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ACTIVE MATRIX DISPLAY (57 ABSTRACT
COMPENSATION ) .
An apparatus for selecting a stressing voltage for compen-
Inventors: John W. Hamer, Rochester, NY sating for changes in the threshold voltages (V) for drive
(US); Gary Parrett, Rochester, transistors in pixel drive circuits in an active matrix OLED
NY (US) display having a plurality of OLED light-emitting pixels
arranged in an array, comprising: each pixel drive circuit
Correspondence Address: being electrically connected to a data line and a power
EASTMAN KODAK COMPANY supply line, and having a drive transistor; each drive tran-
PATENT LEGAL STAFF sistor being electrically comnected to its corresponding
343 STATE STREET power supply line and to its corresponding OLED light-
ROCHESTER, NY 14650-2201 emitting pixel; each switch transistor being electrically
. ) ) connected to the gate electrode of its corresponding drive
Assignee: Eastman Kodak Company transistor and to its corresponding data line; first means for
Appl. No.: 11/427,139 applying a first yohage to the power supply lines; second
means for applying a second voltage to the power supply
Filed: Jun. 28. 2006 lines opposite in polarity to the first voltage; third means for
' B producing a plurality of threshold-voltage-related signals on
Publication Classification the data lines; fourth means responsive to the plurality of
threshold-voltage-related signals for producing an average
Int. CI. threshold-voltage-related signal; and fifth means responsive
G09G 3/30 (2006.01) to the threshold-voltage-related signals for selecting the
US. CLo o 345/76  siressing voltage.
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ACTIVE MATRIX DISPLAY
COMPENSATION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is related to U.S. Ser. No.

, filed concurrently herewith, of John W. Hamer and
Gary Parrett, entitled “Active Matrix Display Compensa-
tion”.

FIELD OF THE INVENTION

[0002] The present invention relates to an active matrix-
type display apparatus for driving display elements.

BACKGROUND OF THE INVENTION

[0003] Inrecent years, it has become necessary that image
display devices have high-resolution and high picture qual-
ity, and it is desirable for such image display devices to have
low power consumption and be thin, lightweight, and visible
from wide angles. With such requirements, display devices
(displays) have been developed where thin-film active ele-
ments (thin-film transistors, also referred to as TFTs) are
formed on a glass substrate, with display elements then
being formed on top.

[0004] In general, a substrate forming active elements is
such that patterning and interconnects formed using metal
are provided after forming a semiconductor film of amor-
phous silicon or polysilicon etc. Due to differences in the
electrical characteristics of the active elements, the former
requires ICs (Integrated Circuits) for drive use, and the latter
is capable of forming circuits for drive use on the substrate.
In liquid crystal displays (LCDs) currently widely used, the
amorphous silicon type is widespread for large-type screens,
while the polysilicon type is more common in medium and
small screens.

[0005] Typically, organic EL elements are used in combi-
nation with TFTs and utilize a voltage/current control opera-
tion so that current is controlled. The current/voltage control
operation refers to the operation of applying a signal voltage
to a TFT gate terminal so as to control current between the
source and drain. As a result, it is possible to adjust the
intensity of light emitted from the organic EL element and
to control the display to the desired gradation.

[0006] However, in this configuration, the intensity of
light emitted by the organic EL element is extremely sen-
sitive to the TFT characteristics. In particular, for amorphous
silicon TFTs (referred to as a-Si), it is known that compara-
tively large differences in electrical characteristics occur
with time between neighboring pixels, due to changes in
transistor threshold voltage. This is a major cause of dete-
rioration of the display quality of organic EL displays, in
particular, screen uniformity. Uncompensated, this effect can
lead to “burned-in” images on the screen.

[0007] Goh et al. (IEEE Electron Device Letters, Vol. 24,
No. 9, pp. 583-585) have proposed a pixel circuit with a
precharge cycle before data loading, to compensate for this
effect. Compared to the standard OLED pixel circuit with a
capacitor, a select transistor, a power transistor, and power,
data, and select lines, Goh’s circuit uses an additional
control line and two additional switching transistors. Jung et
al. (IMID ’05 Digest, pp. 793-796) have proposed a similar
circuit with an additional control line, an additional capaci-
tor, and three additional transistors. While such circuits can
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be used to compensate for changes in the threshold voltage
of the driving transistor, they add to the complexity of the
display, thereby increasing the cost and the likelihood of
defects in the manufactured product. Further, such circuitry
generally comprises thin-film transistors (TFTs) and neces-
sarily uses up a portion of the substrate area of the display.
For bottom-emitting devices, the aperture ratio is important,
and such additional circuitry reduces the aperture ratio, and
can even make such bottom-emitting displays unusable.
Thus, there exists a need to compensate for changes in the
electrical characteristics of the pixel circuitry in an OLED
display without reducing the aperture ratio of such a display.

SUMMARY OF THE INVENTION

[0008] It is therefore an object of the present invention to
provide an apparatus and method of compensating for
changes in the electrical characteristics of the pixel circuitry
in an OLED display.

[0009] This object is achieved by an apparatus for select-
ing a stressing voltage for compensating for changes in the
threshold voltages (V,,) for drive transistors in pixel drive
circuits in an active matrix OLED display having a plurality
of OLED light-emitting pixels arranged in an array, com-
prising:

[0010] a) each pixel drive circuit being electrically con-
nected to a data line and a power supply line, and having a
drive transistor having source, drain, and gate electrodes,
and a switch transistor having source, drain, and gate
electrodes;

[0011] b) the source or drain electrode of each drive
transistor being electrically connected to its corresponding
power supply line, and the other of the source or drain
electrode being electrically connected to its corresponding
OLED light-emitting pixel;

[0012] c¢) the source or the drain electrode of each switch
transistor being electrically connected to the gate electrode
of its corresponding drive transistor, and the other of the
source or drain electrode being electrically connected to its
corresponding data line;

[0013] d) first means for applying a first voltage to the
power supply lines which is either positive or negative for
causing current to flow in a first direction through the drive
transistors which causes the OLED light-emitting pixels to
produce light in response to the signal voltages;

[0014] e) second means for applying a second voltage to
the power supply lines opposite in polarity to the first
voltage so that current will flow through the drive transistors
in a second direction opposite to the first direction until the
potential on the gate electrodes of the drive transistors
causes the drive transistors to turn off;

[0015] ) third means for producing a plurality of thresh-
old-voltage-related signals on the data lines, each of which
is a function of the corresponding potentials on the gate
electrodes of the drive transistors;

[0016] g) fourth means responsive to the plurality of
threshold-voltage-related signals for producing an average
threshold-voltage-related signal; and

[0017] h) fifth means responsive to the threshold-voltage-
related signals for selecting the stressing voltage.

ADVANTAGES

[0018] It is an advantage of the present invention that it
can compensate for changes in the electrical characteristics
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of the thin-film transistors of an OLED display. It is a further
advantage of this invention that it can so compensate with-
out reducing the aperture ratio of a bottom-emitting OLED
display and without increasing the complexity of the within-
pixel circuits. It is a further advantage of this invention that
it reduces the power requirements of an OLED display and
allows the apparatus generating the signal voltages to be
designed for a smaller voltage range.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] FIG. 1 shows a schematic diagram of an OLED
pixel drive circuit well-known in the art;

[0020] FIG. 2 shows a schematic diagram of one embodi-
ment of a common OLED pixel drive circuit that is useful in
this invention;

[0021] FIG. 3 shows a schematic diagram of another
embodiment of a common OLED pixel drive circuit that is
useful in this invention;

[0022] FIG. 4A through 4D show the stepwise results of
the operations of this invention on a portion of an example
pixel drive circuit;

[0023] FIG. SA shows a schematic diagram of one
embodiment of a circuit according to this invention for
determining an error-correcting voltage for compensating
for changes in the threshold voltages for a drive transistor in
a pixel drive circuit in an active matrix OLED display;
[0024] FIG. 5B shows a portion of another embodiment of
the above circuit;

[0025] FIG. 6 shows a block diagram of one embodiment
of a method according to this invention for determining an
error-correcting voltage for compensating for changes in the
threshold voltages for a drive transistor in a pixel drive
circuit in an active matrix OLED display;

[0026] FIG. 7A through 7C show the distribution of
threshold voltages at different times of a display’s lifetime,
before and after the application of this invention;

[0027] FIG. 8 shows a block diagram of one embodiment
of amethod for determining an average threshold voltage for
a display; and

[0028] FIG. 9 shows a graph of current vs. voltage in
another embodiment of a method for determining an average
threshold voltage for a display.

DETAILED DESCRIPTION OF THE
INVENTION

[0029] Turning now to FIG. 1, there is shown a schematic
diagram of one embodiment of an OLED pixel drive circuit
that can be used in this invention. Such pixel drive circuits
are well known in the art in active matrix OLED displays.
OLED pixel drive circuit 100 has a data line 120, a power
supply line 110, a select line 130, a drive transistor 170, a
switch transistor 180, an OLED light-emitting pixel 160, and
a capacitor 190. Drive transistor 170 has drain electrode 145,
source electrode 155, and gate electrode 165. In pixel drive
circuit 100, drain electrode 145 of drive transistor 170 is
electrically connected to power supply line 110, while
source electrode 155 is electrically connected to OLED
light-emitting pixel 160. By electrically connected, it is
meant that the elements are directly connected or connected
via another component, e.g. a switch, a diode, another
transistor, etc. It will be understood that embodiments are
possible wherein the source and drain electrode connections
are reversed. OLED light-emitting pixel 160 is a non-
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inverted OLED pixel, wherein the anode of the pixel is
electrically connected to power line 110 and the cathode of
the pixel is electrically connected to ground 150. Switch
transistor 180 has gate electrode 195, as well as source and
drain electrodes, together represented as source or drain
electrodes 185 because such transistors are commonly bidi-
rectional. Of the source and drain electrodes 185 of switch
transistor 180, one is electrically connected to the gate
electrode 165 of drive transistor 170, while the other is
electrically connected to data line 120. Gate electrode 195 is
electrically connected to select line 130. OLED light-emit-
ting pixel 160 is powered by flow of current between power
supply line 110 and ground 150. In this embodiment, power
supply line 110 has a positive potential, relative to ground
150, for driving OLED light-emitting pixel 160. The normal
driving potential will herein be referred to as the first voltage
and is positive for this embodiment. It will cause current to
flow through drive transistor 170 and OLED light-emitting
pixel 160 in a first direction, that is, electrons will flow from
ground 150 to power line 110, which will cause OLED
light-emitting pixel 160 to produce light. The magnitude of
the current—and therefore the intensity of the emitted
light—is controlled by drive transistor 170, and more
exactly by the magnitude of the signal voltage on gate
electrode 165 of drive transistor 170. During a write cycle,
select line 130 activates switch transistor 180 for writing and
the signal voltage data on data line 120 is written to drive
transistor 170 and stored on capacitor 190, which is con-
nected between gate electrode 165 and power supply line
110.

[0030] Turning now to FIG. 2, there is shown a schematic
diagram of another embodiment of an OLED pixel drive
circuit that can be used in this invention. Pixel drive circuit
105 is constructed much as pixel drive circuit 100 described
above. However, OLED light-emitting pixel 140 is an
inverted OLED pixel, wherein the cathode of the pixel is
electrically connected to power line 110 and the anode of the
pixel is electrically connected to ground 150. In this embodi-
ment, power supply line 110 must have a negative potential,
relative to ground 150, for driving OLED light-emitting
pixel 160. Therefore, the first voltage is negative relative to
ground 150 for this embodiment and the first direction in
which current flows so as to drive OLED light-emitting pixel
140 will be the reverse of that in FIG. 1. It will be understood
in the examples to follow that one can reverse the potentials
and current directions if necessary for the structure and
fanction of the OLED pixel drive circuits, and that such
modifications are within the scope of this invention.

[0031] The above embodiments are constructed wherein
the drive transistors and switch transistors are n-channel
transistors. It will be understood by those skilled in the art
that embodiments wherein the drive transistors and switch
transistors are p-channel transistors, with appropriate well-
known modifications to the circuits, can also be useful in this
invention.

[0032] In practice in active-matrix displays, the capaci-
tance is often not provided as a separate entity, but in a
portion of the thin-film transistor sections that form the drive
transistor. FIG. 3 shows a schematic diagram of one embodi-
ment of a common OLED pixel drive circuit 200 of this type,
which is useful in this invention. Drive transistor 210 also
incorporates a capacitor 230 connected between gate elec-
trode 215 and power line 110. This will also be referred to
as the gate-power capacitor, or C,,. Drive transistor 210
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generally inherently includes a smaller parasitic capacitor
230 connected between gate electrode 215 and OLED
light-emitting pixel 160. This will also be referred to as the
gate-OLED capacitor, or C_,. In some embodiments, the
relative magnitude of C_, and C_, can be reversed. As in
pixel drive circuit 100, the first voltage is positive for normal
operation of OLED light-emitting pixel 160. If the potential
is reversed (e.g. power supply line 110 has a negative
voltage relative to ground 150), OLED light-emitting pixel
160 will be in an inoperative condition and will function
instead as a capacitor having a capacitance C,; . This
potential, which is opposite in polarity to the first voltage,
will herein be referred to as the second voltage. This will
cause current to flow through drive transistor 210 in a second
direction opposite to the above first direction. However,
current flow in the second direction will only occur until the
various capacitors in the circuit, including the OLED light-
emitting pixel, become charged and cause the drive transis-
tor to turn off. The use of this property of the pixel drive
circuits described herein is an important feature of this
invention, which will now be illustrated.

[0033] Turning now to FIGS. 4A through 4D, there are
shown the stepwise results of the operations of this invention
on a portion of an example pixel drive circuit 200. In
preparation for FIG. 4A, a potential of zero volts is placed
on power supply line 110 and on gate electrode 215. It is not
required for the practice of this invention that power supply
line 110 or gate electrode 215 first be set to zero volts;
however, doing so will make illustration of the use of this
invention clearer. The switch transistor that electrically
connects gate electrode 215 to data line 120 is turned off, so
that gate electrode 215 is isolated. Then a second voltage of
-20V is applied to power supply line 110. With a second
voltage, OLED light-emitting pixel 160 is in an inoperative
condition and acts as a capacitor. In the example shown here,
the OLED capacitance C,; ., is 3.5 pF, the gate-OLED
capacitance C, is 0.089 pF, and the gate-power capacitance
C,, 18 0.275 pF. The voltages shown in FIG. 4A are those
expected with these capacitances before any current flows if
the gate and power supply potentials are both initially zero.
If either the gate or power supply potential—or both—is not
zero, the resulting voltages will be different, but will still be
a function of the capacitances.

[0034] Current will then flow through drive transistor 210
in a second direction, that is, electrons will flow from power
line 110 to ground 150, and charge the C; -5, capacitor. As
the charge on C, 51, 18 increased, the potential between the
source and drain electrodes of drive transistor 210 is
reduced. Simultaneously, the potential on the gate electrode
of drive transistor 210 (which is isolated by switch transistor
180) will shift to maintain the ratio of the potential differ-
ence from the gate to source and drain in proportion to the
inverse of the ratio of respective capacitances:

Vgl/ VS o Cg O/Cgp

[0035] The current flow will continue until the potential
A\ between gate electrode 215 of drive transistor 210 and
power supply line 110 falls to the value of the drive
transistor threshold voltage, which causes the drive transis-
tor to turn off. By turn off, it is meant that the current flow
through drive transistor 210 is substantially zero. However,
it is known 1in the art that transistors can leak small amounts
of current under threshold voltage or lower conditions; such
transistors can be successfully used in this invention. For

(Eq. 1)
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illustration purposes, we are assuming in this example that
the threshold voltage V,, of drive transistor 210 is 3.0V. FIG.
4B shows the resulting voltages stored on the capacitors at
this point. These voltages are a function of the threshold
voltage of the transistor. Thus, the gate voltage is a thresh-
old-voltage-proportional signal, and can be related to the
threshold voltage by Eq. 2, wherein PV, represents the
second voltage (e.g. —20V in this example) applied to power
supply line 110:

v

gate
[0036] After the voltages have equilibrated as shown in
FIG. 4b, select line 130 activates switch transistor 180 to
connect gate electrode 215 to data line 120, wherein the gate
electrode voltage will be changed by a transfer function,
here represented by f(x). The transfer function depends on
the characteristics of switch transistor 180, the change in
potential of select line 130, the circuit layout, the capaci-
tance and impedance of the external circuits connected to
data line 120, and the number of pixels on data line 120 that
are switched. One skilled in the art can predict the transfer
function based on the design, or can measure it. Thus, the
voltage produced on data line 120 (V,,,) is a threshold-
voltage-related signal which is a function of the potential on
the gate electrode of the drive transistor, given by:

Voua TV gae)

[0037] The transfer function f(x) can be inverted, repre-
sented by £~'(x). The threshold voltage is calculated from the
measured voltage by:

VsV od=PVpn

[0038] Alternatively, before activating switch transistor
180 and measuring the potentials, an additional step can be
done wherein the potential of power supply line 110 can then
be changed to a third voltage. This will redistribute the
potentials based upon the capacitances, as shown in FIG. 4C.
If the voltage is chosen correctly, such as zero in this
example, current will flow through drive transistor 210 in the
direction used to cause the OLED to emit light. No light will
be emitted, as the OLED remains in a reverse bias condition.
The current will continue to flow until the gate-to-OLED
potential difference is equal to the threshold voltage of the
drive transistor for current flow in the direction used for light
emission. FIG. 4D shows the resulting voltages on the
circuit at this point. The gate voltage can be related to the
threshold voltage by:

=PVpps+Vy (Eq. 2)

(Eq. 3)

(Eq. 4)

ViCop (Eq. 5)

Vgare = PVpps -

g0

wherein PV, represents the third voltage (e.g. zero in this
example) applied to power supply line 110. In this case the
threshold voltage can be calculated from the measured
voltage by:

~Coo(f ™ (Vo) — PVDD3) (Eq. €

Cop

Vi =
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[0039] This last step of reducing the reverse driving poten-
tial (FIGS. 4C and 4D) is useful in the case that the threshold
voltage of the driving transistor 210 is different for forward
and reverse operation.

[0040] As the threshold voltage of a transistor can change
with usage, it can be necessary to calculate an adjustment for
the threshold voltage. This is the difference between the
currently-calculated threshold voltage and the initial thresh-
old voltage:

Adjustment=V,;,-V,,; (Eq. 1)

where V,,,, represents the initial threshold voltage of the
transistor.

[0041] Turning now to FIG. 5A, and referring also to FIG.
3 through 4D, there is shown a schematic diagram of one
embodiment of an apparatus of this invention for selecting
a stressing voltage for compensating for changes in the
threshold voltages for drive transistors in pixel drive circuits
as described herein. Active matrix OLED display 250 has a
plurality of OLED light-emitting pixels arranged in an array,
each having a pixel drive circuit as described above (e.g.
200A and 200B). In normal operation, voltage supply 260,
which is a positive power supply, applies a first voltage (also
called PV,,,,,) to power supply line 110 via switch 265 to
cause current to flow in a first direction through the drive
transistors as described above, which causes OLED light-
emitting pixels 160 to produce light. The intensity of the
emitted light, which is proportional to the current through
drive transistor 170, is responsive to the signal voltages set
by data line 120, which is electrically connected to digital-
to-analog converter 280. Digital-to-analog converter 280
converts a digital input representing the desired intensity of
light emitted by a given pixel into an analog signal voltage,
which a select line (e.g. 130A and 130B) allows to be written
to the capacitors of the selected pixel circuit. Although not
shown for clarity of illustration, it will be understood that
OLED display 250 further includes multiple power supply
lines and data lines, as known in the art.

[0042] In order to select a stressing voltage for compen-
sating for changes in the threshold voltages (V,,) for the
drive transistors of OLED display 250, it is necessary to
apply a second voltage opposite in polarity to the first
voltage to the power supply line and the pixel drive circuit
and thus place the OLED in an inoperative condition, as
described above. Voltage supply 270, which is a negative
power supply in this embodiment, applies a second voltage
(PVpps) opposite in polarity to the first voltage to power
supply line 110 via switch 265. As described above, this
causes current to flow through the drive transistor in a
second direction opposite to the first direction of normal
operation, until the potential on the gate electrode of the
drive transistor causes the drive transistor to turn off. Switch
265 can also optionally switch the circuit to a third voltage
state (PV pp3), €.g. ground 150. During the second and third
voltage operations, data line 120 can become an output line
providing a threshold-voltage-related signal that is a func-
tion of the potential on gate electrode 215 of drive transistor
210. At another time during the process described herein,
data line 120 is used to apply a stressing voltage to drive
transistor 210, as will be described below. Switch 285 can be
opened or closed as necessary.

[0043] In order to select the stressing voltage for indi-
vidual drive transistors, one first obtains an average level of
stress for the drive transistors of OLED display 250, and
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then compares the level of stress of individual drive tran-
sistors to the average. The term “level of stress” as used
herein refers to changes in the threshold voltage of the drive
transistor. Integrator line 385A connects data line 120 to
integrator 390. To obtain an average level of stress after the
voltages in the pixel drive circuits have equilibrated as
described above in FIG. 4B or 4D, all select lines for all rows
(e.g. 130A, 130B) are activated, turning on switch transis-
tors 180 and opening data line 120 to gate electrodes 215 of
all pixels in that column. The voltage then produced on data
line 120 is a threshold-voltage-related signal that is an
average of the threshold-voltage-related signals that would
be provided by the individual pixels in the column. Data line
120 is connected via integrator line 385A to integrator 390.
Other data lines for other columns of pixels (not shown) are
also connected to integrator 390 via their corresponding
integrator lines 385. Each data line thus has a threshold-
voltage-related signal that is an average for the column.
Integrator 390 is responsive to the plurality of threshold-
voltage-related signals to produce an average threshold-
voltage-related signal Vout for all pixels of OLED display
250. The average threshold-voltage-related signal is relayed
to processor 315, which can calculate (via Eq. 4 or Eq. 6) the
average threshold voltage or simply store the average thresh-
old-voltage-related signal.

[0044] In the present embodiment, the target value of the
threshold-voltage-related signal is based on the current
average threshold voltage of the display. Other embodiments
are possible, such as use of the initial value of the average
threshold voltage of the display.

[0045] Once the average threshold voltage is known, the
stressing voltage can be selected and applied on a row-by-
row basis based on the threshold-voltage-related signal from
each pixel. The process shown in FIG. 4 is repeated for each
row of pixels in OLED display 250. Switch 285 is set to
connect the output of digital-to-analog converter 280 to one
input of voltage comparator circuit 370, and processor 315
causes digital-to-analog converter 280 to produce a voltage
equal to the average threshold-voltage-related signal. One
select line (e.g. 130A) is activated, turning on switch tran-
sistor 180 and opening data line 120 to a single pixel (e.g.
200A) in its column. The voltage then produced on data line
120 is a threshold-voltage-related signal for a single pixel,
and the signal is delivered to a second input of voltage
comparator circuit 370. Voltage comparator circuit 370 is
responsive to the threshold-voltage-related signal and the
average threshold-voltage-related signal. Its output can be
positive or negative and goes to sample-and-hold element
360 and then to voltage selector switch 380, which selects
the stressing voltage and selectively applies it to the gate
electrode of the selected drive transistor. In this embodi-
ment, voltage selector switch 380 is provided with a single
stressing voltage Vs from stressing voltage source 365,
which voltage selector switch 380 selects to apply or not
apply based on the threshold-voltage-related signal. For
example, the voltage from stressing voltage source 365 can
be +15V. If the threshold-voltage-related signal of a pixel is
less than the average, which indicates that the pixel is less
stressed than average, voltage selector switch 380 can select
to apply the stressing voltage to the pixel. If the threshold-
voltage-related signal is greater than or equal to the average,
voltage selector switch 380 can instead select a neutral or
disconnected position, and thus not apply the stressing
voltage.
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[0046] After the stressing voltage is applied, processor
315 can provide an adjustment to the signal voltage applied
to the gate electrodes of the drive transistors. This adjust-
ment can be accomplished by shifting the analog reference
voltage for the signal digital-to-analog converter 280.
Because the practice of this invention reduces the threshold
voltage range in the drive transistors, the shift applied to the
signal voltages in order to compensate for the shift in the
threshold voltage of the drive transistors can be the same for
all drive transistors.

[0047] Turning now to FIG. 5B, there is shown another
embodiment of a portion of the apparatus of FIG. SA
wherein one of a plurality of stressing voltages can be
selected to be applied based on the threshold-voltage-related
signal. In this embodiment, voltage selector switch 395 is
provided with three stressing voltages: a positive stressing
voltage V_, from stressing voltage source 365, a negative
stressing voltage V,_ from stressing voltage source 375, and
a zero voltage from ground 150. For example, if the thresh-
old-voltage-related signal of a pixel is significantly less than
the average, which indicates that the pixel is less stressed
than average, voltage selector switch 380 can select to apply
stressing voltage V_, to the pixel. If the threshold-voltage-
related signal is significantly greater than the average, volt-
age selector switch 380 can select to apply stressing voltage
V,_ to the pixel, and thus reduce the stress level of the drive
transistor. If the threshold-voltage-related signal is approxi-
mately average, voltage selector switch 380 can select to
apply the zero voltage to the pixel.

[0048] Turning now to FIG. 6, and referring also to FIGS.
3 through 5A, there is shown a block diagram of one
embodiment of a method using the apparatus of this inven-
tion for selecting a stressing voltage for compensating for
changes in the threshold voltages for drive transistors in
pixel drive circuits in an active matrix OLED display, and
for applying the stressing voltage to the pixels. At the start,
an average threshold-voltage-related signal is determined
for the entire OLED display 250 (Step 410). Step 410 will
be described in greater detail below. Then, the gate voltages
of an entire row are set to zero by setting all data lines 120
to zero and turning on switch transistors 180 by selecting the
appropriate select line 130 (Step 420). Switch transistors
180 are then turned off (Step 430). Then a second voltage
opposite in polarity to the first driving voltage is applied to
OLED light-emitting pixel 160 by connecting negative
voltage supply 270 to power supply line 110 via switch 265
(Step 440), thus placing the OLED in an inoperative con-
dition. Then current is allowed to flow through the circuit
(Step 450) to charge the capacitors: OLED 160, gate-OLED
capacitor 220, and gate-power capacitor 230. Current flows
until the voltage difference between gate electrode 215 and
power supply line 110 equals the threshold voltage of drive
transistor 210, which causes the drive transistor to turn off.
The resulting voltages are as shown in FIG. 4B. Addition-
ally, a third voltage can be applied, which would result in the
voltages shown in FIG. 4D. During the time between Steps
430 and 460, switch 285 connects digital-to-analog con-
verter 280 with voltage comparator circuit 370, and digital-
to-analog converter 280 is caused to input the average
threshold-voltage-related signal to voltage comparator cir-
cuit 370 (Step 445). Then switch transistors 180 are turned
on for the row of pixel drive circuits 200 by selecting the
appropriate select line 130 (Step 460). Voltage comparator
circuit 370 compares the threshold-voltage-related signal
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with the average (Step 470), and thus indirectly measures the
voltages stored on the capacitors of the pixel drive circuit,
which will show whether the drive transistor 210 is stressed
more or less than the average. If voltage comparator circuit
370 indicates that the drive transistor is stressed less than
average (Step 475), voltage selector switch 380 can apply a
stressing voltage to drive transistor 210 for a predetermined
period (Step 480). Otherwise, Step 480 is skipped. If there
are more rows of pixel drive circuits 200 in OLED display
250 (Step 485), the process is repeated. If there are no more
rows of pixel circuits, the stressing process is complete.
Processor 315 can provide an adjustment to the signal
voltage to the gate electrodes of drive transistors 210 to
compensate for changes in the average threshold voltage
(Step 490). Step 490 need not follow immediately after Step
485. For example, Steps 410 to 485 can be done sequentially
to all rows of pixel drive circuits 200 upon power-down of
OLED display 250. Step 490 can then be done to the display
the next time it is powered on.

[0049] Turning now to FIG. 7A, there is shown an initial
distribution of threshold voltages of drive transistors in an
OLED display, wherein the vertical axis represents the
fraction of pixel drive circuits with a given threshold volt-
age. Turning now to FIG. 7B, there is shown a distribution
of the threshold voltages in the same display as FIG. 7A, but
after it has been operated for a time. The drive transistors
now have higher threshold voltages than initially. Further,
the threshold voltage range is broader, which makes it
difficult to apply a single adjustment to the signal voltage to
the entire display to compensate for the threshold voltage
change. Some transistors will be overcompensated, while
others will be undercompensated by a single adjustment.
Turning now to FIG. 7C, there is shown a distribution of
threshold voltages in the display of FIG. 7B after the use of
this invention. A compensating stress signal, e.g. a voltage of
10-15 volts, has been applied to the pixels of FIG. 7B with
a lower-than-average threshold voltage. This has increased
their threshold voltages to average or slightly greater. The
overall effect is to reduce the threshold voltage range in the
drive transistors based on the threshold-voltage-related sig-
nals, which makes it easier to apply a single adjustment to
the signal voltage to compensate for threshold voltage
changes wherein the adjustment is the same for all drive
transistors.

[0050] Other embodiments are possible. For example,
instead of applying a positive voltage stress to drive tran-
sistors with less-than-average threshold voltages, one can
apply a negative voltage stress to drive transistors with
greater-than-average threshold voltages. Thus, the distribu-
tion of threshold voltages in FIG. 7B can be narrowed by
lowering the threshold voltages of the more stressed drive
transistors. In the embodiment of FIG. 5B, voltage selector
380 can have three inputs: zero voltage, large positive (e.g.
+15V), and large negative (e.g. -15V). The large positive
voltage can be applied to drive transistors with a less-than-
average threshold voltage, while the large negative voltage
can be applied to drive transistors with a greater-than-
average threshold voltage. The zero voltage can be applied
to drive transistors that have an average or near-average
threshold voltage. Thus, the distribution of threshold volt-
ages in FIG. 7B can be narrowed from both sides.

[0051] Turning now to FIG. 8, and referring also to FIG.
3 through 5A, there is shown a block diagram of one
embodiment of a method for determining an average thresh-
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old-voltage-related signal for the display. At the start, the
gate voltages of the entire display are set to zero by setting
all data lines 120 to zero volts and turning on switch
transistors 180 for all pixel drive circuits (e.g. 2004, 200B,
etc.) by selecting all select lines (e.g. 130A, 130B, etc.) (Step
510). Then all switch transistors 180 are turned off (Step
530). A second voltage opposite in polarity to the first
driving voltage is applied to all OLED light-emitting pixels
160 by connecting negative voltage supply 270 to power
supply line 110 via switch 265 (Step 540), thus placing the
OLED:s in an inoperative condition. Then current is allowed
to flow through the circuit (Step 550). In this case, current
will flow to charge the capacitors: OLEDs 160, gate-OLED
capacitors 220, and gate-power capacitors 230. Current
flows until the voltage difference across gate-power capaci-
tor 230 equals the threshold voltage of its particular drive
transistor 210, as shown in FIG. 4B, which causes the drive
transistors to turn off. A third voltage can also be used, as
described above, to obtain a threshold-voltage-related signal
for current flow in the OLED-on direction, as shown in FIG.
4D. All switch transistors 180 are turned on for all pixel
drive circuits by selecting all select lines (Step 555). The
average threshold-voltage-related signal can then be pro-
duced by integrator 390 and measured by processor 315
(Step 560). Since the data lines 120 of all pixel drive circuits
are connected to processor 315 by integrator 390, the
gate-source voltage read is an average for the entire display.
The average threshold voltage Vth is related to the average
threshold-voltage-related signal as described above. Proces-
sor 315 can calculate or find the average threshold voltage
of drive transistors 210 in all pixel drive circuits (Step 570).
This value can then be used in determining the relative stress
levels of the drive transistors in order to select a stressing
voltage, as described above. In particular, one can use Eq. 3
to calculate the average threshold-voltage-related signal
expected for a single pixel. Alternatively, the average thresh-
old-voltage-related signal measured in Step 560 can be used
directly for the process described above in FIG. 6.
[0052] Other methods of obtaining an average threshold
voltage, which will be apparent to those skilled in the art,
can be used with this invention. For example, a threshold
voltage can be determined for drive transistor 210 of each
pixel drive circuit, and a numerical average calculated. A
method for determining the threshold voltages for each of
the drive transistors is taught by Hamer et al. U.S. Ser. No.
filed concurrently herewith. Alternatively, as shown
in FIG. 9, the current (i,,) for the entire display can be
measured while varying the gate voltage (V) at a constant
drive voltage (PV,,-CV). This can produce curve 610,
which can be extrapolated to average threshold voltage 620.
[0053] The invention has been described in detail with
particular reference to certain preferred embodiments
thereof, but it will be understood that variations and modi-
fications can be effected within the spirit and scope of the
invention.

[0061] 140 OLED light-emitting pixel
[0062] 145 drain electrode

[0063] 150 ground

[0064] 155 source electrode

[0065] 160 OLED light-emitting pixel
[0066] 165 gate electrode

[0067] 170 drive transistor

[0068] 180 switch transistor

[0069] 185 source or drain electrode
[0070] 190 capacitor

[0071] 195 gate electrode

[0072] 200 pixel drive circuit

[0073] 200A pixel drive circuit
[0074] 200B pixel drive circuit
[0075] 210 drive transistor

[0076] 215 gate electrode

[0077] 220 capacitor

[0078] 230 capacitor

[0079] 250 OLED display

[0080] 260 voltage supply

[0081] 265 switch

[0082] 270 voltage supply

[0083] 280 digital-to-analog converter
[0084] 285 switch

[0085] 315 processor

[0086] 360 sample-and-hold element
[0087] 365 stressing voltage source
[0088] 370 voltage comparator circuit
[0089] 375 stressing voltage source
[0090] 380 voltage selector switch
[0091] 385 integrator lines

[0092] 385A integrator line

[0093] 390 integrator

[0094] 395 voltage selector switch
[0095] 410 block

[0096] 420 block

[0097] 430 block

[0098] 440 block

[0099] 445 block

[0100] 450 block

[0101] 460 block

[0102] 470 block

[0103] 475 decision block

[0104] 480 block

[0105] 485 decision block

[0106] 490 block

[0107] 510 block

[0108] 530 block

[0109] 540 block

[0110] 550 block

[0111] 555 block

[0112] 560 block

[0113] 570 block

[0114] 610 curve

[0115] 620 threshold voltage

What is claimed is:
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Parts List
[0054] 100 pixel drive circuit
[0055] 105 pixel drive circuit
[0056] 110 power supply line
[0057] 120 data line
[0058] 130 select line
[0059] 130A select line

[0060]

130B select line

1. An apparatus for selecting a stressing voltage for
compensating for changes in the threshold voltages (V,;,) for
drive transistors in pixel drive circuits in an active matrix
OLED display having a plurality of OLED light-emitting
pixels arranged in an array, comprising:

a) each pixel drive circuit being electrically connected to

a data line and a power supply line, and having a drive



US 2008/0001855 A1l

transistor having source, drain, and gate electrodes, and
a switch transistor having source, drain, and gate elec-
trodes;

b) the source or drain electrode of each drive transistor
being electrically connected to its corresponding power
supply line, and the other of the source or drain
electrode being electrically connected to its corre-
sponding OLED light-emitting pixel;

¢) the source or the drain electrode of each switch
transistor being electrically connected to the gate elec-
trode of'its corresponding drive transistor, and the other
of the source or drain electrode being electrically
connected to its corresponding data line;

d) first means for applying a first voltage to the power
supply lines which is either positive or negative for
causing current to flow in a first direction through the
drive transistors which causes the OLED light-emitting
pixels to produce light in response to the signal volt-
ages;

e) second means for applying a second voltage to the
power supply lines opposite in polarity to the first
voltage so that current will flow through the drive
transistors in a second direction opposite to the first
direction until the potential on the gate electrodes of the
drive transistors causes the drive transistors to turn off;

) third means for producing a plurality of threshold-
voltage-related signals on the data lines, each of which
is a function of the corresponding potentials on the gate
electrodes of the drive transistors;

2) fourth means responsive to the plurality of threshold-
voltage-related signals for producing a threshold-volt-
age-related signal; and
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h) fifth means responsive to the threshold-voltage-related
signal for selecting the stressing voltage.

2. The apparatus of claim 1 wherein the OLED light-
emitting pixels are non-inverted OLED pixels and the first
voltage is positive relative to a ground value.

3. The apparatus of claim 1 wherein the OLED light-
emitting pixels are inverted OLED pixels and the first
voltage is negative relative to a ground value.

4. The apparatus of claim 1 wherein the drive transistors
and switch transistors are n-type transistors.

5. The apparatus of claim 1 wherein the drive transistors
and switch transistors are p-type transistors.

6. The apparatus of claim 1 further including:

1) sixth means for selectively applying the stressing volt-
age to the gate electrodes of selected drive transistors
based on the threshold-voltage-related signals to reduce
the threshold voltage range in the drive transistors.

7. The apparatus of claim 6 wherein a single stressing
voltage is selected to be applied or not applied based on the
threshold-voltage-related signal.

8. The apparatus of claim 6 wherein one of a plurality of
stressing voltages is selected to be applied based on the
threshold-voltage-related signal.

9. The apparatus of claim 1 further including providing an
adjustment to a signal voltage for each drive transistor
wherein the adjustment from the initial threshold voltage is
the same for all drive transistors.

10. The apparatus of claim 1 wherein the threshold-
voltage-related signal is determined and the stressing volt-
age is selected for each row in the display.
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