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METHOD AND APPARTUS FOR
UNIFORMITY AND BRIGHTNESS
CORRECTION IN A DISPLAY

CROSS REFERENCE TO RELATED
APPLICATIONS

This is a continuation-in-part of application Ser. No.
11/093,115, filed Mar. 29, 2005 entitled now U.S. Pat. No.
7,301,618, “Method And Apparatus For Uniformity And
Brightness Correction In An OLED Display”, by Ronald S.
Cok, et al.

FIELD OF THE INVENTION

The present invention relates to electroluminescent (EL)
displays having a plurality of light-emitting elements and,
more particularly, to correcting brightness of the light-emit-
ting elements in the display.

BACKGROUND OF THE INVENTION

Flat-panel display devices, for example plasma, liquid
crystal and electroluminescent (EL) displays have been
known for some years and are widely used in electronic
devices to display information and images. EL display
devices rely upon thin-film layers of materials coated upon a
substrate, and include organic, inorganic and hybrid inor-
ganic-organic light-emitting diodes (LEDs). The thin-film
layers of materials can include, for example, organic materi-
als, quantum dots, fused inorganic nano-particles, electrodes,
conductors, and silicon or metal oxide electronic components
as are known and taught in the LED art. Such devices employ
both active-matrix and passive-matrix control schemes and
can employ a plurality of light-emitting elements. The light-
emitting elements are typically arranged in two-dimensional
arrays with a row and a column address for each light-emit-
ting element and having a data value associated with each
light-emitting element to emit light at a brightness corre-
sponding to the associated data value.

However, such displays suffer from a variety of defects that
limit the quality of the displays. In particular, EL displays
suffer from non-uniformities in the light-emitting elements.
These non-uniformities can be attributed to both the light
emitting materials in the display and, for active-matrix dis-
plays, to variability in the thin-film transistors used to drive
the light emitting elements.

It is known in the prior art to measure the performance of
each pixel in a display and then to correct for the performance
of the pixel to provide a more uniform output across the
display. U.S. Pat. No. 6,081,073 entitled “Matrix Display
with Matched Solid-State Pixels” by Salam granted Jun. 27,
2000 describes a display matrix with a process and control
means for reducing brightness variations in the pixels. This
patent describes the use of a linear scaling method for each
pixel based on a ratio between the brightness of the weakest
pixel in the display and the brightness of each pixel. However,
this approach will lead to an overall reduction in the dynamic
range and brightness of the display and a reduction and varia-
tion in the bit depth at which the pixels can be operated.

U.S. Pat. No. 6,473,065 B1 entitled “Methods of improv-
ing display uniformity of organic light emitting displays by
calibrating individual pixel” by Fan issued Oct. 29, 2002
describes methods of improving the display uniformity of an
OLED. In order to improve the display uniformity of an
OLED, the display characteristics of all organic-light-emit-
ting-elements are measured, and calibration parameters for
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each organic-light-emitting-element are obtained from the
measured display characteristics of the corresponding
organic-light-emitting-element. The calibration parameters
of each organic-light-emitting-element are stored in a cali-
bration memory. The technique uses a combination of look-
up tables and calculation circuitry to implement uniformity
correction. However, the described approaches require either
alookup table providing a complete characterization for each
pixel, or extensive computational circuitry within a device
controller. This is likely to be expensive and impractical in
most applications.

There is a need, therefore, for an improved method of
providing uniformity in an EL display that overcomes these
objections.

SUMMARY OF THE INVENTION

In accordance with one embodiment, the invention is
directed towards a method for the correction of average
brightness or brightness uniformity variations in electrolu-
miscent (EL) displays comprising:

a) providing an EL display having one or more light-emit-
ting elements responsive to a multi-valued input signal for
causing the light-emitting elements to emit light at a plurality
of brightness levels;

b) measuring the brightness of each light-emitting element
at two or more, but fewer than all possible, different input
signal values;

¢) employing the measured brightness values to estimate a
maximum input signal value at which the light-emitting ele-
ment will not emit more than a predefined minimum bright-
ness and the rate at which the brightness of the light-emitting
element increases above the predefined minimum brightness
in response to increases in the value of the input signal; and

d) using the estimated maximum input signal value at
which the light-emitting element will not emit light more than
the predefined minimum brightness and the rate at which the
brightness of the light-emitting element increases above the
predefined minimum brightness in response to increases in
the value of the input signal to modify the input signal to a
corrected input signal to correct the light output of the light-
emitting elements.

ADVANTAGES

In accordance with various embodiments, the present
invention may provide the advantage of improved uniformity
in a display that reduces the complexity of calculations, mini-
mizes the amount of data that must be stored, improves the
yields of the manufacturing process, and reduces the elec-
tronic circuitry needed to implement the uniformity calcula-
tions and transformations.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow diagram illustrating the method of the
present invention;

FIG. 2 is a schematic diagram illustrating an embodiment
of the present invention.

FIG. 3 is a schematic diagram illustrating an embodiment
of the prior art.

FIGS. 4a-4f are graphs illustrating relationship between
signal values and light output.

FIG. 5 is a graph illustrating relationship between signal
values and light output.

FIG. 6 is a flow diagram according to an embodiment of the
present invention;
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FIG. 7 is a flow diagram according to an embodiment of the
present invention; and

FIG. 8 is a prior-art partial cross-section of an exemplary
EL light-emitting element useful for the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Referring to FIG. 1, the present invention is directed to a
method and apparatus for the correction of brightness and
uniformity variations in electroluminescent (EL) displays,
comprising providing 8 an EL display having one or more
light-emitting elements responsive to a multi-valued input
signal for causing the light-emitting elements to emit light at
a plurality of brightness levels; measuring 10 the brightness
of each light-emitting element at two or more, but fewer than
all possible, different input signal values; employing the mea-
sured brightness values to estimate 12 a maximum input
signal value at which the light-emitting element will not emit
more than a predefined minimum brightness (the offset) and
the rate at which the brightness of the light-emitting element
increases above the predefined minimum brightness in
response to increases in the value of the input signal (the
gain); and using the estimated maximum input signal value at
which the light-emitting element will not emit light more than
the predefined minimum brightness and the rate at which the
brightness of the light-emitting element increases above the
predefined minimum brightness in response to increases in
the value of the input signal to modify the input signal to a
corrected input signal to correct 16 the light output of the
light-emitting elements. Finally, a corrected input signal for
each pixel may be output 18 to a display for viewing by an
observer. In a preferred embodiment, the input signal may be
converted 14 into a linear space before correcting 16 if the
input signal is not in an appropriate linear space for correction
and output to adisplay. In a further preferred embodiment, the
measured brightness values may also be converted 11 into the
same linear space. Such conversions may be common to all
light emitting elements, or to all light emitting elements of a
particular color.

Referring to FIG. 3, aprior-art system is described. In FIG.
3, a correction lookup table 80 provides an output signal value
34 for each input signal data value 30 for each location (ad-
dress signal 32) of a light-emitting element (pixel) ina display
24. The correction values in the correction table 80 may be
obtained by a variety of means known in the prior art, for
example using a camera to obtain the output brightness of
each pixel for each data signal input. The correction table 80
then provides a corrected output value 34 to cause the pixel to
output at the desired brightness for each input value. If a
display 24 is completely uniform and at the desired brightness
for each input signal 30, then the correction table output
matches the input for each pixel. If a display 24 is not com-
pletely uniform or at the desired brightness for each input
signal, then the correction table 80 supplies the corrected
output signal 34 that will drive the desired display output.

In the most complete case, this approach requires a lookup
table value for each pixel at each input signal value. For
example, if a display incorporates a 1,000 by 1,000 array of
pixels at a signal bit depth of 8 bits, a 256 MByte memory is
required. If each pixel in the display is a color pixel, then
additional memory must be employed for each color, result-
ing in a requirement of 768 MBytes. Even for relatively small
displays, e.g. 100 by 100 pixels, this requirement is a signifi-
cant 7.68 MBytes. Hence, such a design may be impractical
for cost or packaging reasons. While alternative solutions
requiring less memory (e.g., use of linear interpolations
between fewer data points) may be employed, such
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approaches may be less accurate, particularly for device
responses that are non-linear and may require extensive com-
putational hardware.

Referring to FIG. 2, one embodiment of a simpler solution
according to the present invention requiring far less memory
is illustrated. An input data signal 30 is input with an address
value signal 32 providing correction data for each pixel in the
display 24. The input signal may be analog or digital,
although a digital signal is preferred. If a conversion of the
input signal to a linear space is desired to improve accuracy of
a correction, it may be performed through a look-up table 28
to form a linear input data signal 40. This conversion may be
a common conversion that is applied to all input signals, and
may be based upon a series of measured brightness values and
a priori knowledge of the display response to input signals.

The address value 32 (representing the location of a light
emitting element in the display 24) is applied to a look-up
table 26 having a single entry for each light emitting element
location. Preferably, a single, multi-bit integrated circuit
memory is employed to reduce size and to minimize cost.
Because storage is limited due to cost and size restrictions, the
multi-bit storage is divided into first and second portions 26a
and 265 and employed to store the two values associated with
each light emitting element location: the offset 38 represent-
ing the maximum input signal value at which the light-emit-
ting element will not emit more than a predefined minimum
brightness, and the gain 36 representing the rate at which the
brightness of the light-emitting element increases above the
predefined minimum brightness in response to increases in
the value of the input signal. The two values 36 and 38 may be
stored with unequal precision; preferably the offset value 38
has fewer bits than the gain value 36. The offset value 38 is
applied to an adder 22 and the gain value 36 to a multiplier 20.
A multiply and an add operation are performed on the input
data signal 30 or 40 to create a corrected data signal 34. Since
multiply and add operations 20 and 22 implement a linear
transformation of the input signal, the order of operations 20,
22 may be reversed without affecting the transformation
result.

The corrected signal 34 is then applied to an EL display 24
to drive the EL display with improved uniformity. Note that
the common linear space conversion 28, while providing an
input signal conversion to linear space, will not correct pixel
uniformity. Hence, an individual linear transformation 20, 22
for each pixel is still required. The corrected data signal 34
may be converted to an analog signal, if desired. A further
transformation of the corrected signal to a display space may
be provided to optimize the response of the display (not
shown). Hence, according to the present invention a linear
conversion of the signal space followed by a linear transfor-
mation to correct the signal output provides an improved
correction method employing less memory and providing
improved accuracy over prior art methods employing look-up
tables alone or in combination with linear interpolations
between selected values stored in look-up tables.

In an alternative embodiment, the maximum input signal
value at which the light-emitting element will not emit more
than a predefined minimum brightness is stored as a differ-
ence from amean value and/or the rate at which the brightness
of the light-emitting element increases above the predefined
minimum brightness in response to increases in the value of
the input signal is stored as a difference from a mean value.
This may reduce the storage requirements of the correction
values. The mean values may be stored in a controller, at
another location in the memory, or in a driver circuit. In yet
another embodiment, an indicator bit may be employed with
the correction signals for each pixel to indicate when a cor-
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rection is out of range. Out-of-range pixel corrections may be
stored elsewhere in the memory, controller, or driving circuit.

In one embodiment, the memory for the look-up table 28 is
packaged with an associated display device, to enable effi-
cient packaging, shipment, and interconnection. Such a pack-
age can include a memory affixed to the display or to a
connector fastened to the display and possibly sharing some
of the connections of the connector.

According to a further embodiment of the present inven-
tion, the EL display 24 may be a color display with color
pixels comprising, for example, red, green, and blue subpix-
els. For such a color display, a set of offset and gain values
may be calculated for each sub-pixel, stored in a memory, and
employed to correct an input signal, as described above. In
order to minimize cost and size, a single integrated circuit
memory having 32 bits (four bytes) of storage at each address
location may be employed to provide 32 bits of correction
information for each pixel. This storage may be divided in a
variety of ways between the offset and gain values for each
sub-pixel. For example, four bits may be employed for storing
each of the red and blue offset values, six bits may be
employed for storing each of the red and blue gain values, five
bits may be employed for storing the green offset value and 7
bits for the green gain value. Since the human eye is most
sensitive to green, additional information may be provided for
the green channel. Alternatively, ten bits (four for offset and
six for gain) may be provided for every color channel and the
remaining two bits employed for other information. In a four-
color pixel system (e.g. red, green, blue, and white), eight bits
may be employed for each sub-pixel, for example with three
bits of offset information and five bits of gain information.
Alternatively, a larger memory having eight bits for each
offset and gain value (6 bytes per pixel location) may be
employed. In comparison with the prior art, this embodiment
of the present invention may employ a lookup table of only
60,000 bytes for a 100-by-100-element display. A variety of
memories having different numbers of bits per memory
address are available commercially. In particular, memories
with 8 bits or 32 bits per address location are known. In a
further embodiment of the present invention, the corrections
for each light-emitting element of a color in a color display
may be adjusted to control the white point of the display.

Referring to FIG. 8, a prior-art EL light-emitting element
includes a substrate 210 on which is formed a first electrode
220, a light-emitting layer 230, and a second electrode 240.
Typically one of the two electrodes is transparent and the
other electrode is reflective. The light-emitting layer 230 can
include organic materials such as found in OLED devices or
inorganic materials in a polycrystalline semiconductor
matrix, for example quantum dots. (Explicitly referenced
below). In a typical flat-panel display, and in particular for EL
displays, thin-film transistors are used to drive the pixels. The
thin-film transistors often have variable performance, for
example, the voltage at which they turn on may vary from
transistor to transistor. Hence, the uniformity of the pixels in
the display will be compromised and a variety of different
control signals needed to turn all of the pixels on at a common
brightness. Moreover, the manufacturing process for the pixel
elements may cause one pixel to have a different efficiency
from another. Hence, the response to increasing signal values
will not result in a comparable increase in pixel brightness for
all pixels and the display will not be uniform. In particular, EL
devices are subject to manufacturing variability depending on
the process for materials deposition. In the case of OLED and
hybrid organic-inorganic LEDs organic material vaporization
non-uniformities lead to within-device variability. Other
deposition methods including coating and inkjet printing can
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be used in manufacturing polymeric-LEDs (PLED) or EL
devices containing colloidally formed quantum dots; these
methods also have materials laydown variability associated
with them. These types of variability can affect the efficiency
of pixels in the display.

Referring to FIG. 4a, the light emitted in response to a
variety of signal values for three pixels is illustrated. The first
pixel begins emitting light at a first signal value and responds
to an increasing signal value at a first rate as illustrated in the
first signal value to light output curve 50. Similarly, the sec-
ond pixel begins emitting light at a second, different signal
value and responds to an increasing signal value at a different
rate as illustrated in the second signal value to light output
curve 52. Likewise, the third pixel begins emitting light at a
third, different signal value and responds to an increasing
signal value at a different rate as illustrated in the second
signal value to light output curve 54. As illustrated here, the
value at which each of the three pixels begin emitting light is
different, as is the rate at which their light output increases in
response to increasing signal values.

According to the present invention, the brightness of the
light-emitting elements is measured at two or more different
data input signal values. Referring to FIG. 4b, the dots rep-
resent two light-output measurements 56 and 58 at two dif-
ferent data-input signal values. Referring to FIG. 4¢, more
than two measurements may be taken at more than two data
input signal values and the results averaged to form a more
accurate estimate of performance. In accordance with the
invention, however, measurements need not be made for
every possible input signal value.

According to an alternative embodiment of the present
invention, the correction of the input data signal may be
enhanced by first converting the input signal to a linear space
in which the light output is linearly related to an increase in
data input signal value, if it is not already in such a space. This
conversion may be common to all light emitting elements,
common to all light emitting elements of a common color, or
individualized for each light-emitting element. Such conver-
sions may be complex, since the relationship between signal
value and brightness may be likewise complex, especially for
a defective light-emitting element. Referring to FIG. 4c¢, e.g.,
rather than averaging the values to form a poor linear approxi-
mation of the performance of the light emitters, the three
values can be fit to an equation that is then used to create a
conversion to linearize the relationship between signal value
and light output. The conversion can be done either with a
computing circuit or a lookup table. The curve may not be
monotonic and may have a complex shape, since the light
emitter itself may be dysfunctional. Hence, a conversion of
the input signal may be necessary to enable good results. The
measurements shown in FIG. 4¢ according to this alternative
embodiment may be the average output from all light emitting
elements, the average output from all light-emitting elements
of'a common color, or the light output from each light-emit-
ting element. Referring to FIG. 6, this conversion may be
accomplished by first measuring 90 the brightness of the
light-emitting elements at three or more input signal values;
fitting 92 an equation to match the measured brightness val-
ues; selecting 94 a desired maximum brightness level at a
desired input signal value; and creating 96 an input signal
conversion employing the equation and the desired maximum
brightness level at a desired input signal value to convert the
input signal to a converted input signal having a linear rela-
tionship between input signal value and brightness and a
maximum brightness level at the desired input signal value to
provide a converted 98 input signal.
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If the EL display is a color display comprising light-emit-
ting elements of multiple colors, separate conversions may be
made for input signals for each color of light-emitting ele-
ment thereby enabling independent corrections for each of
the color planes in the EL display.

It is generally desirable to drive a display employing a
range of input signal values from a minimum brightness to a
maximum brightness for an application. For example, in a
digital camera display, a brightness range from 0 cd/m? to 200
cd/m? may be desired. It is also desirable to provide a smooth
gray scale between the minimum and maximum brightness
values. This may be achieved by mapping the input signal
from its minimum value (typically zero) to its maximum
value (typically 255 for an 8-bit system). Hence, the pre-
defined minimum brightness will preferably be defined to be
zero cd/m?. The desired input signal corresponding to the
minimum brightness is likewise preferably zero. However,
because of non-uniformities in output, a light emitting ele-
ment may emit no light for input signal values greater than
zero, hence to provide a smooth gray scale between the mini-
mum and maximum brightness values, the maximum input
signal value at which the light-emitting element will not emit
any light must be estimated and mapped to the minimum
input signal value desired (typically zero).

Once the input signal values are converted into a linear
space, the offset and gain values can be employed to cause
each pixel in a display to output the same amount of light by
correcting the signal used to drive the display to provide a
known output. For example, if it is desired to uniformly emit
light over a range of brightnesses from 0 cd/m? to 200 cd/m?
employing a signal from 0 to 255 (8 bits), and a pixel has an
offset of 10 and a gain of 0.7 cd/bit, the signal must be
multiplied by 1.12 and offset by 10 to provide the desired
output. Of course, a limited number of bits in the offset and
gain values and the circuitry will limit the precision and
accuracy of the result. Generally, the more bits available, the
more accurate will be the result.

In the case of using only two brightness measurements, the
gain value may be simply estimated by finding the slope of the
line formed by the two brightness measurements. The offset
value may be estimated by finding the input signal value at
which the brightness equals zero (i.e., where the line crosses
the input signal value axis). It is preferred to make the mea-
surements of brightness at well-separated data input signal
values. Since any measurement has an inherent error, the
estimation of the gain and offset values may be more accurate
if the values are not close together. Referring to FIG. 4e in
comparison to FIG. 4d, the dot represents the range of error
possible. As can be seen by the variety of lines drawn through
the dots where they are close together, a wider variety of
offset and gain values may be obtained and reduced accuracy
may result. Multiple measurements may be made to improve
accuracy (as shown in FIG. 4¢) by providing more data points
to fit a line. A variety of algorithms for fitting data may be
employed as known in the numerical analysis art.

Widely separated brightness measurements may be taken
in an automated fashion by employing a measurement device
for measuring the brightness of the EL device in response to
the multi-valued input signal and including the steps of select-
ing the two or more different input signal values by driving at
least one light-emitting element at a first input signal value
and then increasing or decreasing the input signal value until
the measured brightness reaches a maximum or minimum
measured value, and employing the input signal value corre-
sponding to the maximum or minimum measured value as the
larger or smaller of the two-or-more different input signal
values.
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To determine widely separated brightness values, a process
such as that shown in FIG. 7 may be employed to find suitable
input signal values. Referring to FIG. 7, a maximum bright-
ness value may be obtained by first selecting 100 an arbitrary
input signal value. The light output A corresponding to the
arbitrary input signal is then measured 102. The input signal
value is then incremented 104 and the light output B corre-
sponding to the incremented input signal measured 106. A
and B are compared 108, and if equal either the output device
has reached its maximum or the measurement device is satu-
rated. In this case, the input signal value is decremented 110
and the light output B measured 112 and compared with A
again 114. If the values of A and B are still equal, the system
is still saturated and the process continues until a difference is
found. When the measured light output changes 116, the input
signal value corresponding to the previous measurement of B
represents the minimum input signal value that will generate
the maximum light output. I, in the initial comparison 108 of
the values of A and B, the values are different, the maximum
brightness is not necessarily reached and the value of A is set
equal 120 to B, the input signal value is incremented 122
again, the output measured 124 and assigned to B, and the
values of A and B are compared again. If the values are the
same 116, the input signal value corresponding to A repre-
sents the minimum input signal value that will generate the
maximum light output and the process is complete 118. If the
values are not the same, the value of A is set equal 120 to B
again, and the process repeats. The process of finding a mini-
mum brightness value is similar to the process illustrated in
FIG. 7, except that rather than incrementing, the input signal
value is decremented, and vice versa. The processes may be
employed for individual light emitting elements, or may be
employed for all elements in a device together.

If the EL display is a color display comprising light-emit-
ting elements of multiple colors the process described in FIG.
7 may be repeated for each of the colors and separate two-or-
more different input signal values may be selected for each
color of light-emitting element.

Applicants have determined through experimentation that,
despite measures taken to reduce the noise in the light output
measurements, it can be difficult to consistently and accu-
rately measure the light output from each of the light-emitting
elements. In this case, it is possible to perform a global cor-
rection representing the average offset and gain of the device
by measuring the output ofall, or at least more than one, of the
light-emitting elements. This can be done by measuring the
overall brightness and gain of the EL display at one or more
input signal values and adjusting the correction based on the
measured overall brightness and gain. The correction is pref-
erably done after the individual light-emitting elements have
been corrected and the measurement made with as many of
the light-emitting elements illuminated as possible. After
measuring the offset and gain of the device as a whole, a
global correction can be incorporated into each of the indi-
vidual corrections of the light-emitting elements.

The measurements may be made by employing an optical
measurement device (for example a digital camera) for mea-
suring the brightness of the ELL device in response to the
multi-valued input signal. Applicants have determined that
noise in the measurements (in particular sampling errors)
may be reduced by including one or more of the steps of
measuring the brightness of one or more light-emitting ele-
ments of the EL device with the optical measurement device
focused on the EL device, and measuring the brightness of
one or more light-emitting elements of the EL device with the
optical measurement device defocused on the EL device. The
separate measurements may be separately analyzed and their
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results combined to create a preferred global correction.
Alternatively, the focused and defocused measurements may
be combined before they are analyzed. If a digital camera is
employed to make the measurements, the resulting images
represent the output of the EL light-emitting elements. These
images may be processed using digital image processing
means known in the art, for example averaging pixel values,
identifying regions-of-interest around pixels, and determin-
ing characteristics of the regions such as centroids.

Even when employing a linear conversion, the brightness
of alight-emitting element may not always be perfectly lin-
early related to the input signal values supplied to the display.
Although the driving circuits used in such displays provide a
functional transform in the relationship between the input
signal values and the associated light-emitting element
brightness, the desired correction factors for a light-emitting
element may vary in non-linear ways at different brightness
levels. Experiments performed by applicant have taught this
is especially true for non-uniform light-emitting elements
that, by definition, do not behave as desired or expected. In
that case, if a linearizing conversion is not readily available, or
is too costly or inaccurate, offsets and gains corresponding to
a plurality of linear line segments may be employed to more
closely approximate the actual performance of the light-emit-
ting element. Referring to FIG. 4f; e.g., two line segments 60
and 62 are formed from three data points. Each consecutive
pair of points may be used to calculate a different gain and
offset value. These gain and offset values may be stored in the
memory as described above. However, since they are range
dependent (the appropriate offset and gain values depend on
the data signal value) at least a portion of the input data signal
must also be applied to the memory, as shown with the dotted
line 30a in FIG. 2. Applicants have determined that, even in
the worst cases, only a few different sets of correction values
need be employed to provide adequate accuracy, hence only
the most significant bits of a digital input data signal typically
would need to be applied to the memory 26. For example, four
different correction values may be employed over an 8-bit
range: a first gain and offset value for the signal values rang-
ing from 0-63, a second gain and offset value for the signal
values ranging from 64-127, a third gain and offset value for
the signal values ranging from 128-191, and a fourth gain and
offset value for the signal values ranging from 192-255. In
this example, only the two most significant bits are applied to
the memory 26 and an increase in memory size of a factor of
four is required to store the additional information.

In an alternative embodiment of the present invention, a
simplified correction mechanism may be employed to further
reduce the complexity and size of the correction hardware.
Applicant has determined that a large number of significant
non-uniformity problems are associated with rows and col-
umns of light-emitting elements. This is attributable to the
manufacturing process. Therefore, it is possible to reduce the
memory size by grouping pixels and using common correc-
tion factors for each group. For example, since pixel address-
ing schemes typically uses an x,y address, rather than supply-
ing an individual correction factor for every light-emitting
element, correction factors for rows or columns might be
employed. If all of the pixels in one dimension (for example,
arow) have common correction factors a single set of correc-
tion factors may be employed for the entire group (for
example, a row). In the limit, a single set of values may be
employed for all of the pixels in the display. In these situa-
tions, the address range is much smaller and the memory
needed is correspondingly decreased.

Computing circuitry for integer multiplications and addi-
tions using fractions are readily accomplished using conven-

40

45

65

10

tional digital circuitry known in the art. Likewise analog
solutions, for example employing operational amplifiers, are
known in the art. Algebraic computations for lines are well
known and employ, for example, equations of the form
y=mx+b, where m represents the slope of the equation and the
gain in the system and —b/m the offset. The conversion may be
accomplished by multiplying the input signal value by the
reciprocal of the slope (I/m) and adding the offset (-b/m).

For example, referring to FIG. 5, a light-emitting element
may output 4 cd/m? when driven at a signal value of 6 and may
output 16 cd/m* when driven with a signal value of 12. In this
example, the performance of the light-emitting element in a
linear space may be characterized as L=2*V-8, L,V>=0,
where L is the light output in cd/m? and V is the value of the
driving signal. The performance is illustrated with line seg-
ment 70 in FIG. 5. The gain is then 2 and the offset is 4. If the
desired output is as shown with line segment 72 in FIG. 5,
then the correction circuitry converts the actual output (70) to
the desired output (72). That is, the desired output function
(72) must be mapped onto the actual output function (70). As
noted above, this conversion is accomplished by multiplying
the input signal value by the reciprocal of the slope (in this
example 0.5) and adding the offset (in this example 4) to
determine a corrected signal value that will create the desired
output, that is: corrected signal value=(input signal value)/
gain+offset (in this example corrected signal value=(input
signal value)/2+4).

Other functions can be mapped similarly. If the oftset value
is negative (that is the output of a light-emitting element
cannot be turned off), an offset of zero may be employed for
the defective light-emitting element. Alternatively, it may be
desirable to map all light-emitting elements to match the
performance of the defective light-emitting elements. The
multiplication value may be either greater or less than one. If
amulti-segment correction is employed (as illustrated in FIG.
4f), the gain and offset for each segment should be calculated
and employed for input signals in the range corresponding to
the segment.

Means to measure the brightness of each light-emitting
element in a display are known and described, for example, in
the references provided above. In a particular embodiment,
systems and methods as described in copending, commonly
assigned U.S. Ser. No. 10/858,260, filed Jun. 1, 2004, may be
employed, the disclosure of which is incorporated by refer-
ence herein.

In typical applications, displays are sorted after manufac-
ture, into groups that may be applied to different purposes.
Some applications require displays having no, or only a few,
faulty light-emitting elements. Others can tolerate variability
but only within a range, while others may have different
lifetime requirements. The present invention provides a
means to customize the performance of an EL display to the
application for which it is intended. It is well known that EL.
devices rely upon the current passing through them to pro-
duce light. In the case of OLED, PLED and hybrid organic-
inorganic displays, as the current passes through the materi-
als, the materials age and become less efficient. By applying
a correction factor to a light-emitting element to increase its
brightness, a greater current is passed through the light-emit-
ting element, thereby reducing the lifetime of the light-emit-
ting element while improving the uniformity.

The correction factors applied to an EL device may be
related to the expected lifetime of the materials and the life-
time requirements of the application for which the display is
intended. The maximum combined correction factor may be
set, e.g., so as to not exceed the ratio of the expected lifetime
of'the display materials to the expected lifetime of the display
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in the intended application. For example, if a display has an
expected lifetime of 10 years at a desired brightness level, and
an application of that display has a requirement of 5 years, the
maximum combined correction factor for that display may be
set so as not to exceed two, if the current-to-lifetime relation-
ship is linear. Ifthe relationship is not linear, a transformation
to relate the lifetime and current density may be employed.
These relationships can be obtained empirically. Hence, the
combined correction factor for a display may be limited by
application. Alternatively, one can view this relationship as a
way to improve the yields in a manufacturing process by
enabling uniformity correction in a display application (up to
a limit) so that displays that might have been discarded, may
now be used. Moreover, EL, devices having more-efficient
light-emitting elements may have a reduced power require-
ment thereby enabling applications with more stringent
power requirements.

The display requirements may be further employed to
improve manufacturing yields by correcting the uniformity of
specific light-emitting elements or only partially correcting
the uniformity of the light-emitting elements. Some applica-
tions can tolerate a number of non-uniform light-emitting
elements. These light-emitting elements may be chosen to be
more or less noticeable to a user depending on the application
and may remain uncorrected, or only partially corrected,
thereby allowing the maximum combined correction factorto
remain under the limit described above. For example, if a
certain number of bad light-emitting elements were accept-
able, the remainder may be corrected as described in the
present invention and the display made acceptable. In a less
extreme case, bad light-emitting elements may be partially
corrected so as to meet the lifetime requirement of the display
application and partially correcting the uniformity of the dis-
play. Hence, the correction factors may be chosen to exclude
light-emitting elements, or only partially correct light-emit-
ting elements, that fall outside of a correctable range. This
range, as observed above, may be application dependent.

There are a variety of ways in which light-emitting ele-
ments may be excluded from correction. For example, a mini-
mum or maximum threshold may be provided outside of
which no light-emitting elements are to be corrected. The
threshold may be set by comparing the expected lifetime of
the materials and the application requirements.

In a preferred embodiment, the present invention is
employed in a flat-panel OLED device composed of small
molecule or polymeric OLEDs as disclosed in but not limited
to U.S. Pat. No. 4,769,292, issued Sep. 6, 1988 to Tang et al.,
and U.S. Pat. No. 5,061,569, issued Oct. 29,1991 to VanSlyke
et al. In another preferred embodiment, the present invention
is employed in a flat-panel inorganic LED device containing
quantum dots as disclosed in, but not limited to U.S. Patent
Application Publication No, 2007/0057263 entitled “Quan-
tum dot light emitting layer” and pending U.S. application
Ser. No. 11/683,479, by Kahen, which are both hereby incor-
porated by reference in their entirety. Many combinations and
variations of organic, inorganic and hybrid light-emitting dis-
plays can be used to fabricate such a device, including both
active- and passive-matrix LED displays having either a top-
or bottom-emitter architecture.

The invention has been described in detail with particular
reference to certain preferred embodiments thereof, but it will
be understood that variations and modifications can be
effected within the spirit and scope of the invention.

PARTS LIST

8 Provide display step
10 measure brightness step
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11 convert signal step

12 estimate parameters step

14 convert signal step

16 correct signal step

18 output corrected signal step
20 multiplier

22 adder

24 display

26 memory

26a first portion of memory

26b second portion of memory
28 conversion lookup table

30 data input signal

30a portion of data input signal
32 address signal

34 corrected data input signal
36 gain correction signal

38 offset correction signal

40 converted data signal

50 first signal value to light output curve
52 second signal value to light output curve
54 third signal value to light output curve
56 first measurement value

57 third measurement value

58 second measurement value
60 first line segment

62 second line segment

70 actual signal response

72 desired signal response

80 lookup table

90 measure luminance step

92 fit equation step

94 select output values step

96 create conversion step

98 convert signal step

100 select initial value step

102 measure light step

104 increment value step

106 measure light step

108 compare measurements step
110 decrement value step

112 measure light step

114 compare measurements step
116 determine maximum step
118 task complete step

120 assign measurement value step
122 increment value step

124 measure light step

126 compare measurements step
210 substrate

220 electrode

230 EL light-emitting layer

240 electrode

The invention claimed is:

1. A method for the correction of average brightness or
brightness uniformity variations in electroluminescent (EL)
displays, comprising:

a) providing an EL display having one or more light-emit-

ting elements responsive to a multi-valued input signal
for causing the light-emitting elements to emit light at a
plurality of brightness levels;

b) measuring the brightness of each light-emitting element
at two or more, but fewer than all possible, different
input signal values;

¢) employing the measured brightness values to estimate a
maximum input signal value at which the light-emitting
element will not emit more than a predefined minimum
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brightness and the rate at which the brightness of the
light-emitting element increases above the predefined
minimum brightness in response to increases in the
value of the input signal; and

d) using the estimated maximum input signal value at

which the light-emitting element will not emit light
more than the predefined minimum brightness and the
rate at which the brightness of the light-emitting element
increases above the predefined minimum brightness in
response to increases in the value of the input signal to
modify the input signal to a corrected input signal to
correct the light output of the light-emitting elements.

2. The method of claim 1, wherein the EL display provided
contains light-emitting quantum dots.

3. The method of claim 1, wherein the modification of the
input signal to a corrected input signal comprises a linear
transformation.

4. The method of claim 1, wherein the EL display has more
than one light-emitting element and the corrected input signal
improves the brightness uniformity of the EL display.

5. The method of claim 1, wherein the EL display is a color
display comprising light-emitting elements of multiple col-
ors.

6. The method of claim 5, wherein the white point of the
display is adjusted by adjusting the input signal modifications
for each light-emitting element to modify the average bright-
ness of the display for each color of light.

7. The method of claim 1, wherein the input signal modi-
fications for each light-emitting element are adjusted to
modify the average brightness of the display.

8. The method of claim 1, wherein maximum input signal
values at which the light-emitting elements will not emit light
above the predefined minimum brightness and rates at which
the brightness of the light-emitting elements increase above
the predefined minimum brightness in response to increases
in the value of the input signal that have been estimated based
on the brightness values of light-emitting elements measured
at only two different input signal values are employed to
modify the input signal to a corrected input signal for the
entire range of the multi-valued input signal to correct the
light output of the light-emitting elements.

9. The method of claim 1, wherein the brightness of each
light-emitting element is measured at more than two different
input signal values and the measurements are combined to
estimate the maximum input signal value at which the light-
emitting element does not emit light above the predefined
minimum brightness and the rate at which the brightness of
the light-emitting element increases above the predefined
minimum brightness in response to increases in the value of
the input signal.

10. The method of claim 1, wherein the brightness of each
light-emitting element is measured at more than two different
input signal values and each consecutive pair of measure-
ments are combined to estimate the maximum input signal
value at which the light-emitting element does not emit light
above a predefined minimum brightness and the rate at which
the brightness of the light-emitting element increases above a
predefined minimum brightness in response to increases in
the value of the input signal for each pair, and the estimated
values are applied for modification of input signals in each
measurement range.

11. The method of claim 1, wherein the estimated maxi-
mum input signal value at which the light-emitting element
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will not emit light above a predefined minimum brightness
and the rate at which the brightness of the light-emitting
element increases above a predefined minimum brightness in
response to increases in the value of the input signal for each
light-emitting element are stored as correction values within
a lookup table.

12. The method of claim 11, wherein the correction values
for each light-emitting element are stored together at single
address locations of the lookup table.

13. The method of claim 1 wherein the maximum input
signal value at which the light-emitting element will not emit
more than a predefined minimum brightness is stored with a
first number of bits and the rate at which the brightness of the
light-emitting element increases above the predefined mini-
mum brightness in response to increases in the value of the
input signal is stored at a second number of bits, and wherein
the first and second number of bits are different.

14. The method of claim 1 wherein the maximum input
signal value at which the light-emitting element will not emit
more than a predefined minimum brightness is stored as a
difference from a mean value and/or the rate at which the
brightness of the light-emitting element increases above the
predefined minimum brightness in response to increases in
the value of the input signal is stored as a difference from a
mean value.

15. The method of claim 1, further comprising a conversion
to convert the measurements and/or input signals into a linear
space before the estimations and/or modifications are per-
formed.

16. The method of claim 1, further comprising the steps of
calculating the conversion by:

a) measuring the brightness of the light-emitting elements

at three or more input signal values;

b) fitting an equation to match the measured brightness

values;

c) selecting a desired maximum brightness level at a

desired input signal value; and

d) creating an input signal conversion employing the equa-

tion and the desired maximum brightness level at a
desired input signal value to convert the input signalto a
converted input signal having a linear relationship
between input signal value and brightness and a maxi-
mum brightness level at the desired input signal value.

17. The method of claim 16, wherein the brightness values
measured for calculating the conversion are average bright-
ness values of the light emitting elements.

18. The method of claim 15, wherein the EL display is a
color display comprising light-emitting elements of multiple
colors and separate common conversions are made for input
signals for each color of light-emitting element.

19. The method of claim 1, further comprising selecting the
two or more different input signal values by driving at least
one light emitting element at a first input signal value and then
increasing or decreasing the input signal value until the mea-
sured brightness reaches a maximum or minimum measured
value, and employing the input signal value corresponding to
the maximum or minimum measured value as the larger or
smaller of the two-or-more different input signal values.

20. The method of claim 19, wherein the EL display is a
color display comprising light-emitting elements of multiple
colors and independently selecting two-or-more different
input signal values for each color of light-emitting element.
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