has heretofore been done by a drive
circuit outside the substrate, by using a drive circuit formed
on the same substrate as the pixels.

The active matrix-type display device is drawing attention
owing it its advantages such as a decrease in the cost of
production, a decrease in the size of the display device, an
increase in the yield and a decrease in the throughput, as a
result of fabricating various circuits and elements on the same
substrate.

The active matrix-type EL display devices have heretofore
been employing pixels of a structure that is generally as
shown in FIG. 3. In FIG. 3, reference numeral 301 denotes a
TFT (hereinafter referred to as switching TFT) that works as
a switching element, 302 denotes a TFT (hereinafter referred
to as current control TFT) working as an element (current
control element) for controlling the current supplied to an EL
element 303, and 304 denotes a capacitor (holding capacity).
The switching TFT 301 is connected to a gate wiring 305 and
to a source wiring (data wiring) 306. The drain of the current
control TFT 302 is connected to the EL element 303, and the
source thereof is connected to a current feeder line 307.

When the gate wiring 305 is selected, the gate of the
switching TFT 301 is opened, a data signal of the source
wiring 306 is accumulated in the capacitor 304, and the gate
of the current control TFT 302 is opened. After the gate of the
switching TFT 301 is closed, the gate of the current control
TFT 302 remains opened due to the electric charge accumu-
lated in the capacitor 304 and, during this period, the EL
element 303 emits light. The amount of light emitted by the
EL element 303 varies depending on the amount of electric
current that flows.

Here, the amount of current supplied to the EL element 303
is controlled by a gate voltage of the current control TFT 302
as shown in FIG. 4.

FIG. 4(A) is a graph illustrating transistor characteristics of
the current control TFT, wherein a curve 401 represents
1d-Vg characteristics (or an Id-Vg curve), 1d represents a
drain current and Vg represents a gate voltage. From this
graph, it is possible to know the amount of current that flows
relative to any gate voltage.

Usually, the EL, element is driven by utilizing the Id-Vg
characteristics over a region surrounded by a dotted line 402.
FIG. 4(B) is a view illustrating the region surrounded by 402
on an enlarged scale.

In FIG. 4(B), the hatched region is called sub-threshold
region. In practice, this region has a gate voltage close to or
lower than the threshold voltage (Vth) and where the drain
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current exponentially varies depending upon a change in the
gate voltage. In this region, the current is controlled based on
the gate voltage.

The data signal input to the pixel as the switching TFT 301
is opened is, first, accumulated in the capacitor 304 and
directly serves as a gate voltage for the current control TFT
302. Here, the drain current is determined for the gate voltage
ataratio of 1 to 1 in compliance with the Id-Vg characteris-
tics shown in FIG. 4(A). That is, a predetermined current
flows through the EL element 303 depending on the data
signal, and the EL element 303 emits light in an amount
corresponding to the amount of current.

Thus, the amount of light emitted by the EL element is
controlled by the data signal, and the gradation display is
accomplished by controlling the amount of light that is emit-
ted. This system is a so-called analog gradation; i.e., the
gradation display is accomplished relying on a change in the
amplitude of the signal.

However, the analog gradation system has a defect that it is
very susceptible to dispersion in the characteristics of the
TFTs. For example, considered below is a case where a
switching TFT that would exhibit the same gradation has
ID-Vg characteristics different from those of a switching
TFT of the neighboring pixel (generally shifted toward the
positive side or the negative side).

In this case, the drain currents flowing into the switching
TFTs vary depending upon the degree of dispersion, and
different gate voltages are applied to the current control TFTs
of the pixels. That is different currents flow into the EL
elements and, as a result, light is emitted in different amounts
making it no longer possible to accomplish the same grada-
tion display.

Further, even when the same gate voltage is applied to the
current control TFTs of the pixels, the same drain current
cannot be produced if there is a dispersion in the Id-Vg
characteristics of the current control TF Ts. As will be obvious
from FIG. 4(A), further, since use is made of the region where
the drain current exponentially changes relative to the change
in the gate voltage, even a slight difference in the Id-Vg
characteristics results in a large change in the amount of
current despite an equal gate voltage is applied. Then, the
amount of light emitted by the EL elements greatly varies
among the neighboring pixels.

In practice, the situation becomes more severe due to syn-
ergistic effect of dispersion of both the switching TFTs and
the current control TFTs. Thus, the analog gradation system is
very susceptible to the dispersion in the characteristics of the
TFTs, hindering the attempt for realizing the multi-color
active matrix EL display device.

SUMMARY OF THE INVENTION

The present invention was accomplished in view of the
above-mentioned problems, and provides an active matrix-
type EL display device capable of producing a vivid multi-
gradation color display. The invention further provides an
electronic device of high performance using the active
matrix-type EL display device as a display unit.

The present applicant has discovered the fact that the prob-
lems of the analog gradation system stem from the dispersion
in the characteristics of the current control TFTs that control
the current flowing into the EL elements and from the disper-
sion in the on-resistance of the current control TFT's. Here, the
on-resistance is a value obtained by dividing the drain voltage
of the TFT by the drain current flowing at that moment.
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That is, the on-resistance varies among the current control
TFTs and, hence, different currents (drain currents) flow even
under the same condition, making it difficult to obtain a
desired gradation.

According to this invention, therefore, a resistor (R) is
connected in series between the drain of the current control
TFT and the EL element to control the amount of current
supplied from the current control TFT to the EL element. For
this purpose, it is necessary to provide a resistor having a
resistance very larger than the on-resistance of the current
control TFT. The resistance may be selected over a range of
from 1k to 50 MQ (preferably, from 10 k€2 to 10 M and,
more preferably, from 50 kQ to 1 MQ).

In carrying out the invention, further, the amount of current
flowing into the EL element is determined by the resistance of
the resistor (R), and the supplied current becomes constant at
all times. That is, the invention does not use the analog gra-
dation system that produces the gradation display by control-
ling the current value that is done by the prior art. The inven-
tion therefore uses the gradation display of the time-division
system (hereinafter referred to as time-division gradation)
using the current control TFTs simply as switching elements
for supplying electric current.

Concretely speaking, the time-division gradation display is
accomplished in a manner as described below. Described here
is a case of full-color display of 256 gradations (16,770,000
colors) based on the 8-bit digital drive system.

First, a picture frame is divided into eight sub-frames.
Here, a period for inputting data to all pixels of the display
region is called a frame. In an ordinary EL display, the oscil-
lation frequency is 60 Hz, i.e., 60 frames are formed in a
second. When the number of frames per a second becomes
smaller than this value, flickering of the picture becomes
conspicuous. Further, frames divided into a plural number
from a frame are called sub-frames.

Each sub-frame can be divided into an address period (Ta)
and a sustain period (Ts). The address period stands for a time
necessary for inputting data to all pixels during a sub-frame
period, and the sustain period (or turn-on period) stands for a
period in which the EL element emits light (FIG. 10).

Here, a first sub-frame is denoted by SF1, and the second
sub-frame to the eighth sub-frame are denoted by SF2 to SF8.
The address period (Ta) remains constant from SF1 through
up to SF8. The sustain periods (Ts) of SF1 to SF8 are denoted
by Ts1 to Ts8.

At this moment, the sustain periods are so set that Ts1: Ts2:
Ts3:Ts4:Ts5:Ts6:Ts7:Ts8=1:1/2:1/4:1/8:1/16:1/32:1/64:1/
128. Here, SF1 to SF8 may appear in any order. Any desired
gradation display can be accomplished out of 256 gradations
relying on the combinations of the sustain periods.

First, no voltage (for not to select) is applied to the oppos-
ing electrode (the one of the side not connected to the TFT,
and is usually a cathode) of the EL element of the pixel, and
the data signal is input to all of the pixels without causing EL
elements to emit light. This period is an address period. When
the data is input to all pixels to end the address period, a
voltage is applied to the opposing electrodes (selected) so that
the EL elements emit light simultaneously. This period is a
sustain period. The period for emitting light (for turning the
pixel on) is any one of the periods Tsl to Ts8. It is, here,
presumed that a predetermined pixel is turned on for the
period Ts8.

The time enters into the address period again and, then,
enters into the sustain period after the data signalis input to all
pixels. In this case, any one of Ts1 to Ts7 is the sustain period.
Here, a predetermined pixel is turned on for the period Ts7.
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Hereinafter, the same operation is repeated for the remain-
ing six sub-frames, the sustain periods are successively set
like Ts6, Ts5, . . ., Tsl, and the predetermined pixels are
turned on in the respective sub-frames.

When eight sub-frames have appeared, it means an end of
a frame. In this case, the gradation of the pixel is controlled by
adding up the sustain periods. When, for example, Ts1 and
Ts2 are selected, the luminance of 75% can be expressed out
of the total light of 100%. When Ts3, Ts5 and Ts8 are
selected. 16% of the luminance can be expressed.

In the foregoing was described the case 0f 256 gradations.
It 1s, however, also allowable to effect any other gradation
display.

To effect the display of a gradation (2” gradation) of n bits
(n is an integer of not smaller than 2), first, a frame is divided
into n sub-frames (SF1, SF2, SF3, . . ., SF(n-1), SF(n)) to
correspond to the gradation of n bits. As the gradation
increases, the frame must be divided into an increased num-
ber, and the drive circuits must be driven at a high frequency.

These n pieces of sub-frames are separated into address
periods (Ta) and sustain periods (Ts). That is, the address
periods and the sustain periods are selected by either applying
or not applying a voltage to the opposing electrode common
to all EL elements.

The sustain periods (the sustain periods corresponding to
SF1, SF2, SF3, - - -, SF(n-1), SF(n)) of n sub-frames are so
processed that Ts1:Ts2:Ts3: - - - :Ts(n-1):Ts (n)=2":2""
PASEERV A G R

In this state, the pixels are successively selected in any
sub-frame (strictly, switching TFTs of the pixels are
selected), and a predetermined gate voltage (corresponding to
data signal) is applied to the gate electrodes of the current
control TFTs. At this moment, the EL element of the pixel that
has received a data signal which renders the current control
TFT to be conductive, emits light for the sustain period
assigned to the sub-frame after the address period has been
finished. That is, a predetermined pixel is turned on.

This operation is repeated for all n sub-frames to control
the gradation of the pixels by adding up the sustain periods.
Therefore, if attention is given to a certain pixel, the gradation
of the pixel is controlled depending upon how long period the
pixel is turned on by the sub-frames (depending upon how
many sustain periods it has passed through).

As described above, the feature of the present invention
resides on executing the time-division gradation display by
using the active matrix-type EL display device, and by pro-
viding a resistor (R) between the drain of the current control
TFT and the EL element to set constant the current that flows
through the EL element at all times. This constitution makes
it possible to prevent defect in the gradation caused by dis-
persion in the characteristics of the TFTs.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will be
described in detail based on the following figures, wherein:

FIGS. 1(A) and 1(B) are diagrams illustrating the consti-
tution of an EL display device;

FIG. 2 is a view illustrating, in cross section, the structure
of the EL display device;

FIG. 3 is a diagram illustrating the constitution of a pixel
portion in a conventional EL display device;

FIGS. 4(A) and 4(B) are diagrams illustrating TFT char-
acteristics employed by an analog gradation system;

FIGS. 5(A) to 5(E) are views illustrating the steps for
fabricating the EL display device;
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FIGS. 6(A) to 6(D) are views illustrating the steps for
fabricating the EL display device;

FIGS. 7(A) to 7(D) are views illustrating the steps for
fabricating the EL display device;

FIGS. 8(A) to 8(C) are views illustrating the steps for
fabricating the EL display device;

FIG. 9 is a view illustrating the pixel portion of the EL
display device on an enlarged scale;

FIG. 10 is a diagram illustrating an operation mode of a
time-division gradation system;

FIG. 11 is a view showing the appearance of an EL. module;

FIGS. 12(A) and 12(B) are views showing the appearance
of the EL module;

FIGS. 13(A) to 13(C) are views illustrating the steps for
fabricating a contact structure;

FIG. 14 is a diagram illustrating the constitution of the
pixel portion of the EL display device;

FIG. 15 is a view illustrating, in cross section, the structure
of the EL display device;

FIG. 16 is a view illustrating the structure of an upper
surface of the pixel portion of the EL display device;

FIG. 17 is a view illustrating the structure of the upper
surface of the pixel portion of the EL display device;

FIGS. 18(A) to 18(E) are views illustrating concrete
examples of the electronic device;

FIGS. 19(A) and 19(B) are photographs showing electron-
ray diffraction images of polysilicon films;

FIG. 2015 a diagram illustrating a circuit constitution of the
EL display device;

FIG. 21 1s a diagram illustrating a circuit constitution of the
EL display device;

FIG. 22 1s a diagram illustrating a circuit constitution of the
EL display device; and

FIGS. 23(A) and 23(B) are diagrams showing electric
characteristics of the EL element.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1(A) illustrates the circuit constitution of an active
matrix-type EL display device of the present invention. The
active matrix-type EL display device of FIG. 1(A) includes a
pixel unit 101, a data signal-side drive circuit 102 and a gate
signal-side drive circuit 103 arranged in the peripheries of the
pixel unit, which are constituted by TFTs formed on a sub-
strate. Here, either the data signal-side drive circuit or the gate
signal-side drive circuit may be formed in a pair with the pixel
unit sandwiched therebetween.

The data signal-side drive circuit 102 basically includes a
shift register 102a, alatch (A) 1025, and a latch (B) 102¢. The
shift register 102a receives clock pulses (CK) and a start pulse
(SP), the latch (A) 1025 receives digital data signals, and the
latch (B) 102¢ receives latch signals.

In this invention, the data signal input to the pixel unit is a
digital signal. Since the invention does not rely upon the
voltage gradation display unlike the liquid crystal display
device, a digital data signal having data “0” or “1” is directly
input to the pixel unit.

In the pixel unit 101 are arranged plural pixels 104 in the
form of a matrix. FIG. 1(B) is a diagram illustrating the pixel
104 on an enlarged scale. In FIG. 1(B). reference numeral 105
denotes a switching TFT which is connected to a gate wiring
106 that receives a gate signal and to a data wiring (also
referred to as source wiring) 107 that receives a data signal.

Reference numeral 108 denotes a current control TFT of
which the gate is connected to the drain of the switching TFT
105. The drain of the current control TFT 108 is connected to
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an EL element 110 via a resistor 109, and the source thereof
is connected to a current feeder line 111. The EL element 110
includes an anode (pixel electrode) connected to the current
control TFT 108 and a cathode (opposing electrode) opposing
the anode sandwiching the EL layer therebetween, the cath-
ode being connected to a predetermined power source 112.

The resistor 109 may be the one that exhibits a resistance
very larger than the on-resistance of the current control TEFT
108, and has no limitation on the structure thereof. It is
desired to use a semiconductor layer having a high resistance
since it facilitates the formation.

Further, a capacitor 113 is provided for holding a gate
voltage of the current control TFT 108 when the switching
TFT 105 has not been selected (turned off). The capacitor 113
is connected to the drain of the switching TFT 105 and to the
current feeder line 111.

The digital data signal input to the pixel unit is formed by
a time-division gradation data signal generating circuit 114.
This circuit converts video signals (signals including picture
data) which are analog signals or digital signals into digital
data signals for executing the time-division gradation, and
further generates timing pulses necessary for the time-divi-
sion gradation display.

Typically, the time-division gradation data signal-generat-
ing circuit 114 includes means for dividing a frame into n
sub-frames depending upon the gradation of n bits (n is an
integer of not smaller than 2), means for selecting the address
periods and the sustain periods in n sub-frames, and means for
so setting the sustain periods that Ts1:Ts2:Ts3: - - - :Ts(n-
1) Ts(m)=20:271:272 - - . 1272001

The time division gradation data signal-generating circuit
114 may be provided on the outer side of the EL display
device of the invention. In this case, the digital data signals
that are formed are input to the EL display device of the
invention. Accordingly, the electronic device having the EL
display device of the invention as a display unit, includes the
EL display device of the invention and the time-division
gradation data signal-generating circuit as separate compo-
nents.

Further, the time-division gradation data signal-generating
circuit 114 may be mounted in the form of an IC chip on the
EL display device of the invention. In this case, the digital
data signals formed by the IC chip are input to the EL display
device of the invention. In this case, the electronic device
having the EL display device of the invention as a display
unit, includes, as a component, the EL display device of the
invention on which is mounted an IC chip that includes the
time-division gradation data signal-generating circuit.

Finally, further, the time-division gradation data signal-
generating circuit 114 can be formed by TFTs on the same
substrate as the pixel unit 104, data signal-side drive circuit
102 and gate signal-side drive circuit 103. Here, everything
can be processed on the substrate if video signals including
picture data are input to the EL display device. In this case,
further, the electronic device having the EL display device of
the invention as a display unit has the time-division gradation
data-generating circuit that is incorporated in the EL display
device, making it possible to decrease the size of the elec-
tronic device.

FIG. 2 is a sectional view schematically illustrating the
structure of the active matrix-type EL display device of the
invention.

InFIG. 2, reference numeral 11 denotes a substrate, and 12
denotes an insulating film that serves as an underlayer (here-
inafter referred to as underlayer film).

As the substrate 11, there can be used a light-transmitting
substrate and, typically, a glass substrate, a quartz substrate, a
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glass ceramic substrate or a crystallized glass substrate. The
substrate, however, must be capable of withstanding a high
temperature of during the production processing.

The underlying film 12 may not be provided in the case of
the quartz substrate though it is effective for a substrate that
contains mobile ions or for a substrate that has an electrically
conducting property. The underlying film 12 may be an insu-
lating film containing silicon. In this specification, the “insu-
lating film containing silicon” concretely stands for an insu-
lating film such as a silicon oxide film, a silicon nitride film or
a silicon oxynitride film (SiOxNy: x and y are integers) con-
taining oxygen or nitrogen at a predetermined ratio with
respect to silicon.

Reference numeral 201 denotes a switching TFT and 202
denotes a current control TFT. They are both n-channel TFTs.
The n-channel TFT exhibits a field-effect mobility larger than
a field-effect mobility of the p-channel TFT, and, hence,
operates fast permitting a large current to flow. When the
same amount of current flows, the n-channel TFT can be
formed in a small size. It is therefore desired to use the
n-channel TFTs as the current control TFTs enabling the
effective light-emitting area of the picture display unit to be
widened.

In the present invention, however, the switching TFT and
the current control TFT need not be limited to the n-channel
TFTs, but both of them or either one of them may be p-chan-
nel TFTs.

The switching TFT 201 includes a source region 13, adrain
region 14, LDD regions 15a to 154, an active layer including
an isolation region 16 and channel-forming regions 174, 175,
a gate-insulating film 18, gate electrodes 19a, 195, a first
interlayer insulating film 20, a source wiring 21, and a drain
wiring 22. The gate insulating film 18 or the first interlayer
insulating film 20 may be common to all TFTs on the sub-
strate, or may be different depending on the circuits or the
elements.

In the switching TFT 201 shown in FIG. 2, the gate elec-
trodes 19a and 195 are electrically connected together form-
ing a so-called double gate structure. Not being limited to the
double gate structure only, there may be employed a so-called
multi-gate structure such as triple gate structure, etc. (struc-
ture including an active layer having two or more channel-
forming regions connected in series).

The multi-gate structure is very effective in decreasing the
off-current. If the off-current of the switching TFT could be
decreased to a sufficient degree, the capacity of the capacitor
112 shown in FIG. 1(B) can be decreased correspondingly.
That is, the area occupied by the capacitor 112 can be
decreased. Therefore, employment of the multi-gate structure
is effective in expanding the effective light-emitting area of
the EL element 109.

In the switching TFT 201, further, the LDD regions 15a to
15d are so provided as will not be overlapped on the gate
electrodes 19a and 194 via the gate insulating film 18. This
structure is very effective in decreasing the off-current. Fur-
ther, the lengths (widths) of the LDD regions 15a to 154 may
be from 0.5 to 3.5 um and, typically, from 2.0 to 2.5 um.

Ttis further desired to form an offset region (region formed
of a semiconductor layer of the same composition as the
channel-forming region but to where no gate voltage is
applied) between the channel-forming region and the LDD
region from the standpoint of decreasing the off-current. In
the case of the multi-gate structure having two or more gate
electrodes, the isolation region 16 (region to where are added
the same impurity elements as those of the source region or
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the drain region at the same concentration) formed between
the channel-forming regions, is effective in decreasing the
off-current.

Next, the current control TFT 202 includes a source region
26, a drain region 27, an active layer including an LDD region
28 and a channel-forming region 29, a gate insulating film 18,
a gate electrode 30, a first interlayer insulating film 20, a
source wiring 31 and a drain wiring 32. In the case of FIG. 2,
however, a resistor 33 and a connection region 34 are pro-
vided between the drain region 27 and the drain wiring 32.

The resistor 33 corresponds to the resistor 109 of FIG.
1(B), and the connection region 34 is a high-impurity-con-
centration region (impurity region of the same composition as
the drain region 27) for electrically connecting the resistor 33
to the drain wiring 32. Here, the active layer of the current
control TFT 202 is extended to electrically connect this TFT
to the resistor 33. However, the electric connection is in no
way limited to this structure only.

A thin film denoted by 55 is the one (hereinafter referred to
as masking film) used as a doping mask at the time of forming
the resistor 33 and is, here, formed simultaneously with the
gate electrode 30. In the case of FIG. 2, the masking film 55
is an electrically conducting film made of the same material as
the gate electrode 30, and may be electrically isolated.

In the structure of FIG. 2, the resistor 33 is formed by an
impurity region of the same composition as the LDD region
28. The resistance is determined by the length of the resistor
and the sectional area thereof. It may be formed by an intrinsic
semiconductor layer without any impurity accompanied,
however, by a difficulty of controlling the resistance. It is
therefore desired to control the resistance by adding impuri-
ties.

When the resistor 33 is formed by the semiconductor layer
as described above, the resistance may change if light emitted
from the EL element falls on the resistor. As shown in FIG. 2,
therefore, it is meaningful to form a masking film having
light-shielding property to use it as a light-shielding film,
from the standpoint of preventing a change in the resistance.

As shown in FIG. 1(B), further, the drain of the switching
TFT is connected to the gate of the current control TFT.
Concretely, the gate electrode 30 of the current control TFT
202 is electrically connected to the drain region 14 of the
switching TFT 201 through a drain wiring (also called con-
nection wiring) 22. The gate electrode 30 has a single-gate
structure but may have a multi-gate structure. Further, the
source wiring 31 is connected to the current feeder line 110 of
FIG. 1(B).

The current control TFT 202 is an element for controlling
the amount of current injected into the EL element and
through which a relatively large current flows. Therefore, its
channel width (W) is desirably designed to be wider than the
channel width of the switching TFT. It is further desired to
design the channel to possess an increased length (L) so that
an excess current will not flow into the current control TFT
202. Desirably, the current that flows is from 0.5 to 2 pA
(preferably, from 1 to 1.5 uA) per a pixel.

Then, referring to FIG. 9, if the channel length of the
switching TFT is denoted by L1 (L1=L.1a+L15), the channel
width thereof is denoted by W1, the channel length of the
current control TFT by L2, and the channel width thereof by
W2, it is desired that W1 is from 0.1 to 5 um (typically from
1to3 um)and W2 is from 0.5 to 30 um (typically from 2 to 10
um). It is further desired that L1 is from 0.2 to 18 um (typi-
cally, from 2 to 15 um) and L2 is from 0.1 to 50 pm (typically,
from 1to 20 (m). The invention, however, is in no way limited
to the above values only. In FIG. 9, L3 denotes the length of
the resistor, and W3 denotes the width of the resistor.
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Further, the EL display device shown in FIG. 2 has a feature
in that the LDD region 28 is provided between the drain
region 27 and the channel-forming region 29 in the current
control TFT 202, and, besides, the LDD region 28 includes a
region overlapped on the gate 30 via the gate-insulating film
18 and a region that is not overlapped thereon.

The current control TFT 202 permits a relatively large
current to flow causing the EL element 203 to emit light, and
is better provided with a countermeasure against being dete-
riorated by the injection of hot carriers. To display a black
color, the current control TFT 202 is turned off. Here, if there
flows a large off-current, pure black color cannot be displayed
deteriorating the contrast. It is therefore necessary to suppress
the off-current.

It has been known that the structure in which the LDD
region is overlapped on the gate electrode is very effective in
coping with the deterioration caused by the injection of hot
carriers. However, the off-current increases if the whole LDD
region is overlapped. Therefore, the applicant simultaneously
solves the problems of hot carriers and off-current by a novel
structure in which an LDD region without overlapping on the
gate electrode is provided in series in addition to the above-
mentioned structure.

In this case, the LDD region overlapped on the gate elec-
trode may have a length of from 0.1 to 3 (m (preferably, from
0.3 to 1.5 (m). Parasitic capacity increases when the LDD
region is too long, and the effect for preventing hot carriers is
weakened when the LDD region is too short. The LDD region
that does not overlap the gate electrode may have a length of
from 1.0 to 3.5 (m (preferably, from 1.5 to 2.0 (m). The
current does not flow to a sufficient degree when the LDD
region is too long, and the effect for decreasing the off-current
is weakened when the LDD region is too short.

In the above-mentioned constitution, further, parasitic
capacity is formed in the region where the gate electrode and
the LDD region are overlapped one upon the other. It is
therefore desired not to form the LDD region between the
source region 26 and the channel-forming region 29. In the
current control TFT, the carriers (electrons in this case) flow
in the same direction at all times, and the LDD region pro-
vided on the side of the drain region only 1s enough.

From the standpoint of flowing the current in an increased
amount, further, it is recommended to increase the thickness
of the active layer (and, particularly, of the channel-forming
region) of the current control TFT 202 (preferably, from 50 to
100 nm and, more preferably, from 60 to 80 nm). In the case
of the switching TFT 201, on the other hand, it is recom-
mended to decrease the thickness of the active layer (particu-
larly, channel-forming region) (preferably, from 20 to 50 nm
and, more preferably, from 25 to 40 nm) from the standpoint
of decreasing the off-current.

In the foregoing was described the structure of the TFT
provided in the pixel. At the same time, in this case, a drive
circuit is formed. FIG. 2 is a diagram illustrating a CMOS
circuit which is a basic unit for forming the drive circuits.

In FIG. 2, the TFT of a structure which injects hot carriers
in adecreased amount without decreasing the operation speed
as much as possible, is used as an n-channel TFT 204 of the
CMOS circuit. The drive circuits referred to here stand for the
data signal drive circuit 102 and the gate signal drive circuit
103 shown in FIG. 1. It is, of course, allowable to form other
logic circuits (level shifter, A/D converter, signal-dividing
circuit, etc.).

The active layer of the n-channel TFT 204 includes a
source region 35, a drain region 36, an LDD region 37 and a
channel-forming region 38, the LDD region 37 being over-
lapped on the gate electrode 39 via the gate-insulating film 18.
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The LDD region is formed on the side of the drain region
only in order not to decrease the speed of operation. In this
n-channel TFT 204, much attention needs not be given to the
off-current but rather importance is given to the operation
speed. Tt is therefore desired that the LDD region 37 is com-
pletely overlapped on the gate electrode to decrease the resis-
tance component as much as possible. In other words, the
so-called offset is better eliminated.

The p-channel TFT 205 in the CMOS circuit is not almost
deteriorated by the injection of hot carriers, and the LDD
region needs not be particularly provided. Accordingly, the
active layer includes a source region 40, a drain region 41 and
a channel-forming region 42, and a gate-insulating film 18
and a gate electrode 43 are formed thereon. It is, of course,
allowable to provide the LDD region like in the n-channel
TFT 204 to cope with the hot carriers.

When a p-channel TFT is to be used as the current control
TFT 202, there may be used the p-channel TFT having the
same structure as the p-channel TFT 205.

Further, the n-channel TFT 204 and the p-channel TFT 205
are covered with the first interlayer insulating film 20, and are
forming source wirings 44 and 45. They are electrically con-
nected together through a drain wiring 46.

Next, reference numeral 47 denotes a first passivation film
having a thickness of from 10 nm to 1 (m (preferably, from
200 to 500 nm). The material will be an insulating film con-
taining silicon (particularly, a silicon oxynitride film or a
silicon nitride film). The passivation film 47 works to protect
the formed TFT from alkali metals or water. The EL layer that
is finally formed on the TFT contains alkali metals such as
sodium, etc. That is, the first passivation film 47 works as a
protection layer that prevents alkali metals (mobile ions) from
infiltrating into the TFT side.

Further, reference numeral 48 denotes a second interlayer
insulating film which works as a flattening film for flattening
astep formed by the TFT. As the second interlayer insulating
film 48, there can be preferably used an organic resin film
such as of polyimide, polyamide, acrylic or BCB (benzocy-
clobutene). These organic resin films form favorable flat sur-
faces exhibiting a small specific inductivity. Since the EL
layer is very susceptible to ruggedness, it is desired that a step
due to the TFT is almost all absorbed by the second interlayer
insulating film. It is further desired to thickly form a material
having a low specific inductivity from the standpoint of low-
ering the parasitic capacity formed between the gate wiring or
the data wiring and the cathode of the EL element. Preferably,
therefore, the film thickness is from 0.5 to 5 (m (preferably,
from 1.5 to 2.5 (m).

Reference numeral 49 denotes a pixel electrode (anode of
EL element) formed of a transparent electrically conducting
film so as to be connected to the drain wiring 32 of the current
control TFT 202 in a contact hole (opening) that is formed in
the second interlayer insulating film 48 and in the first passi-
vation film 47. With the pixel electrode 49 not being directly
connected to the drain region 27 as shown in FIG. 2, the alkali
metals in the EL layer are prevented from infiltrating into the
active layer through the pixel electrode.

On the pixel electrode 49 is formed a third interlayer insu-
lating film 50 which is a silicon oxide film, a silicon oxyni-
tride film or an organic resin film maintaining a thickness of
from 0.3to 1 (m. An opening is formed by etching in the third
interlayer insulating film 50 on the pixel electrode 49, the
edges of the opening being tapered by etching. The tapering
angle is from 10 to 60((preferably, from 30 to 50( ).

An EL layer 51 is provided on the third interlayer insulat-
ing film 50. The EL layer 51 has either a single-layer structure
or alaminated-layer structure. However, a high light-emitting



US 7,982,222 B2

11

efficiency is obtained when it has the laminated-layer struc-
ture. In general, a positive hole injection layet, a positive hole
transport layer, a light-emitting layer and an electron trans-
port layer are formed in order mentioned on the pixel elec-
trode. However, they may be formed in such a structure as
positive hole transport layer/light-emitting layer/electron
transport layer or positive hole injection layer/positive hole
transport layer/light-emitting layet/electron transport layer/
electron injection layer. In this embodiment, any known
structure may be used, or the EL layer may be doped with a
fluorescent coloring matter.

As the organic EL material, there can be used those dis-
closed in, for example, the following U.S. patents and Japa-
nese Laid-Open Patents, i.e., U.S. Pat. Nos. 4,356,429, 4,539,
507, 4,720.432,4,769,292, 4,885,211, 4,950,950, 5,059,861,
5,047,687, 5,073,446, 5,059,862, 5,061,617, 5,151,629,
5,294,869, 5,294,870, and Japanese Patent Laid-Open Nos.
189525/1998, 241048/1996, and 78159/1996.

The color display systems employed for the EL display
devices can roughly be divided into four systems, i.e., a sys-
tem which forms EL elements of three types corresponding to
R (red), G (green) and B (blue), a system based on the com-
bination of an EL element that emits white light and a color
filter (colored layer), a system based on the combination of an
EL element that emits blue or bluish green light and a fluo-
rescent material (fluorescent color-conversion layer: CCM),
and a system which uses a transparent electrode as the cath-
ode (opposing electrode) and in which the EL elements cor-
responding to RGB are overlapped thereon.

The structure shown in FIG. 2 is that of the case of when
there is used a system that forms three kinds of EL elements
corresponding to RGB. Though FIG. 2 illustrates only one
pixel, the pixels of the same structure are formed being cor-
responded to red, green and blue, thereby to produce a color
display.

The invention can be put into practice irrespective of the
light-emitting system, and all of the above-mentioned four
systems can be employed in the invention. However, the
fluorescent material exhibits a slow response speed compared
to the EL leaving a problem of residual light. Therefore, it is
desired not to use the fluorescent material. It is further desired
not to use a color filter that is a factor for dropping the
luminance of emitted light.

The cathode 52 of the EL element is provided on the EL
layer 51. As the cathode 52, there can be used a material
containing magnesium (Mg), lithium (Li) or calcium (Ca)
having a small work function. Desirably, there can be used an
electrode of MgAg (material in which Mg and Ag are mixed
at a ratio of Mg:Ag=10:1). There can be further used an
MgAgAl electrode, an LiAl electrode or an LiFAI electrode.

It s desired that the cathode 52 is continuously formed
without being exposed to the open air after the EL layer 51 has
been formed. This is because the interfacial state between the
cathode 52 and the EL layer 51 greatly affects the light-
emitting efficiency of the EL element. In this specification,
the light-emitting element formed of the pixel electrode (an-
ode), EL layer and cathode, is called EL element.

A laminate of the EL layer 51 and the cathode 52 must be
separately formed for each of the pixels. However, the EL
layer 51 is very weak against water, and cannot be formed
relying upon the ordinary photolithography technology. It is
therefore desired that the EL layer 51 is selectively formed by
a vacuum deposition method, a sputtering method or a gas-
eous phase method such as plasma CVD, by using a physical
masking material such as metal mask or the like.

The EL layer can be selectively formed by an ink-jet
method, a screen-printing method or a spin-coating method.
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At present, however, none of these methods is capable of
continuously forming the cathode. It can, therefore, be said
that the above-mentioned method is preferred.

Reference numeral 53 denotes a protection electrode
which protects the cathode 52 from the external water com-
ponent, and connects the cathodes 52 of the pixels. As the
protection electrode 53, it is desired to use a material having
a low resistance containing aluminum (Al), copper (Cu) or
silver (Ag). The protection electrode 53 also exhibits a heat-
radiating effect for reducing heat generated in the EL layer. It
is effective if up to the protection electrode 53 is continuously
formed without being exposed to the open air after the for-
mation of the EL layer 51 and the cathode 52.

Reference numeral 54 denotes a second passivation film
having a thickness of from 10 nm to 1 (m (preferably, from
200 to 500 nm). The second passivation film 54 is provided
chiefly for protecting the EL layer 51 from the water compo-
nent but still effectively exhibits its effect of radiating heat. As
described above, however, the EL layer is weak against heat
and is, hence, formed at a temperature as low as possible
(preferably, over a temperature range of from room tempera-
ture up to 120 (C). Therefore, a desired film-forming method
will beaplasma CVD method, a sputtering method, a vacuum
evaporation method, an ion-plating method or a solution-
coating method (spin-coating method).

EXAMPLE 1

An Example of the invention will now be described with
reference to FIGS. 5 to 8. Described here is a method of
simultaneously fabricating a pixel unit and TFTs in the drive
circuit units provided in the peripheries thereof. Here, to
simplify the description, a CMOS circuit which is a basic unit
is diagramed concerning the drive circuits.

Referring, first, to FIG. 5(A), a substrate 501 is prepared
having an underlying film (not shown) formed on the surface
thereof. In this Example, a silicon oxynitride film having a
thickness of 100 nm and a silicon oxynitride film having a
thickness of 200 nm are laminated as an underlying film on a
crystallized glass. Here, it is desired that the film of the side
contacting to the crystallized glass substrate has a nitrogen
concentration of from 10 to 25% by weight. It is, of course,
allowable to directly form elements on the quartz substrate
without forming the underlying film.

Next, an amorphous silicon film 502 is formed on the
substrate 501 maintaining a thickness of 45 nm by a known
film-forming method. Here, the film is in no way limited to
the amorphous silicon film but may be a semiconductor film
(inclusive of a fine crystalline semiconductor film) having an
amorphous structure. It is, further, allowable to form a com-
pound semiconductor film having an amorphous structure
such as amorphous silicon germanium film.

Concerning this step through up to a step of FIG. 5(C), the
content of Japanese Patent Laid-Open No. 247735/1998 filed
by the present applicant can be just quoted. This publication
discloses technology related to a method of crystallizing the
semiconductor film using an element such as nickel or the like
as a catalyst.

First, a protection film 504 having openings 503a, 5035 is
formed. In this Example, a silicon oxide film having a thick-
ness of 150 nm is used. A layer (Ni-containing layer) con-
taining nickel (Ni) is formed on the protection film 504 by a
spin-coating method. As for the formation of the Ni-contain-
ing layer, reference should be made to the above publication.

Referring next to FIG. 5(B), heat treatment is conducted in
an inert atmosphere at 570(C for 14 hours to crystallize the
amorphous silicon film 502. In this case, crystallization pro-
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ceeds nearly in parallel with the substrate starting from the
regions (hereinafter referred to as Ni-added regions) 506a,
506b to where nickel is contacted, thereby to form a polysili-
con film 507 of a crystalline structure in which rod-like crys-
tals are collectively arranged. Here, it has been known that
diffraction spots corresponding to the orientation {110} are
observed on an electron-ray diffraction photograph as shown
in FIG. 19(A).

Next, as shown in FIG. 5(C), an element (desirably, phos-
phorus) pertaining to the Group 15 is added to the Ni-added
regions 5064 and 5065 with the protection film 504 as a mask.
There are thus formed regions (hereinafter referred to as
phosphorus-added regions) 508« and 5085 to which phos-
phorus is added at a high concentration.

Referring next to FIG. 5(C), the heat treatment is con-
ducted in an inert atmosphere at 600(C for 12 hours. Due to
this heat treatment, nickel present in the polysilicon film 507
migrates and is finally almost all trapped by the phosphorus-
added regions 5084 and 5085 as indicated by arrows. This is
considered to be a phenomenon due to the gettering effect of
ametal element (Ni in this embodiment) caused by phospho-
rus.

Due to this step, the concentration of Ni remaining in the
polysilicon film 509 decreases down to at least 2x 1017 atoms/
cm3 as measured by the SIMS (secondary ion mass spectrom-
etry). Nickel is a life-time killer for the semiconductor. Being
decreased down to this level, however, it no longer adversely
affects the TF'T characteristics. Besides, this concentration is
almost the limit of measurement by the present SIMS analy-
sis. In practice, therefore, it is considered that the concentra-
tion is much lower (2x1017 atoms/cm3 or lower).

Thus, there is obtained the polysilicon film 509 which is
crystallized by the use of the catalyst and in which the con-
centration of the catalyst is decreased down to a level that
does not hinder the operation of the TFT. Thereafter, the
active layers 510 to 513 using the polysilicon film 509 only
are formed by patterning. The active layer 513 partly includes
a semiconductor layer that works as a resistor afterwards.
Here, it is recommended to form a marker for aligning the
masking in the subsequent patterning by using the above
polysilicon film (FIG. 5(D)).

Referring next to FIG. 5(E), a silicon oxynitride film of a
thickness of 50 nm is formed by the plasma CVD method,
followed by the heat treatment in an oxidizing atmosphere at
950(C for one hour to execute the step of thermal oxidation.
The oxidizing atmosphere may be an oxygen atmosphere or
an oxygen atmosphere to which a halogen element is added.

In this step of thermal oxidation, the oxidation proceeds in
the interface between the active layer and the silicon oxyni-
tride film, whereby the polysilicon film having a thickness of
about 15 nm is oxidized thereby to form a silicon oxide film
maintaining a thickness of about 30 nm. That is, there is
formed a gate insulating film 514 of a thickness of 80 nm
including the silicon oxide film having the thickness of 30 nm
and the silicon oxynitride film having the thickness of 50 nm
laminated one upon the other. Further, the active layers 510 to
513 have thicknesses of 30 nm as a result of passing through
the step of thermal oxidation.

Referring next to FIG. 6(A), a resist mask 515 is formed,
and an impurity element (hereinafter referred to as p-type
impurity element) is added through the gate-insulating film
514 to impart p-type. As the p-type impurity element, there
can be representatively used an element pertaining to the
Group 13 and, typically, boron or gallium. This step (called
channel-doping step) is for controlling the threshold voltage
of the TFT.
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In this Example, boron is added by the plasma-excited
ion-doping method without mass-separating diborane
(B2H6). Tt is of course allowable to employ the ion implan-
tation method which executes the mass separation. Through
this step, impurity regions 516 to 518 are formed containing
boron at a concentration of 1x1015 to 1x1018 atoms/cm3
(typically, 5x1016 to 5x1017 atoms/cm3).

Referring next to FIG. 6(B), resist masks 5194 and 5195
are formed, and an impurity element (hereinafter referred to
as n-type impurity element) is added through the gate-insu-
lating film 514 to impart n-type. As the n-type impurity ele-
ment, there can be representatively used an element pertain-
ing to the Group 15 and, typically, phosphorus or arsenic. In
this Example, phosphorus is added at a concentration of
1x10*® atoms/ecm’® by the plasma-excited plasma-doping
method without mass-separating phosphine (PH;). It is of
course allowable to use the ion implantation method that
executes the mass separation.

The dosage is so adjusted that the n-type impurity regions
520 and 521 formed through the above step contain n-type
impurity element at a concentration of from 2x10*° to 5x10*°
atoms/cm’ (typically, from 5x10" to 5x10"® atoms/cm®).

Referring next to FIG. 6(C), the n-type impurity element
and the p-type impurity element that are added are activated.
Though there is no need of limiting the means of activation, it
is desired to execute the furnace annealing using an electri-
cally heated furnace since the device is provided with the
gate-insulating film 514. In the step of FIG. 6(A), further,
there is a probability that the interface between the active
layer and the gate-insulating film has been damaged in a
portion that becomes the channel-forming region. It is there-
fore desired to execute the heat treatment at a temperature as
high as possible.

This Example uses a crystallized glass having a high heat
resistance. Therefore, the step of activation is executed rely-
ing on the furnace annealing at 800° C. for one hour. The
thermal oxidation may be executed in an oxidizing atmo-
sphere, or the heat treatment may be executed in an inert
atmosphere. Here, however, the step of activation is not an
essential requirement.

This step clarifies the boundary portion (junction portion)
to the ends of the n-type impurity regions 520, 521, i.e., to the
region (p-type impurity region formed by the step of FIG.
6(A)) to where n-type impurity element has not been added
around the n-type impurity regions 520, 521. This means that
the LDD region and the channel-forming region are capable
of forming a very favorable junction portion at a moment
when the TFT is completed subsequently.

Next, anelectrically conducting film is formed maintaining
a thickness of 200 to 400 nm and, then, a masking film 526 is
formed to form gate electrodes 522 to 525 and resistors by
patterning. The channel lengths of the TFTs are determined
by the widths of the gate electrodes 522 to 525. Further, the
resistance of the resistors is determined by the width of the
masking film 526.

The gate electrodes may be formed of a single electrically
conducting film. As required, however, the gate electrodes
may be formed of a laminated film of two layers or three
layers. As the material of the gate electrodes, there can be
used a known electrically conducting film. Concretely, there
can be used a film of an element selected from tantalum (Ta),
titanium (Ti), molybdenum (Mo), tungsten (W), chromium
(Cr)and silicon (Si), ora film of anitride of the above element
(typically, a tantalum nitride film, a tungsten nitride film or a
titanium nitride film), an alloy film of a combination of the
above elements (typically, a Mo—W alloy or a Mo—Ta
alloy), or a silicide film of the above element (typically, a



US 7,982,222 B2

15

tungsten silicide film or a titanium silicide film). The film may
be used in the form of a single layer or laminated layers, as a
matter of course.

This embodiment uses a laminated-layer film of the tung-
sten nitride (WN) film having a thickness of 50 nm and the
tungsten (W) film having a thickness 0f 350 nm. This may be
formed by the sputtering method. Addition of inert gases such
as xenon (Xe), neon (Ne), etc. as sputtering gases, prevents
the film from being peeled by stress.

Here, the gate electrodes 523 and 525 are so formed as to be
overlapped on portions of the n-type impurity regions 520 and
521 via the gate-insulating film 514. The overlapped portions
subsequently become the LDD regions overlapped on the
gate electrodes. The gate electrodes 524a and 524b appear to
be separate from each other, but are really electrically con-
nected together.

Referring next to FIG. 7(A), an n-type impurity element
(phosphorus in this Example) is added using the gate elec-
trodes 522 to 525 and the masking film 526 as masks. To the
thus formed impurity regions 527 to 533 are added phospho-
rus at a concentration of from Y4 to Yo (typically, from %4 to
Y4) that of the n-type impurity regions 520 and 521. Con-
cretely, it is desired that the phosphorus concentration is from
1x10' to 5x10'® atoms/cm® (typically, 3x10'7 to 3x10'®
atoms/cm?®,

Referring next to FIG. 7(B), resist masks 534a to 534d are
formed so as to cover the gate electrodes, and an n-type
impurity element (phosphorus in this Example) is added to
form impurity regions 535 to 542 containing phosphorus at a
high concentration. In this case, too, phosphorus is added by
the ion-doping method using phosphine (PH,), and the phos-
phorus concentration in the regions is adjusted to be from
1x10% to 1x10%' atoms/cm® (typically, from 2x10*° to
5x10%° atoms/cm?).

The source region or the drain region of the n-channel TFT
is formed through the above step. Here, however, the n-type
impurity regions 530 to 532 formed in the step of FIG. 7(A)
are partly remaining in the switching TFT. The thus remained
regions correspond to the LDD regions 15a to 154 of the
switching TFT in FIG. 2.

Next, as shown in FIG. 7(C), the photoresist masks 534a to
534c are removed, and a new resist mask 543 is formed. Then,
ap-type impurity element (boron in this Example) is added to
form impurity regions 544 and 545 containing boron at a high
concentration. Here, boron is added by the ion-doping
method using diborane (B,H;) at a concentration of from
3x10% to 3x10?' atoms/cm® (typically, from 5x10°° to
1x10°" atoms/cm?).

In the impurity regions 544 and 545, phosphorus has been
added already at a concentration of from 1x10%° to 1x10*
atoms/cm>. Here, however, boron is added at a concentration
at least three times as large or more. Therefore, the n-type
impurity regions that have been formed in advance are all
inverted into the p-type, and work as p-type impurity regions.

Referring next to FIG. 7(D), the photoresist mask 543 is
removed and, then, a first interlayer insulating film 546 is
formed. As the first interlayer insulating film 546, an insulat-
ing film containing silicon may be used in the form of a single
layer or laminated layers of a combination thereof. The film
may have a thickness of from 400 nm to 1.5 pm. In this
embodiment, the film has a laminated-layer structure includ-
ing a silicon oxide film of a thickness of 800 nm laminated on
a silicon oxynitride film of a thickness of 200 nm.

Thereafter, the n-type and p-type impurity elements added
at their respective concentrations are activated. Preferred acti-
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vating means is the furnace annealing. In this Example, the
heat treatment is effected in a nitrogen atmosphere at 550° C.
for 4 hours.

Then, the heat treatment is effected in an atmosphere con-
taining 3 to 100% of hydrogen at 300 to 450° C. for 1 to 12
hours to effect the hydrogenation. This step is to terminate the
unpaired bonding hands of the semiconductor film with
hydrogen that is thermally excited. As another means for
hydrogenation, the plasma hydrogenation (using hydrogen
excited by plasma) may be executed.

The hydrogenation treatment may be executed while the
first interlayer insulating film 546 is being formed. That s,
after the silicon oxynitride film is formed maintaining a thick-
ness of 200 nm, the hydrogenation treatment may be effected
and, then, the silicon oxide film may be formed maintaining a
thickness of 800 nm.

Referring next to FIG. 8(A), contactholes are formed in the
first interlayer insulating film 546 to form source wirings 547
to 550 and drain wirings 551 to 553. In this Example, the
electrodes are formed of a laminated-layer film of a three-
layer structure of a Ti film which is 100 nm thick, an alumi-
num film containing Ti which is 300 nm thick and a Ti film
which is 150 nm thick, that are continuously formed by sput-
tering.

Next, a first passivation film 554 is formed maintaining a
thickness of from 50 to 500 nm (typically, from 200 to 300
nm). In this Example, a silicon oxynitride film of a thickness
of 300 nm is used as the first passivation film 554. This may
be replaced by a silicon nitride film.

Here, it is effective if a plasma treatment is conducted by
using a gas containing H,, NH; or the like that contains
hydrogen prior to forming the silicon oxynitride film. Hydro-
gen excited by this pre-treatment is supplied to the first inter-
layer insulating film 546, and the quality of the first passiva-
tion film 554 is improved by the heat treatment. At the same
time, hydrogen added to the first interlayer insulating film 546
diffuses into the lower layer, so that the active layer is effec-
tively hydrogenated.

Referring next to FIG. 8(B), a second interlayer insulating
film 555 of an organic resin is formed. As the organic resin,
there can be used a polyimide, an acrylic or a BCB (benzo-
cyclobutene). The second interlayer insulating film 555 must
flatten a step formed by the TFT and, hence, itis desired touse
an acrylic film having excellent flatness. In this Example, an
acrylic film is formed maintaining a thickness of 2.5 um.

Next, a contact hole is formed in the second interlayer
insulating film 555 and in the first passivation film 554 to
reach the drain wiring 553, thereby to form a pixel electrode
(anode) 556. In this embodiment, an indium oxide/tin (ITO)
film is formed maintaining a thickness of 110 nm which is
then patterned to form a pixel electrode. There may be used a
transparent electrically conducting film by mixing indium
oxide with 2 to 20% of zinc oxide (ZnO). The pixel electrode
serves as an anode of the EL element.

Next, an insulating film containing silicon (silicon oxide
film in this Example) is formed maintaining a thickness of
500 nm, and an opening is formed therein at a position cor-
responding to the pixel electrode 556 to form a third interlayer
insulating film 557. In forming the opening, a tapered side
wall can be easily formed by the wet etching method. When
the side wall of the opening is not sloping gently enough, the
EL layer is deteriorated to a conspicuous degree due to the
step.

Next, the EL layer 558 and the cathode (MgAg electrode)
559 are continuously formed by the vacuum evaporation
method without being exposed to the open air. The EL layer
558 has a thickness of from 80 to 200 nm (typically, from 100
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to 120 nm), and the cathode 559 has a thickness of from 180
to 300 nm (typically, from 200 to 250 nm).

In this step, the EL layers and the cathodes are successively
formed for a pixel of red color, for a pixel of green color and
for a pixel of blue color. Here, however, the EL layer has poor
resistance against the solution, and must be separately formed
for each of the colors without relying on the photolithography
technology. By using the metal mask, therefore, the areas are
concealed except the desired pixels, and the EL layer and the
cathode are selectively formed on the required portions only.

Thatis, a mask is set to conceal all areas except the pixel for
the red color and, by using this mask, the EL layer and the
cathode are selectively formed for emitting light of red color.
Next, amask is set to conceal all areas except the pixel for the
green color and, by using this mask, the EL layer and the
cathode are selectively formed for emitting light of green
color. Next, similarly, a mask is set to conceal all areas except
the pixel for the blue color and, by using this mask, the EL
layer and the cathode are selectively formed for emitting light
of blue color. Though different masks were used above, it is
also allowable to use the same mask repetitively. It is desired
to conduct the treatment without breaking the vacuum con-
dition until the EL layer and the cathode are formed on all
pixels.

A known material can be used as the EL layer 558. A
desired example of the known material is an organic material
by taking a drive voltage into consideration. For example, the
EL layer may have a 4-layer structure including a positive
hole injection layer, a positive hole transport layer, a light-
emitting layer and an electron injection layer. In this
Example, further, the MgAg electrode was used as the cath-
ode of the EL element. However, any other known material
may be used.

As the protection electrode 560, further, there may be used
an electrically conducting film of aluminum as a chief com-
ponent. The protection electrode 560 may be formed by the
vacuum evaporation method by using a mask different from
the one used for forming the EL layer and the cathode. It is
further desired that the protection electrode 560 is continu-
ously formed without being exposed to the open air after the
formation of the EL layer and the cathode.

Finally, the second passivation film 561 which is the silicon
nitride film is formed maintaining a thickness of 300 nm. In
practice, the protection electrode 560 plays the role of pro-
tecting the EL layer from the water. Upon forming the second
passivation film 561, reliability of the EL element can be
further enhanced.

Thus, the active matrix-type EL display device of the struc-
ture shown in FI1G. 8(C) is completed. In practice, after com-
pleted up to FIG. 8(C), it is desired to package (seal) the
device with a highly air-tight protection film (laminated film,
ultraviolet-ray curable resin film, etc.) or with a housing
member such as ceramic sealing container. In this case, the
interior of the housing member is filled with an inert atmo-
sphere. Or, a hygroscopic material (e.g., barium oxide) is
disposed in the interior to improve the reliability (life) of the
EL layer.

After the air-tightness is heightened by the treatment such
as packaging, a connector (flexible printed circuit: FPC) is
attached for connecting the elements formed on the substrate
or for connecting the terminals drawn from the circuit to the
external signal terminals, thereby to obtain a finished product.
The EL display device that is completed up to a state ready for
shipment is referred to as EL, module in this specification.

The constitution of the active matrix-type EL display
device of this Example will now be described with reference
to a perspective view of FIG. 11. The active matrix-type EL
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display device of this Example is constituted by a pixel unit
602, a gate-side drive circuit 603 and a source-side drive
circuit 604 formed on a glass substrate 601. A switching TFT
605 in the pixel unit is an n-channel TFT which is disposed at
an intersecting point of a gate wiring 606 connected to the
gate-side drive circuit 603 and a source wiring 607 connected
to the source-side drive circuit 604. The drain of the switching
TFT 605 is connected to the gate of a current control TFT 608.

The source of the current control TFT 608 is connected to
a current feeder line 609, and the drain of the current control
TFT 608 is connected to an EL element 611 via a resistor 610.
A predetermined voltage is applied to the cathode of the EL
element 611.

An FPC 612 which serves as external input terminals is
provided with input wirings (connection wirings) 613, 614
for transmitting signals to the drive circuits, and with an input
wiring 615 connected to the current feeder line 609.

The EL module of this Example inclusive of the housing
member will now be described with reference to FIGS. 12(A)
and 12(B). As required, reference numerals used in FIG. 11
will be quoted.

On a substrate 1200 are formed a pixel unit 1201, a data
signal-side drive circuit 1202, and a gate signal-side drive
circuit 1203. The wirings from the drive circuits arrive at FPC
612 through input wirings 613 to 615 and are connected to an
external unit.

In this case, the housing member 1204 is provided to at
least surround the pixel unit and, preferably, the drive circuits
and the pixel unit. The housing member 1204 is of a shape
having arecessed portion of which the inner size is larger than
the outer size of the EL element, or is of the shape of a sheet,
and is secured with an adhesive 1205 to the substrate 1200 so
as to form a sealed space together with the substrate 1200. In
this case, the EL element is completely sealed in the sealed
space and is completely shut off from the external air. The
housing members 1204 may be provided in a plural number.

It is desired that the material of the housing member 1204
is an insulating material such as glass polymer or the like.
There can be exemplified an amorphous glass (borosilicate
glass, quartz), a crystallized glass, a ceramic glass, an organic
resin (acrylic resin, styrene resin, polycarbonate resin or
epoxy resin) or a silicone resin. There may be further used
ceramics. There can be further used a metal material such as
stainless steel alloy when the adhesive 1205 is an insulating
material.

Further, the material of the adhesive 1205 may be an epoxy
resin or an acrylate resin. It is further allowable to use a
thermosetting resin or a photo-curing resin as an adhesive. As
far as possible, however, the material should not permit water
to pass through.

It is further desired that a gap 1206 between the housing
member and the substrate 1200 is filled with an inert gas
(argon, helium, neon or nitrogen). Not being limited to gases,
farthermore, an inert liquid (liquid fluorinated carbon, etc. as
represented by perfluoroalkane) may be used. As for the inert
liquid, there may be used materials used in Japanese Patent
Laid-Open No. 78519/1996.

It is also effective if a drying agent is provided in space
1206. The drying agent may be a material disclosed in Japa-
nese Patent Laid-Open No. 148066/1997. Typically, barium
oxide may be used.

As shown in FIG. 12(B), further, the pixel unit is provided
with a plurality of pixels each having an independent EL
element, the pixels all having the protection electrode 1207 as
acommon electrode. In this Example, it is desired to continu-
ously form the EL layer, cathode (MgAg electrode) and pro-
tection electrode without exposing them to the open air. Here,
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however, the structure of FIG. 12(B) can be realized if the EL
layer and the cathode are formed by using the same masking
material, and if the protection electrode only is formed by
using another masking material.

Here, the EL layer and the cathode may be provided on the
pixel unit only but needs not be provided on the drive circuits.
Itis, of course, allowable to provide them on the drive circuits.
They, however, are better not provided on the drive circuits by
taking into consideration the fact that alkali metals are con-
tained in the EL layer.

The protection electrode 1207 is connected to the input
wiring 1210 through the connection wiring 1209 made of the
same material as the pixel electrode on a region denoted by
1208. The input wiring 1210 is a current feeder line for
applying a predetermined voltage (ground potential in this
Example or, concretely, 0 V) to the protection electrode 1207,
and is connected to the FPC 611 viaanelectrically conducting
paste material 1211.

Steps of fabrication for realizing the contact structure in the
region 1208 will now be described with reference to F1G. 13.

First, a state of FIG. 8(A) is obtained according to the steps
of the Example. Here, the first interlayer insulating film 544
and the gate insulating film 514 are removed at an end of the
substrate (region denoted by 1208 in FIG. 12(B)), and an
input wiring 1210 is formed thereon simultaneously with the
formation of the source wiring and drain wiring of FIG. 8(A),
as a matter of course (FIG. 13(A)).

Referring next to FIG. 8(B), a region denoted by 1301 is
removed and an opening 1302 1s formed at the time of etching
the second interlayer insulating film 553 and the first passi-
vation film 552. A connection wiring 1209 is so formed as to
cover the opening 1302. The connection wiring 1209 is
formed simultaneously with the pixel electrode 554 in FIG.
8(B), as a matter of course (FIG. 13(B)).

In this state, the EL element is formed (formation of a third
interlayer insulating film, EL layer and cathode) in the pixel
unit. Here, the third interlayer insulating film and the EL
element are not formed on the region shown in FIG. 13 by
using a mask or the like. After a cathode 557 is formed, a
protection electrode 558 is formed by using another mask.
Thus, the protection electrode 558 and the input wiring 1210
are electrically connected together through the connection
wiring 1209. Then, a second passivation film 559 is formed to
obtain a state shown in FIG. 13(C).

Through the above-mentioned steps, the contact structure
of the region denoted by 1208 in FIG. 12(B) is realized. The
input wiring 1210 is connected to the FPC 611 through a gap
(filled with the adhesive 1205 which must have a thickness
large enough for flattening the step of the input wiring)
between the housing member 1204 and the substrate 1200.
Though the input wiring 1210 was described here, other input
wirings 612 to 614, too, are connected to the FPC 611 passing
under the housing member 1204 in the same manne.

EXAMPLE 2

This Example deals with a constitution of the pixel as
shown in FIG. 14 which is different from the constitution
shown in FIG. 1(B).

In this Example, the two pixels shown in FIG. 1(B) are
symmetrically arranged with respect to the current feeder line
111 that applies ground potential. That is, as shown in FIG.
14, the current feeder line 111 is used in common by the two
neighboring pixels to decrease the number of the wirings.
There is no change in the structure of the TF Ts arranged in the
pixels.
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This constitution makes it possible to fabricate a more fine
pixel unit and to improve the quality of the picture.

By using the current feeder line 111 in common, further,
the current feeder line 111 gains an increased margin in its
width; i.e., the width of the current feeder line 111 can be
increased without decreasing the brightness of the picture.
This decreases the effect caused by a drop in the voltage of the
current feeder line 111, preventing such an occurrence that
the voltage supplied through the current feeder line 111 varies
depending upon the position of the pixel.

The constitution of this Example can be easily realized
according to the steps of fabrication of Example 1.

EXAMPLE 3

This Example deals with a case of forming the pixel unit of
astructure different from that of FIG. 1 with reference to FIG.
15. The steps up the step of forming the second interlayer
insulating film 48 may follow those of Example 1. The
switching TFT 201 covered with the second interlayer insu-
lating film 48 and the current control TFT 202 have the same
constitutions as those of FIG. 1 and are not described here.

In this Example, a pixel electrode 61 is formed after the
contact holes are formed in the second interlayer insulating
film 48 and in the first passivation film 47. In this Example, an
aluminum alloy film (aluminum film containing 1% by
weight of titanium) is formed maintaining a thickness of 200
nm as the pixel electrode 61. Any metal material may be used
as the pixel electrode, but it is desired that the pixel electrode
has a high reflection factor.

Then, a third interlayer insulating film 62 which is a silicon
oxide film is formed thereon maintaining a thickness of 300
nm, followed by the formation of an MgAg electrode having
athickness of 230 nm as a cathode 63 and followed, from the
lower side, by the formation of an electron transport layer of
a thickness of 20 nm, a light-emitting layer of a thickness of
40 nm and a positive hole transport layer of a thickness of 30
nm as an EL layer 64. Here, the EL layer 64 must be formed
having a pattern slightly larger than the cathode 63. This
prevents the cathode 63 from being short-circuited to an
anode 65 that will be formed subsequently.

Here, the cathode 63 and the EL layer 64 are continuously
formed by using a vacuum evaporation machine of a multi-
chamber type (also called cluster tool system) without being
exposed to the open air. First, the cathode 63 is formed on all
pixels using a first mask and, then, the EL layer that emits red
light is formed using a second mask. Then, the EL layer that
emits green light and the EL layer that emits blue light are
successively formed while precisely shifting the second
mask.

When the pixels corresponding to RGB are arranged like a
stripe, the second mask may simply be shifted by the method
described above. However, to realize the pixel structure of a
so-called delta arrangement, a third mask may be used for the
EL layer for emitting green light and a fourth mask may be
used for the EL layer for emitting blue light.

After the formation of up to the EL layer 64, an anode 65 of
a transparent electrically conducting film (thin film which is
an ITO film containing 10% by weight of zinc oxide in this
embodiment) is formed thereon maintaining a thickness of
110 nm. Thus, the EL element 206 is formed, and a pixel
having a structure shown in FIG. 15 is completed if there is
formed a second passivation film 66 using the material
described in Example 1.

In the constitution of this Example, red light, green light
and blue light formed by the pixels are emitted to the side
opposite to the substrate on which TFTs are formed. There-
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fore, almost all areas in the pixel, i.e., the region in which the
TFT is formed, can be used as an effective light-emitting
region. As a result, the pixel possesses a greatly increased
effective light-emitting area contributing to enhancing the
brightness of picture and a contrast ratio (bright-dark ratio).

The constitution of this Example can be freely combined
with any of the constitutions of Example 1 or 2.

EXAMPLE 4

This Example deals with the structure of the pixel in the
active matrix-type EL display device fabricated according to
Fxample 1. The description refers to FIG. 16 wherein the
portions corresponding to those of FIGS. 1 and 2 are denoted
by the same reference numerals as those of FIGS. 1 and 2.

InFIG. 16, reference numeral 201 denotes a switching TFT
which includes a source region 13, a drain region 14 and a
gate wiring (also serves as a gate electrode) 106. Further,
reference numeral 202 denotes a current control TFT which
includes a source region 26, a drain region 27 and a gate
electrode 30. Further, the drain of the current control TFT 202
1s electrically connected to the pixel electrode 49 through a
resistor 33 (semiconductor layer present under the masking
film 55 in FIG. 16), a connection region 34 and a drain wiring
32. Dotted lines 51 and 52 indicate positions where the EL
layer 51 and the cathode 52 are formed, and the EL element
203 is formed by the pixel electrode 49, EL layer 51 and
cathode 52.

Here, the drain wiring 22 of the switching TFT 201 is
electrically connected to the gate electrode 30 of the current
control TFT 202 through a contact portion 1601. Further, the
gate electrode 30 forms a holding capacity 113 at a portion
where it is overlapped on the source wiring 31 of the current
control TFT 202. The source wiring 31 is electrically con-
nected to the current feeder line 111.

In this Example, the pixel structure shown in FIG. 16 does
not at all limit the invention but simply represents a preferred
example. Positions where the switching TFT, current control
TFT and holding capacity will be formed may be suitably
selected by a designer. This Example can be freely combined
with any of the constitutions of Examples 1 to 3.

EXAMPLE 5

This Example deals with a pixel structure in the active
matrix-type EL display device different from the structure of
Example 4. Concretely, FIG. 16 illustrates a pixel structure
and F1G. 17 illustrates a pixel structure in which the material
of the gate wiring only is different from FIG. 16. The consti-
tution of FIG. 17 is the same as that of F1G. 16 except the gate
wiring constitution, and is not described in detail here.

In FIG. 17, reference numerals 71a and 714 denote gate
electrodes formed by a laminated film of a tungsten nitride
film and a tungsten film like the gate electrode of Example 1.
They may have independent patterns as shown in FIG. 17 or
may have patterns that are electrically connected together.
The gate electrodes are electrically floated at a moment when
they are formed. As the gate electrodes 71a, 715, there may be
used alaminated film of a tantalum nitride film and a tantalum
film, or any other electrically conducting film such as an alloy
film of molybdenum and tungsten. It is, however, desired that
the film can be excellently worked to form fine lines of a width
of notlarger than 3 pm (preferably, not larger than 2 um). It is
further desired that the film does not contain element that may
diffuse in the gate insulating film to infiltrate into the active
layer.
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As the gate wiring 72, on the other hand, there is used an
electrically conducting film having a resistance smaller than
that of the gate electrodes 71a, 715 and, typically, an alloy
film containing aluminum as a chief component or an alloy
film containing copper as a chief component. The gate wiring
72 does not require any particular fine workability. Besides,
since it will not be overlapped on the active layer, there
arouses no problem even if it contains aluminum or copper
that may easily diffuse in the insulating film.

To realize the structure of this Example, the step of activa-
tion may be executed prior to forming the first interlayer
insulating film 544 in the step of FIG. 7(D) of Example 1. In
this case, heat treatment is effected in a state where the gate
electrodes 71a and 715 are exposed. When the heat treatment
is effected in a sufficiently inert atmosphere or in an inert
atmosphere where the oxygen concentration is, preferably,
not larger than 1 ppm, the gate electrodes 71a and 715 are not
oxidized. That is, the resistance is not increased by oxidation,
and the gate electrodes are not covered with an insulating film
(oxide film) which is difficult to remove.

After the step of activation has finished, an electrically
conducting film of aluminum or copper as a chief component
is formed, and a gate wiring 72 is formed by patterning. At
this moment, a favorable ohmic contact is maintained at por-
tions where the gate electrodes 71a, 715 come into contact
with the gate wiring 72, enabling a predetermined gate volt-
age to be applied to the gate electrodes 71a, 715.

The constitution of this embodiment is effective particu-
larly when the picture display region has an increased region.
The reason will be described below.

In the EL display device of the invention, a frame is driven
being divided into a plurality of sub-frames, and the drive
circuits for driving the pixel unit must bear a large burden. To
decrease the burden, the loads (wiring resistance, parasitic
capacity, writing capacity of TFT, etc.) possessed by the pixel
unit are better decreased as much as possible.

The writing capacity of TFT is not much of a problem since
TFT having a very high operation performance can be real-
ized by using a polysilicon film. The capacity that is parasitic
to the data wiring or the gate wiring, is mostly formed relative
to the cathode (or protection electrode) of the EL element
formed on the above wirings. The parasitic capacity, however,
can be decreased to be almost negligible by forming an
organic resin film having a small specific inductivity as the
second interlayer insulating film maintaining a thickness of
from 1.5t0 2.5 um.

Therefore, what becomes the most serious hindrance in
applying the invention to the EL display device having a pixel
unit of a large area, is the wiring resistance in the data wirings
and in the gate wirings. It is, of course, allowable to divide the
data signal-side drive circuit into plural sections to arrange
them in parallel, or to provide the data signal-side drive circuit
and the gate signal-side drive circuit with the pixel unit sand-
wiched therebetween and send signals from both directions in
order to substantially decrease the operation frequency of the
drive circuits. In this case, however, there arouses another
problem that the drive circuits occupy increased areas.

Therefore, minimizing the wiring resistance of the gate
wirings relying on the structure of this Example is very effec-
tive in putting the invention into practice. In this Example, the
pixel structure shown in FIG. 17 in no way limits the inven-
tion but simply represents a preferred example. Besides, this
Example can be put into practice by being freely combined
with any of the constitutions of Examples 1 to 3.

EXAMPLE 6

A data signal-side drive circuit that operates at a very high
speed is necessary for executing the time-division gradation
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to divide a frame into n sub-frames. That s, it is desired to use
a TFT that operates at a very high speed (high response
speed). In this Example, use is made, as an active layer, of a
silicon film that is very adapted to fabricating TFTs that
operate at a very high speed.

A silicon film (polysilicon film in Example 1) having a
particular crystalline structure is obtained by conducting the
steps up to the step of FIG. 5(F) according to Example 1. In
this silicon film, the crystalline grain boundaries are highly
continuing and the directions of crystals are neatly oriented.
By using this silicon film as active layer for the TFTs, there
are obtained TFTs that operate at a very high speed.
Described below are the results of observation of the silicon
film that is prepared for use in the Example.

If viewed microscopically, the silicon film used in this
Example has a crystalline structure in which plural needle-
like or rod-like crystals (hereinafter referred to as rod-like
crystals) are collectively arranged. This can be easily
observed by TEM (transmission-type electron microscopic
method).

Further, close observation of an electron-ray diffraction
image of the silicon film with a spot diameter of 1.35 pm used
in this Example shows clear diffraction spots corresponding
to aplane {110} though it contains fluctuation to some extent,
from which it is confirmed that the principal orientation sur-
face has a plane {110} though it contains deviation to some
extent: in the crystallographic axis.

FIG. 19(A) is a photograph of an electron-ray diffraction
image of when the silicon film used in the Example is irradi-
ated with an electron ray of a spot diameter of 1.35 um, and
FIG. 19(B) is a photograph of an electron-ray diffraction
image of when a conventional polysilicon film is irradiated
with an electron ray under the same condition. In these pho-
tographs, the central portions are the sites irradiated with an
electron ray (points irradiated with an electron ray).

FIG. 19(A) shows relatively clear diffraction spots corre-
sponding to the plane {110}, whereas a glance of FIG. 19(B)
shows irregular spots indicating that the orientation surface is
irregular. A view of the electron-ray diffraction photographs
helps readily distinguish the silicon film used in this Example
over the conventional semiconductor film.

In the electron-ray diffraction image of FIG. 19(A),
appearance of the diffraction spots corresponding to the plane
{110} is obvious from the comparison with the electron-ray
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diffraction image of the single crystalline silicon wafer of 45

{110} orientation. Further, while the diffraction spots of the
single crystalline silicon wafer appear as sharp points, the
diffraction spots of the silicon film used in this Example are
expanding along circles in concentric with the point of irra-
diation of the electron ray as a center.

This is a feature of the silicon film used in the Example. The
individual crystalline particles are oriented on the plane
{110}. Therefore, if attention is given to a single crystalline
particle, it is expected that a diffraction spot can be obtained
similar to that of single crystalline silicon. In practice, how-
ever, plural crystalline particles are existing being collected
together. Therefore, though the individual crystalline par-
ticles are oriented on the plane {110}, they slightly spin about
their crystallographic axes, and points of diffraction corre-
sponding to the crystalline particles appear ina plural number
ona concentric circle. They are overlapped one upon the other
and appear to be expanding.

However, the individual crystalline particles form crystal-
line grain boundaries that match very well as will be
described later, and a slight spin about the crystallographic
axes does not impair the crystallinity. It can therefore be said
that the electron-ray diffraction image of the silicon film used
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in the invention has substantially no difference from the elec-
tron-ray diffraction image of the single crystalline silicon
wafer of {110} orientation.

From the foregoing, it can be said that the silicon film used
as an active layer for the TFTs of this Example is the one that
shows an electron-ray diffraction image corresponding to the
orientation {110}.

Next, described below are crystalline grain boundaries of
the silicon film used in the invention. Though they are called
crystalline grain boundaries for easy explanation, they may
be considered to be interfaces between the crystalline par-
ticles and other crystalline particles derived therefrom
(branched therefrom). In either case, they are called, in this
specification, crystalline grain boundaries inclusive of the
above interface.

The applicant has observed the crystalline grain bound-
aries formed by the individual rod-like crystals that are con-
tacting to oneanother by HR-TEM (high-resolution transmis-
sion type electron microscopic method) and has confirmed
continuity in the crystalline lattice on the crystalline grain
boundaries. This can be easily confirmed from the fact that the
lattice stripes that are observed are continuing on the crystal-
line grain boundaries.

The continuity of the crystal lattice on the crystalline grain
boundaries stems from that the crystalline grain boundaries
are the ones called “planar grain boundaries”. The definition
of the planar grain boundaries used in this specification has
been disclosed in “Characterization of High-Efficiency Cast-
Si Solar Cell Wafers by MBIC Measurement; Ryuichi
Shimokawa and Yutaka, Hayashi, Japanese Journal of
Applied Physics, Vol. 27, No. 5, pp. 751-758, 1988”.

According to the above theory, the planar grain boundary
includes a twin grain boundary, a special laminated layer
defect, a special twisted grain boundary, etc. The planar grain
boundary is electrically inactive, which is a feature. That is,
despite it is a crystalline grain boundary, the planar grain
boundary does not work as a trap that blocks the migration of
carriers, and can be regarded to be not really existing.

In particular, when the crystallographic axis (axis perpen-
dicular to the crystal plane) is an axis <110>, the twin grain
boundary {211} and the twin grain boundary {111} are called
corresponding grain boundaries of X3. The value X3 is a
parameter which is an indication representing the degree of
matching of the corresponding grain boundaries. It has been
known that the smaller the value Z3, the better the matching
of the grain boundaries.

As aresult of observing the silicon film used in the inven-
tion by TEM, it is learned that most of the crystalline grain
boundaries are the corresponding grain boundaries of X3.
This is judged from the fact that when the plane azimuth of the
two crystalline particles is {110} in the crystalline grain
boundary formed between the two crystalline particles and
when the angle subtended by a lattice stripe corresponding to
aplane {111} is 6, then, the corresponding grain boundary of
23 is exhibited when 6=70.5°.

When 0=38.9°, the corresponding grain boundary
becomes 29. There also exist such other crystalline grain
boundaries.

Such corresponding grain boundaries are formed only
among the crystalline grains of the same plane azimuth. That
is, the silicon film used in the invention has plane azimuths
which are nearly oriented to be roughly {110}, from which it
can be said that the corresponding grain boundaries are
formed over a wide range.

Such a crystalline structure (correctly, a structure of the
crystalline grain boundary) indicates that two different crys-
talline particles are joined in very good match with each other
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on the crystalline grain boundary. That is, the crystal lattices
are continuing in the crystalline grain boundary, and a trap
level due to crystal defect is very unlikely to be established. It
can therefore be regarded that the crystalline grain boundary
does not substantially exist in the thin semiconductor film
having such a crystal structure.

Upon effecting the heat treatment at 700 to 1150° C. in the
step of forming the silicon film used in the invention, further,
it has been confirmed through the TEM observation that
defects (defects in the laminated layers, etc.) present in the
crystalline particles are almost all extinguished. This is obvi-
ous from the fact that the number of defects are greatly
decreasing before and after the step of heat treatment.

The difference in the number of defects appear as a differ-
ence in the spin density through the electron spin resonance
(ESR) analysis. At present, it has been learned that the spin
density of the silicon film used in the invention is at least not
larger than 5x10'7 spins/cm® (preferably, nor larger than
3x10" spins/cm?). The measured value, however, is close to
a limit of detection by the existing measuring apparatus, and
it is expected that the practical spin density is much lower.

For further detailed description of the silicon film used in
the invention, reference should be made to Japanese Patent
Applications Nos. 044659/1998, 152316/1998, 152308/1998
and 152305/1998 filed by the present applicant.

Further, the TFT prepared by using the silicon film used in
the invention as an active layer exhibits electric characteris-
tics comparable to those of a MOSFET. The following data
are obtained from the TFT (active layer is 30 nm thick and
gate insulating film is 100 nm thick) prepared by the present
applicant.

(1) A sub-threshold coefficient which is an index of the
switching performance (swiftness for changing over on/off
operation) is as small as from 60 to 100 mV/decade (typi-
cally, from 60 to 85 mV/decade) in both the n-channel TFT
and the p-channel TFT.

(2) The electric-field mobility (lzx) which is an index of the
operation speed of the TFT is as large as from 200 to 650
em?/Vs (typically, from 300 to 500 cm?/Vs) in the n-chan-
nel TFT, and is as large as from 100 to 300 em*/Vs (typi-
cally, from 150 to 200 cm?/Vs) in the p-channel TFT.

(3) The threshold voltage (V,,) which is an index of the
operation voltage of the TFT is as small as from -0.5t0 1.5
V in the n-channel TFT and from -1.5 to 0.5 V in the
p-channel TFT.

As described above, it has been confirmed that very excel-
lent switching characteristics and high-speed operation char-
acteristics can be realized. With aring oscillator fabricated by
using the above TFTs, further, an oscillation frequency of a
maximum of about 1 GHz could be accomplished. The ring
oscillator that was fabricated was constituted as follows:

Number of stages: 9 stages

Thicknesses of gate insulating films of TFT: 30 nm and 50
nm

Gate length (channel length) of TFT: 0.6 pm

Further, the shift register was fabricated to make sure the
operation frequency. As a result, output pulses of an operation
frequency of 100 MHz were obtained by a shift register
having a gate insulating film of a thickness of 30 nm, a gate
length of 0.6 pm, a power-source voltage of 5 V and the
number of stages of 50 stages.

The astonishing data of the ring oscillator and of the shift
register indicate that the TFT having the silicon film of the
invention as an active layer, exhibits operation performance
comparable to, or superior to, that of the MOSFET that uses
single crystalline silicon.
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By using the silicon film of the invention, as described
above, it is allowed to form a TFT that operates at a very high
speed and to realize drive circuits that operate at a high speed
by forming the drive circuits using such TFTs. That is, the
above-mentioned TFTs can be very effectively used for put-
ting the invention into practice.

Besides, the TFTs using the silicon film of the invention
can be effectively used not only in the drive circuits but also
for the switching TFTs and current control TFTs that are
arranged in the pixel unit. An increase in the operation speed
shortens the time for writing data into the holding capacity,
and increases the response speed for emitting light of the EL
element, making it possible to provide more bright and vivid
picture.

EXAMPLE 7

Example 6 has dealt with the formation of drive circuits by
using TFTs that can be driven at a very high speed. This
Example deals with a method of driving the pixel unit that is
effective in putting the invention into practice, with reference
to FIG. 20.

In this embodiment, the pixel unit 80 is divided into two
pixel units 80a and 804, and the pixel unit 80a is driven by a
data signal-side drive circuit 81a and a gate signal-side drive
circuit 82a, and the pixel unit 805 is driven by a data signal-
side drive circuit 815 and a gate signal-side drive circuit §2.

In this case, if the pixel units 80¢ and 805 are simulta-
neously driven at the same frequency, the operation frequen-
cies of the data signal-side drive circuits 81a, 815 and of the
gate signal-side drive circuits 82a, 826 can be halved. This
makes it possible to broaden the operation margin and to
obtain an EL display device featuring high reliability con-
suming small amounts of electric power.

Ifthe operation frequency is not changed, then, the address
period can be halved and the sustain period can be lengthened
correspondingly. That is, the light-emitting time can be main-
tained long and the brightness of the picture can be enhanced.

A picture can be displayed by the pixel units 80a and Bob
in combination, or different pictures can be displayed by the
pixel units 80a and 805. For example, either one may display
a still picture and the other one may display a dynamic pic-
ture. That is, a dynamic picture and a still picture may be
displayed in a mixed manner by the pixel unit 80.

In this embodiment, the pixel unit is divided into two. The
pixel unit, however, may be divided into plural pixel units.
Further, the constitution of this Example can be put into
practice being freely combined with any of the constitutions
of Examples 1 to 6.

EXAMPLE 8

This Example deals with a method of driving the pixel unit
that is effective in putting the invention into practice, which is
different from the driving method of FIG. 7. The description
refers to F1G. 21.

In this Example, the pixel unit 83 is divided into four pixel
units 834 to 834, and are driven by the data signal-side drive
circuits 84a to 844 and by the gate signal-side drive circuits
85ato 854.

In this case, the pixel units 83a to 83d are simultaneously
driven at the same frequency to lower the operation frequen-
cies of the data signal-side drive circuits 84a to 84d and of the
gate signal-side drive circuits 854 to 854 down to one-fourth.
Therefore, the operation margin is further broadened than the
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case of Example 7, making it possible to obtain an EL display
device which is highly reliable consuming a decreased
amount of electric power.

If the operation frequency is not changed, the address
period can be shortened to one-fourth and the sustain period
can be lengthened correspondingly. That is, the light-emitting
time can be lengthened to enhance the brightness of the pic-
ture.

Further, a picture can be displayed by the combination of
all pixel units 83a to 83d. Besides, a picture can be displayed
by the pixel units 83a, 835, and another picture can be dis-
played by the pixel units 83¢, 83d; i.e., two different pictures
can be simultaneously displayed. A still picture may be dis-
played by the pixel units 83a, 835, and a dynamic-picture may
be displayed by the pixel units 83¢, 83d; i.e., a dynamic
picture and a static picture may be displayed in a mixed
manner by the pixel unit 83.

In this embodiment, the pixel unit is divided into four. The
pixel unit, however, may be divided into plural pixel units.
Further, the constitution of this Example can be put into
practice being freely combined with any of the constitutions
of Examples 1 to 6.

EXAMPLE 9

This Example deals with a method of driving the pixel unit
that is effective in putting the invention into practice, which is
different from the driving method of FIG. 8. The description
refers to F1G. 22.

In this Example, the pixel unit 86 is divided into four pixel
units 86a to 864, the pixel unit 864 is driven by a data signal-
side drive circuit 87q and a gate signal-side drive circuit 88a,
and the pixel unit 864 is driven by a data signal-side drive
circuit 87b and a gate signal-side drive circuit 88a. Similarly,
the pixel unit 86¢ is driven by a data signal-side drive circuit
87cand a gate signal-side drive circuit 885, and the pixel unit
864 s driven by a data signal-side drive circuit 874 and a gate
signal-side drive circuit 884.

In this case, the pixel units 864 to 864 are simultaneously
driven at the same frequency to lower the operation frequen-
cies of the data signal-side drive circuits 87a to 87d down to
one-fourth and to lower the operation frequencies of the gate
signal-side drive circuits 88¢ and 8856 down to one-half.
Therefore, the operation margin is further broadened than the
case of Example 7, making it possible to obtain an EL display
device which is highly reliable consuming a decreased
amount of electric power.

If the operation frequency is not changed, the address
period can be shortened to one-fourth and the sustain period
canbe lengthened correspondingly. That is, the light-emitting
time can be lengthened to enhance the brightness of the pic-
ture.

Further, a picture can be displayed by the combination of
all pixel units 86a to 864, or different pictures can be dis-
played by the pixel units 86a to 86d. As a matter of course, a
picture can be displayed by the pixel units 86a to 86¢, and a
different picture can be displayed by the pixel units 86d.
Further, a dynamic picture and a static picture may be dis-
played in a mixed manner by the pixel unit 86.

The constitution of this embodiment can be further put into
practice by being freely combined with any of the constitu-
tions of Examples 1 to 6.

EXAMPLE 10

In the constitution of Example 1 shown in FIG. 2, it is
effective if a material having a high heat-radiating effect is
used as the underlying film 12 formed between the active
layer and the substrate 11. In particular, the current control
TFT flows a relatively large current over an extended period
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of time and generates heat and is, hence, subject to be dete-
riorated by heat which it has generated. In such a case, the
underlying film having heat-radiating effect like in this
embodiment, suppresses the deterioration of TFT caused by
heat.

As a light-transmitting material having heat-radiating
effect. there can be exemplified an insulating film containing
at least one element selected from B (boron), C (carbon) and
N (nitrogen) and at least one element selected from Al (alu-
minum), Si (silicon) and P (phosphorus).

For example, there can be used a nitride of aluminum as
represented by aluminum nitride (AIxNy), a carbide of silicon
as represented by silicon carbide (SixCy), a nitride of silicon
as represented by silicon nitride (SixNy), a nitride of boron as
represented by boron nitride (BxNy), and a phosphide of
boron as represented by boron phosphide (BxPy). An oxide of
aluminum as represented by aluminum oxide (AlxOy) can be
one ofthe preferred materials exhibiting excellent light-trans-
mitting property and heat conductivity of 20 Wm~'K~". Inthe
above light-transmitting material, x and y are arbitrary inte-
gers.

It is also allowable to combine the above compound with
any other element. For example, nitrogen may be added to
aluminum oxide to use it as aluminum oxynitride which is
represented by AINxOy. This material, too, exhibits not only
the heat-radiating effect but also the effect for preventing the
infiltration of water and alkali metals. In the above aluminum
oxynitride, X and y are arbitrary integers.

It is further allowable to use the material disclosed in
Japanese Patent Laid-Open No. 90260/1987. In short, it is
allowable to use a insulating film containing Si, Al, N, or M
(where M is at least one rare earth element, preferably, at least
one element selected from Ce (cerium), Yb (ytterbium), Sm
(samarium), Er (erbium), Y (yttrium), La (lanthanum), Gd
(gadolinium), Dy (dysprosium) and Nd (neodium)). These
materials, t00, exhibit not only the heat-radiating effect but
also the effect for preventing the infiltration of water and
alkali metals.

It is further allowable to use at least a thin diamond film or

a carbon film including amorphous carbon film (particularly,
the one having property close to that of diamond, called
diamond-like carbon). They have very high heat conductivi-
ties and can be very effectively used as heat-radiating layers.
The film, however, becomes brownish and loses transmission
factor as its thickness increases. It is therefore desired that the
film has a thickness as small as possible (preferably, 5 to 100
nm).
T)he thin film of the above material exhibiting the heat-
radiating effect may be used alone or may be used together
with an insulating film containing silicone being laminated
one upon the other.

The constitution of this Example can be putinto practice by
being freely combined with any of the constitutions of
Examples 1 to 9.

EXAMPLE 11

In Example 1, an organic EL material was preferably used
as the EL layer. However, the invention can be put into prac-
tice even by using an inorganic EL. material. However, the
currently available inorganic EL materials require very high
drive voltages, and it becomes necessary to use TFTs having
a breakdown voltage that withstands such drive voltages.

Ifaninorganic EL material that requires a low drive voltage
is developed in the future, then, this invention can be applied
thereto.

Further, the constitution of this Example can be freely
combined with any of the constitutions of Examples 1 to 10.

EXAMPLE 12

The active matrix-type EL display device (EL. module)
fabricated by embodying the invention emits light by itself
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and can be favorably watched in a bright place compared to
the liquid crystal display devices. Therefore, the device of the
invention can be used as a display unit of the EL display
(display incorporating the EL module) of the type that is
directly watched. Examples of the EL display may include a
monitor of a personal computer, a monitor for receiving TV
broadcast, a monitor of advertisement display, etc.

In addition to the above EL displays, the device of the
invention can be used as a display of any electronic equipment
that includes the display unit as a component.

Examples of the electronic device include an EL display, a
video camera, a digital camera, a head-mounted display, a car
navigation, a personal computer, a portable data terminal
(mobile computer, cellular phone, electronic book, etc.), and
a picture reproducing apparatus equipped with a recording
medium (concretely, an apparatus equipped with a display
which reproduces a recording medium such as compact disk
(CD), laser disk (LD) or digital video disk (DVD), and dis-
plays the picture). FIG. 18 illustrates examples of the elec-
tronic equipment.

FIG. 18(A) shows a personal computer which includes a
main body 2001, a housing 2002, a display unit 2003 and a
keyboard 2004. The invention can be applied to the display
unit 2003.

FIG. 18(B) shows a video camera which includes a main
body 2101, a display unit 2102, a voice input unit 2103, an
operation switch 2104, a battery 2105 and apicture unit 2106.
The invention can be applied to the display unit 2102.

FIG. 18(C) shows a portion (right side) of a head-mounted
EL display which includes a main body 2301, a signal cable
2302, a head-fixed band 2303, a display monitor 2304, an
optical system 2305 and a display unit 2306. The invention
can be applied to the display device 2306.

FIG. 18(D) shows a picture reproducing apparatus (con-
cretely, a DVD reproducing apparatus) equipped with a
recording medium, which includes a main body 2401, a
recording medium (CD, LD or DVD) 2402, an operation
switch 2403, a display unit (a) 2404 and a display unit (b)
2405. The display unit (a) chiefly displays the picture data,
and the display unit (b) chiefly displays the character data.
The invention can be adapted to these display devices (a) and
(b). As the picture reproducing apparatus equipped with the
recording medium, there can be exemplified a CD reproduc-
ing apparatus and game equipment to which the invention is
adapted.

FIG. 18(E) shows a portable (mobile) computer which
includes a main body 2501, a camera unit 2502, a picture unit
2503, an operation switch 2504 and a display unit 2505. The
invention can be adapted to the display unit 2505.

If an EL material exhibiting a high luminance becomes
available in the future, then, the display unit can be employed
for a projector of the front type or the rear type.

As described above, the present invention finds a very wide
range of applications and in which the invention can be
adapted to electronic equipment of any kind of field. Besides,
the electronic equipment of the embodiment can be realized
by using the constitution of any combination of Examples 1 to
11.

EXAMPLE 13

In this Example, the resistance of the resistor provided
between the current control TFT and the EL element is deter-
mined according to the specifications of the practical EL
display device (monochromatic display).

First, an EL material is determined that is used as the EL.
layer. In this Example, a TPD is formed maintaining a thick-
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ness of 50 nm as a positive hole transport layer and an Alq is
formed maintaining a thickness of 50 nm as an EL layer on the
anode of TTO and, then, a cathode of MgAg is formed thereon
to fabricate an EL element. Here, the EL layer is deposited on
the whole surfaces of the striped ITO pattern (2 mm wide),
and striped MgAg electrode (2 mm wide) is formed to intet-
sect the ITO pattern at right angles.

FIG.23(A). shows a relationship between the drive voltage
and the current density of the EL element that is fabricated.
FIG. 23(B) shows a relationship between the current density
and the luminance of emitted light. The EL element of this
Example exhibits a peak of light emission at the wavelength
of near 524 nm, and the coordinate of chromaticity is x=0.30,
y=0.57.

According to FIG. 23(B), a current density of about 100
MA/cm?® is necessary for accomplishing the luminance of
5000 cd/m?. Here, if an EL display device is considered
having a pixel unit of a diagonal of 5 inches, in which square
pixels of a side of about 156 um are arranged in the form of a
matrix, then, a current of about 24 pnA is necessary per a pixel.

Referring to FIG. 23(A), the EL material used in the
Example permits a current to flow at a current density of 100
MA/cm? when a voltage of 10V is applied. When the voltage
of 10V is applied, therefore, a resistance of about 420 kQ is
necessary for stably flowing a current of about 24 pA.

Therefore, if a resistor having a resistance of 420 kQ is
provided as the resistor 109 shown in FIG. 1(B), then, a
constant current of about 24 pA can be stably supplied to the
EL element 110 at all times. As a result, the luminance of
emitted light of about 5000 cd/m® can be accomplished to
display a bright picture.

To lengthen the life of the EL layer, the resistance of the
resistor may be further increased to suppress the current that
flows into the EL element. In this case, however, the lumi-
nance of emitted light slightly drops. If, for example, the
luminance of about 1000 cd/m* may suffice, then, the
required current density is about 30 mA/ecm?® and the drive
voltage for the EL element is about 6 V. Therefore, a current
ofabout 7.3 pA may flow per a pixel. Accordingly, the resistor
of about 820 kQ is necessary.

Thus, the resistance of the resistor needed for the invention
can be easily derived by using parameters of the EL display
device.

The invention makes it possible to obtain an active matrix-
type EL display device capable of producing a vivid multi-
gradation color display without affected by variance in the
properties of the TFTs. Concretely speaking, a resistor is
provided between the current control TFT and the EL element
in the pixel unit, and the current is determined by the resis-
tance of the resistor. Then, the time-division gradation display
is effected by digital signals to obtain a highly fine picture
maintaining good color reproducibility without defect in the
gradation that is caused by variance in the properties of the
current control TFTs.

Besides the TFTs of an optimum structure are formed on
the substrate to meet performance required by the circuits and
elements, to thereby realize an active matrix-type EL display
device which is highly reliable.

Upon providing the active matrix-type EL display device
as a display unit, it is made possible to produce electronic
devices of high performance featuring good picture quality
and high reliability.

What is claimed is:

1. A display device comprising:

a TFT provided over a substrate;

an EL element provided over the substrate; and

a resistor comprising a first semiconductor layer,
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wherein the EL element is electrically connected to one of
a source and a drain of the TFT through at least the
resistor,

wherein an amount of light emitted from the EL element
varies depending on an amount of direct current flowing
through the EL element,

wherein the TFT includes a second semiconductor layer,
and

wherein the first and the second semiconductor layers are
same material.

2. The display device according to claim 1, wherein the

resistor has a resistance of 1 kQ to 50 MQ.

3. The display device according to claim 1, wherein the
TFT is a top-gate transistor.

4. The display device according to claim 1, wherein the EL
element is an organic EL element.

5. The display device according to claim 1, wherein the first
semiconductor layer comprises an impurity element.

6. The display device according to claim 1 further compris-
ing a light-shielding film provided over the first semiconduc-
tor layer.

7. A display device comprising:

afirst TFT provided over a substrate;

asecond TFT provided over the substrate, wherein a gate of
the second TFT is electrically connected to one of a
source and a drain of the first TFT;

an EL element provided over the substrate; and

a resistor comprising a first semiconductor layer,

wherein the EL element is electrically connected to one of
a source and a drain of the second TFT through at least
the resistor,

wherein an amount of light emitted from the EL element
varies depending on an amount of direct current flowing
through the EL element,

wherein the second TFT includes a second semiconductor
layer, and

wherein the first and the second semiconductor layers are
same material.

8. The display device according to claim 7, wherein the

resistor has a resistance of 1 kQ to 50 MQ.

9. The display device according to claim 7, wherein the first
TFT and the second TFT are top-gate transistors.

10. The display device according to claim 7, wherein the
first TFT and the second TFT are n-channel type transistors.

11. The display device according to claim 7, wherein the
EL element is an organic EL element.

12. The display device according to claim 7, wherein a
channel width of the second TFT is wider than a channel
width of the first TFT.

13. The display device according to claim 7, wherein the
first semiconductor layer comprises an impurity element.

14. The display device according to claim 7 further com-
prising a light-shielding film provided over the first semicon-
ductor layer.

15. A display device comprising:

a first line provided over a substrate;

a second line provided perpendicular to the first line;

a third line provided in parallel with the second line;

a first TFT provided over the substrate, wherein a gate of
the first TFT is electrically connected to the first line, and
one ofa source and a drain of the first TFT is electrically
connected to the second line;

asecond TFT provided over the substrate, wherein a gate of
the second TFT is electrically connected to the other of
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the source and the drain of the first TFT, one of a source
and a drainofthe second TFT is electrically connected to
the third line;

an EL element provided over the substrate; and

a resistor comprising a first semiconductor layer,

wherein the EL element is electrically connected to the
other of the source and the drain of the second TFT
through at least the resistor,

wherein an amount of light emitted from the EL element
varies depending on an amount of direct current flowing
through the EL element,

wherein the second TFT includes a second semiconductor
layer, and

wherein the first and the second semiconductor layers are
same material.

16. The display device according to claim 15, wherein the

resistor has a resistance of 1 k€ to 50 MQ.

17. The display device according to claim 15, wherein the
first TFT and the second TFT are top-gate transistors.

18. The display device according to claim 15, wherein the
first TFT and the second TFT are n-channel type transistors.

19. The display device according to claim 15, wherein the
EL element is an organic EL element.

20. The display device according to claim 15, wherein a
channel width of the second TFT is wider than a channel
width of the first TFT.

21. The display device according to claim 15, wherein the
first semiconductor layer comprises an impurity element.

22. The display device according to claim 15 further com-
prising a light-shielding film provided over the first semicon-
ductor layer.

23. A display device comprising:

a first TFT provided over a substrate;

a second TFT comprising a first semiconductor layer pro-
vided over the substrate, wherein a gate of the second
TFT is electrically connected to one of a source and a
drain of the first TFT;

an EL element provided over the substrate; and

a resistor comprising a second semiconductor layer,

wherein the EL element is electrically connected to one of
a source and a drain of the second TFT through at least
the resistor,

wherein the first semiconductor layer and the second semi-
conductor layer are same material, and

wherein the first semiconductor layer is an LDD region.

24. The display device according to claim 23, wherein the
resistor has a resistance of 1 k€2 to 50 MQ.

25. The display device according to claim 23, wherein the
first TFT and the second TFT are top-gate transistors.

26. The display device according to claim 23, wherein the
first TFT and the second TFT are n-channel type transistors.

27. The display device according to claim 23, wherein the
EL element is an organic EL element.

28. The display device according to claim 23, wherein a
channel width of the second TFT is wider than a channel
width of the first TFT.

29. The display device according to claim 23, wherein the
first semiconductor layer and the second semiconductor layer
comprises the same impurity element.

30. The display device according to claim 23 further com-
prising a light-shielding film provided over the second semi-
conductor layer.
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