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FIG. 6B
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FIG. 6C

(c) Duty Control 100
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FIG. 6D
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FIG. 8
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FIG. 19A
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FIG. 19B

(b) VTH Correction 100
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FIG. 19C

(c) Data Program 100
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FIG. 19D
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FIG. 19E
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FIG. 19F
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ELECTROLUMINESCENCE DISPLAY
DEVICE AND DRIVING METHOD THEREOF

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] Japanese Application No. 2013-180122, filed on
Aug. 30, 2013, and entitled, “Electroluminescence Display
Device and Driving Method Thereof,” is incorporated by
reference herein in its entirety.

BACKGROUND

[0002] 1.Field

[0003] Oneormore embodiments described hereinrelate to
an electroluminescence display device and method of driving
such a device.

[0004] 2. Description of the Related Art

[0005] One type of display device uses electrolumines-
cence (EL) light-emitting elements to generate images. Fach
EL element generates light based on a supplied current. The
luminance of light tends to vary based on the transistor char-
acteristics of each pixel. For example, variations in the thresh-
old voltage of the driving transistor of each pixel may cause
differences in luminance, which adversely affects display
quality.

[0006] Attempts have been made to correct (or, compen-
sate) variances in the threshold voltages of the driving tran-
sistors. However, if the current supplied to each EL element
decreases, for example, as a result of increasing display reso-
lution, correction may not be achieved. In particular, non-
uniformity in a displayed image may be intensified at low
gray scale values (e.g., small current regions) because the
characteristics of the EL elements substantially vary at these
values. The degradation in luminance increases when maxi-
mum current supplied to the EL elements.

SUMMARY

[0007] In accordance with one embodiment, an electrolu-
minescence display device includes a plurality of pixel cir-
cuits, each of the pixel circuits including a light-emitting
element to emit light based on a supplied current, a driving
transistor to supply the current to the light-emitting element
based ona potential of a gate terminal of the driving transistor,
a sampling switch to sample a data voltage corresponding to
image data at the gate terminal of the driving transistor, a
switch transistor to place the driving transistor in a diode-
connected state, and a capacitive element to store a potential
of the gate terminal of the driving transistor.

[0008] One vertical period in which each of the pixel cir-
cuits is driven includes a current gray scale control period and
a duty gray scale control period, in the current gray scale
control period the current to be supplied to the light-emitting
element is controlled based on the data voltage, and in the
duty gray scale control period a supplying period of the cur-
rent provided to the light-emitting element is controlled based
on a duty control voltage. The data voltage and the duty
control voltage are supplied to a source terminal of the driving
transistor in the driving transistor diode-connected state. The
duty comtrol voltage has two voltage values. The supplying
period of the current provided to the light-emitting element
when each of the pixel circuits is driven at a first gray scale
value is longer than that when each pixel circuit is driven at a
second gray scale, the first gray scale value being greater than
the second gray scale value.
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[0009] The device may include a plurality of control lines
arranged in a row direction, the control lines to supply control
signals for controlling transistors in respective ones of the
pixel circuits; and a plurality of signal lines arranged in a
column direction, the signal lines to supply data voltages and
duty control voltages to respective ones of the pixel circuits.
The pixel circuits may be arranged in a matrix and are con-
nected to corresponding control lines and corresponding sig-
nal lines. Operations which include initializing the gate ter-
minal of the driving transistor and the potential of the
capacitive element, correcting a threshold voltage of the driv-
ing transistor, programming data at the gate terminal of the
driving transistor, and controlling a duty period of the driving
transistor may be line-sequentially performed for each of the
pixel circuits. A light-emitting timing and a non-light-emit-
ting timing of the light-emitting element may be different for
the pixel circuits.

[0010] The device may include a plurality of control lines
arranged in a row direction, the control lines to supply control
signals for controlling transistors in respective ones of the
pixel circuits; and a plurality of signal lines arranged in a
column direction, the signal lines to supply data voltages and
duty control voltages to respective ones of the pixel circuits.

[0011] The pixel circuits may be arranged in a matrix form
and are connected to corresponding control lines and corre-
sponding signal lines. Operations which include initializing
the gate terminal of the driving transistor and the potential of
the capacitive element and correcting a threshold voltage of
the driving transistor are simultaneously performed for each
of the pixel circuits, and operations of programming data at
the gate terminal of the driving transistor and controlling a
duty period of the driving transistor may be line-sequentially
performed for each of the pixel circuits. A light-emitting
timing and a non-light-emitting timing of the light-emitting
element may be different for the pixel circuits.

[0012] The current gray scale control period may be sub-
stantially equal to the duty gray scale control period. The duty
gray scale control period may include a plurality of sub-
frames, and the supplying period of the current provided to
the light-emitting element based on the duty control voltage
may be controlled every sub-frame. The current gray scale
control period may be substantially equal to a period of each
sub-frame of the duty gray scale control period.

[0013] In accordance with another embodiment, a method
for driving an electroluminescence display device includes
controlling a current for a light-emitting element based on a
data voltage and a supplying period of a current for the light-
emitting element based on a duty control voltage, during one
vertical period in which at least one pixel circuitis driven; and
supplying the data voltage and the duty control voltage to a
source terminal of a driving transistor of the at least one pixel
circuit when the driving transistor is in a diode-connected
state, wherein the duty control voltage has two voltage values,
and wherein the supplying period of the current for the light-
emitting element when the at least one pixel circuit is driven
at a first gray scale value is longer than the supplying period
when the at least one pixel circuit is driven at a second gray
scale value less than the first gray scale value. One vertical
period in which each of the pixel circuits is driven may
include a current gray scale control period and a duty gray
scale control period, in the current gray scale control period
the current to be supplied to the light-emitting element may be
controlled based on the data voltage, and in the duty gray
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scale control period a supplying period of the current pro-
vided to the light-emitting element may be controlled based
on a duty control voltage.

[0014] The method may include supplying control signals
for controlling transistors of a plurality of pixel circuits; and
supplying data voltages and duty control voltages to the pixel
circuits, the pixel circuits arranged in a matrix and connected
to corresponding control lines and corresponding signal lines.
The method may further include line-sequentially performing
operations which include initializing a gate terminal of the
driving transistor and a potential of the capacitive element,
correcting a threshold voltage of the driving transistor, pro-
gramming data at the gate terminal of the driving transistor,
and controlling a duty period of the driving transistor for each
of the pixel circuits, wherein a light-emitting timing and a
non-light-emitting timing of light-emitting elements of the
pixel circuits are different.

[0015] The method may include supplying control signals
for controlling transistors in a plurality of pixel circuits; and
supplying the data voltage and the duty control voltage to
each of the pixel circuits, the pixel circuits arranged in a
matrix and connected to corresponding control lines and cor-
responding signal lines. The method may further include
simultaneously performing operations which include initial-
izing the gate terminal of the driving transistor and the poten-
tial of the capacitive element and correcting a threshold volt-
age of the driving transistor for each of the pixel circuits, and
line-sequentially performing operations which include pro-
gramming data at the gate terminal of the driving transistor
and controlling a duty period of the driving transistor for each
of the pixel circuits, wherein a light-emitting timing and a
non-light-emitting timing of the light-emitting element are
different for the pixel circuits.

[0016] The current gray scale control period may be sub-
stantially equal to the duty gray scale control period. The duty
gray scale control period may includes a plurality of sub-
frames, and the supplying period of the current provided to
the light-emitting element based on the duty control voltage
may be controlled every sub-frame. The current gray scale
control period may be substantially equal to a period of each
sub-frame of the duty gray scale control period.

[0017] In accordance with another embodiment, an appa-
ratus includes an interface and a controller coupled to the
interface, the controller to control at least one pixel circuit
during a first period and a second period, wherein the con-
troller is to control current to a light-emitting element of the at
least one pixel circuit based on a data voltage in the first
period, wherein the controller is to control a supplying period
of current to the light-emitting element based on a duty con-
trol voltage in the second period, and wherein the supplying
period when the pixel circuit is driven at a first gray scale
value is longer than that when the pixel circuit is driven at a
second gray scale, the first gray scale value being greater than
the second gray scale value.

[0018] The data voltage and the duty control voltage may
be supplied to a source terminal of a driving transistor of the
pixel circuit when the driving transistor is in a diode-con-
nected state. The first period may be substantially equal to the
second period. The first period may be substantially equal to
a period of a sub-frame in the second period.

[0019] The controller may line-sequentially control opera-
tions which include initializing a gate terminal of a driving
transistor and a potential of a capacitive element of the at least
one pixel circuit, correcting a threshold voltage of the driving
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transistor, programming data at the gate terminal of the driv-
ing transistor, and controlling a duty period of the driving
transistor.

[0020] The at least one pixel circuit may include a plurality
of pixel circuits, and a light-emitting timing and a non-light-
emitting timing may be different for the pixel circuits. The
controller may simultaneously control operations which
include initializing a gate terminal of a driving transistor and
a potential of a capacitive element, and correcting a threshold
voltage of the driving transistor of each of a plurality of pixel
circuits. The controller may line-sequentially control opera-
tions which include programming data at the gate terminal of
the driving transistor and controlling a duty period of the
driving transistor of each of the pixel circuits. The second
period may include a plurality of sub-frames, and the supply-
ing period of the current to the light-emitting element based
on the duty control voltage may be controlled every sub-
frame.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Features will become apparent to those of skill in the
art by describing in detail exemplary embodiments with ref-
erence to the attached drawings in which:

[0022] FIG. 1 illustrates an embodiment of an EL display
device;

[0023] FIG. 2 illustrates an embodiment of a pixel circuit;
[0024] FIG. 3illustrates an example of how the EL display
device operates;

[0025] FIG. 4 illustrates an example of control signals for

the EL display device;

[0026] FIG. Sillustrates an example of more control signals
for the EL display device;

[0027] FIGS. 6A-6D illustrate different operating states of
the pixel circuit;

[0028] FIG. 7 illustrates an example of a duty control pro-
gram;

[0029] FIG. 8illustrates an example of another duty control
program;

[0030] FIG. 9 illustrates an example of EL current and
luminance;

[0031] FIG. 10 illustrates an example of EL current and
gray scale;

[0032] FIG. 11 illustrates another example of how an EL

display device operates;

[0033] FIG. 12 illustrates an example of control signals for
pixel circuits;

[0034] FIG. 13 illustrates another example of EL current
and luminance;

[0035] FIG. 14 illustrates another example of EL current
and gray scale;

[0036] FIG. 15 illustrates another embodiment of an EL
display device;

[0037] FIG. 16 illustrates another example of how an EL

display device operates;

[0038] FIG. 17 illustrates another example of control sig-
nals for a pixel circuit;

[0039] FIG. 18 illustrates another example of control sig-
nals for pixel circuits; and

[0040] FIGS. 19A-19F illustrate different operating states
of a pixel circuit.
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DETAILED DESCRIPTION

[0041] Example embodiments are described more fully
hereinafter with reference to the accompanying drawings;
however, they may be embodied in different forms and should
not be construed as limited to the embodiments set forth
herein. Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully
convey exemplary implementations to those skilled in the art.
[0042] Inthe drawing figures, the dimensions of layers and
regions may be exaggerated for clarity of illustration. It will
also be understood that when a layer or element is referred to
as being “on” another layer or substrate, it can be directly on
the other layer or substrate, or intervening layers may also be
present. Further, it will be understood that when a layer is
referred to as being “under” another layer, it can be directly
under, and one or more intervening layers may also be
present. In addition, it will also be understood that when a
layer is referred to as being “between” two layers, it can be the
only layer between the two layers, or one or more intervening
layers may also be present. Like reference numerals refer to
like elements throughout.

[0043] It will be understood that when an element or layer
is referred to as being “on”, “connected to”, “coupled to”, or
“adjacent to”” another element or layer, it can be directly on,
connected, coupled, or adjacent to the other element or layer,
or intervening elements or layers may be present. In contrast,
when an element is referred to as being “directly on,”
“directly connected to”, “directly coupled to”, or “immedi-
ately adjacent to” another element or layer, there are no inter-
vening elements or layers present.

[0044] FIG. 1illustrates an embodiment of an electrolumi-
nescence (EL) display device 500 which may be used as a
display unit of an electronic device, such as but not limited to
a television, a smart phone, a handheld telephone, and a
personal computer. The EL display device 500 includes a
plurality of pixel circuits 100 arranged in a matrix and a
controller 505 which includes an initialization control driver
510, a scan driver 530, and an emission driver 550. The
controller 505 generates signals for controlling the pixel cir-
cuits 100. The signals are sent through aninterface, which, for
example, may be one or more outputs of a chip including the
controller or the signal lines to be discussed in greater detail
below.

[0045] TheEL display device 500 displays images through
light-emitting elements (EL element) in the pixel circuits 100.
In one embodiment, each EL element may be an organic EL
element such as an organic light-emitting diode (OLED). In
another embodiment, the EL element may be different from
an OLED, e.g., one having a rectification characteristic.
[0046] The pixel circuits 100 are connected to signal lines
DT that provide image data. The pixel circuits 100 extend in
a column direction and are also connected to power lines GL
that provide a power supply voltage ELVDD to the pixel
circuits 100 for light-emission. The power lines GL also
extend in the column direction. Lower ends of the power lines
GL are commonly connected to receive the power supply
voltage ELVDD.

[0047] The pixel circuits 100 are arranged in n rows and m
columns (e.g., an nxm matrix). The pixel circuits 100 are
connected to corresponding signal lines DT and correspond-
ing power lines GL.

[0048] Control lines SIL extend in a row direction and are
connected to the initialization control driver 510. Scan lines
SCL extend in the row direction and are connected to the scan
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driver 530. Light-emitting control lines EML extend in the
row direction and are connected to the emission driver 550.
Initialization voltage lines VIL also extend in the row direc-
tion. First ends of the initialization voltage lines VIL are
commonly connected.

[0049] The pixel circuits 100 are connected to correspond-
ing control lines SIL, scan lines SCL, light-emitting control
lines EML,, and initialization voltage lines VIL by on a row-
by-row basis. Transistors in the pixel circuits 100 are con-
trolled by control signals from the control lines SIL, scan
lines SCL, and light-emitting control lines EML.

[0050] The initialization control driver 510 outputs initial-
ization control signals INIT through the control lines SIL.
The scan driver 530 outputs scan signals SCAN through the
scan lines SCL. The emission driver 550 outputs light-emit-
ting control signals EM through the light-emitting control
lines EML. The initialization voltage lines VIL receive an
initialization voltage VINIT in common.

[0051] The EL display device 500 may include a control
unit and a power supply unit. The control unit may including
a central processing unit (CPU) or other processing device, a
memory, and so on, for controlling operations of the EL
display device 500. For example, the control unit may control
the initialization control driver 510, the scan driver 530, and
the emission driver 550. The control unit may also provide the
pixel circuits 100 with data voltages and duty control voltages
through the signal lines DT.

[0052] The power supply unit supplies power to the EL
display device 500 and, optionally, various components of an
electronic device which includes the EL display device 500.
The power supply unit may supply the EL element of each
pixel circuit 100 with an anode voltage ELVDD and a cathode
voltage ELVSS.

[0053] FIG. 2 illustrates an embodiment of a pixel circuit,
which, for example, may correspond to the pixel circuits 100
in the EL display device of FIG. 1. Referring to FIG. 2, the
pixel circuit 100 includes a driving transistor M, a sampling
switch M, switch transistors M, M, M, and M, a capaci-
tive element Cst, and an EL element. In this embodiment,
each transistor is a p-type thin film transistor.

[0054] The driving transistor M, supplies current to the EL
element according to the potential of a gate terminal of the
driving transistor M. The sampling transistor M, samples a
data voltage corresponding to image data at the gate terminal
of the driving transistor M, . The switch transistor M is used
to place the driving transistor M in a diode-connected state.
The capacitive element Cst holds the potential of the gate
terminal of the driving transistor M,. The EL element emits
light according to the supplied current.

[0055] One terminal of the switch transistor M, is con-
nected to an initialization voltage line VIL. Another terminal
of the switch transistor M is connected to the gate terminal of
the driving transistor M, and the capacitive element Cst. The
switch transistor My is controlled by an initialization control
signal INIT, which is provided to the gate terminal of the
switch transistor M.

[0056] The switch transistor My, that is controlled by the
initialization control signal INIT, initializes the gate terminal
of the driving transistor M, and a potential of the capacitive
element Cst with an initialization voltage VINIT.

[0057] One terminal of the switch transistor M, is con-
nected to a signal line DT supplied with a data voltage
VDATA or a duty control voltage VDUTY, and the other
terminal thereof is connected to a source terminal of the
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driving transistor M. One terminal of the switch transistor
Mj; is connected to the power line GL supplied with a power
supply voltage ELVDD, and the other terminal thereof is
connected to the source terminal of the driving transistor M.
[0058] A gate terminal of the switch transistor M, is con-
nected to the scan line SCL. The switch transistor M, is
controlled by a scan signal SCAN supplied to the gate termi-
nal of the switch transistor M, via the scan line SCL. The gate
terminal of the switch transistor M, is connected to the light-
emitting control line EML. The switch transistor M; is con-
trolled by the light-emitting control signal EM, which is
provided to the gate terminal of the switch transistor M viaa
light-emitting control line EML.

[0059] The switch transistor M, provides the source termi-
nal of the driving transistor M, with one of the data voltage
VDATA or the duty control voltage VDUTY. The power
supply voltage ELVDD is provided to the source terminal of
the driving transistor M, via the switch transistor M.

[0060] The gate terminal of the switch transistor My is
connected to the scan line SCL. The switch transistor M is
controlled by a scan signal SCAN, which is provided to the
gate terminal of the switch transistor M5 via the scan line
SCL.

[0061] One terminal of the switch transistor M, is con-
nected to the drain terminal of the driving transistor M, and
another terminal thereof is connected to the EL element. A
gate terminal of the switch transistor M, is connected to the
light-emitting control line EML. The switch transistor M, is
controlled by the light-emitting control signal EM, which is
provided to the gate terminal of the switch transistor M, via
the light-emitting control line EML.

[0062] FIG.3isanexample of atiming diagram illustrating
operation of the EL display device 500. In FIG. 3, one vertical
period includes a current gray scale control period and a duty
gray scale control period. In the current gray scale control
period, data voltages VDATA corresponding to image data
are programmed at the pixel circuits 100 line-sequentially, to
thereby control the current to be supplied to EL elements.
[0063] The duty control voltage VDUTY is used to stop the
pixel circuits 100 from emitting light or to continue to emit
light, e.g., maintain a sampled data voltage according to a
current gray scale control way. In the duty gray scale control
period, aperiod in which current is supplied to the EL element
is adjusted. For example, in the duty gray scale control period,
light-emission from the pixel circuits 100 is interrupted at one
or more low gray scale values and is made at one or more high
gray scales. In one embodiment, the EL display device 500
uses current gray scale control and duty gray scale control to
control gray scale values of the pixel circuits 100.

[0064] FIG. 4is an example of another timing diagram for
controlling operation of a unit pixel circuit. FIG. 5 is an
example of another timing diagram for controlling operation
of pixel circuits in rows. The pixel circuit(s) may be pixel
circuits 100.

[0065] Referring to FIGS. 4 and 5, a method for driving the
EL display device 500 is performed based on an initialization
period (a), a threshold voltage (VTH) correction and data
programming period (b), a duty control period (c), and a
light-emitting period (d).

[0066] In each period, the pixel circuits 100 may be line-
sequentially controlled by control signals INIT, SCAN, and
EM. Current gray scale control and duty gray scale control
based on image data are performed with respect to each pixel
circuit 100, using a data voltage VDATA and a duty control
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voltage VDUTY that are provided to a source terminal of a
driving transistor M, via a signal line DT.

[0067] Also, the gray scale value of light emitted from each
pixel circuit 100, if controlled, may depend on a sum of
current provided to an EL element in the current gray scale
control period and current provided to the EL element in the
duty gray scale control period. The current gray scale control
period and the duty gray scale control period may be set to the
same time, to thereby simplifying gray scale control. In other
embodiments, these periods may be set to different times. The
above-described control periods will be more fully described
with reference to FIGS. 6A-6D.

[0068] FIGS. 6A to 6D illustrate different operating states
of a pixel circuit, e.g., pixel circuit 100.

Initialization Period

[0069] Referring to FIG. 6A, during the initialization
period (a), the switch transistor M is turned on by the initial-
ization control signal INIT. The initialization voltage VINIT
is provided to the gate terminal of the driving transistor M,
and the capacitive element Cst through the switch transistor
M. Thus, the gate terminal of the driving transistor M, and
the potential of the capacitive element Cst are initialized
based on the initialization voltage VINIT.

VTH Correction and Data Programming Period

[0070] Referring to FIG. 6B, during the VTH correction
and data programming period (b), the switch transistor M is
turned off and the switch transistors M, and M are turned on
by a scan signal SCAN. The data line DT receives the data
voltage VDATA, and the driving transistor M, is diode-con-
nected through the switch transistor M.,

[0071] The data voltage VDATA corresponding to image
data is provided to the source terminal of the driving transistor
M, . Atthis time, the capacitive element Cst samples a voltage
of (VDATA-VTH), where VTH is the threshold voltage of the
driving transistor M, .

Duty Control Period

[0072] Referring to FIG. 6C, during the duty control period
(¢), the signal line DT receives the duty control voltage
VDUTY. The duty control voltage VDUTY has two voltage
values. The two voltage values of the duty control voltage
VDUTY are provided to the source terminal of the driving
transistor M, according to display gray scale, such that light-
emitting halt (high level) and light-emitting continuance (low
level) of the pixel circuit 100 are performed.

Light-Emitting Period

[0073] Referring to FIG. 6D, during the light-emitting
period (d), the switch transistors M, and M; are turned off by
the scan signal SCAN, and the switch transistors M, and M,,
are turned on by the light-emitting control signal EM. Current
controlled by the driving transistor M, is provided to the EL
element. That is, light-emitting of the pixel circuit 100 is
controlled.

[0074] FIG. 7 illustrates an example of a duty control pro-
gram 1, and FIG. 8 illustrates an example of a duty control
program 2. When VTH correction on a diode-connected driv-
ing transistor M, is performed, the driving transistor M, may
be programmed in one direction corresponding to a charging
direction (or, a discharging direction) due to its diode char-
acteristic. That is, when VTH correction on the diode-con-
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nected driving transistor M, is performed, the driving transis-
tor M, is turned off but cannot be turned on when a voltage is
supplied to a source terminal of the driving transistor M.

[0075] Two voltage values of a duty control voltage
VDUTY may be set to be higher than the lowest gray scale
voltage (e.g., dark) and to be lower than the highest gray scale
voltage (e.g., bright). Thus, a light-emitting halt operation
and a light-emitting continuance operation (e.g., maintain a
sampled data voltage according to current gray scale control)
are performing using the two voltage values.

[0076] Referring to FIG. 7, the source terminal of a driving
transistor M, where a voltage of (VDATA-VTH) is sampled
after initialization, is supplied with a duty control voltage
VDUTY (high level) greater than (VDATA-VTH). In this
case, the driving transistor M, is turned off because the gate
voltage of the driving transistor M, is overwritten with the
duty control voltage VDUTY at the high level. As a result, the
supply of current to the EL element is stopped during the
light-emitting period, and the EL element does not emit light
even though the switch transistor M, is turned on.

[0077] Referring to FIG. 8, the source terminal of the driv-
ing transistor M,, where a voltage of (VDATA-VTH) is
sampled after initialization, is supplied with a duty control
voltage VDUTY (low level) lower than (VDATA-VTH). In
this case, the gate voltage of the driving transistor M, is
(VDATA-VTH), because it is not overwritten with the duty
control voltage VDUTY at the low level. Thus, during the
light-emitting period, current is supplied to the EL element
when the switch transistor M, is turned on, which maintains
light-emitting of the EL element.

[0078] FIG. 9 illustrates an example of a relationship
between EL current and luminance, and FIG. 10 illustrates an
example of a relationship between EL current and gray scale.
In FIG. 10, the relationship between the EL current and the
gray scale corresponds to a gamma curve.

[0079] Referring to FIG. 9, the light-emitting duty period
(e.g., aperiod where current flows into the EL element) varies
with gray scale value. For example, the light-emitting duty
period at a high gray scale value (e.g., bright) is longer than
the light-emitting duty period at a low gray scale value (e.g.,
dark).

[0080] At a low gray scale value, the current flowing into
the EL element decreases. This causes a deterioration in
image quality due to variation in the threshold voltage VTH,
thereby resulting in non-uniform luminance. In one embodi-
ment, when the pixel circuit 100 is driven at a low gray scale
value, the light-emitting duty period is controlled to decrease
and current to be provided to the EL element is controlled to
increase. Thus, it is possible to suppress deterioration of
image quality due to threshold voltage VTH variation.

[0081] Meanwhile, athigh gray scale values, the luminance
of the EL element deteriorates when a maximum current is
provided to the EL element increases. In one embodiment,
when the pixel circuit 100 is driven at a high gray scale value,
the light-emitting duty period is controlled to increase and the
maximum current provided to the EL element is controlled to
be suppressed, e.g., reduce. Thus, it is possible to make the
useful life time of the EL element longer.

[0082] Referring to FIG. 10, as indicated above, when the
pixel circuit 100 is driven at a high gray scale value, it is
desirable to suppress (reduce) the maximum current to be
supplied to the EL element. However, when the pixel circuit
100 is driven at a low gray scale value, it is desirable to
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increase the intensity of current in order to suppress variation
in the threshold voltage VTH. This operation may be pet-
formed through duty control.

[0083] With the above description, it is possible to suppress
deterioration of image quality (e.g., non-uniformity) at low
gray scale values, even though the current to be provided to
the EL element of a unit pixel decreases as an increase in
resolution. Thus, high image quality and long life time may be
achieved at high resolutions of the EL display device 500.

[0084] FIG. 11 another example of how an EL display
device operates, and FIG. 12 is another example of a timing
diagram for controlling operation of pixel circuits, e.g., pixel
circuits 100. In this embodiment, the duty gray scale control
period includes a plurality of sub-frames. A period where
current is provided to the EL element according to a duty
control voltage VDUTY is controlled on a sub-frame basis.
Also, the current gray scale control period and a period of
each sub-frame of the duty gray scale control period are set to
be equal to each other.

[0085] Referring to FIGS. 11 and 12, like the previous
embodiment, one vertical period includes a current gray scale
control period and a duty gray scale control period. However,
in this embodiment, the duty gray scale control period
includes a plurality of sub-frames, and duty gray scale control
is performed every sub-frame.

[0086] In the current gray scale control period, data volt-
ages VDATA corresponding to image data are line-sequen-
tially programmed at the pixel circuits 100, such that current
to be provided to EL elements is controlled. In the duty gray
scale control period having a plurality of sub-frames, a period
where current is provided to the EL element is controlled by
making the pixel circuits 100 stop emitting light or continue
emitting light according to a duty control voltage VDUTY
every sub-frame.

[0087] For example, in the duty gray scale control period,
he light-emitting duty period is controlled to decrease when
the pixel circuit 100 is driven at a low gray scale value. In one
embodiment, if the pixel circuit 100 is controlled to stop
emitting light, the pixel circuit 100 may not emit light until
data is programmed again. When the pixel circuit 100 is
controlled to stop emitting light, it is controlled to stop emit-
ting light at the beginning of the duty gray scale control
period.

[0088] Duty gray scale control is line-sequentially per-
formed. Also, in this embodiment, the current gray scale
control period is set to be the same as a period of each
sub-frame of the duty gray scale control period, to thereby
simplifying gray scale control. For illustrative purposes only,
FIG. 11 illustrates a duty gray scale control period which
includes three sub-frames. A different number of sub-frames
(e.g., four or more) may be included in a duty gray scale
control period in an alternative embodiment.

[0089] FIG. 13 illustrates an example of a relationship
between EL current and luminance according to the present
embodiment. FIG. 14 illustrates an example of a relationship
between EL current and gray scale according to this embodi-
ment. In F1G. 13, the relationship between the EL current and
the gray scale corresponds to a gamma curve.

[0090] Referring to FIG. 13, duty control is performed
using four values: 25%, 50%, 75%, and 100%. That is, the
duty control is performed under the condition that a duty
period is set to various values based on gray scale value. In
this embodiment, a light-emitting duty period varies with
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gray scale value, e.g., the light-emitting duty period at low
gray scale values is longer than that at high gray scale values.
[0091] At low gray scale values, a decrease in current flow-
ing into the EL element causes a deterioration in image qual-
ity due to variation in threshold voltage VTH, thereby result-
ing in non-uniform luminance. In this embodiment, when the
pixel circuit 100 is driven at low gray scale values, the light-
emitting duty period is controlled to decrease and current to
be provided to the EL element is controlled to increase. Thus,
it is possible to suppress deterioration of image quality due to
variation in threshold voltage VTH.

[0092] At high gray scale values, luminance of the EL
element deteriorates when maximum current to be provided
to the EL element increases. In this embodiment, when the
pixel circuit 100 is driven at high gray scale values, the light-
emitting duty period is controlled to increase and maximum
current to be provided to the EL element is controlled to be
suppressed, e.g., reduced. Thus, it is possible to make the
useful life time of the EL element longer.

[0093] Referring to FIG. 14, as described above, when the
pixel circuit 100 is driven at high gray scale values, maximum
current to be supplied to the EL element may be suppressed.
However, when the pixel circuit 100 is driven at low gray
scale values, the intensity of current increases to suppress a
variation in threshold voltage VTH. This operation may be
performed through duty control. In this embodiment, because
duty control is performed at various duty values, duty control
is performed more finely compared to the previous embodi-
ment.

[0094] FIG. 15 illustrates another embodiment of an EL
display device 600. In this third embodiment, initialization
and VTH correction may be performed at the same time with
respect to all pixel circuits. Data programming and duty con-
trol may be line-sequentially performed with respect to pixel
circuits, and light-emitting timing and non-light-emitting
timing are different every pixel.

[0095] Referring to FIG. 15, the EL display device 600
includes a plurality of pixel circuits 100 arranged in a matrix,
a scan driver 630 to drive the pixel circuits 100, and an
emission driver 650. Control lines SIL are connected to the
pixel circuits 100. First ends of the control lines SIL are
connected in common to receive an initialization control sig-
nal INIT. Thus, unlike the EL display device 500in F1G. 1, the
EL display device 600 in FIG. 15 does not include an initial-
ization control driver.

[0096] Also, like the EL display device 500 in FIG. 1, the
pixel circuits 100 are arranged in a matrix and are connected
to scan lines SCL, light-emitting control lines EML, and
initialization voltage lines VIL.

[0097] Also, like the EL display device 500in FIG.1,a scan
driver 530 outputs scan signals SCAN through the scan lines
SCL and an emission driver 550 outputs light-emitting con-
trol signals EM through the light-emitting control lines EML.
[0098] Also, unlike the EL display device 500in FIG. 1, the
EL display device 600 includes switches configured to pro-
vide data lines DL with a reference voltage VRES, as well as
a data voltage VDATA and a duty control voltage VDUTY.
The reference voltage VRES is used to correct a threshold
voltage VTH.

[0099] FIG. 16 illustrates an example of how the EL display
device 600 operates. Referring to FIG. 16, in one horizontal
period, initializing the gate terminal of a driving transistor M
and the potential of a capacitive element Cst, and correcting a
threshold voltage of the driving transistor M, are simulta-
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neously performed for all pixels. Programming data at the
gate terminal ofthe driving transistor M, controlling the duty
period of the driving transistor M,, and stopping light emis-
sion of the EL element are line-sequentially performed for all
pixel circuits.

[0100] FIG. 17 illustrates another example of how a pixel
circuit 100 operates. FIG. 18 is an example of a timing dia-
gram illustrating operation of pixel circuits disposed in rows
for this embodiment.

[0101] Referring to FIGS. 17 and 18, like the previous
embodiment, one vertical period includes a current gray scale
control period and a duty gray scale control period. Also, the
duty gray scale control period includes a plurality of sub-
frames. A period where current is provided to an EL element
is controlled by a duty control voltage VDUTY every sub-
frame. In the initialization and VTH correction periods, ini-
tializing the pixel circuits 100 and correcting a threshold
voltage are simultaneously performed with respect to all pix-
els circuits 100.

[0102] A method for driving of an EL display device
according to this embodiment includes an initialization
period (a), a VTH correction period (b), a data programming
period (c), a duty control period (d), a light-emitting halt
control period (e), and a light-emitting period (f).

[0103] In this embodiment, initialization and VTH correc-
tion are simultaneously performed for all pixel circuits 100,
and remaining operations are line-sequentially performed
based on control signals SCAN and EM. Based on a data
voltage VDATA and a duty control voltage VDUTY on a
signal line DT provided to the source terminal of the driving
transistor M, current gray scale control and duty gray scale
control corresponding to image data are perform for every
pixel circuit 100.

[0104] FIGS. 19A-19F illustrate different operating states
of a pixel circuit for this embodiment for the four periods (a),

(b), (¢), and (d).

Initialization Period

[0105] Referring to FIG. 19A, during the initialization
period (), the switch transistor M is turned on by an initial-
ization control signal INIT supplied to the pixel circuit 100
via a common control line SIL. The initialization voltage
VINIT is provided to the gate terminal of the driving transis-
tor M, and the capacitive element Cst through the switch
transistor M. Thus, the gate terminal of the driving transistor
M, and the potential of the capacitive element Cst are initial-
ized with the initialization voltage VINIT.

VTH Correction Period

[0106] Referring to FIG. 19B, during the VTH correction
period (b), the switch transistors M, and M are turned on by
a scan signal SCAN. The signal line DT receives a reference
voltage VRES, and the driving transistor M; is diode-con-
nected through the switch transistor M.

[0107] The reference voltage VRES is provided to the
source terminal of the driving transistor M. At this time, the
capacitive element Cst samples a voltage of (VRES-VTH),
where VTH is the threshold voltage of the driving transistor
M,. At this time, VTH correction is performed. In this
embodiment, the reference voltage VRES is lower than a data
voltage VDATA.
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Data Programming Period

[0108] Referring to FIG. 19C, the data voltage VDATA
corresponding to image data is provided to the source termi-
nal of the driving transistor M; via the signal line DT. At this

time, the capacitive element Cst samples a voltage (VDATA-
VTH).

Duty Control Period

[0109] Referring to FIG. 19D, during the duty control
period (d), the signal line DT receives a duty control voltage
VDUTY. Two voltage values of the duty control voltage
VDUTY are provided to the source terminal of the driving
transistor M, according to display gray scale value, such that
a light-emitting halt (high level) operation and a light-emit-
ting continuance (low level) operation on the pixel circuit 100
are performed.

Light-Emitting Halt Period

[0110] Referring to FIG. 19E, during the light-emitting halt
period (e), the signal line DT receives a duty control voltage
VDUTY of a high level. As a result, light-emitting of the EL
element is stopped.

Light-Emitting Period

[0111] Referring to FIG. 19F, during the light-emitting
period (1), the switch transistors M, and M, are turned on by
a light-emitting control signal EM. Also, current that is con-
trolled by the driving transistor M, is provided to the EL
element. As a result, light-emitting of the pixel circuit 100 is
controlled.

[0112] As illustrated in FIGS. 16 and 17, in the present
embodiment, light-emitting of the EL element is stopped, and
initialization and VTH correction are simultaneously per-
formed with respect to all the pixel circuits 100. In the data
programming period, a light-emitting operation is line-se-
quentially performed from a row where a data voltage
VDATA has been written. Afterwards, duty period control is
line-sequentially performed, and light-emitting is line-se-
quentially stopped.

[0113] Also, in this embodiment, because VTH correction
is simultaneously performed for all pixels, it is possible to
perform VTH correction for a sufficiently long time. Thus, the
VTH correction capacity of the pixel circuits 100 may be
improved.

[0114] As described above, an initialization control driver
is not used because initialization is performed at the same
time for all pixel circuits 100. As a result, it is possible to
decrease the size of the EL display device 600. Also, because
VTH correction is simultaneously performed for all pixels, it
is possible to increase the VTH correction time. Thus, the
VTH correction capacity of the pixel circuits 100 may be
improved.

[0115] The methods, processes, and/or operations
described herein may be performed by code or instructions to
be executed by a computer, processor, controller, or other
signal processing device. The computer, processor, control-
ler, or other signal processing device may be those described
herein or one in addition to the elements described herein.
Because the algorithms that form the basis of the methods (or
operations of the computer, processor, controller, or other
signal processing device) are described in detail, the code or
instructions for implementing the operations of the method
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embodiments may transform the computer, processor, con-
troller, or other signal processing device into a special-pur-
pose processor for performing the methods described herein.
[0116] Also, another embodiment may include a computer-
readable medium, e.g., a non-transitory computer-readable
medium, for storing the code or instructions described above.
The computer-readable medium may be a volatile or non-
volatile memory or other storage device, which may be
removably or fixedly coupled to the computer, processor,
controller, or other signal processing device which is to
execute the code or instructions for performing the method
embodiments described herein.

[0117] By way of summation and review, attempts have
been made to correct (or, compensate) variation in the thresh-
old voltages of the driving transistors. However, if the current
supplied to each EL element decreases, for example, as a
result of increasing display resolution, correction may not be
achieved. In particular, non-uniformity in a displayed image
may be intensified at low gray scale values (e.g., small current
regions) because the characteristics of the EL elements sub-
stantially vary at these values. The degradation in luminance
increases when maximum current supplied to the EL ele-
ments.

[0118] One approach which has been proposed to offset
this performance degradation, changes the gate voltage of a
pixel driving transistor to correct threshold voltage and to
suppress variation in the drain current of the driving transis-
tor. However, this approach makes it is difficult to control
gray scale emissions at low gray scale values (small current
region), especially when the amount of current supplied to an
EL element decreases as a result in an increase in resolution.
In particular, non-uniform display of images is intensified at
low gray scale values (small current region) because of the
characteristics of the EL element substantially varies at low
gray scale values.

[0119] Another approach which has been proposed is to
control pixels to emit light with different types of luminance
levels using one gray scale display data. This approach may
improve display non-uniformity at low gray scale values.
This may be accomplished by changing a reference voltage
between a first voltage and a second voltage to be supplied to
each pixel. As aresult, each pixel displays a gray scale value
based on a sum of the amount of light-emission correspond-
ing to the first voltage and the amount of light-emission
corresponding to the second voltage.

[0120] However, changing the reference voltage in this
manner for all pixels is disadvantageous for multiple gray
scale values. Also, deterioration of image quality due to varia-
tion in threshold voltage Vth at low gray scale values may
worsens for both of these approaches.

[0121] In accordance with one or more of the aforemen-
tioned embodiments, even though the amount of current to be
provided to an EL element of a pixel circuit decreases to
achieve high resolution, it is possible to suppress deteriora-
tion of image quality (e.g., non-uniformity) at low gray scale
values.

[0122] Example embodiments have been disclosed herein,
and although specific terms are employed, they are used and
are to be interpreted in a generic and descriptive sense only
and not for purpose of limitation. In some instances, as would
be apparent to one of skill in the art as of the filing of the
present application, features, characteristics, and/or elements
described in connection with a particular embodiment may be
used singly or in combination with features, characteristics,
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and/or elements described in connection with other embodi-
ments unless otherwise indicated. Accordingly, it will be
understood by those of skill in the art that various changes in
form and details may be made without departing from the
spirit and scope of the present invention as set forth in the
following claims.

What is claimed is:

1. An electroluminescence display device, comprising:

aplurality of pixel circuits, each of the pixel circuits includ-
ing:

alight-emitting element to emit light based on a supplied
current;

a driving transistor to supply the current to the light-
emitting element based on a potential of a gate termi-
nal of the driving transistor;

a sampling switch to sample a data voltage correspond-
ing to image data at the gate terminal of the driving
transistor;

a switch transistor to place the driving transistor in a
diode-connected state; and

a capacitive element to store a potential of the gate
terminal of the driving transistor,

wherein one vertical period in which each of the pixel
circuits is driven includes a current gray scale control
period and a duty gray scale control period, in the current
gray scale control period the current to be supplied to the
light-emitting element is controlled based on the data
voltage, and in the duty gray scale control period a
supplying period of the current provided to the light-
emitting element is controlled based on a duty control
voltage,

wherein the data voltage and the duty control voltage are
supplied to a source terminal of the driving transistor in
the driving transistor diode-connected state,

wherein the duty control voltage has two voltage values,
and

wherein the supplying period of the current provided to the
light-emitting element when each of the pixel circuits is
driven at a first gray scale value is longer than that when
each pixel circuit is driven at a second gray scale, the first
gray scale value being greater than the second gray scale
value.

2. The device as claimed in claim 1, further comprising:

a plurality of control lines arranged in a row direction, the
control lines to supply control signals for controlling
transistors in respective ones of the pixel circuits; and

a plurality of signal lines arranged in a column direction,
the signal lines to supply data voltages and duty control
voltages to respective ones of the pixel circuits, wherein:

the pixel circuits are arranged in a matrix and are connected
to corresponding control lines and corresponding signal
lines,

operations which include initializing the gate terminal of
the driving transistor and the potential of the capacitive
element, correcting a threshold voltage of the driving
transistor, programming data at the gate terminal of the
driving transistor, and controlling a duty period of the
driving transistor are line-sequentially performed for
each of the pixel circuits, and

a light-emitting timing and a non-light-emitting timing of
the light-emitting element are different for the pixel
circuits.
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3. The device as claimed in claim 1, further comprising:

a plurality of control lines arranged in a row direction, the
control lines to supply control signals for controlling
transistors in respective ones of the pixel circuits: and

a plurality of signal lines arranged in a column direction,
the signal lines to supply data voltages and duty control
voltages to respective ones of the pixel circuits, wherein:

the pixel circuits are arranged in a matrix form and are
connected to corresponding control lines and corre-
sponding signal lines,

operations which include initializing the gate terminal of
the driving transistor and the potential of the capacitive
elementand correcting a threshold voltage of the driving
transistor are simultaneously performed for each of the
pixel circuits, and operations of programming data at the
gate terminal of the driving transistor and controlling a
duty period of the driving transistor are line-sequentially
performed for each of the pixel circuits, and

a light-emitting timing and a non-light-emitting timing of
the light-emitting element are different for the pixel
circuits.

4. The device as claimed in claim 3, wherein the current
gray scale control period is substantially equal to the duty
gray scale control period.

5. The device as claimed in claim 3, wherein:

the duty gray scale control period includes a plurality of
sub-frames, and

the supplying period of the current provided to the light-
emitting element based on the duty control voltage is
controlled every sub-frame.

6. The device as claimed in claim 3, wherein the current
gray scale control period is substantially equal to a period of
each sub-frame of the duty gray scale control period.

7. A method for driving an electroluminescence display
device, the method comprising:

controlling a current for a light-emitting element based on
adata voltage and a supplying period of a current for the
light-emitting element based on a duty control voltage,
during one vertical period in which at least one pixel
circuit is driven; and

supplying the data voltage and the duty control voltage to a
source terminal of a driving transistor of the at least one
pixel circuit when the driving transistor is in a diode-
connected state, wherein the duty control voltage has
two voltage values, and wherein the supplying period of
the current for the light-emitting element when the at
least one pixel circuit is driven at a first gray scale value
is longer than the supplying period when the at least one
pixel circuit is driven at a second gray scale value less
than the first gray scale value.

8. The method as claimed in claim 7, further comprising:

supplving control signals for controlling transistors of a
plurality of pixel circuits; and

supplving data voltages and duty control voltages to the
pixel circuits, the pixel circuits arranged in a matrix and
connected to corresponding control lines and corre-
sponding signal lines, the method further including:

line-sequentially performing operations which include ini-
tializing a gate terminal of the driving transistor and a
potential of a capacitive element to store a potential of
the gate terminal of the driving transistor, correcting a
threshold voltage of the driving transistor, programming
data at the gate terminal of the driving transistor, and
controlling a duty period of the driving transistor for
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each of the pixel circuits, wherein a light-emitting tim-
ing and a non-light-emitting timing of light-emitting
elements of the pixel circuits are different.

9. The method as claimed in claim 7, further comprising:

supplying control signals for controlling transistors in a
plurality of pixel circuits; and

supplving the data voltage and the duty control voltage to
each of the pixel circuits, the pixel circuits arranged in a
matrix and connected to corresponding control lines and
corresponding signal lines, the method further includ-
ing:

simultaneously performing operations which include ini-
tializing a gate terminal of the driving transistor and a
potential of a capacitive element to store a predeter-
mined potential of the gate terminal and correcting a
threshold voltage of the driving transistor for each of the
pixel circuits, and line-sequentially performing opera-
tions which include programming data at the gate termi-
nal of the driving transistor and controlling a duty period
of the driving transistor for each of the pixel circuits,
wherein a light-emitting timing and a non-light-emitting
timing of the light-emitting element are different for the
pixel circuits.

10. The method as claimed in claim 9, wherein:

one vertical period in which each of the pixel circuits is
driven includes a current gray scale control period and a
duty gray scale control period,

in the current gray scale control period, the current to be
supplied to the light-emitting element is controlled
based on the data voltage,

in the duty gray scale control period a supplying period of
the current provided to the light-emitting element is
controlled based on a duty control voltage, and

the current gray scale control period is substantially equal
to the duty gray scale control period.

11. The method as claimed in claim 9, wherein:

one vertical period in which each of the pixel circuits is
driven includes a current gray scale control period and a
duty gray scale control period,

in the current gray scale control period, the current to be
supplied to the light-emitting element is controlled
based on the data voltage,

in the duty gray scale control period a supplying period of
the current provided to the light-emitting element is
controlled based on a duty control voltage, and

the duty gray scale control period includes a plurality of
sub-frames, and

the supplying period of the current provided to the light-
emitting element based on the duty control voltage is
controlled every sub-frame.

12. The method as claimed in claim 9, wherein:

one vertical period in which each of the pixel circuits is
driven includes a current gray scale control period and a
duty gray scale control period,

in the current gray scale control period, the current to be
supplied to the light-emitting element is controlled
based on the data voltage,

in the duty gray scale control period a supplying period of
the current provided to the light-emitting element is
controlled based on a duty control voltage, and
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the current gray scale control period is substantially equal
to a period of each sub-frame of the duty gray scale
control period.

13. An apparatus, comprising:

an interface; and

a controller coupled to the interface, the controller to con-

trol at least one pixel circuit during a first period and a
second period, wherein the controller is to control cur-
rent to a light-emitting element of the at least one pixel
circuit based on a data voltage in the first period, wherein
the controller is to control a supplying period of current
to the light-emitting element based on a duty control
voltage in the second period, and wherein the supplying
period when the pixel circuitis driven at a first gray scale
value is longer than that when the pixel circuit is driven
at a second gray scale, the first gray scale value being
greater than the second gray scale value.

14. The apparatus as claimed in claim 13, wherein the data
voltage and the duty control voltage are supplied to a source
terminal of a driving transistor of the pixel circuit when the
driving transistor is in a diode-connected state.

15. The apparatus as claimed in claim 13, wherein the first
period is substantially equal to the second period.

16. The apparatus as claimed in claim 13, wherein the first
period is substantially equal to a period of a sub-frame in the
second period.

17. The apparatus as claimed in claim 13, wherein the
controller is to line-sequentially control operations which
include:

initializing a gate terminal of a driving transistor and a

potential of a capacitive element of the at least one pixel
circuit,

correcting a threshold voltage of the driving transistor,

programming data at the gate terminal of the driving tran-

sistor, and

controlling a duty period of the driving transistor.

18. The apparatus as claimed in claim 13, wherein:

the at least one pixel circuit includes a plurality of pixel

circuits, and

alight-emitting timing and a non-light-emitting timing are

different for the pixel circuits.

19. The apparatus as claimed in claim 13, wherein:

the controller is to simultaneously control operations

which include initializing a gate terminal of a driving
transistor and a potential of a capacitive element, and
correcting a threshold voltage of the driving transistor of
each of a plurality of pixel circuits, and

the controller is to line-sequentially control operations

which include programming data at the gate terminal of
the driving transistor and controlling a duty period ofthe
driving transistor of each of the pixel circuits.

20. The apparatus as claimed in claim 13, wherein:

the second period includes a plurality of sub-frames, and

the supplying period of the current to the light-emitting

element based on the duty control voltage is controlled
every sub-frame.
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