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1
PIXEL AND AN ORGANIC
LIGHT-EMITTING DISPLAY APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority under 35 U.S.C. § 119 to
Korean Patent Application No. 10-2016-0033993, filed on
Mar. 22, 2016 in the Korean Intellectual Property Office, the
disclosure of which is incorporated by reference herein in its
entirety.

TECHNICAL FIELD

Exemplary embodiments of the inventive concept relate
to a pixel and an organic light-emitting display apparatus.

DISCUSSION OF RELATED ART

An organic light-emitting display apparatus includes a
light-emitting device, for example, an organic light-emitting
diode, the luminance of which varies according to current. A
pixel in the organic light-emitting display apparatus includes
the organic light-emitting diode, a driving transistor that
controls the amount of current supplied to the organic
light-emitting diode according to a voltage between a gate
terminal and a source terminal, and a switching transistor
that applies a data voltage, for controlling a luminance of the
organic light-emitting diode, to the driving transistor.

Driving transistors may have different threshold voltages
due to manufacturing errors, and thus, even when the same
data voltage is applied, the amounts of current output from
the driving transistors may be different according 1o the
different threshold voltages. Additionally, the amount of
current to be output from a driving transistor during a current
frame period may vary according to the amount of current
output during a previous frame period. Furthermore, when
an organic light-emitting diode emits light during a previous
frame period, the organic light-emitting diode may slightly
emit light during a current frame period even if a full black
image is to be displayed.

As such, the pixel may further include a plurality of
transistors in addition to the driving transistor and the
switching transistor. Thus, additional control lines for con-
trolling the additional transistors may be required. When
transistors are added to the pixel, the area of the pixel is
increased, which makes it difficult to increase resolution.
However, when a distance between eyes of a user and a
display apparatus is relatively small (e.g., in a head-mounted
display apparatus), the resolution of the display apparatus
has to be high to display a natural image.

SUMMARY

According to an exemplary embodiment of the inventive
concept, a pixel is connected to a scan line that applies a scan
signal, a data line that applies a data signal, a control line that
applies a control signal, and first and second power lines.
The pixel includes first through third nodes, a storage
capacitor connected between the first power line and the first
node, a first transistor configured to control current flowing
from the second node to the third node in response to a
voltage of the first node, a second transistor configured to
apply the data signal to the second node in response to the
scan signal, a third transistor configured to connect the first
node to the third node in response to the scan signal, a fourth
transistor configured to connect the first power line to the
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second node in response to the control signal, and an organic
light-emitting diode connected between the third node and
the second power line. One frame period includes an ini-
tialization period, a scan period, and an emission period. A
level of a voltage applied to the second power line in the
initialization period is higher than the level of the voltage
applied to the second power line in the emission period.

The voltage applied to the second power line may have a
first level during the initialization period, a second level
during the scan period, and a third level during the emission
period. The second level is lower than the first level, and the
third level is lower than the second level.

Avoltage applied to the first power line may have a fourth
level during the initialization period and a fifth level, which
is higher than the fourth level, during the emission period.

The voltage applied to the first power line may have the
fifth level during the scan period.

A difference between the first level and the third level may
be greater than a difference between the fifth level and the
fourth level.

The second level may be substantially the same as the fifth
level and the third level may be substantially the same as the
fourth level.

The control signal, as a voltage having a sixth level, may
be applied to the fourth transistor during the scan period to
turn off the fourth transistor, and the control signal, as a
voltage having a seventh level, may be applied to the fourth
transistor during the emission period to turn on the fourth
transistor.

The sixth level may be substantially the same as the first
level.

The control signal, as the voltage having the seventh
level, may be applied to the fourth transistor during the
initialization period to turn on the fourth transistor.

According to an exemplary embodiment of the inventive
concept, a pixel includes a storage capacitor, first through
fourth transistors, and an organic light-emitting diode. The
storage capacitor is connected between a first power line and
a first node. The first transistor includes a gate terminal
connected to the first node and is connected between second
and third nodes. The second transistor includes a gate
terminal connected to a scan line and is connected between
a data line and the second node. The third transistor includes
a gate terminal connected to the scan line and is connected
between the first and third nodes. The fourth transistor
includes a gate terminal connected to a control line and is
connected between the first power line and the second node.
The organic light-emitting diode is connected between the
third node and a second power line. One frame period
includes an initialization period, a scan period, and an
emission period. A potential difference between the second
power line and the first power line during the initialization
period is greater than a potential difference between the first
power line and the second power line during the emission
period.

During the emission period, a first driving voltage may be
applied to the first power line, and a second driving voltage,
which is less than the first driving voltage, may be applied
to the second power line, and during the initialization period,
the second driving voltage may be applied to the first power
line, and a gate-off voltage, which is greater than the first
driving voltage, may be applied to the second power line.

During the scan period the first driving voltage may be
applied to the first and second power lines.
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A gate-off voltage may be applied to the control line
during the scan period and a gate-on voltage may be applied
to the control line during the initialization period and the
emission period.

According to an exemplary embodiment of the inventive
concept, an organic light-emitting display apparatus config-
ured to be driven during a frame period including an
initialization period, a scan period, and an emission period
includes a display unit including pixels, a voltage generator,
and a control driver. The voltage generator is configured to
generate a first driving voltage, a second driving voltage that
is less than the first driving voltage, a first gate voltage that
is greater than the first driving voltage, and a second gate
voltage that is less than the first gate voltage. The control
driver is configured to drive first and second power lines and
a control line connected to the pixels by using the first and
second driving voltages and the first and second gate volt-
ages. The control driver applies the first gate voltage to the
second power line during the initialization period.

Each of the pixels may include a storage capacitor, first
through fourth transistors, and an organic light-emitting
diode. The storage capacitor is connected between the first
power line and a first node. The first transistor includes a
gate terminal connected to the first node and is connected
between second and third nodes. The second transistor
includes a gate terminal connected to a scan line and is
connected between a data line and the second node. The
third transistor includes a gate terminal connected to the
scan line and is connected between the first and third nodes.
The fourth transistor includes a gate terminal connected to
the control line and is connected between the first power line
and the second node. The organic light-emitting diode is
connected between the third node and the second power line.

The control driver may apply the second driving voltage
to the first power line during the initialization period.

The control driver may apply the first driving voltage to
the first power line and the second power line during the
scan period.

The control driver may apply the first driving voltage to
the first power line and may apply the second driving voltage
to the second power line during the emission period.

The control driver may apply the second gate voltage to
the control line during the initialization period and the
emission period, and may apply the first gate voltage to the
control line during the scan period.

The pixels may sequentially receive data signals during
the scan period, may substantially simultaneously emit light
when the emission period starts, and may substantially
simultaneously stop light emission when the initialization
period starts.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features of the inventive concept will
become apparent and more readily appreciated by describing
in detail exemplary embodiments thereof with reference to
the accompanying drawings.

FIG. 1 1s a block diagram of an organic light-emitting
display apparatus according to an exemplary embodiment of
the inventive concept.

FIG. 2 is a circuit diagram of a pixel included in the
organic light-emitting display apparatus of FIG. 1 according
to an exemplary embodiment of the inventive concept.

FIG. 3 is a timing diagram during one frame period for
driving the pixel of FIG. 2 according to an exemplary
embodiment of the inventive concept.
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DETAILED DESCRIPTION OF THE
EMBODIMENTS

Exemplary embodiments of the inventive concept will be
described more fully hereinafter with reference to the
accompanying drawings. Like reference numerals may refer
to like elements throughout this application.

It will be understood that although the terms “first”,
“second”, etc. may be used herein to describe various
components, these components should not be limited by
these terms. These components are only used to distinguish
one component from another. As used herein, the singular
forms “a”, “an”, and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.
Throughout the specification, it will be understood that
when an element is referred to as being “connected” to
another element, it may be “directly connected” to the other
element or “electrically connected” to the other element with
intervening elements therebetween. It will be further under-
stood that when a part “includes” or “comprises” an element,
unless otherwise defined, the part may further include other
elements.

Exemplary embodiments of the inventive concept provide
a pixel suitable for a display apparatus having a high
resolution and an organic light-emitting display apparatus
including the pixel.

FIG. 1 is a block diagram of an organic light-emitting
display apparatus according to an exemplary embodiment of
the inventive concept.

Referring to FIG. 1, an organic light-emitting display
apparatus 100 includes a display unit 110, a scan driver 120,
a data driver 130, a timing controller 140, a voltage gen-
erator 150, and a control driver 160.

The display unit 110 includes pixels PX. Although only
one pixel PX is shown in FIG. 1 for illustrative purposes, the
pixels PX may be arranged, for example, in a matrix.

The pixels PX are connected to scan lines SL1 through
SLn and data lines DL1 through DLm. The scan lines SL.1
through SLn apply scan signals S1 through Sn, respectively,
that are output from the scan driver 120 to the pixels PX in
the same row. The data lines DL1 through DLm apply data
signals D1 through Dm, respectively, that are output from
the data driver 130 to the pixels PX in the same column.
Each of the pixels PX is connected to a scan line SL, among
the scan lines SL1 through SLn, located in the same row and
a data line DL, among the data lines DL1 through DLm,
located in the same column.

The pixels PX are commonly connected to a control line
CL and first and second power lines PL1 and PL2. The
control line CL and the first and second power lines PL1 and
PL2 are driven by the control driver 160.

The control line CL may include a plurality of sub-control
lines connected to the pixels PX arranged in the matrix. The
plurality of sub-control lines may extend in a row direction
in parallel with the scan lines SL.1 through SLn. Since the
sub-control lines apply a control signal EM to the pixels PX
with substantially the same timing whereas the scan lines
SL1 through SLn apply scan signals of different timings, all
of the sub-control lines are electrically connected. In this
regard, the sub-control lines are referred to as one control
line CL.

The first power line PL1 may include a plurality of
sub-power lines connected to the pixels PX arranged in the
matrix. The sub-power lines may extend in a column direc-
tion in parallel with the data lines DL1 through DLm. All of
the sub-power lines are electrically connected and voltage
levels of the sub-power lines change with substantially the
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same timing. In this regard, the sub-power lines are referred
to as one first power line PL1. A voltage applied to the first
power line PL1 may change during one frame period and is
referred to as a first power voltage PS1.

The second power line P12 may be commonly connected
to organic light-emitting diodes of the pixels PX as a
common electrode. A voltage applied to the second power
line PL2 may change for one frame period and is refetred to
as a second power voltage PS2.

Each pixel PX includes an organic light-emitting diode
and a driving transistor that controls the amount of current
flowing through the organic light-emitting diode based on a
voltage level of a data signal D that is received. The data
signal D is applied from the data driver 130 through the data
line DL. The organic light-emitting diode emits light at a
luminance corresponding to a voltage level of the data signal
D. The pixel PX may correspond to a part of a pixel, for
example, a sub-pixel, which may display a full color image.

The pixel PX will be explained below in more detail with
reference to FIGS. 2 and 3.

The voltage generator 150 may generate voltages needed
to operate the scan driver 120 and the control driver 160. For
example, the voltage generator 150 may generate a first
driving voltage ELVDD and a second driving voltage
ELVSS. The first driving voltage ELVDD is a voltage
applied to the first power line PL1 and the second driving
voltage ELVSS is a voltage applied to the second power line
PL2. A level of the second driving voltage ELVSS may be
lower than a level of the first driving voltage ELVDD.

Additionally, the voltage generator 150 may generate a
first gate voltage VGH and a second gate voltage VGL for
controlling a transistor of the pixel PX. When the first gate
voltage VGH is applied to a gate of the transistor, the
transistor may be turned off and when the second gate
voltage VGL is applied to the gate of the transistor, the
transistor may be turned on. In this regard, the first gate
voltage VGH may be referred to as a gate-off voltage and the
second gate voltage VGL may be referred to as a gate-on
voltage. A level of the first gate voltage VGH may be higher
than a level of the second gate voltage VGL.

Furthermore, a level of the first gate voltage VGH may be
higher than a level of the first driving voltage ELVDD. A
level of the second gate voltage VGL may be lower than a
level of the second driving voltage ELVSS. For example, the
first driving voltage ELVDD may be about 4.6 V and the
second driving voltage ELVSS may be about -4 V. The first
gate voltage VGH may be about 7 V and the second gate
voltage VGL may be about -8 V. These are merely examples
and the inventive concept is not limited thereto.

The voltage generator 150 may generate voltages having
different levels in addition to the above-described four
voltages and may apply these voltages to the control driver
160. Additionally, the voltage generator 150 may generate
gamma reference voltages and may apply the gamma ref-
erence voltages to the data driver 130.

The timing controller 140 may control the display unit
110 by controlling operation timings of the scan driver 120,
the data driver 130, and the control driver 160. The pixels
PX of the display unit 110 may display an image corre-
sponding to image data RGB of one frame by receiving the
data signal D every frame period and emitting light at a
luminance corresponding to the received data signal D.

According to an exemplary embodiment of the inventive
concept, one frame period may include an initialization
period, a scan period, and an emission period. During the
initialization period, driving transistors of the pixels PX are
initialized to remove their hysteresis characteristics. During
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the scan period, scan signals S1 through Sn are sequentially
applied to the pixels PX of the display unit 110 and the data
signals D1 through Dm are received in synchronization with
the scan signals S1 through Sn. During the emission period,
the pixels PX of the display unit 110 emit light. According
to an exemplary embodiment of the inventive concept, all of
the pixels PX in the display unit 110 may simultaneously
emit light. According to an exemplary embodiment of the
inventive concept, when the display unit 110 is divided into
a plurality of areas, for example, an area for displaying a
left-eye image and an area for displaying a right-eye image,
the pixels PX in each of the plurality of areas may simul-
taneously emit light.

The timing controller 140 receives a vertical synchroni-
zation signal Vsync, a horizontal synchronization signal
Hsyne, a data enable signal DE, a clock signal CLK, and
image data RGB from the outside (e.g., from a host). The
timing controller 140 may control operation timings of the
scan driver 120, the data driver 130, and the control driver
160 by using timing signals such as the vertical synchroni-
zation signal Vsync, the horizontal synchronization signal
Hsyne, the data enable signal DE, the clock signal CLK, and
the image data RGB. The timing controller 140 may deter-
mine a frame period by counting the data enable signal DE
of one horizontal scan period. In this case, the vertical
synchronization signal Vsync and the horizontal synchroni-
zation signal Hsync applied may be omitted. The image data
RGB includes luminance information of the pixels PX. A
luminance has a predetermined number of gray values, for
example, 1024 (=2'%), 256 (=2%), or 64 (=2°) gray values.

The timing controller 140 may generate control signals
including a first gate timing control signal GDC1 for con-
trolling an operation timing of the scan driver 120, a data
timing control signal DDC for controlling an operation
timing of the data driver 130, and a second gate timing
control signal GDC2 for controlling an operation timing of
the control driver 160.

The first gate timing control signal GDC1 may include a
gate start pulse GSP, a gate shift clock GSC, and a gate
output enable signal GOE. The gate start pulse GSP is
applied to the scan driver 120 that generates a first scan
signal at a starting point of the scan period. The gate shift
clock GSC is a clock signal, commonly input to the scan
driver 120, for shifting the gate start pulse GSP. The gate
output enable signal GOE is used to control an output of the
scan driver 120.

The data timing control signal DDC may include a source
start pulse SSP, a source sampling clock SSC, and a source
output enable signal SOE. The source start pulse SSP is used
to control a data sampling starting point of the data driver
130 and is applied to the data driver 130 at the starting point
of the scan period. The source sampling clock SSC is a clock
signal for controlling a data sampling operation in the data
driver 130 based on a rising or falling edge. The source
output enable signal SOE is used to control an output of the
data driver 130. The source start pulse SSP applied to the
data driver 130 may be omitted in a data transmission
method according to an exemplary embodiment of the
inventive concept.

The second gate timing control signal GDC2 is applied to
the control driver 160 to distinguish between the initializa-
tion period, the scan period, and the emission period in each
frame period.

The scan driver 120 sequentially generates the scan
signals S1 through Sn, in response to the first gate timing
control signal GDC1 provided from the timing controller
140, by using the first and second gate voltages VGH and
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VGL provided from the voltage generator 150. The scan
driver 120 applies the scan signals S1 through Sn to the
pixels PX of the display unit 110 through the scan lines ST.1
through SLn, respectively. The scan driver 120 may apply
the first gate voltage VGH to the scan lines S1 through Sn
during the initialization period and the emission period. The
scan driver 120 may apply the second gate voltage VGL to
only selected scan lines during the scan period.

The data driver 130 samples and latches the data signal
RGB, which is a digital signal provided from the timing
controller 140, in response to the data timing control signal
DDC provided from the timing controller 140, and converts
the sampled and latched data signal into data of a parallel
data system. When the sampled and latched data signal is
converted into the data of the parallel data system, the data
driver 130 converts the data signal RGB into a gamma
reference voltage and converts the gamma reference voltage
into an analog data signal. The data driver 130 applies the
data signals D1 through Dm to the pixels PX included in the
display unit 110 through the data lines DL1 through DLm,
respectively. The pixels PX receive the data signals D1
through Dm in response to the scan signals S1 through Sn.

The control driver 160 drives the first and second power
lines PL1 and PL.2 and the control line CL, in response to the
second gate timing control signal GDC2 provided from the
timing controller 140, by using voltages having different
levels provided from the voltage generator 150. For
example, the first and second power lines PL1 and PL2 and
the control line CL may be driven by using the first and
second driving voltages ELVDD and ELVSS and the first
and second gate voltages VGH and VGL provided from the
voltage generator 150. The control driver 160 may receive
from the voltage generator 150 a voltage having a level
different from those of the first and second driving voltages
ELVDD and ELVSS and the first and second gate voltages
VGH and VGL.

The control driver 160 may apply the second driving
voltage ELVSS to the first power line PL1 during the
initialization period. The control driver 160 may apply the
first driving voltage ELVDD to the first power line PL1
during the scan period. The control driver 160 may apply the
first driving voltage ELVDD to the first power line PL1
during the emission period. The control driver 160 may
apply the first gate voltage VGH to the second power line
PL2 during the initialization period. The control driver 160
may apply the first driving voltage ELVDD to the second
power line PL2 during the scan period. The control driver
160 may apply the second driving voltage ELVSS to the
second power line PL.2 during the emission period. How-
ever, the inventive concept is not limited thereto, and the
control driver 160 may apply voltages having different
levels to the first and second power lines PL1 and PL2 in
response to the second gate timing control signal GDC2.

The control driver 160 may apply the second gate voltage
VGL to the control line CL during the initialization period.
The control driver 160 may apply the first gate voltage VGH
to the control line CL during the scan period. The control
driver 160 may apply the second gate voltage VGL to the
control line CL during the emission period.

FIG. 2 is a circuit diagram of a pixel included in the
organic light-emitting display apparatus of FIG. 1 according
to an exemplary embodiment of the inventive concept.

Referring to FIG. 2, a pixel PXjj includes an organic
light-emitting diode OLED, first through fourth transistors
M1 through M4, and a storage capacitor Cst. The pixel PXij
includes first through third nodes N1 through N3. The pixel
PXij is connected to a scan line SLi among the scan lines
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SL1 through SLn and receives a scan signal Si through the
scan line SLi from the scan driver 120. The pixel PXjj is
connected to a data line DIj among the data lines DL1
through DLm and receives a data signal Dj through the data
line DIj from the data driver 130. The pixel PXij is
connected to the control line CL and the first and second
power lines PL1 and PL.2, and receives the control signal
EM and the first and second power voltages PS1 and PS2
from the control driver 160. Although the first through fourth
transistors M1 through M4 are illustrated as p-type metal-
oxide-semiconductor field-effect transistors, the inventive
concept is not limited thereto and transistors having a
different conductivity type may be used.

The storage capacitor Cst is connected between the first
power line PL1 and the first node N1.

The first transistor M1 includes a gate terminal connected
to the first node N1 and is connected between the second
node N2 and the third node N3. For example, the first
transistor M1 may include a source terminal connected to
the second node N2 and a drain terminal connected to the
third node N3. The first transistor M1 may control current
flowing from the second node N2 to the third node N3 in
response to a voltage of the first node N1. The current is
supplied to the organic light-emitting diode OLED during
the emission period and the organic light-emitting diode
OLED emits light at a luminance corresponding to the
amount of the current. The first transistor M1 may be
referred to as a driving transistor.

The second transistor M2 includes a gate terminal con-
nected to the scan line SLi and is connected between the data
line DLj and the second node N2. For example, the second
transistor M2 may include a source terminal connected to
the data line DI and a drain terminal connected to the
second node N2. The second transistor M2 may apply the
data signal Dj, received through the data line DL, to the
second node N2 in response to the scan signal Si received
through the scan line SLi. The second transistor M2 may
apply the data signal Dj to the second node N2 when the scan
signal Si has the second gate voltage VGL during the scan
period. The second transistor M2 may be referred to as a
scan transistor.

The third transistor M3 includes a gate terminal connected
to the scan line SLi and is connected between the first node
N1 and the third node N3. For example, the third transistor
M3 may include a source terminal connected to the third
node N3 and a drain terminal connected to the first node N1.
The third transistor M3 may connect the first node N1 and
the third node N3 in response to the scan signal Si received
through the scan line SLi. Since the first node N1 and the
third node N3 are connected to a gate terminal and a drain
terminal, respectively, of the first transistor M1, the first
transistor M1 is diode-connected when the first node N1 and
the third node N3 are connected to each other. The third
transistor M3 may connect the third node N3 and the first
node N1 when the scan signal Si has the second gate voltage
VGL during the scan period. Since the first transistor M1 is
diode-connected, a voltage obtained by subtracting a thresh-
old voltage IVthl from a voltage Vdj of the data signal Dj
(e.g., Vdj-IVthl) is applied to the first node N1. The third
transistor M3 may be referred to as a threshold voltage
compensation transistor.

The fourth transistor M4 includes a gate terminal con-
nected to the control line CL and is connected between the
first power line PL1 and the second node N2. For example,
the fourth transistor M4 may include a source terminal
connected to the first power line PL1 and a drain terminal
connected to the second node N2. The fourth transistor M4
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may connect the first power line PL1 and the second node
N2 in response to the control signal EM received through the
control line CL. The fourth transistor M4 may connect the
first power line PL1 and the second node N2 when the
control signal EM has the second gate voltage VGL during
the initialization period and the emission period. The fourth
transistor M4 may be referred to as a connection transistor.

The organic light-emitting diode OLED may be con-
nected between the third node N3 and the second power line
PL2. The organic light-emitting diode OLED may include
an anode connected to the third node N3 and a cathode
connected to the second power line PL2.

FIG. 3 is a timing diagram during one frame period for
driving the pixel of FIG. 2 according to an exemplary
embodiment of the inventive concept.

Referring to FIG. 3, the first and second power voltages
PS1 and PS2, the control signal EM, the first through nth
scan signals S1 through Sn, and the data signal Dj are
illustrated. One frame period includes an initialization
period T1, a scan period T2, and an emission period T3.

Referring to FIGS. 2 and 3, the control driver 160 of FIG.
1 applies the first and second power voltages PS1 and PS2
to the first and second power lines PL1 and PL2, respec-
tively. Additionally, the control driver 160 outputs the con-
trol signal EM to the control line CL. The scan driver 120
outputs the first through nth scan signals S1 through Sn to
the first through nth scan lines SL1 through SLn, respec-
tively. The data driver 130 outputs the data signal Dj to the
data line DL}j.

The control driver 160 may output to the second power
line PL2 a voltage having a first level Va during the
initialization period T1, a voltage having a second level Vb,
which is lower than the first level Va, during the scan period
T2, and a voltage having a third level Ve, which is lower
than the second level Vb, during the emission period T3. In
other words, the second power voltage PS2 may have one of
these three levels. Accordingly, the control driver 160 may
output to the second power line PL2 a voltage having a
highest level (e.g.. the first level Va) during the initialization
period T1 and a voltage having a lowest level (e.g., the third
level Vc) during the emission period.

The control driver 160 may output to the first power line
PL1 a voltage having a fourth level Vd during the initial-
ization period T1 and a voltage having a fifth level Ve, which
is higher than the fourth level Vd, during the emission period
T3. Additionally, the control driver 160 may output the
voltage having the fifth level Ve during the scan period T2.
In other words, the first power voltage PS1 may have either
a fourth level Vd or a fifth level Ve. As shown in FIG. 3, a
difference between the first level Va and the third level Vc
may be greater than a difference between the fifth level Ve
and the fourth level Vd. Additionally, the second level Vb
may be substantially the same as the fifth level Ve, and the
third level Vc may be substantially the same as the fourth
level Vd. For example, the voltage having the second level
Vb and the voltage having the fifth level Ve may be the first
driving voltage ELVDD, and the voltage having the third
level Vc and the voltage having the fourth level Vd may be
the second driving voltage ELVSS.

The control driver 160 may output the control signal EM
as a voltage having a sixth level to the control line CL during
the scan period T2, and may output the control signal EM as
avoltage having a seventh level to the control line CL during
the emission period T3. For example, the voltage having the
sixth level may be the first gate voltage VGH and the voltage
having the seventh level may be the second gate voltage
VGL. The voltage having the sixth level may be substan-

15

20

25

35

40

45

60

65

10

tially the same as the voltage having the first level Va. In
other words, the control driver 160 may output the first gate
voltage VGH to the second power line PL2 during the
initialization period T1. As shown in FIG. 3, a level of the
first gate voltage VGH may be higher than the second level
Vb, for example, a level of the first driving voltage ELVDD.
Additionally, the control driver 160 may output the control
signal EM as the voltage having the seventh level (e.g., the
second gate voltage VGL) to the control line CL during the
initialization period T1.

According to an exemplary embodiment of the inventive
concept, the control driver 160 may output the second
driving voltage ELVSS to the first power line PL1, may
output the first gate voltage VGH to the second power line
PL2, and may output the second gate voltage VGL to the
control line CL during the initialization period T1. The
control driver 160 may output the first driving voltage
ELVDD to the first power line PL1, may output the first
driving voltage ELVDD to the second power line P12, and
may output the first gate voltage VGH to the control line CL
during the scan period T2. The control driver 160 may
output the first driving voltage ELVDD to the first power
line PL1, may output the first driving voltage ELVDD to the
second power line P12, and may output the second gate
voltage VGL to the control line CL during the emission
period T3.

The scan driver 120 may output the first gate voltage
VGH to the scan lines SLL1 through SLn during the initial-
ization period T1 and the emission period T3. The scan
driver 120 may output the second gate voltage VGL to the
scan lines SL1 through SLn during the scan period T2
according to a predetermined order, for example, sequen-
tially. The data driver 130 may output the data signal Dj,
corresponding to the image data RGB received from the
timing controller 140, during the scan period T2.

An operation of the pixel PX during one frame period
including the initialization period T1, the scan period T2,
and the emission period T3 will be explained below. For
convenience of description, it is assumed that a voltage
having the first level Va is the first gate voltage VGH, a
voltage having the second level Vb and a voltage having the
fifth level Ve are the first driving voltage ELVDD, and a
voltage having the third level Vc and a voltage having the
fourth level Vd are the second driving voltage ELVSS.
Additionally, it is assumed that, for example, the first driving
voltage ELVDD is about 4.6 V, the second driving voltage
ELVSS is about —4 V, the first gate voltage VGH is about 7
V, and the second gate voltage VGL is about -8 V.

During the emission period T3, the first driving voltage
ELVDD is applied to the first power line PL1 and the second
driving voltage ELVSS is applied to the second power line
PL2. In this case, it is assumed that a voltage of the first node
N1 (e.g., a voltage of the gate terminal of the first transistor
M1 (hereinafter referred to as the driving transistor M1))
ranges from about 1 V to about 4 V according to a data
voltage of a period frame. When the voltage of the first node
N1 is about 1 V, the organic light-emitting diode OLED
emits light at a preset maximum luminance, and when a
voltage of the first node N1 is about 4 V, the organic
light-emitting diode OLED does not emit light. It is assumed
that a voltage of the third node N3 (e.g., a voltage of the
anode of the organic light-emitting diode OLED) is a voltage
of ELVSS+Voled (e.g., -4 V+Voled), which is obtained by
adding the second driving voltage ELVSS to the voltage
Voled of the organic light-emitting diode OLED when it
emits light. It is assumed that when the organic light-
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emitting diode OLED does not emit light, the voltage of the
third node N3 is about —-4.6 V.

When the initialization period T1 starts, the second driv-
ing voltage ELVSS is applied to the first power line PL1 and
the first gate voltage VGH is applied to the second power
line PL2. Since a reverse voltage is applied to the organic
light-emitting diode OLED, light emission is stopped. Since
the voltage of the first power line PL1 changes by about -8.6
V and the storage capacitor Cst maintains a voltage between
the first power line PL1 and the first node N1, the voltage of
the first node N1 drops to about =7.6 V to =4.6 V. Since the
voltage of the second power line PL2 rises by about 11 V and
the organic light-emitting diode OLED functions as a
capacitor that maintains a voltage at both ends, the voltage
of the third node N3 rises to about (7 V+Voled) to 6.4 V.
Since the voltage of the third node N3 is greater than the
voltage of the second node N2, the driving transistor M1 is
controlled by the voltage between the third node N3 and the
first node N1. Since the voltage of the first node N1 is
significantly less than the voltage of the third node N3, the
driving transistor M1 is fully turned on. Accordingly, the
driving transistor M1 is initialized irrespective of how much
current is output during the emission period T3 of a previous
frame. Hysteresis characteristics of the driving transistor M1
may be removed or reduced.

Since the driving transistor M1 is turned on, the voltage
of the third node N3 drops to about -4 V to (-4.6 V+IVthl)
according to the voltage of the first node N1. When the
voltage of the first node N1 is small enough, for example,
-7.6 V, the voltage applied to the first power line PL1
through the fourth transistor M4 (e.g., the second driving
voltage ELVSS) is applied to the third node N3. When the
voltage of the first node N1 is about —4.6 V, the voltage of
the third node N3 drops until the driving transistor M1 is
turned off, (e.g., until the voltage between the third node N3
and the first node N1 is less than the threshold voltage | Vthl
of the driving transistor M1). In other words, the voltage of
the third node N3 drops to about —4.6 V+|Vthl. Since the
voltage of the third node N3 is less than the voltage of the
second power line PL2 (e.g., the first gate voltage VGH), the
organic light-emitting diode OLED completely stops light
emission. In other words, the anode of the organic light-
emitting diode OLED is initialized. Accordingly, a case
where the organic light-emitting diode OLED slightly emits
light when the data signal Dj corresponding to a full black
image is received may be prevented.

When the scan period T2 starts, the first driving voltage
ELVDD is applied to the first power line PL1 and the second
power line PL2. Since there is no potential difference
between the first power line PL1 and the second power line
PL2, current does not flow through the organic light-emit-
ting diode OLED and the organic light-emitting diode
OLED maintains a non-emission state. The second and third
transistors M2 and M3 are turned on and the fourth transistor
M4 is turned off.

Since the voltage of the first power line PL1 rises by about
8.6 V and the storage capacitor Cst maintains a voltage
between the first power line PL1 and the first node N1, the
voltage of the first node N1 rises to about 1 V to 4 V. Since
the voltage of the second power line PL2 changes by about
-2.4 'V and the organic light-emitting diode OLED functions
as a capacitor that maintains a voltage at both ends, the
voltage of the third node N3 drops to about (-7 V+/Vthl) to
-6.4 V. However, as the third transistor M3 is turned on, the
first node N1 and the third node N3 are connected to each
other to have substantially the same potential. A charge
stored in the storage capacitor Cst and a charge stored in the
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organic light-emitting diode OLED are shared, and thus,
voltages of the first node N1 and the third node N3 change
to about -2.7 V to -1.2 V. However, these values are only
examples and may vary according to a ratio of a capacitance
of the storage capacitor Cst to a capacitance of the organic
light-emitting diode OLED.

The third transistor M3 is turned on, and the driving
transistor M1 is diode-connected. The data signal Dj is
applied to the second node N2 through the second transistor
M2, and due to the driving transistor M1 that is diode-
connected, the voltage of the first node N1 becomes a
voltage obtained by subtracting the threshold voltage [Vthl
of the driving transistor M1 from a voltage Vdata of the data
signal Dj (e.g., Vdata-IVthl). The voltage Vdata-IVthl
ranges from about 1 V to 4 V and is referred to as a
compensation voltage. As described below in detail, the
driving transistor M1 outputs, to the organic light-emitting
diode OLED, a current having a magnitude corresponding to
a square of a value ELVDD-Vdata (e.g., (ELVDD-
Vdata)?). The value ELVDD-Vdata is obtained by subtract-
ing the threshold voltage I'Vthl from a source-gate voltage
ELVDD-Vdata+|Vthl during the emission period T3. In
other words, current that is determined irrespective of the
threshold voltage IVthl of the driving transistor M1 may be
output. Accordingly, a reduction in image quality due to
non-uniformity of the threshold voltage IVthl of the driving
transistor M1 may be prevented.

Voltages of the first node N1 and the third node N3 after
charge sharing should be less than the compensation voltage
Vdata—IVthl. Otherwise, the voltage Vdata of the data signal
Dj may not pass through the driving transistor M1 that is
diode-connected, and a voltage irrespective of the voltage
Vdata of the data signal Dj may be stored in the storage
capacitor Cst. According to an exemplary embodiment of
the inventive concept, since a level of the voltage applied to
the second power line PL2 during the scan period T2 is
lower than a level of the voltage applied to the second power
line PL2 during the initialization period T1, the voltage of
the third node N3 at a start point of the initialization period
T1 may be less than the voltage of the third node N3 at an
end point of the scan period T2. Accordingly, a case where
voltages of the first node N1 and the third node N3, after
charge sharing, are greater than the compensation voltage
Vdata—1Vthl may be prevented.

When the emission period T3 starts, the first driving
voltage ELVDD is continuously applied to the first power
line PL1 and the second driving voltage ELVSS is applied
to the second power line PL2. Since the voltage of the first
power line PL1 does not change, the voltage of the first node
N1 is continuously maintained at the compensation voltage
Vdata—Vthl. In other words, the voltage of the first node N1
is maintained in a range from about 1 V to 4 V, similar to as
described above. Since the voltage of the second power line
PL2 changes by about —8.6 V and the organic light-emitting
diode OLED functions as a capacitor that maintains a
voltage at both ends, the voltage of the third node N3 drops
to about -7.6 V to —4.6 V. When the voltage of the first node
N1 is about 1 V, the voltage of the third node N3 drops to
about -7.6 V, and when the voltage of the first node N1 is
about 4 V, the voltage of the third node N3 drops to about
-4.6'V. Since the organic light-emitting diode OLED should
not emit light when the voltage of the first node N1 is about
4V, as described above, and a voltage of the anode of the
organic light-emitting diode OLED is less than a voltage of
the cathode, the organic light-emitting diode OLED does not
emit light. Accordingly, a case where the organic light-



US 10,504,435 B2

13

emitting diode OLED slightly emits light when the data
signal Dj corresponding to a full black image is received
may be prevented.

When the voltage of the first node N1 is less than about
4 V, the driving transistor M1 outputs current having a
magnitude proportional to (ELVDD-Vdata)® to the organic
light-emitting diode OLED, as described above. As the
organic light-emitting diode OLED starts light emission, the
voltage of the third node N3 becomes a voltage ELVSS+
Voled, e.g., -4 V+Voled, which is obtained by adding the
voltage Voled of the organic light-emitting diode OLED to
the second driving voltage ELVSS, as described above.

Accordingly, the pixel PX according to an exemplary
embodiment of the inventive concept may operate for one
frame period including the initialization period T1, the scan
period T2, and the emission period T3. Since states of a start
point and an end point of the one frame period are the same,
the pixel PX may continuously operate. The pixel PX may
include only 4 transistors, may remove hysteresis charac-
teristics by initializing the driving transistor M1, may com-
pensate for the threshold voltage Vth of the driving transistor
M1, and may allow the organic light-emitting diode OLED
to completely stop light emission. Accordingly, since the
organic light-emitting display apparatus 100 including the
pixel PX may be manufactured to have a high resolution
greater than or equal to 1000 ppi, the organic light-emitting
display apparatus 100 may display an image having higher
quality. In particular, the organic light-emitting display
apparatus 100 may be efficiently used in a display apparatus
(e.g., a head-mounted display apparatus) where eyes of a
user and a screen are very close to each other. In other words,
the organic light-emitting display apparatus 100 may be
realized as a head-mounted display apparatus.

According to exemplary embodiments of the inventive
concept, as described above, a pixel includes only three
switching transistors in addition to a driving transistor, and
is connected to only one control line in addition to a scan line
and a data line. Accordingly, an area of the pixel may be
reduced and a resolution of an organic light-emitting display
apparatus including the pixel may be increased. Addition-
ally, the pixel may reduce negative effects of non-uniformity
of a threshold voltage of the driving transistor, remove
hysteresis characteristics of the driving transistor, and pre-
vent an organic light-emitting diode from slightly emitting
light when displaying a black image. Accordingly, the
organic light-emitting display apparatus according to exem-
plary embodiments of the inventive concept may display an
image having high quality and a high resolution.

While the inventive concept has been described with
reference to exemplary embodiments thereof, it will be
understood by those of ordinary skill in the art that various
changes in form and details may be made thereto without
departing from the spirit and scope of the inventive concept
as defined by the following claims.

What is claimed is:

1. An organic light-emitting display apparatus configured
to be driven during a frame period comprising an initializa-
tion period, a scan period, and an emission period, the
organic light-emitting display apparatus comprising:

a pixel connected to a scan line configured to apply a scan
signal, a data line configured to apply a data signal, a
control line configured to apply a control signal, and
first and second power lines, the pixel comprising:

first through third nodes;

a storage capacitor connected between the first power line
and the first node;
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a first transistor configured to control current flowing
from the second node to the third node in response to
a voltage of the first node;

a second transistor configured to apply the data signal to
the second node in response to the scan signal;

a third transistor configured to connect the first node to the
third node in response to the scan signal;

a fourth transistor configured to connect the first power
line to the second node in response to the control signal;

an organic light-emitting diode connected between the
third node and the second power line; and

a control driver configured to drive the first and second
power lines and the control line,
wherein
the control applies a first level of voltage to the second

power line during the initialization period, a second
level of voltage to the second power line during the
scan period, and a third level voltage to the second
power line during the emission period, and
wherein the first level is higher than the second level,
and the second level is higher than the third level.

2. The organic light-emitting display apparatus of claim 1,
wherein the control driver applies a forth level of voltage to
the first power line during the initialization period, and a
fifth level of voltage to the first power line during the
emission period,

wherein the fifth level is higher than forth level.

3. The organic light-emitting display apparatus of claim 2,
wherein the control driver applies the fifth level of voltage
to the first power line during the scan period.

4. The organic light-emitting display apparatus of claim 2,
wherein a difference between the first level and the third
level is greater than a difference between the fifth level and
the forth level.

5. The organic light-emitting display apparatus of claim 2,
wherein the second level is substantially the same as the fifth
level, and the third level is substantially the same as the
fourth level.

6. The organic light-emitting display apparatus of claim 2,
wherein:

the control driver applies a sixth level of voltage, as the
control signal, to the fourth transistor during the scan
period to turn off the fourth transistor, and

the control driver applies a seventh level of voltage, as the
control signal, to the fourth transistor during the emis-
sion period to turn on the fourth transistor.

7. The organic light-emitting display apparatus of claim 6,
wherein the sixth level is substantially the same as the first
level.

8. The organic light-emitting display apparatus of claim 6,
wherein the control driver applies the seventy level of
voltage, as the control signal, to the fourth transistor during
the initialization period to turn on the fourth transistor.

9. An organic light-emitting display apparatus configured
to be driven during a frame period comprising an initializa-
tion period, a scan period, and an emission period, the
organic light-emitting display apparatus comprising

a pixel comprising:

a storage capacitor connected between a first power line
and a first node;

a first transistor comprising a gate terminal connected to
the first node, wherein the first transistor is connected
between second and third nodes;

a second transistor comprising a gate terminal connected
to a scan line, wherein the second transistor is con-
nected between a data line and the second node;
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a third transistor comprising a gate terminal connected to
the scan line, wherein the third transistor is connected
between the first and third nodes;

a fourth transistor comprising a gate terminal connected to
a control line, wherein the fourth transistor is connected
between the first power line and the second node;

an organic light-emitting diode connected between the
third node and a second power line; and

a control driver configured to drive the first and second
power lines and the control line, wherein:

during the initialization period, the control driver applies
a first level of voltage to the second power line and a
second level of voltage to the first power line,

during the emission period, the control driver applies a
third level of voltage to the first power line and a fourth
level of voltage to the second power line, and

a difference between the first level and the second level is
greater than a difference between the third level and the
fourth level.

10. The organic light-emitting display apparatus of claim

9, wherein:

during the emission period, the control driver applies a
first driving voltage to the first power line, and a second
driving voltage, which is less than the first driving
voltage, to the second power line, and

during the initialization period, the control driver applies
the second driving voltage to the first power line, and
a gate-off voltage, which is greater than the first driving
voltage, to the second power line.

11. The organic light-emitting display apparatus of claim

9, wherein during the scan period, the control driver applies
the first driving voltage to the first and second power lines.

12. The organic light-emitting display apparatus of claim
9, wherein the control driver applies a gate-off voltage to the
control line during the scan period, and a gate-on voltage to
the control line during the initialization period and the
emission period.

13. An organic light-emitting display apparatus config-
ured to be driven during a frame period comprising an
initialization period, a scan period, and an emission period,
the organic light-emitting display apparatus comprising;

a display unit comprising pixels;

a voltage generator configured to generate a first driving
voltage, a second driving voltage that is less than the
first driving voltage, a first gate voltage that is greater
than the first driving voltage, and a second gate voltage
that is less than the first gate voltage; and
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a control driver configured to drive first and second power
lines and a control line connected to the pixels by using
the first and second driving voltages and the first and
second gate voltages,

wherein the control driver applies the first gate voltage to
the second power line during the initialization period.

14. The organic light-emitting display apparatus of claim
13, wherein each of the pixels comprises:

a storage capacitor connected between the first power tine

and a first node;

a first transistor comprising a gate terminal connected to
the first node, wherein the first transistor is connected
between second and third nodes;

a second transistor comprising a gate terminal connected
to a scan line, wherein the second transistor is con-
nected between a data line and the second node;

a third transistor comprising a gate terminal connected to
the scan line, wherein the third transistor is connected
between the first and third nodes;

a fourth transistor comprising a gate terminal connected to
the control line, wherein the fourth transistor is con-
nected between the first power line and the second
node; and

an organic light-emitting diode connected between the
third node and the second power line.

15. The organic light-emitting display apparatus of claim
13, wherein the control driver applies the second driving
voltage to the first power line during the initialization period.

16. The organic light-emitting display apparatus of claim
13, wherein the control driver applies the first driving
voltage to the first power line and the second power line
during the scan period.

17. The organic light-emitting display apparatus of claim
13, wherein the control driver applies the first driving
voltage to the first power line and applies the second driving
voltage to the second power line during the emission period.

18. The organic light-emitting display apparatus of claim
13, wherein the control driver applies the second gate
voltage to the control line during the initialization period and
the emission period, and applies the first gate voltage to the
control line during the scan period.

19. The organic light-emitting display apparatus of claim
13, wherein the pixels sequentially receive data signals
during the scan period, substantially simultaneously emit
light when the emission period starts, and substantially
simultaneously stop light emission when the initialization
period starts.
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