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(57) ABSTRACT

To effectively reduce or prevent the deterioration of display
quality caused by the errors included in the current supplied to
an electro-optical element a pixel circuit includes a capacitor
C1, transistors T1 and T2 that constitute a current mirror, and
an organic EL element OLED. When a first driving mode is
set, the transistor T1 functions as a programming element that
writes data in the capacitor C1 in accordance with data current
Idata and the second transistor T2 functions as a driving
element that generates driving current Ioled in accordance
with data stored in the capacitor C1. When the second driving
mode that is alternately switched to the first driving mode in
a predetermined period is set, the transistor T2 functions as
the programming element and the transistor T1 functions as
the driving element.

13 Claims, 8 Drawing Sheets
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PIXEL CIRCUIT DRIVING METHOD, PIXEL
CIRCUIT, ELECTRO-OPTICAL DEVICE, AND
ELECTRONIC APPARATUS

BACKGROUND OF THE INVENTION

1. Field of Invention

Exemplary aspects of the present invention relate to a pixel
circuit driving method, a pixel circuit, an electro-optical
device, and an electronic apparatus, and more particularly, to
switching of a driving mode of a pixel circuit.

2. Description of Related Art

The related art discloses preventing non-uniform output
current caused by the non-uniformity in the inherent charac-
teristics of a current controlling element which controls the
output current by using a voltage as an input. For example, a
thin film transistor circuit in which a current mirror does not
include a pair of transistors but instead includes a plurality of
transistor groups is disclosed. See Japanese Unexamined
Patent Application Publication No. 10-197896. Further, a
display panel driving circuit which periodically converts a
plurality of current controlling elements into a plurality of
current controlled elements to average the effects of non-
uniformity in current is disclosed. See Japanese Unexamined
Patent Application Publication No. 2003-66903.

SUMMARY OF THE INVENTION

However, although the method of Japanese Unexamined
Patent Application Publication No. 10-197896 is used, non-
uniformity in current is still prevalent in part due to varying
factors in manufacturing processes. In particular, in a large
screen display device, the presence of significant non-unifor-
mity in current commonly occurs. Hence, it is still difficult to
prevent spots from being generated. In the method of Japa-
nese Unexamined Patent Application Publication No. 2003-
66903, since average non-uniformity in current still exists in
each shared block, block-shaped spots are consequently gen-
erated on the display.

Exemplary aspects of the present invention reduce or pre-
vent the deterioration of display quality caused by the errors
included in the current supplied to an electro-optical element.

In order to achieve the above, there is provided a method of
driving a pixel circuit having a driving element, a capacitor,
and an electro-optical element. The method includes: a first
step of, when a first driving mode is set, setting the brightness
of the electro-optical element by generating a first driving
current by the driving element in accordance with data stored
in the capacitor, and by supplying the first driving current to
the electro-optical element; a second step of, when a second
driving mode having a different connection state from the first
driving mode is set, setting the brightness of the electro-
optical element by the driving element by generating a second
driving current in accordance with data stored in the capaci-
tor, and by supplying the second driving current to the electro-
optical element, an error polarity of the second driving cur-
rent being opposite to an error polarity of the first driving
current; and a third step of alternately switching between the
first driving mode and the second driving mode in a predeter-
mined period.

In a first exemplary aspect of the invention, the first step
may include a step of writing data in the capacitor in accor-
dance with data current supplied from the outside of the pixel
circuit by using a first transistor that constitutes a current
mirror included in the pixel circuit and a step of generating the
first driving current in accordance with data stored in the
capacitor by using a second transistor that constitutes the
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current mirror as the driving element. The second step may
include a step of writing data in the capacitor in accordance
with the data current by using the second transistor and a step
of generating the second driving current in the capacitor in
accordance with data stored by using the first transistor as the
driving element.

In the first exemplary aspect of the invention, the first step
may include a step of writing data in the capacitor by charging
the capacitor by using a current flowing through the channel
of the driving element, when a data voltage supplied from the
outside is applied to a gate of the driving element. The second
step may include writing data in the capacitor by discharging
charge accumulated in the capacitor by using a second current
flowing through the channel of the driving element in a
reverse direction to the direction of the first current when the
data voltage is applied to the gate of the driving element. In
this case, the first step may include a step of setting the
capacitor in an initial state by discharging charge accumu-
lated in the capacitor by applying a first voltage to one elec-
trode of the capacitor prior to the step of writing data in the
capacitor. The second step may include a step of setting the
capacitor in an initial state by charging the capacitor by apply-
ing a second voltage higher than the first voltage to one
electrode of the capacitor prior to the step of writing data in
the capacitor.

In the first exemplary aspect of the invention, switching
between the first driving mode and the second driving mode
may be performed in units of pixels, in units of pixel rows, in
units of pixel columns, or in units of pixel blocks. Also, the
period of switching between the driving modes may be no
more than Y40 second.

In a second exemplary aspect of the invention, there is
provided a pixel circuit including a capacitor to store data, a
driving element to generate a driving current in accordance
with data stored in the capacitor and having its gate connected
to the capacitor, and an electro-optical element, whose bright-
ness is set in accordance with the driving current supplied
from the driving element. The pixel circuit may include a
connector to make the connection state of the pixel circuit
when the first driving mode is set different from the connec-
tion state of the pixel circuit when the second driving mode is
set. The connector sets the connection state of the pixel circuit
such that the driving element generates a first driving current
in accordance with data stored in the capacitor when the first
driving mode is set, and sets the connection state of the pixel
circuit such that the driving element generates a second driv-
ing current, whose error polarity is opposite to an error polar-
ity of the first driving current, in accordance with data stored
in the capacitor when a second driving mode, which is alter-
nately switched to the first driving mode in a predetermined
period, is set.

In a third exemplary aspect of the invention, there is pro-
vided a pixel circuit including a capacitor to store data, first
and second transistors constituting a current mirror and hav-
ing gates connected to a node to which one electrode of the
capacitor is connected, the first and second transistors con-
stituting a current mirror, and an electro-optical element,
whose brightness is set by a driving current flowing there-
through. When a first driving mode is set, the first transistor
functions as a programming element to write data in the
capacitor in accordance with data current supplied from the
outside of the pixel circuit, and the second transistor functions
as a driving element to generate the driving current in accor-
dance with data stored in the capacitor. When a second driv-
ing mode, which is alternately switched to the first driving
mode in a predetermined period, is set, the second transistor
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functions as the programming element and the first transistor
functions as the driving element.

In the third exemplary aspect of the invention, the pixel
circuit may include third to sixth transistors. The third tran-
sistor has one terminal connected to the node and another
terminal connected to one terminal of the first transistor. The
third transistor is switched on when the first driving mode is
set and is switched off when the second driving mode is set.
The fourth transistor has one terminal connected to the node
and another terminal connected to the one terminal of the
second transistor. The fourth transistor is switched on when
the second driving mode is set and is switched off when the
first driving mode is set. The fifth transistor has one terminal
connected to one terminal of the first transistor and another
terminal connected to the electro-optical element. The fifth
transistor is switched on when the second driving mode is set
and is switched off when the first driving mode is set. The
sixth transistor has one terminal connected to one terminal of
the second transistor and another terminal connected to the
electro-optical element. The sixth transistor is switched on
when the first driving mode is set and is switched off when the
second driving mode is set.

In the second or third exemplary aspect of the invention,
switching between the first driving mode and the second
driving mode may be performed in units of pixels, in units of
pixel rows, in units of pixel columns, or in units of pixel
blocks. Also, the period of switching between the driving
modes may be no more than ‘40 second.

In a fourth exemplary aspect of the invention, there is
provided an electro-optical device including a plurality of
scanning lines, a plurality of data lines, a plurality of pixel
circuits provided corresponding to intersections of the scan-
ning lines and the data lines, a scanning-line driving circuit to
select scanning lines corresponding to the pixel circuits in
which data is to be written by outputting a scanning signal to
the scanning lines, and a data-line driving circuit to output
data to the data lines corresponding to the pixel circuits in
which data is to be written in cooperation with the scanning-
line driving circuit. The pixel circuit is the pixel circuit
according to the second or third exemplary aspect of the
invention.

In a fifth exemplary aspect of the invention, there is pro-
vided an electronic apparatus including an electro-optical
device according to the fourth exemplary aspect of the inven-
tion.

In a sixth exemplary aspect of the invention, there is pro-
vided a method of driving a pixel circuit having a driving
element, a capacitor, and an electro-optical element. The driv-
ing method includes: a first step of writing data in the capaci-
tor in accordance with the multiplication of channel current
that flows through the channel of the driving element by a
predetermined time by applying a data voltage supplied from
the outside to the gate of the driving element; a second step of
generating driving current by the driving element in accor-
dance with data stored in the capacitor; and a third step of
setting the brightness of the electro-optical element by sup-
plying driving current to the electro-optical element.

Here, in the sixth exemplary aspect of the invention, prior
to writing data in the capacitor, a fourth step of setting charge
of the capacitor in an initial state may be included.

According to an exemplary aspect of the present invention,
since the first driving mode and the second driving mode are
alternately set, the error included in the driving current gen-
erated when the first driving mode is set and the error of the
reverse polarity included in the driving current generated
when the second driving mode is set to offset each other.
Thus, since the error of the effective driving current supplied
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to the electro-optical element is reduced, it is possible to
effectively reduce or prevent display quality from deteriorat-
ing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustrating the basic principle of an
exemplary aspect of the present invention,

FIG. 2 is a schematic of an electro-optical device;

FIG. 3 is a pixel circuit schematic according to a first
exemplary embodiment;

FIG. 4 is a timing chart of operations according to the first
exemplary embodiment;

FIG. 5 is a schematic illustrating operations in a first driv-
ing mode;

FIG. 6 is a schematic illustrating operations in a second
driving mode;

FIG. 7 is a pixel circuit schematic according to a second
embodiment;

FIGS. 8A-8C are schematics illustrating operations in the
first driving mode; and

FIGS. 9A-9C are schematics illustrating operations in the
second driving mode.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

Prior to describing exemplary embodiments, the basic
principle of an exemplary aspect of the present invention will
be described with reference to FIG. 1. Data is written in a
capacitor C1 by a data current or data voltage supplied from
the outside. When a gate voltage Vg in accordance with the
data is applied to the gate of a driving element DR, the driving
element DR generates driving current in accordance with the
gate voltage Vg in its own channel. The driving current is
supplied to an organic EL element OLED, such that the
organic EL element OLED emits light and brightness is set. In
a display panel where pixels each having the structure illus-
trated in FIG. 1 are arranged in a matrix, it is not possible to
make the characteristics of all of the driving elements DR the
same, such that non-uniformity in characteristics actually
exists. Due to the effects of the non-uniformity, the real driv-
ing current is I+a, obtained by adding error o to desired
current I. The value a varies in accordance with the charac-
teristic of each driving element DR and can be either negative
or positive. The non-uniformity in the driving current, which
is caused by the error ¢, deteriorates the display quality.

In order to reduce or prevent the display quality from
deteriorating, driving with the driving current of [+a and
driving with the driving current of I-a are alternately per-
formed. Specifically, when a driving method in which the
polarity of the error o included in the driving current is
alternately inverted is used, it is possible to effectively reduce
the bad influence on display caused by the error a. In this
case, an effective driving current leff can be represented by
Equation 1. According to Equation 1, although o/I is about
10%, the error of the effective current Ieff is reduced to about
0.5%. Thus, it is possible to significantly reduce the current
error with respect to the organic EL element OLED.

Equation 1

(idata + @)? + (idata + a)?
leff = —

= ldata- 1+(gi)2
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-continued

— taana- {1+ 5[ %))

Various methods of alternately inverting the polarity of the
error o have been suggested. Among the methods, two rep-
resentative methods will be described. According to a first
exemplary embodiment, in a current-mirror-type pixel cit-
cuit, a method of alternately switching between a program-
ming element and a driving element using a current-mirrot-
type pixel circuit will be described. According to a second
exemplary embodiment, a method of alternately performing
writing of data by discharging and writing of data by charging
by alternately inverting the direction of the channel current of
the driving element will be described.

First Exemplary Embodiment

FIG. 2 is a schematic of an electro-optical device according
to the present embodiment. A display unit 1 is an active-
matrix-type display panel for driving an electro-optical ele-
ment by a thin film transistor (TFT). In the display unit 1,
pixel groups of m dotsxn lines are arranged in a matrix (in a
two dimensional plane). In the display unit 1, scanning line
groups Y1 to Yn that extend in a horizontal direction and data
line groups X1 to Xm that extend in a vertical direction are
provided and pixels 2 are arranged corresponding to intersec-
tions of the scanning line groups Y1 to Yn and the data line
groups X1 to Xm. When the display unit 1 is a monochrome
panel, one pixel 2 corresponds to one pixel circuit that will be
described later. When one pixel 2 includes three sub-pixels of
RGB like in a color panel, one sub-pixel corresponds to one
pixel circuit.

A control circuit 5 synchronously controls a scanning-line
driving circuit 3 and a data-line driving circuit 4 based on a
vertical synchronizing signal Vs, a horizontal synchronizing
signal Hs, a dot clock signal DCLK, and grayscale data D
input from an upper device (not shown). Under the synchro-
nous control, the circuits 3 and 4 control display of the display
unit 1 in cooperation with each other.

The scanning-line driving circuit 3 includes a shift register
and an output circuit, and outputs a scanning signal SEL to the
scanning lines Y1 to Yn to line-sequentially scan the scanning
lines Y1 to'Yn. The scanning signal SEL has two signal levels,
such as a high potential level (hereinafter, “H level”) and a
low potential level (hereinafter, “L. level”). Scanning lines Y
corresponding to the pixel rows to which data is written are set
at the H level, and the other scanning lines Y are set at the L
level. The scanning-line driving circuit 3 performs a line-
sequential scanning such that the respective scanning lines Y
are sequentially selected every period (1F) of displaying an
image of one frame in a predetermined selection order (in
common, from the uppermost to the lowermost).

The data-line driving circuit 4 includes a shift register, a
line latch circuit, and an output circuit. According to the
present exemplary embodiment, since a current program
method in which data is supplied to the data lines X based on
current, is adopted, the data-line driving circuit 4 includes a
variable current source (4a of FIG. 3) to variably generate
data current Idata based on grayscale data that defines the
display grayscale of the pixel 2. In one horizontal scanning
period (1H) corresponding to a period in which one scanning
line Y is selected, the data-line driving circuit 4 simulta-
neously outputs the data current Idata to the pixel row in
which this time data is written, and point-sequentially latches
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data to a pixel row in which data will be written in the next 1H.
In an arbitrary 1H, m data items corresponding to the number
of data lines X are sequentially latched. In the next 1H, the
latched m data items are switched to current data Idata by a
variable current source and are simultaneously output to the
corresponding data lines X1 to Xm.

FIG. 3 is a current-mirror-type pixel circuit schematic
according to the present exemplary embodiment. A pixel 2
includes an organic EL. element OLED, seven transistors T1
to T7, and a capacitor C1 to store data. The organic EL
element OLED displayed as a diode is a typical current driv-
ing element whose brightness is set by driving current Ioled
that flows therethrough. The transistors T1 and T2 function as
programming elements that write data in accordance with the
data current Idata in the capacitor C1, or driving elements that
generate the driving current Ioled in accordance with the data
stored in the capacitor C1. The transistors T3 to T7 function as
switching elements. According to this structure, the transis-
tors T1 to T7 are n-channel types, which is one example.
Transistors with channel types having different combinations
may be used. According to the present specification, with
respect to a transistor that is a three-terminal-type element
having a source, a drain, and a gate, one of the source and the
drain is referred to as one terminal and the other is referred to
as the other terminal.

The gate of the transistor T7 is connected to the scanning
line Y to which the scanning signal SEL is supplied and the
one terminal is connected to the data line X to which the data
current Idata is supplied. Also, the other terminal of the tran-
sistor T7 is connected to a node Ng. The gates of the pair of
transistors T1 and T2 that constitute a current mirror, the one
electrode of the capacitor C1, and the one terminals of each of
the transistors T3 and T4 are commonly connected to the node
Ng. The one terminal of the transistor T1 is commonly con-
nected to the other terminal of the transistor T3 and to the one
terminal of the transistor T5. The one terminal of the transis-
tor T2 is commonly connected to the other terminal of the
transistor T4 and to the one terminal of the transistor T6. The
other terminals of the transistors T5 and T6 are commonly
connected to each other. The cathode of the organic EL ele-
ment OLED is connected to the connection ends of the tran-
sistors T5 and T6. A source voltage Vdd is supplied to the
anode of the organic EL element OLED. A reference voltage
Vss smaller than the source voltage Vdd is supplied to the
other terminals of the transistors T1 and T2 and to the other
electrode of the capacitor C1. The gates of the transistors T3
and T6 are connected to a control line to which a control
signal ¢ output from the control circuit 5 is supplied and the
gates of the transistors T4 and T35 are connected to a control
line to which an inverted control signal /¢ is supplied.

FIG. 4 is an operation-timing chart of the pixel circuit
illustrated in FIG. 3. The driving modes of the pixel circuit
include a first driving mode and a second driving mode. The
driving modes are alternately set in a predetermined period
(for example, every 1F). The connection state of the pixel
circuit in the first driving mode is different from the connec-
tion state of the pixel circuit in the second driving mode. A
series of processes in a period t0 to 12 (12 to t4) corresponding
to 1F is divided into a data writing process in an initial period
t0 to t1 (12 to t3) and a driving process in a subsequent period
t1 to 12 (13 to t4).

In the initial 1F (t0 to t2), the control signal ¢ is at the H
level (the inverted control signal /¢ is at the L level) and is in
the first driving mode. In the first driving mode, the transistor
T1 functions as a programming element and the transistor T2
functions as a driving element. In the data writing period t0 to
tl, data is written in the capacitor C1 using the transistor T1
that functions as the programming element. To be specific,
since the scanning signal SEL is raised to the H level and the
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transistor T7 is switched on, the node Ng is electrically con-
nected to the data lines X. Also, since the control signal ¢ is at
the H level, the transistors T3 and T6 are switched on (the
transistors T4 and T5 are switched off). Since the transistor T3
is switched on, the transistor T1 performs a diode connection
in which the gate thereof is electrically connected to the drain
thereof. Thus, as illustrated in FIG. 5, the path of the data
current Idata is formed such that the data current Idata sup-
plied by the variable current source 4a flows through the
channel of the transistor T1. The transistor T1 generates the
voltage in accordance with the data current Idata that flows
through the channel thereof in the gate thereof, specifically,
the node Ng. Charge in accordance with the gate voltage Vg
are accumulated in the capacitor C1 connected to the gate of
the transistor T1 and data corresponding to the accumulated
charge is written in the capacitor C1 connected to the gate of
the transistor T1.

Since the transistor T6 is switched on, the cathode of the
organic EL element OLED is electrically connected to the one
terminal of the transistor T2. Thus, the path of the driving
current Ioled illustrated in FIG. 5is formed in the order of the
source voltage Vdd, the organic EL element OLED, the chan-
nel of the transistor T2, and the reference voltage Vss. The
driving current Ioled that flows through the organic EL ele-
ment OLED corresponds to the channel current of the tran-
sistor T2 that functions as a driving element. The current level
of the driving current Ioled is controlled by the gate voltage
Vg dependent on the data stored in the capacitor C1. Since the
pair of transistors T1 and T2 constitute the current mirror, the
driving current Ioled that defines the light-emitting brightness
of the organic EL element (OLED) is proportional to the data
current Idata (the channel current of the transistor T1) sup-
plied by the data lines X.

In the subsequent driving period t1 to t2, since the scanning
signal SEL is lowered to the L level and the transistor T7 is
switched off, the node Ng is electrically separated from the
data lines X. However, since the gate voltage Vg is continu-
ously applied to the gate of the transistor T2 due to the data
stored in the capacitor C1, the driving current loled continu-
ously flows through the organic EL element OLED. Thus, the
organic EL element OLED continuously emits light with the
brightness in accordance with the driving current Ioled.

In the next 1F (12 to t4), the control signal ¢ is at the L level
(the inverted control signal /¢ is at the H level) and is in the
second driving mode. In the second driving mode, a connec-
tion state different from the connection state in the first driv-
ing mode is established. The transistor T2 functions as a
programming element and the transistor T1 functions as a
driving element. In the data writing period t2 to t3, data is
written in the capacitor C1 using the transistor T2 that func-
tions as the programming element. To be specific, since the
scanning signal SEL is raised to the H level and the transistor
T7 is switched on, the node Ng is electrically connected to the
data lines X. Also, since the inverted control signal /¢ is at the
H level, the transistors T4 and T5 are switched on (the tran-
sistors T3 and T6 are switched off). Since the transistor T4 is
switched on, the transistor T2 performs a diode connection in
which the gate thereof is electrically connected to the drain
thereof. Thus, as illustrated in FIG. 6, the path of the data
current Idata is formed such that the data current Idata sup-
plied by the variable current source 4a flows through the
channel of the transistor T2. The transistor T2 generates the
voltage in accordance with the data current Idata that flows
through the channel thereof in the gate thereof, specifically,
the node Ng. Charge in accordance with the gate voltage Vg
is accumulated in the capacitor C1 connected to the gate of the
transistor T2 and data corresponding to the accumulated
charge is written in the capacitor C1 connected to the gate of
the transistor T2.
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Since the transistor TS is switched on, the cathode of the
organic EL element (OLED) is electrically connected to the
one terminal of the transistor T1. Thus, the path of the driving
current Ioled illustrated in FIG. 6 is formed in the order of the
source voltage Vdd, the organic EL element OLED, the chan-
nel of the transistor T1, and the reference voltage Vss. The
driving current Toled that flows through the organic EL ele-
ment OLED corresponds to the channel current of the tran-
sistor T1 that functions as a driving element. The current level
of the driving current Ioled is controlled by the gate voltage
Vg dependent on the data stored in the capacitor C1. Accord-
ing to the above-described structure of the current mirror, the
driving current Ioled that defines the light-emitting brightness
of the organic EL element OLED is proportional to the data
current Idata (the channel current of the transistor T1) sup-
plied by the data lines X.

In the subsequent driving period t3 to t4, since the scanning
signal SEL is lowered to the L level and the transistor T7 is
switched off, the node Ng is electrically separated from the
data lines X. However, even after the separation, since the
gate voltage Vg is continuously applied to the gate of the
transistor T1 due to the data stored in the capacitor C1, the
driving current loled continuously flows through the organic
EL element OLED. Thus, the organic EL element OLED
continuously emits light with the brightness in accordance
with the driving current Ioled.

Effective driving current Ieff in the case where the first
driving mode and the second driving mode are alternately set
will be described. A gate-to-source voltage applied to the
gates of the transistors T1and T2 is denoted by Vigs. When the
transistors T1 and T2 operate in a saturation region, the data
current Idata and the driving current Ioled in the first driving
mode are represented by Equation 2. f§ denotes a gain coef-
ficient and f=pA W/L, where p, A, W, L, and Vth denote the
carrier mobility, gate capacitance, channel width, channel
length, and threshold voltage, respectively. The manufactur-
ing parameters are inherent characteristics of the transistors
and vary from transistor to transistor even when the transis-
tors are designed to be the same type. The subscript “1”
attached to the reference numerals indicates that the reference
numerals are related to the transistor T1 and the subscript “2”
attached to the reference numerals indicates that the reference
numerals are related to the transistor T2.

Tdata=1/2B1(Vgs-Vihl)?

Toled=1/2p2(Vgs—vth2)? Equation 2

Here, since the data current Idata is proportional to the
driving current Ioled, when the proportional constant is K, the
relationship represented by Equation 3 is established between
the data current Idata and the driving current Ioled.

Ioled=K-Idata=(1+a)Idata Equation 3

The data current Idata and the driving current Ioled in
setting the second driving mode can be represented by Equa-
tion 4.

Idata=1/2p2(Vgs-Vih2)*

Toled=1/2p1(Vgs-vth1)? Equation 4

Since the data current Idata is proportional to the driving
current loled and the proportional constant is 1/K, the rela-
tionship represented by Equation 5 is established between the

data current Idata and the driving current Ioled.
Toled=1/K-Idata=1/(1+0a)-Idata=(1-a)- Idata Equation 5

When the first driving mode and the second driving mode
are alternately set, I in the above-described equation 1 is
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replaced by Idata to make the effective driving current Ieff, as
illustrated in Equation 1. Thus, current error with respect to
the organic EL element OLED is significantly reduced.

As described above, according to the present exemplary
embodiment, the pair of transistors T1 and T2 that constitute
the current mirror alternately function as the programming
element and the driving element. Thus, even if the inherent
characteristics of the respective driving elements included in
the display unit 1 are not uniform, it is possible to signifi-
cantly reduce the errors of the effective driving current Ieff.
As aresult, the deterioration of the display property caused by
current error can be effectively reduced or prevented.

Second Exemplary Embodiment

Accordingtothe present exemplary embodiment, a voltage
programming method, specifically, a method of supplying
data to the data lines X based on current, is disclosed. In the
case of the voltage programming method, the above-de-
scribed variable current source 4a is not necessary and the
data-line driving circuit 4 outputs a data voltage Vdata in
accordance with grayscale data that defines the display gray-
scale of the pixels 2 to the data lines X.

FIG. 7 is a pixel circuit schematic of a voltage program-
ming method according to the present exemplary embodi-
ment. Each pixel 2 includes the organic EL element OLED,
the transistors T1 and T2, the capacitor C1, and three switch-
ing elements SW1 to SW3. The transistor T2 functions as
both the programming element and the driving element.

The gate of the transistor T1 is connected to the scanning
line Y to which the scanning signal SEL is supplied and the
one terminal of the transistor T1 is connected to the data line
X to which the data voltage Vdata is supplied. The other
terminal of the transistor T1 is connected to the node Ng. The
node Ng is connected to the gate of the transistor T2 and to a
selection terminal “b” of the first switching element SW1
having three selection terminals “a” to “c”. A source voltage
Vdd is supplied to the selection terminal of the switching
element SW1. The selection terminal “c” is commonly con-
nected to one terminal of the transistor T2 and to one terminal
of the second switching element SW2. One electrode of the
capacitor C1 is connected 1o the fixed terminal of the first
switching element SW1. A reference voltage Vss is supplied
to the other electrode of the capacitor C1 and to the other
terminal of the second switching element SW2. The other
terminal of the transistor T2 is connected to the fixed terminal
of the third switching element SW3 having two selection
terminals “d” and “e”. The selection terminal “d” of the
switching element SW3 is connected to the cathode of the
organic EL element OLED, to whose anode the source volt-
age Vdd is supplied. The reference voltage Vss is supplied to
the selection terminal “¢”. The electric connection of the three
switching elements SW1 to SW3 is controlled by a control
signal output by the control circuit 5 (not shown).

Like in the first exemplary embodiment, the driving modes
of the pixel circuit illustrated in FIG. 7 are composed of the
first driving mode and the second driving mode and the driv-
ing modes are alternately set in a predetermined period (for
example, every 1F). A series of processes in 1F are performed
in the order of an initializing process, a data writing process,
and a driving process.

The processes in the first driving mode will be described
with reference to FIGS. 8A-8C. When the first driving mode
is set, the third switching element SW3 electrically connects
the fixed terminal to the selection terminal “d”. Thus, the
cathode of the organic EL element OLED is electrically con-
nected to the other terminal of the transistor T2. First, in the
initializing process, in a state where the transistor T1 is
switched off (the scanning signal SEL is at the L level), the
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first switching terminal SW1 electrically connects the fixed
terminal to the selection terminal “c” and, at the same time,
the second switching element SW2 is switched on. Thus, as
illustrated in FIG. 8A, the charge accumulated in the capaci-
tor C1 are discharged to the reference voltage Vss through the
two switching elements SW1 and SW2. As aresult, the charge
Q is initially set as Qinil(=0).

In the subsequent data writing process, the scanning signal
SEL is raised to the H level and the transistor t1 is switched
on. Thus, the node Ng is electrically connected to the data
lines X and the data voltage Vdata of the data lines X is
supplied to the node Ng. The setting state of the first switching
element SW1 is the same as that in the initializing process.
However, the second switching element SW2 that was
switched on is switched off. Thus, on the same path as illus-
trated in FIG. 8B, channel current Ids in accordance with the
data voltage Vdata supplied to the gate Ng of the transistor T2
flows through the channel of the transistor T2. As a result, the
capacitor C1 initially set at Qinil is charged, and data is
written in the capacitor C1 initially set as Qinil. The data (the
charge Q) written in the capacitor C1 is arbitrarily set in
accordance with the multiplication of the channel current Ids
by the data writing time AT (uniform value) (Q=Qini+Ids-At).

In the driving process, the scanning signal SEL is lowered
to the L level again, the transistor T1 is switched off, and the
node Ng is electrically separated from the data lines X. In this
state, the first switching element SW1 electrically connects
the fixed terminal to the selection terminal “b” and, at the
same time, the second switching element SW2 is switched on
again. Thus, on the same path as illustrated in FIG. 8C, the
driving current Ioled flows through the organic EL element
OLED. The driving current Ioled corresponds to the channel
current of the transistor T2 and the current level of the driving
current Ioled is controlled by the gate voltage Vg dependent
on the data (Qini+Ids-AT) stored in the capacitor C1. The
organic EL element OLED is set to have the brightness in
accordance with the driving current loled.

Next, the processes in the second driving mode will be
described with reference to FIGS. 9A-9C. First, in the initial-
izing process, in a state where the transistor T1 is switched off
(the scanning signal SEL is at the L level), the first switching
element SW1 electrically connects the fixed terminal to the
selection terminal “a”. Thus, as illustrated in FIG. 9A, the
capacitor C11is charged by the source voltage Vdd. As a result,
the charge Q of the capacitor C1 is initially set as Qini2
(=C-Vdd) (C is the capacitance of the capacitor C1).

In the subsequent data writing process, the scanning signal
SEL is raised to the H level and the transistor T1 is switched
on. Thus, the node Ng is electrically connected to the data
lines X and the data voltage Vdata of the data lines X is
supplied to the node Ng. In a state where the second switching
element SW2 is switched off, the first switching element SW1
electrically connects the fixed terminal to the selection termi-
nal “c”. Thus, one electrode of the capacitor C1 is electrically
connected to one terminal of the transistor T2. Since the third
switching element SW3 electrically connects the fixed termi-
nal to the selection terminal “e”, the reference voltage Vss is
supplied to the other terminal of the transistor T2. Thus, onthe
same path as illustrated in FIG. 9B, current in accordance
with the data voltage Vdata supplied to the gate Ng of the
transistor T2 flows through the channel of the transistor T2.
Here, since the source and the drain of the transistor T2 are
reversed in the setting of the first driving mode, the direction
of the channel current Ids is reversed. As a result, charge is
discharged from the capacitor C1 initially set as Qini2 and
data is written in the capacitor C1 initially set as Qini2. The
data (the charge Q) written in the capacitor C1 is set as
Qini2-1ds-AT.

In the driving process, the scanning signal SEL is lowered
to the L level again, the transistor T1 is switched off, and the
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node Ng is electrically separated from the data lines X. In this
state, the first switching element SW1 electrically connects
the fixed terminal to the selection terminal “b” and, at the
same time, the second switching element SW2 is switched on
again. Thus, on the same path as illustrated in FIG. 9C, the
driving current loled flows through the organic EL element
OLED. The driving current Ioled corresponds to the channel
current of the transistor T2, and the current level of the driving
current Ioled is controlled by the gate voltage Vg dependent
on the data (Qini2-Ids-AT) stored in the capacitor C1. The
organic EL element OLED is set to have the brightness in
accordance with the driving current Ioled.

The effective driving current Ieff when the first driving
mode and the second driving mode are alternately set will be
examined. First, the case in which the actual driving ability of
the transistor T2 is greater than the driving ability of a
designed transistor due to the non-uniformity in the inherent
characteristics of the driving elements DR will be considered.
In this case, when the first driving mode is set, charge having
a larger value than a desired value is charged in the capacitor
C1 such that the level of the gate voltage Vg becomes higher
than the original level. As a result, the driving current I+a
obtained by adding the error c. to the desired current 1 flows
through the organic EL element OLED. When the second
driving mode is set, charge having a larger value than a
desired value is discharged from the capacitor C1 such that
the level of the gate voltage Vg becomes lower than the
original level. As a result, the driving current [-c. obtained by
subtracting the error o from the desired current 1 flows
through the organic EL element OLED. When the driving
modes are alternately set, the errors +a and —o having oppo-
site polarities are offset such that the effective driving current
Teff is as represented in Equation 1. Thus, when the real
driving ability of the transistor T2 is smaller than the driving
ability of a designed transistor, the polarities of the error . in
the first driving mode and in the second driving mode are
reversed due to shortage of the charge charged in and dis-
charged from the capacitor C1. Thus, in this case, the errors
+a.and —a having opposite polarities are offset and the effec-
tive driving current Ieff is as represented in Equation 1. As a
result, the current error with respect to the organic EL element
OLED is significantly reduced.

As described above, in the present exemplary embodiment,
like in the first exemplary embodiment, even if the inherent
characteristics of the driving elements are not uniform, it is
possible to significantly reduce the error of the effective driv-
ing current Ieff. Thus, it is possible to effectively reduce or
prevent display quality from deteriorating due to the current
error.

According to the above-described exemplary embodi-
ments, the period of switching between the first driving mode
and the second driving mode is dependent on the use. For
example, in the case of a display device, a period of no more
than Y30 second is preferable, and a period between Y60 second
and Y20 second is more preferable. Thus, it is possible to
effectively reduce or prevent the generation of flicker caused
by changes in light-emitting brightness in both driving
modes.

According to the above-described exemplary embodi-
ments, the switching of the driving modes can be performed
in units of pixels and can be performed in units of pixel rows
corresponding to the direction in which the scanning lines Y
extend in units of pixel column units corresponding to the
direction in which the data lines X extend or in units of
predetermined pixel blocks. These methods are effective
when difference in brightness exists between when the first
driving mode is set and when the second driving mode is set.
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In combination with the methods according to the above-
described exemplary embodiments, the method disclosed in
the gazette of Japanese Unexamined Patent Application Pub-
lication No. 10-197896 or the method disclosed in the gazette
of Japanese Unexamined Patent Application Publication No.
2003-66903 may be used. Accordingly, it is possible to fur-
ther enhance display quality.

The above-described exemplary embodiments are applied
to a display device. However, they may be applied to an
electro-optical device, such as an optical head of a printer.
Further, the electro-optical element is not limited to the
organic EL element OLED but can be widely applied to an
electro-optical device (such as an inorganic LED display
device and a field-emission display device) whose brightness
is set in accordance with driving current, or an electro-optical
device (such as an electro-chromic display device and an
electrophoresis display device) which represents transmit-
tance and reflectance in accordance with driving current.

Furthermore, the electro-optical device according to the
above-described exemplary embodiments can be mounted in
various electronic apparatus including a television, a projec-
tor, a mobile telephone, a mobile terminal, a mobile com-
puter, a personal computer, and a digital still camera. When
the above-described electro-optical device is mounted in the
electronic apparatus, it is possible to further enhance the
quality of the electronic apparatus and to make the electronic
apparatuses more attractive in the market.

What is claimed is:

1. A method of driving a pixel circuit having a driving
element, a capacitor, and an electro-optical element, compris-
ing:

first setting a brightness of the electro-optical element by

generating a first driving current by the driving element
in accordance with data stored in the capacitor, and by
supplying the first driving current to the electro-optical
element when a first driving mode is set;

second setting the brightness of the electro-optical element

by generating a second driving current by the driving
element in accordance with data stored in the capacitor,
and by supplying the second driving current to the elec-
tro-optical element, when a second driving mode, hav-
ing a different connection state from the first driving
mode, is set, an error polarity of the second driving
current being opposite to an error polarity of the first
driving current; and

third alternately switching between the first driving mode

and the second driving mode in a predetermined period.
2. The method of driving a pixel circuit according to claim
1, further comprising:
when the first driving mode is set, writing data in the
capacitor in accordance with data current supplied from
outside of the pixel circuit by using a first transistor that
constitutes a current mirror included in the pixel circuit;
and
generating the first driving current in accordance with data
stored in the capacitor by using a second transistor that
constitutes the current mirror as the driving element, and

when the second driving mode is set, writing data in the
capacitor in accordance with the data current by using
the second transistor; and

generating the second driving current in the capacitor in

accordance with data stored by using the first transistor
as the driving element.

3. The method of driving a pixel circuit according to claim
1, further comprising:

when the first driving mode is set, writing data in the

capacitor by charging the capacitor by using a first cur-
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rent flowing through the channel of the driving element,
when a data voltage supplied from outside is applied to
a gate of the driving element, and

when the second driving mode is set, writing data in the
capacitor by discharging charge accumulated in the
capacitor by using a second current flowing through the
channel of the driving element in a reverse direction to
the direction of the first current, when the data voltage is
applied to the gate of the driving element.

4. The method of driving a pixel circuit according to claim

3, further comprising:

when the first driving mode is set, setting the capacitorin an
initial state by discharging charge accumulated in the
capacitor by applying a first voltage to one electrode of
the capacitor prior to the step of writing data in the
capacitor, and

when the second mode is set, setting the capacitor in an
initial state by charging the capacitor by applying a
second voltage higher than the first voltage to one elec-
trode of the capacitor prior to the step of writing data in
the capacitor.

5. The method of driving a pixel circuit according to claim
1, switching between the first driving mode and the second
driving mode being performed in units of pixels, in units of
pixel rows, in units of pixel columns, or in units of pixel
blocks.

6. The method of driving a pixel circuit according to claim
1, the predetermined period being no more than %30 second.

7. A pixel circuit, comprising:

a capacitor to store data;

a driving element to generate a driving current in accor-
dance with data stored in the capacitor and having a gate
thereof connected to the capacitor;

an electro-optical element, whose brightness is set in
accordance with the driving current supplied from the
driving element; and

a connector to set a connection state of the pixel circuit
such that the driving element generates a first driving
current in accordance with data stored in the capacitor
when a first driving mode s set, and to set the connection
state of the pixel circuit such that the driving element
generates a second driving current, whose error polarity
is opposite to an error polarity of the first driving current,
in accordance with data stored in the capacitor when a
second driving mode, which is alternately switched to
the first driving mode in a predetermined period, is set.

8. A pixel circuit, comprising:

a capacitor to store data;

first and second transistors constituting a current mirror
and having gates connected to a node to which one
electrode of the capacitor is connected; and

an electro-optical element, whose brightness is set by a
driving current flowing therethrough,

when a first driving mode is set, the first transistor func-
tioning as a programming element to write data in the
capacitor in accordance with data current supplied from
the outside of the pixel circuit, and the second transistor
functioning as a driving element to generate the driving
current in accordance with data stored in the capacitor,
and

when a second driving mode, which is alternately switched
to the first driving mode in a predetermined period, is set,
the second transistor functioning as the programming
element and the first transistor functioning as the driving
element.
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9. A pixel circuit, comprising:

a capacitor to store data;

first and second transistors constituting a current mirror
and having gates connected to a node to which one
electrode of the capacitor is connected; and

an electro-optical element, whose brightness is set by a
driving current flowing therethrough,

when a first driving mode is set, the first transistor func-
tioning as a programming element to write data in the
capacitor in accordance with data current supplied from
the outside of the pixel circuit, and the second transistor
functioning as a driving element to generate the driving
current in accordance with data stored in the capacitor,
and

when a second driving mode, which is alternately switched
to the first driving mode in a predetermined period, is set,
the second transistor functioning as the programming
element and the first transistor functioning as the driving
element;

a third transistor, one terminal of which is connected to the
node while another terminal thereof'is connected to one
terminal of the first transistor, the third transistor being
switched on when the first driving mode is set and being
switched off when the second driving mode is set;

a fourth transistor, one terminal of which is connected to
the node while another terminal thereof is connected to
the one terminal of the second transistor, the fourth
transistor being switched on when the second driving
mode is set and being switched off when the first driving
mode is set;

a fifth transistor, one terminal of which is connected to one
terminal of the first transistor while another terminal
thereof is connected to the electro-optical element, the
fifth transistor being switched on when the second driv-
ing mode is set and being switched off when the first
driving mode is set; and

asixth transistor, one terminal of which is connected to one
terminal of the second transistor while another terminal
thereof is connected to the electro-optical element, the
sixth transistor being switched on when the first driving
mode is set and being switched off when the second
driving mode is set.

10. The pixel circuit according to claim 7, switching

between the first driving mode and the second driving mode
being performed in units of pixels, in units of pixel rows, in
units of pixel columns, or in units of pixel blocks.

11. The pixel circuit according to claim 7, the predeter-

mined period being no more than 4o second.

12. An electro-optical device, comprising:

a plurality of scanning lines;

a plurality of data lines;

aplurality of pixel circuits provided corresponding to inter-
sections of the scanning lines and the data lines;

a scanning-line driving circuit to select the scanning lines
corresponding to the pixel circuits in which data is to be
written by outputting a scanning signal to the scanning
lines; and

a data-line driving circuit to output data to the data lines
corresponding to the pixel circuits in which data is to be
written in cooperation with the scanning-line driving
circuit,

the pixel circuit being the pixel circuit according to claim 7.

13. An electronic apparatus, comprising:

the electro-optical device according to claim 12.
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