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Abstract The structures, operating principles and technical issues of OLED pixel
circuits are explained in this chapter. First, the necessity and role of the OLED pixel
circuit is introduced. Then, three operating principles: diode-connection, source-
follower and current programming schemes of in-pixel compensation techniques are
explained. Other compensation techniques utilizing a complicated system outside the
display panel are also introduced. Moreover, three examples of OLED pixel circuits
employed in mobile display products are analysed in detail. Finally, the effect of the
Vr extraction time and dimming method on low-grey-level mura, is discussed.

1 The Need for OLED Pixel Circuit

Unlike liquid crystal displays (LCD), organic light-emitting diode (OLED) displays
require a circuit in every pixel. A single transistor as an on/off switch in each pixel
is usually sufficient to operate an LCD, but at least two transistors are required for
each pixel of an OLED display as shown in Fig. 1.

1.1 OLED Driving in a Display

OLEDs exhibit non-uniform luminance-to-voltage (L.-V) characteristics even on a
single substrate due to the non-uniformity of the fabrication process. In addition,
non-uniform degradation of L-V characteristics occurs during operation because the
cumulative light-emitting time differs from pixel to pixel. However, the luminance-
to-current (L-I) characteristics are more uniform and stable against the process non-
uniformity and long-term operation. Therefore, it is difficult to express precise grey
levels with an OLED by adjusting the voltage across it, as shown in Fig. 2a, or by
modulating the duty ratio with a constant supply voltage. On the other hand, the
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Fig. 2 a Voltage driving of OLED. b Current driving of OLED

current driving scheme shown in Fig. 2b is more likely to be utilized for uniform and
stable grey-level expression. The current source in the current driving scheme gives
rise to additional power consumption for the same OLED current compared with the
voltage driving scheme.

1.2 Role of the OLED Pixel Circuit

The I-V characteristics of an OLED tend to degrade with operation time as illustrated
in Fig. 3a. Therefore, the voltage across the OLED, Vo gp increases to keep the
current, [ gp constant as illustrated in Fig. 3b [1]. In this case, the voltage across
the current driver, Vpry, in Fig. 2b, decreases when the supply voltage, ELVDD, is
constant. This function—the maintenance of a constant lo; gp against the inevitable
VorLep change—is the first role of the OLED pixel circuit. If this is not fulfilled
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Fig.3 Degradation of OLED performance: a in constant-voltage driving and b in constant-current
driving

properly, OLED degradation will result in the appearance of severe image sticking
on the screen.

The current driver is made of a thin-film transistor (TFT) in the saturation regime.
Therefore, the drain-to-source voltage, Vpg, of the TFT has little effect on the drain
current, which is the same as the Iop gp. The drain current of the TFT is predominantly
determined by the gate-to-source voltage, Vgs, which is stored in a capacitor, Cgr,
and refreshed every frame as in the case of active-matrix LCD driving. However,
the I-V characteristics of many TFTs exhibit large deviations so the current of the
TFT is not uniform from pixel to pixel although precise data voltage is stored in Cgr.
Usually, 256 different voltage levels are stored in Cgt and 256 corresponding current
levels should be precisely generated by the TFT, as shown in Fig. 4. The voltage
difference between adjacent grey levels is as small as several millivolts in some
cases. However, for example, the deviation of the threshold voltage, Vr, of the TFT
is sometimes hundreds of millivolts, even on a single substrate. Therefore, without
any special technique, the luminance of each pixel is not uniform. The second role
of the OLED pixel circuit is to compensate for the non-uniform characteristics of the
TFT and to generate uniform grey-level current according to the various data voltage
levels. Figure 5 shows the display images of an OLED panel without and with the
compensation function, respectively, in the pixel circuit [2].
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Fig. 5 Display images of OLED panel: a without compensation function, b with compensation
function

The supply voltage ELVDD at a certain pixel drops compared with that at the
input pad of the display panel because some current for OLED driving flows through
the thin metal line of the ELVDD that has non-zero resistance. For a large-sized
OLED display, this drop in supply voltage, the so-called IR drop, should not affect
the Iogp value. This requirement should also be satisfied by the OLED pixel circuit.

1.3 TFT-to-OLED Connection Structure

The OLED and the current driver TFT can be connected in two ways, as shown in
Fig. 6. The first option is to connect the TFT to the anode of the OLED, as shown in
Fig. 6a. This is called the common-cathode structure because the cathode is shared
by all the pixels on a display panel and the anode is separated pixel by pixel. The
second way is the common-anode structure where a TFT is connected to the cathode
of the OLED and the anode is shared by all the pixels, as shown in Fig. 6b.

All the commercially produced OLED displayed so far have had the common-
cathode structure because it can be easily fabricated with high resolution. The reason
for this is as follows. The TFT fabrication process normally precedes the OLED
deposition process, since the water, oxygen, plasma, etc. utilized in the TFT process
severely degrade the performance of the OLED. In the OLED process, an anode
made of ITO is normally deposited before the organic light-emitting layer, which is
apt to be damaged by the plasma during the anode deposition process. As a result,
the anode is placed between the TFT and the OLED layers, so it is easy to connect
the TFT to the anode rather than the cathode of the OLED. In addition, without the
delicate OLED layers, the via hole connecting the TFT and the OLED anode can be
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Fig.6 Two ways of TFT and OLED connection: a common-cathode structure and b common-anode
structure

formed using a photolithography process, resulting in a more efficient pixel layout
than the common-anode structure, in which much larger connecting hole is required
to connect the uppermost cathode and the TFT.

Figure 7 shows examples of Cgr connection in the pixel circuit. When an n-
channel TFT is used as the current driver, Cst should be connected between the gate
and source terminals of the current driver TFT, as shown in Fig. 7b, because only this
structure preserves the Vg of the TFT against the variation in OLED characteristics.
If Cgr is connected between the gate and a DC voltage, as shown in Fig. 7a, the Vgs
of the current driver TFT is affected by Vorgp. So, this structure is vulnerable to
severe image sticking. When a p-channel TFT is used as the current driver, Cst can be
connected between the gate of the TFT and any DC voltage, as shown in Fig. 7c. The
variation of OLED I-V characteristics has little effect on Iorgp because the OLED

only affects the Vpg of the TFT.
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Fig.7 a Cgr connection between the gate of an n-channel TFT and a DC voltage, b Cst connection
between the gate and source of an n-channel TFT, ¢ Cgt connection between the gate of a p-channel

TFT and a DC voltage
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2 Operating Principles of OLED Pixel Circuit

There are many device parameters that determine the I-V characteristics of a TFT,
e.g. threshold voltage V7, field-effect mobility pgg and subthreshold swing S.S.
Among these parameters, Vr is the most important because the current driver TFT
operates with the Vgg value around Vr, where the drain current is exponentially
dependent upon Vgs. So, the operation of an OLED pixel circuit is primarily focused
on compensating for the V1 non-uniformity of the current driver TFT.

However, Vt is not everything. TFTs may have different g and S.S. values even
if they have the same V1. We need to compensate for the non-uniformity at every
current level over the whole grey scale in use to completely remove the mura, which
is practically impossible. In fact, the pixel circuit designed to compensate for the
non-uniform Vr also compensates for the non-uniformity of g and S.S. Precisely
speaking, such a circuit reduces the current deviation for the current level reached at
the end of the compensation period. This is discussed in detail in Sect. 4.

2.1 In-Pixel Compensation

The current of the driver TFTs over the entire panel becomes uniform if the Vr of
the driver TFT itself in each pixel is stored in Cgr, in addition to the data voltage
Vbata, as shown in Fig. 8. For this purpose, we need to extract the Vr of the current
driver TFT in every pixel. Thus far, two methods have been developed to accomplish
this. One method is to reduce the Vgs of the TFT by its own drain current until it
turns off after initially applying a sufficiently large Vgg to turn on the TFT. In this
method, here, Vr is extracted at the instant of TFT turn-off and stored in Cgt. The
other method is to make the current with a specific value flow through the driver
TFT. The Vgs of the driver TFT changes to make the drain current identical to the
specific current value and is then stored in Cgyt. The first method is called the voltage
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Fig. 8 Bias state of the current driver TFT during the light-emission period of OLED as a result
of V1 compensation: a n-channel TFT case, b p-channel TFT case
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programming scheme, since a data voltage is delivered to each pixel to express a
certain grey level. In the second method, however, a data current is supplied to each
pixel through the data line to set up an appropriate Iogp in the driver TFT. This
method is called the current programming scheme. Both methods can be carried out
within each pixel circuit or by a system outside the display panel. In this subsection,
the mechanisms for how it is performed in the pixel circuit are explained.

The first method mentioned above can be implemented in two ways. One is to
change the gate voltage with the source voltage fixed and the other is to change the
source voltage with the gate voltage fixed. In the former case, the drain and gate nodes
of the TFT should be connected to each other—the so-called diode connection—for
the drain current to charge or discharge the gate node. In the latter case, the source
node is charged or discharged by the drain current and approaches the gate voltage
until the TFT is turned off. Therefore, this is called the source-follower scheme.

2.1.1 Diode-Connection Scheme

The process of V1 compensation using the diode connection is shown in Fig. 9.
Two switch TFTs, S1 and S2, are open to preserve the charge in Cgt during the
light-emission period, as shown in Fig. 9a. A large Vs, such as —7 V in Fig. 9b,
is initially applied to the driver TFT to turn it on. This moment is called the reset
or initialization period. The current of the driver TFT should not flow through the
OLED during this period as such current flow precludes a high-quality expression
of black. Then, S1 opens and S2 closes—diode connection—for the drain current
to charge the gate node. The gate node is charged until the driver TFT is turned
off—strictly speaking, it goes into the subthreshold regime rather than turn-off. At
this instant, the drain current becomes negligibly small and the gate node voltage is
almost saturated. The Vg at this instant is simply regarded as the Vr of the driver
TFT. In Fig. 9c, for example, the gate node voltage rises up to 9 V since the Vr is —
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Fig.9 The process of V1 compensation using the diode connection of driver TFT: a light-emission
period, b reset or initialization period, ¢ VT extraction or compensation period
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Fig. 10 The process of VT compensation using the source-follower configuration: a light-emission
period, b reset or initialization period, ¢ VT extraction or compensation period

1 V and ELVDD is 10 V. Finally, Vpara is added to the extracted Vr in Cgsy, which
could happen in a variety of ways. Some examples are introduced in Sect. 3.

2.1.2 Source-Follower Scheme

The process of V1 compensation using the source-follower configuration is shown in
Fig. 10. Two switch TFTs, S1 and S2, are open to preserve the charge in Cst during
the light-emission period as shown in Fig. 10a. A large Vs, such as 5 V in Fig. 10b
is applied to the driver TFT to turn it on during the initialization period. The current
of the driver TFT should not flow through the OLED during this period as such
current flow precludes a high-quality expression of black. Then, S2 opens with S1
still closed for the drain current to charge the source node. The source node voltage
changes as it approaches the gate node voltage—source follower—until the driver
TFT goes into the subthreshold regime. At this instant, the drain current becomes
negligibly small and the source node voltage is almost saturated. The Vgg at this
instant is simply regarded as the Vr of the driver TFT. In Fig. 10c, for example, the
source node voltage rises up to 4 V since Vris 1 V and the gate node voltage is 5 V.
Finally, Vpara 1s added to the extracted Vt in Cgt, which could happen in a variety
of ways. Some examples are introduced in Sect. 3.

2.1.3 Current Programming Scheme

The process of current programming is shown in Fig. 11. During the light-emission
period, the switch TFT S1 is open to preserve the charge in Cgr, as shown in Fig. 11a.
S2is also open while S3 is closed to make the drain current of the driver TFT the same
as IoLpp. Before the next light-emission period, the data voltage in Cgr is refreshed,
as shown in Fig. 11b. S1 and S2 are closed while S3 is open. The drain current of the
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Fig. 11 Operation of current programming scheme: a light-emission period, b programming period

driver TFT, Ipxt, is determined by ELVDD—-Vp alone because the driver TFT is in
the saturation regime by diode connection, where Vp is the voltage of the data line.
The driver IC connected to the data line draws a data current, Ipara. The difference
between Ipx; and Ipara is Icpr, which charges or discharges the capacitance of the
data line Cpr. When Ipxp is larger than Ipara, Cpr is charged and Vpp rises to
decrease Ipxr. When, on the contrary, Ipara is larger than Ipxp, Cpy is discharged
and Vpg falls to increase Ipx;. As a result, Ipxy eventually becomes the same as
Ipata. Then, S1 opens again and the voltage set up in Cst—Vgs.para 1S preserved.
S3 is closed again as shown in Fig. 11a, and o gp becomes the same as Ipara if the
driver TFT operates in the saturation regime.

The current programming scheme, in principle, brings the best compensation
results over a wide grey-scale range. [opgp is exactly same as Ipata regardless of the
non-uniformity of Vr, wgg and S.S. if the drain current of the driver TFT is constant
in the saturation regime. However, it is not used in the commercial product at all
because it takes too long time for Ipxy to match Ipara. It sometimes takes hundreds
or thousands of times longer programming time than what is available in practical
display driving. In addition, a driver IC which generates hundreds of uniform analog
current outputs is very difficult to fabricate.

2.2 Ext-Panel Compensation

The characteristics of the current driver TFT and the OLED can be evaluated by a
system outside the OLED display panel. For this, analog-to-digital converters (ADC)
should be incorporated in the driver IC. The device parameters of the TFT and OLED

Page 9 BOE v. Samsung IPR2025-01479

Ex-1017



184 K. C. Park

Pixel
: ELVDD |
Driver IC : Scan[n] T :
" 1 Voo : J_ Ve 1
A |\ Dataline , [ ] / !

1 I |
love) _L,| Display et "I% T T IR
I I
data | | controller ! gcm | Sense[n] —— . :
1 y 1 |
' Devi ADC f—a Ne— 1 Ve : L ]
: pe;::e SsmeL |\ Senseline, [ | !
1 - I | | Tss f 1
Wl Vore p—>e o— | Cs ! Vi !
DR
| OLED o $ : OLEnf !
I 1
I

External | ELVSS |
memory s ccccccacnnee= 1

Fig. 12 Schematic diagram of an OLED display module for ext-panel compensation by measuring
the voltage of the sense line

in every pixel are converted into digital data by the ADCs and saved in an external
nonvolatile memory, as shown in Fig. 12. When the data voltage in each pixel is
refreshed, the input grey-level data for each pixel are modified based on the device
characteristics data stored in the memory to display an image without mura and then
transferred to the digital-to-analog converters (DAC). The ext-panel compensation
scheme is usually employed in large display products such as TVs due to its bulky
form factor and the high cost of additional parts.

2.2.1 Voltage Sensing Scheme

The simplest pixel circuit for ext-panel compensation is composed of three n-channel
TFTs and a capacitor, as shown in Fig. 12 [3]. This circuit is used in OLED TV
products. Figure 13 shows the timing diagrams for the (a) Vt extraction and (b)
pwrg evaluation of Tpr. For Vr extraction, Tpg is initially turned on by a large Vgs.
Then it becomes turned off as the sense line voltage, Vg, rises by its own drain
current while the data line voltage, Vpy, is kept constant with the scan switch TFT,
Tsc turned on. Vg is measured by ADC when it is almost saturated. The difference
between Vpp and Vg at this instant is regarded as the Vt of Tpr. Special care
should be taken for Vgi not to exceed ELVSS during this process, otherwise Tpr
never turns off and some current will flow through Tpr and the OLED. As a result,
we cannot obtain the correct Vp value. In addition, the pixels under evaluation do
not display an appropriate image during this process and it takes a long time because
the capacitance of the sense line, Cgp, 1s too large with respect to the drain current of
Tpr approaching the threshold state. For this reason, this process cannot be carried
out while the display is in use, but it is usually performed when the display becomes
powered off.
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Fig.13 Timing diagrams of an ext-panel compensation system employing a voltage sensing scheme
for the a V extraction and b pgg evaluation of Tpr

For pgg evaluation, Tpg is initially turned on by a moderate Vg, which is deter-
mined by the previously extracted Vr value. Then the Tsc in Fig. 12 is turned off.
As a result, the Vgg of Tpr is kept constant by Cst and a constant current flows
through Tpgr. Csp. begins to be charged by the constant current when the switch,
Spre, opens. After a designated time, the sense switch TFT, Tsg turns off and Vg
is measured by ADC. The pgg of Tpr for a specific Vgs-Vr bias is calculated from
the measured Vg . During this process, Vi should not exceed ELVSS for correct
evaluation results. The pixels under evaluation do not display an appropriate image
either but this process does not take long because the constant drain current of Tpg
is rather large. So, this process can be carried out while the display is in use and it is
usually performed during a blank moment between each frame.

The degradation of L-I characteristics of OLED results in burn-in on a display,
even if Tpr supplies the same current. The I-V characteristics of OLED are used
to estimate the degradation of L-I characteristics and a larger current is supplied to
the degraded OLED to hide the burn-in. For this purpose, the I-V characteristics of
OLED are evaluated as follows. First, both Tpgr and OLED are turned on by applying
an appropriate Vg—corrected value based on the characteristics of Tpg. Then, Vg is
determined depending on the I-V characteristics of the OLED. Next, Tsc is turned off
to keep the Vgg of Tpr constant and Vg is lowered sufficiently by Vpgg to prevent
the OLED from turning on hereafter. Finally, Sprg opens and Vg, begins to rise.
The speed of the Vg rise is determined by the Vg of Tpr stored in Cgt, which is
dependent on the I-V characteristics of the OLED.
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Fig. 14 Schematic diagram of an OLED display module for ext-panel compensation by measuring
the current through the sense line with a current integrator

2.2.2 Current Sensing Scheme

The evaluation time for the device parameters in each pixel increases as the resolution
and size of an OLED display panel increase because the Cgy, increases. However,
it can be reduced and becomes independent of display resolution and size if Vgp
does not change during the evaluation process. This is implemented by employing
a current integrator, as shown in Fig. 14 [4]. Vg is kept the same as Vprg due to
the negative feedback configuration of the Op-Amp via Cgp. The current integrator
composed of an Op-Amp and a capacitor Cgp outputs a voltage that is proportional to
the current integration in Cgg. The evaluation time of this current sensing scheme is
much shorter than that of the voltage sensing scheme because a small Cgp is charged
more quickly than the large Cgp, by the same Tpr current.

3 Examples of OLED Pixel Circuit

In this section, three OLED pixel circuits used in the mobile display products
are introduced. All of them adopt an in-pixel compensation scheme and the low-
temperature polycrystalline-silicon (LTPS) TFT as a current driver. The switch
devices may be either LTPS TFTs or metal oxide (MO), e.g. IGZO TFTs. Compared
with the IGZO TFT, the LTPS TFT has better stability and relatively larger S.S.,
which is beneficial for decreasing the mura because the driver TFTs in the mobile
OLED displays operate mostly in the subthreshold regime.
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3.1 7T-1C-6L PMOS Diode-Connection Pixel Circuit

The OLED pixel circuit in Fig. 15 is composed of seven p-channel TFTs, one capac-
itor and six lines—ELVDD, Em[n], Scan[n-1], Scan[n], Data and Init (7T-1C-6L). It
was originally developed as a 6T-1C circuit [5]. The switch TFT T7 was added later
for better black expression. It has nothing to do with the compensation effect. T1 is
the current driver and T2-T7 are simple on/off switches. The Vs of T1 is stored in
Cst and determines the Ioppp according to the grey-level data. Independent of the
driver TFT T1, T5 and T6 can be used to block Ip; gp under the control of the Em[n]
signal. So, the Em[n] signal is used for the dimming control of the display panel.

The operation of data refresh with V1 compensation of T1 is carried out as follows.
Initialization period 1 comes first with all the switch TFTs turned off, except T4, as
shown in Fig. 16a. So, the gate voltage of the driver T1 is pulled down to Vit and T1
is initially turned on. Then, T4 is turned off. Next, a data voltage Vpar is applied to
the source of T1 and Vr extraction is performed as T2, T3 and T7 are turned on at the
beginning of period 2, as shown in Fig. 16b. During period 2, the gate node voltage of
T1 changes from Vit to Vpar + V1p, where Vp is the V1 of T1. At the same time,
the anode of the OLED is discharged through T7 to prevent charge accumulation in
the intrinsic OLED capacitance, Corgp, by a leakage current through T1. Otherwise,
some light will be emitted even when black expression is wanted. Finally, the gate
voltage of T1 is preserved by Cgst and the source of T1 is connected to ELVDD, as
shown in Fig. 16¢, during light-emission period 0. The Vt extraction time of this
circuit is limited to one horizontal line selection time—1H time—since the nth data
voltage should be maintained throughout V extraction period 2.

ELVDD
Cer—— 15 b—
_r'\_lT_l’,_
™

E _Em["] i 1H:
N e Em
Scan[n-1]—f\—q Er4 Scan[n-1] ' i_i ' ' '
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= el T T T
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i ]G Data Tz > nt X n v
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ejeqg
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Fig. 15 a Circuit diagram and b timing diagram of the 7T-1C-6L. PMOS diode-connection pixel
circuit. O: light-emission period, 1: initialization period, 2: data writing and VT extraction period
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Fig. 16 Operation of the 7T-1C-6L. PMOS diode-connection pixel circuit: a initialization, b data
writing and VT extraction, ¢ light emission

3.2 4T1-2C-6L NMOS Source-Follower Pixel Circuit

The OLED pixel circuitin Fig. 17 is composed of four n-channel TFTs, two capacitors
and six lines—ELVDD, Em[n], Scan1[n], Scan2[n], Data and Init (4 T-2C-6L). T1 is
the current driver and T2-T4 are simple on/off switches. The Vg of T1 is stored in
C; and determines I gp according to the grey-level data. Independent of the driver
TFT T1, T4 can be used to block Iorgp under the control of the Em[n] signal. So,
the Em[n] signal is used for the dimming control of the display panel.

The operation of V1 compensation and data refresh is carried out as follows.
Initialization period 1 comes first with only switch TFTs T2 and T3 turned, as shown
in Fig. 18a. A predefined voltage Vggr is applied through the data line during period
1 and 2. So, the Vs of the driver T1 is set as Vrgr—VinrT and T1 is initially turned
on during period 1. Next, at the beginning of period 2, T2 is turned off and T4 is
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Fig. 17 a Circuit diagram and b timing diagram of the 4 T-2C-6L. NMOS source-follower pixel
circuit. 0: light-emission period, 1: initialization period, 2: VT extraction period, 3: data writing
period
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Fig. 18 Operation of the 4 T-2C-6L. NMOS source-follower pixel circuit: a initialization, b Vt
extraction, ¢ data writing, d light emission

turned on to extract the Vp of T1, as shown in Fig. 18b. At the end of period 2, the
gate voltage of T1 is Vrgr and the source voltage of T1 becomes Vgrgr — VN, Where
Vi1n is the Vr of T1. Then during period 3, T4 is turned off again and a data voltage
Vpar is applied to the gate of T1. As a result, the source node voltage of T1 changes
as much as (Vpar — Vrer) C1/(C1 + C2) from Vggr — V1N, as shown in Fig. 18c.
Finally, T3 is turned off and the Vgg of T1 is maintained as (Vpar — Vrer) C2/(C1
+ C2) + V1n by C; with the drain of T1 connected to ELVDD, as shown in Fig. 18d
during light-emission period 0.

Special care should be taken for the source voltage of T1 not to exceed ELVSS
during Vrt extraction period 2, otherwise T1 will never be turned off and the V1 of
T1 cannot be extracted. The anode of the OLED is discharged during the data refresh
process, which is necessary for high-quality expression of black. The Vr extraction
time of this circuit is limited to less than 1H time, since neither (n — 1)th nor (n +
1)th data voltage is allowed in the data line during periods 1-3.
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Fig. 19 a Circuit diagram and b timing diagram of the 6T-1C-7L LTPO diode-connection pixel
circuit. O: light-emission period, 1: initialization period, 2: data writing and VT extraction period

3.3 6T-1C-7L LTPO Diode-Connection Pixel Circuit

The OLED pixel circuit in Fig. 19 is composed of six n-channel TFTs, one capacitor
and seven lines—ELVDD, Em1[n], Em2[n], Scanl[n], Scan2[n], Data and Init (6T-
1C-7L) [6, 7]. T1 is the current driver and T2-T6 are simple on/off switches. The
Vs of T1 is stored in Cgy and determines Iorgp according to the grey-level data.
Independent of the driver TFT T1, T4 or TS5 can be used to block Iorgp. So, they can
be used for the dimming control of the display panel.

The voltage across Cgr is kept constant if T3 is completely turned off during light-
emission period O in Fig. 20c. So, an IGZO TFT with extremely low off-state current,
e.g. less than 10 fA, is used for T3 and the display is free from flicker problem even
for very low frame rates such as 1 Hz. The combination of LTPS and MO TFTs,
so-called LTPO, can be used to reduce the power consumption arising from data
refresh by lowering the display frame rate [8].

The operation of data refresh with Vr compensation of T1 is carried out as follows.
Initialization period 1 comes first as T5 is turned off but T3 and T6 are turned on,
as shown in Fig. 20a. So, the gate voltage of the driver T1 is pulled up to ELVDD
and T1 is initially turned on. At the same time, the anode of the OLED is discharged
through T6 to discharge Corgp for a high-quality expression of black. Then, T4 is
turned off. Next, as T2 is turned on at the beginning of period 2, a data voltage, Vpar,
is applied to the source of T1 and V extraction is performed, as shown in Fig. 20b.
During period 2, the gate node voltage of T1 changes from ELVDD to Vpar + Vi,
where Vry is the Vt of T1. At the end of period 2, T3 and T6 are turned off and
Vpar + Vi~ — Vinir is stored in Cgr as the Vgg of T1. Finally, T4 and T5 are turned
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Fig. 20 Operation of the 6T-1C-7L LTPO diode-connection pixel circuit: a initialization, b data
writing and VT extraction, ¢ light emission

on and a uniform Ipgp flows through T4, T1 and TS5, as shown in Fig. 20c during
light-emission period 0. The Vt extraction time of this circuit is limited to less than
1H time, since the nth data voltage should be maintained throughout V extraction
period 2.

4 Limitations of In-Pixel Compensation Circuits

The pixel circuits of an OLED display do not eliminate mura, but only reduce it. For
example, the LTPS TFT employed as the current driver in the mobile OLED display
exhibits especially high short-range non-uniformity in the I-V characteristics, such
as Vr, wpg and S.S. Therefore, the V1 compensation alone is not enough and some
mura appears, even though the complicated pixel circuit is used.

4.1 Current Uniformity Versus Vr Extraction Time

The current driver TFT in the mobile OLED display operates mostly in the
subthreshold regime since the current required in each pixel is below tens of nanoam-
peres. In principle, the pixel circuits introduced in the previous section do not compen-
sate for the current non-uniformity of the driver TFT in the subthreshold regime
if the S.S. is different among the TFTs. In addition, the extracted Vt value is in
reality not a single value, but may change depending on the extraction time, as the
subthreshold current flows continuously yet decreasingly during the V extraction
period. Figure 21a shows how the current at the end of the V1 extraction period
decreases with the extraction time, which means that the Vg of the driver TFT does
not saturate and that the extracted Vr is determined by the extraction time [9].
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Figure 21 is the SPICE simulation results of Ip—the current of the driver TFT—
in the 7T-1C-6L. PMOS diode-connection pixel circuit of Fig. 15 versus the Vt
extraction time, assuming 27 combinations of device parameter variations—AVry
= +0.2V, Appg = £20%, AS.S. =£+10%. Figure 21a shows the Ip values at the
end of the Vr extraction period but Figs. 21b—d show the relative errors of Ip values
for three current levels during the light-emission period. It should be noted that the
relative standard deviation in Fig. 21a is very uniform—6-8%—though the absolute
standard deviation o certainly decreases as the Vt extraction time increases, meaning
that the compensation effect is improved with longer V1 extraction time. The relative
standard deviation of Io gp decreases monotonically along with the V extraction
time when the target Iopgp is small, as shown in Fig. 21b. However, it does not only
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Fig.21 Currentdeviations of the 7T-1C-6L PMOS diode-connection pixel circuit versus V extrac-
tion time for various TFT characteristics (AVt = +£0.2 V, Appg = £20%, AS.S. =+ 10%). a Ip
values of driving TFTs at the end of the VT extraction period. lor gp values during the light-emission
period for the target current of a 0.1, b 1 and ¢ 10 nA
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decrease but also increases along with the extraction time when the target Ior gp is
large, as shown in Fig. 21c, d.

The reason why the relative error of I gp decreases with the extraction time is
illustrated in Fig. 22. The Iyrs—the Ips at the end of the Vt extraction time—of
TFTs, T1 and T2, becomes similar, as shown in Fig. 21a. However, the Iy is rather
large for 1 ps or 5 ws—33.9 nA and 4.9 nA, respectively, in Fig. 21a—compared
with the low grey-level Io gp for mobile OLED displays—Iess than 1 nA. So, the
Vs for low grey-level is more positive than Vr, as shown in Fig. 22a. Therefore, Ips
at the low grey-level exhibits a large difference if the S.S.s of the TFTs are different.
However, they become similar as the Iyrts approaches the low grey-level current
value with increasing Vr extraction time, as shown in Fig. 22b. On the other hand,
the difference between the Ips for the high grey-level may increase as the extraction
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Fig. 22 Effects of different V extraction time on the current deviation after compensating for high
and low grey levels. a short VT extraction time, b long V1 extraction time
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time increases too much, because the Vg for the high grey-level once again differs
from the extracted V1 value.

Figures 21c, d show that an optimum Vr extraction time exists to minimize the
deviation of Ipr gp and that it is different according to the target lorgp value. The
optimum time is such that it makes Iyt several times smaller than the target lopgp
value. This is because the absolute deviation among Iyrs decreases as the V extrac-
tion time increases, though the extracted V1 moves away from the Vg of the driver
TFT during the light-emission period.

4.2 Low Grey-Level Mura Versus Dimming Method

The grey scale of the OLED display is expressed by modulating Io; gp independently
in each pixel. However, dimming of the panel can be controlled in two ways. The first
option is to modulate the Io gp in every pixel by a common rate over the entire panel.
This method is referred to as pulse amplitude modulation (PAM). The other method
is to modulate the light-emission time while keeping the Io gp constant according
to the grey-level data. This method is referred to as pulse width modulation (PWM).
Figure 23 shows the high-speed photographs of the OLED displays driven by PAM or
PWM dimming scheme. The photographs are taken with a shutter speed of 0.5 ms.
Every pixel over the entire screen displays a certain grey level in PAM dimming,
regardless of changes in brightness, as shown in Fig. 23a—c. On the contrary, four
black horizontal bands are shown in PWM dimming and the width of the black
bands decreases as brightness increases, as shown in Fig. 23d—f. These bands are not
detected by the human eye because they move vertically very quickly, i.e. at the same
speed as data refresh. The luminance of light-emitting regions is constant regardless
of changes in brightness. PWM dimming is implemented by turning on and off the
switch TFT in the path of Ioygp from ELVDD to the OLED in each pixel, rather than
the current driver TFT.

PAM has an advantage over PWM in terms of OLED lifetime because the Iorgp
range is shifted to lower levels for PAM dimming, whereas a constant Iop gp range is
maintained for PWM dimming [10]. However, mura originating from non-uniform
TFT characteristics is severer for PAM dimming than PWM dimming, as shown in
Fig. 24. This is because the Iop gp range used for PAM at 10% brightness is ten times
lower than for PWM at 10% brightness. The pixel circuit of the 7T-1C-6L. PMOS
diode-connection pixel circuit in Fig. 15 is used for both OLED displays and the Vt
extraction time is approximately 5 s for both. Based on the results in Fig. 21, it is
expected that a much longer V1 extraction time is required to compensate for the
non-uniform characteristics of the driver TFT for such a low current level. The mura
of the PAM dimming OLED display is reduced as the brightness increases to 50%,
as shown in Fig. 24b. Accordingly, most OLED displays for mobile devices employ
PWM dimming to suppress mura.

Recently, the vertical resolution of mobile OLED display is increasing to over 3 k
and the frame rate is also on the rise from 60 to 120 Hz. These trends lead to shorter
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Fig. 23 High-speed photographs of OLED displays driven by the PAM or PWM dimming scheme.
Shutter speed is 0.5 ms. a PAM 10% brightness, b PAM 50% brightness, ¢ PAM 90% brightness,
d PWM 10% brightness, e PWM 50% brightness, f PWM 90% brightness

Vr extraction time and higher power consumption. Adaptive frame rate driving, i.e.
high frame rate for moving picture and low frame rate for still image, may be a good
solution for suppressing the power consumption increase. However, a serious flicker
problem occurs if the conventional LTPS backplane is used for the low frame rate
display, e.g. below 10 Hz due to high off-state current. LTPO backplane can be used
as a solution to the flicker problem of low frame rate driving owing to extremely
low off-state current of the MO TFT. Accordingly, LTPO backplane with adaptive
frame rate is expected to be widely used for the mobile OLED display [11]. The other
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Fig. 24 Normal-speed photographs of OLED displays with a 7T-1C-6L. PMOS diode-connection
pixel circuit driven by a PAM or PWM dimming scheme. Shutter speed is 100 ms. Full-screen
65th grey level is displayed. a PAM at 10% brightness, b PAM at 50% brightness, ¢ PWM at 10%
brightness, d PWM at 50% brightness
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problem, shorter Vt extraction time along with the improvement of OLED efficiency,
makes the mura problem more and more serious because the difference between the
current levels at the instant of V extraction and during the light emission increases.
New pixel circuits with the V1 extraction time not limited to 1H time and extendable
to hundreds of microseconds need to be developed [12]. The structure of the new
OLED pixel circuit also needs to be as simple as the conventional circuit in order to
be integrated within a small pixel area.

References

1.

10.

11.

12.

H. Kim, S. Kim, S.W. Chang, D. Lee, D.S. Jeong, H.K. Chung, Y. Hong, Frequency depen-
dence of OLED voltage shift degradation, in Society for Information Display International
Symposium, vol. 38 (Long Beach, 2007), pp. 1108-1111

K.C.Park, J.H. Jeon, Y.I. Kim, J.B. Choi, Y.J. Chang, Z.F. Zhan, C.W. Kim, A poly-Si AMOLED
display with high uniformity. Solid-State Elec 52, 1691-1693 (2008)

. LLH. Han, S.H. Choi, B.S. Kim, B.W. Kang, G.H. Oh, H.K. Shin, Organic light emitting diode

display device. Korea Patent Appl. No. 10-2013-0169323 (2013)
0.S. Do, K.D. Woo, H.J. Kim, J.Y. Bae, Electroluminescent display device and driving method
of the same. Korea Patent Appl No. 1020170095415 (2017)

. S.M. Choi, O.K. Kwon, N. Komiya, H.K. Chung, A self-compensated voltage programming

pixel structure for active-matrix organic light emitting diodes, in 10th International Display
Workshop (Fukuoka, 2003), pp. 535-538

. T.T. Tsai, V. Gupta, C.W. Lin, S.C. Chang, Organic light-emitting diode display with reduced

capacitive sensitivity. US Patent Appl. No. 14/469,513 (2014)

T.K. Chang, C.W. Lin, S. Chang, LTPO TFT technology for AMOLEDs, in Society for
Information Display International Symposium, vol. 50 (San Jose, 2019), 545-548

H. Watakabe, T. Jinnai, I. Suzumura, A. Hanada, R. Onodera et al., Development of advanced
LTPS TFT technology for low power consumption and narrow border LCDs, in Society for
Information Display International Symposium, vol. 5 (San Jose, 2019), pp. 541-544

. JH. Lee, D.H. Kim, J.W. Yang, K.C. Moon, S.Y. Lee et al., Correlation between the compen-

sation time and the current deviation of OLED pixel circuit. J. Soc. Inf. Display 28, 882-891
(2020)

J.P. Spindler, T.K. Hatwar, M.E. Miller, A.D. Arnold, M.J. Murdoch et al., System considera-
tions for RGBW OLED displays. J. Soc. Inf. Disp. 14, 37-48 (2006)

R. Yonebayashi, K. Tanaka, K. Okada, K. Yamamoto, K. Yamamoto et al., High refresh rate
and low power consumption AMOLED panel using top-gate n-oxide and p-LTPS TFTs. J. Soc.
Inf. Display 28, 350-359 (2020)

N.H. Keum, S.K. Hong, O.K. Kwon, An AMOLED pixel circuit with a compensating scheme
for variations in subthreshold slope and threshold voltage of driving TFTs. J. Solid-State Circ.
55, 3087-3096

Page 23 BOE v. Samsung IPR2025-01479

Ex-1017





