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Abstract

A typical organic light-emitting diode (OLED) display has common organic layers between
adjacent pixels, which ensure ease of manufacturing process and efficiency in operation. The
p-doped hole transport layer (p-HTL) has low electrical resistivity, which results in a high
efficiency OLED. However, the low resistivity results in various side effects, including color
crosstalk and overshoot, mainly due to lateral leakage current flowing through this layer.
Furthermore, virtual reality and augmented reality devices that require extremely high pixels
per inch (PPI) and superior image quality are very sensitive to lateral leakage current. In this
study, we propose a passive driving panel based on RGB top emission to efficiently measure
and model the lateral leakage current characteristics according to the p-HTL concentration.

In addition, we constructed a 1.5-inch active matrix organic light-emitting diode panel based
on the n-type low-temperature polycrystalline silicon 4T2C pixel circuit. Subsequently, we
quantitatively analyzed the reddish overshoot phenomenon during the black to white image
transition. This effect was reduced at p-HTL concentrations under 1%.

Finally, we analyzed the overshoot mechanism through SPICE simulations and realized the

optimal lateral resistance value of the common organic layer for each PPI.
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1. Introduction

Over the past few decades, the organic light-emitting diode (OLED) technology has made
tremendous progress, owing to its exceptional characteristics, such as wide color gamut, fast
response time, high contrast ratio, and wide viewing angle [1-3]. OLED displays are rapidly
replacing liquid crystal displays in mobile devices as well as televisions. The use of OLED is
not just limited to the aforementioned applications; they are widely used in wearable,
automotive, and virtual reality (VR) devices because of their flexible and free form display
capabilities [4-6].

The pixel structures for commercial OLED displays can be configured with two primary
methods—white and RGB OLEDs [7,8]. Both methods include common layers in hole
transport layer (HTL), electron transport layer (ETL), and cathode to ensure simplicity in
manufacturing and mass productivity. The only exception is the separate deposition of the
emissive layer (EML) using patterned fine metal mask (FMM) from the RGB OLED. The p-
doped HTL (p-HTL) among the common layers yields high efficiency because it improves the
carrier injection to the HTL and facilitates sufficient conductivity [9-11]. Although most
OLED pixel currents flow vertically toward the cathode, the lateral leakage current flows to
neighboring pixels through the p-HTL with high conductivity [12]. This could potentially
alter the original current-voltage characteristics and result in color crosstalk and gamma
distortion, thereby hampering the display quality [13,14].

The pixel current required to achieve target luminance has decreased for modern displays;
the primary focus of modern displays is to achieve a high current efficiency of over 100 cd/A
and pixel density of more than 5000 pixels per inch (PPI) [15,16]. Therefore, the lateral
leakage current has a more significant effect on the image quality.

Previous studies were mainly focused on static operations at the device level for lateral
leakage current. Furthermore, to the best of our knowledge, dynamic behaviors such as

response characteristics have not been reported at the system level yet. Fig. 1 shows the still



images converted from black to gray pattern on an active matrix organic light-emitting diode
(AMOLED) panel designed in this study; the images were captured using a high-speed
camera. In the first frame, the image turns reddish and brighter and returns to the original
image from the second frame. This reddish overshoot phenomenon causes a motion blur when
the images or texts are scrolled over a black background. Moreover, for a VR display that
requires fast response speed, the aforementioned problem becomes more apparent.

In this study, we investigate the effect of the lateral leakage current on the AMOLED display
according to the p-HTL concentration. First, the passive driving panel of the RGB top
emission type was constructed to accurately measure and model the lateral current
characteristics of the OLED. We quantitatively analyzed the overshoot phenomenon by
constructing a 1.5-in AMOLED panel based on an n-type low-temperature polycrystalline
silicon (LTPS) 4T2C pixel circuit, which has superior Vi compensation ability. The results of
simulation program with integrated circuit emphasis (SPICE) in a new OLED model
demonstrate the reddish overshoot mechanism and yield the optimal lateral resistance value of

the common organic layer for each PPI.

Black Image Gray Image
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Fig. 1. Still images captured using a high-speed camera



2. Experiments

A passive driving panel with the same pixel structure as an AMOLED panel was
manufactured to measure the lateral leakage current and current density-voltage-luminescence
(J-V-L) characteristics of the RGB OLED. Fig. 2(a) shows a panel layout and fabricated RGB
modified stripe pixel configuration with a 78 um pitch for a high aperture ratio. The emission
area of each RGB pixel is 20.5 x 8.0, 20.5 x 10, and 9.5 x 53.5 pm?; the average aperture
ratio is 14.4%.

Although the panel size was 1.5 in, the luminous area was set at 18.02 X 12.48 mm? to
minimize the luminance imbalance caused by the voltage drop (IR drop). The anode is
connected separately to turn on RGB individually, and the cathode is connected in common,

as shown in Fig. 2(b).
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Fig. 2. (a) Optical photograph of fabricated pixels and panel layout of passive driving RGB OLED with 326 PPI

(b) Cross sectional view of RGB OLED layer structure

The EMLs, R’ and G’ HTL for microcavity control is deposited separately on each RGB

sub-pixel using patterned FMM. Other layers such as p-HTL, HTL, ETL, and cathode are
deposited uniformly using a common shadow mask. In addition, an AMOLED panel with a
4T2C pixel circuit was constructed using the NMOS LTPS thin-film transistor (TFT) process

to analyze the effects of lateral leakage current in the dynamic operational state of the display.



The motion blur phenomenon of the display was measured using a high-speed camera
(Photron UX50). The OLED characteristics and lateral leakage current were tested with a
Keithley 2400 source meter connected to a spectroradiometer (Photo Research Spectra Scan
PR-655). The luminance response characteristics of the AMOLED were measured using a
digital oscilloscope (Tektronix TDS2000C) and a photosensor amplifier (Hamamatsu C6386-
01). The color coordinate variations during the transition of images of AMOLED were
measured using a display color analyzer (Minolta CA310). We performed a pixel circuit

simulation using Smartspice and OLED models extracted by UTMOST IV from Silvaco Inc.



3. Results and discussion

3.1 OLED characteristics
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Fig. 3. Electro luminescence characteristics of RGB and mono color panel. (a) Current density and luminance

with respect to voltage (b) Current efficiency with respect to luminance (c) CIE color coordinate of blue OLED

with luminance

Table 1. Characteristics of RGB OLEDs of the fabricated passive driving panel at 100 cd/m?

Current Voltage Turnon CIE CIE
Efficiency V) voltage(V)?  Coordinate Coordinate
[cd/A] (x)* v)*
T T T T T
Red / Mono Red 39.1/38.9 49/49 22122 0.662/0.664  0.328/0.329
Green/Mono Green  49.5/48.8 43/43 2.65/2.7 0.293/0.284  0.612/0.617
Blue / Mono Blue 42139 49/50 2.75/2.9 0.171/0.137  0.099/0.078

a) at 0.02 cd/m?



To study the effect of the lateral leakage current flowing through a common layer and the
characteristics of OLEDs with a p-HTL concentration of 2%, we fabricated a color panel with
an RGB OLED and a mono panel with only a single color. The RGB electro luminescence
characteristics of the fabricated OLED panel are presented in Fig. 3 and Table 1. The
fabricated phosphorescent red OLED exhibited the lowest turn-on voltage of 2.2 V, while the
fluorescent green and blue OLEDs exhibited turn-on voltages of 2.7 and 2.9 V, respectively.
The electro-optical properties of RGB OLEDs indicate that they suffice the implementation of
high luminance AMOLED displays over 600 nit. All OLEDs with the same color exhibited
almost identical current density, voltage, and efficiency characteristics above 100 cd/m?.
However, increased current efficiency and current pump characteristic near the turn-on
voltage of the blue OLED were observed, as compared to the mono blue OLED, which is
shown in Figs. 3a and 3b. The turn-on voltage of the blue OLED also decreased by 0.15 V.
After studying change in x and y coordinates due to the blue luminance in Fig. 3(c), it can be
inferred that on decreasing the luminance, the x and y coordinates increased in the blue OLED
compared to that of the mono blue OLED, and a similar color shift was also observed in the
green OLED (Table 1).

It is expected that the red OLED is turned on at the same time as the lateral leakage current,
when the voltage is applied to the blue or green OLED. This is because the red OLED
required the lowest turn-on voltage and relatively high current efficiency. In addition,

measuring the characteristics of a mono OLED without the interaction with RGB OLEDs is

important for accurate modeling. Fig. 4 shows the current density—voltage curve of the blue

OLED, and the current-voltage characteristics of the blue and red anodes in the floating state
of the cathode according to the p-HTL concentration. The current pump characteristics in the
turn-on voltage area of the blue OLED was enhanced by increasing the p-HTL concentration

from 0.5 to 3.0% because of the high lateral leakage current, as shown in Fig. 4(a). This



makes it difficult to obtain the characteristics of the original device as the influence of the
neighboring pixels grows; it creates image distortions such as color crosstalk. Similar studies
and attempts to resolve this problem from a structural perspective of devices have been
reported [17-19]. But these technologies are difficult to apply to display industry because
they require the introduction of completely new equipment, processes and materials. Although
pattering technology using FMM is a good way to mitigate this problem, it could not fully
remove the overlapping organic layers between pixels due to shadow effect [20].

The lateral sheet resistance (Rsheet_px1) between sub-pixels can be obtained from the result of

Fig. 4(b). and the results calculated by Eq. (1) are presented in Table 2.

Voltage W,
g x com

(1)

R =
sheet_pxl X
-P Ipanel /PXLnum Leom

where PXLnum (231 x 160 ea) is the number of emission pixels, Ipanel is the current between

anodes, and Lcom (24 um) and Weom (8 pm) are the length and width of the organic common
layer between blue and red pixels, respectively. The sheet resistance of the common layer
between the red and blue pixels decreased exponentially from 245 to 5.5 GQ/sq. as the doping

concentration increased from 0.5 to 3.0%, mainly due to improved carrier injection properties.
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Table 2. Lateral sheet resistance of the fabricated panel

p-HTL Concentration 0.5% 1.0% 2.0% 3.0%

T T T T 1
Ipanet (LA) 0.251 0.623 2.0 11.2
Rsneet_pxi (Q/5Q.) 2.45E+11 9.89E+10 1.54E+10 5.50E+9

3.2 AMOLED transient characteristics

We analyzed the correlation between the reddish overshoot phenomenon and p-HTL
concentration of the AMOLED, as shown in Fig. 1. Various factors such as response time,
uniformity, crosstalk, contrast ratio, and residual image depend heavily on the backplane and
compensation pixel circuit in the AMOLED display [21-24]. The n-type LTPS 4T2C pixel
circuit was selected because of its excellent TFT threshold voltage (Vi) compensation
performance and the reliability of the backplane in this evaluation. The detailed description of
the operation of the pixel circuit is specified in a previous paper [25], Fig. S2 and Table S2.
Fig. 5(a) shows the RGB OLED response characteristics with p-HTL concentration of 2%,
when changing from black to white (255 gray level) measured in the photodiode. On this
AMOLED, a frame time of 16.6 ms and a horizontal line time of 37 ps were recorded. If the
AMOLED has an ideal response characteristic, all RGBs should maintain a constant shooting
amount ratio (SAR) from the first frame when changing to 255 gray. SAR is the ratio of the
peak photo intensity between the first frame (A1) and the frame with a stable luminance (A3).
The positive and negative values indicate overshoot and undershoot, respectively. The SARs
of the RGB are 29%, 5%, and 2%, respectively, which match well with the reddish

phenomenon in the gray pattern in Fig. 1.
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Fig. 5. (a) Response characteristics of RGB OLEDs when converted from black (0 Gray) to white (255 Gray) (b)

Response characteristics of red OLED according to the p-HTL concentration

This reddish overshoot causes a perceived motion picture blur while scrolling images or

text on a black background owing to the difference in luminance and color among frames. Fig.
5(b) shows the response characteristics of red pixels with varied p-HTL concentrations.
When the doping concentration was reduced to either 1.0 or 0.5%, the overshoot phenomenon
of the red OLED was significantly reduced. The SARs of red OLED were 6%, 16%, 32%, and
51% and doping concentrations were 0.5%, 1.0%, 2.0%, and 3.0%, respectively. It can be
inferred from these experimental results that there is a significant correlation between the
lateral leakage current and the red overshoot phenomenon.

Fig. 6 shows the color coordinates of the AMOLED samples during the continuous
transition of black and white images into one frame unit compared to the white image
according to the p-HTL concentration. The color coordinates shifted to the reddish direction
as the doping concentration increased, which is similar to the SAR results. The average x
coordinate shift was 0.053, 0.045, 0.032, and 0.014 for p-HTL at 3%, 2%, 1%, and 0.5%,
respectively. We quantitatively measured the color coordinate shift in the gray pattern using
this method; this is because it is possible to continuously reproduce the red overshoot

phenomenon by repeating black and white images. Although the existing response



characteristics were measured based solely on luminance variation [26,27], this method

allows the measurement of changes in the color coordinates as well as luminance.

0.36 —— . . T . T . .
; O White (255 Gray)
Q * Black to White Transition
- 0.34 O p-HTL 3%
c A p-HTL 2%
- v p-HTL1%
e RO N MM M M) i %
8 0.32 1 'Eu <& p-HTL 0.5%
c&j Lo

v <>3§ S 26
(]
3 0.30 + A og
o A
>

0.28 . L . L : L . L

0.28 0.30 0.32 0.34 0.36

x Color Coordinate

Fig. 6. Color coordinates during transition of black and white image in frame units compared to white image

3.3 OLED modeling

To analyze the reddish overshoot phenomenon, OLED modeling and SPICE simulations
were conducted. OLED modeling is important for analyzing various image quality
characteristics. Different types of models considering electrical, thermal, and optical
characteristics as well as lifespan of OLEDs have been introduced [28-31]. We proceeded

with OLED modeling by focusing on the electrical characteristics in this study. Fig. 7 shows

the OLED model used for this simulation and the fitting current density—voltage curve of the

blue OLED with measured lateral resistance. We used four diodes, D1-D4 (Diode model
level 3) with a series voltage source Vi for the Vi control connected in parallel with a
capacitor Ce, as shown in Fig. 7(a). To calculate the capacitance of the OLED, the relative
permittivity of the organic layer is assumed as 2.0, with regard to the luminance area,
thickness of organic layers, and parasitic cap. Therefore, the capacitance C for each RGB

OLED is 16.4 fF, 25 fF, and 78.3 fF. Four diodes were used to accurately fit turn off, turn on,



middle current, and high current areas in the current density-voltage curve of each RGB
OLED, and lateral resistance was added between the R, B, B, and G anodes in to reflect the
hump characteristics in the turn-on area. SPICE parameters were extracted based on mono
RGB OLED measurement results using the modeling software UTMOST IV.

As shown in Fig. 7(b), with the obtained OLED model, an accurate fit between simulated and

measured device characteristics through the optimization of the SPICE model parameters, was

realized.
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3.4 Pixel simulation and discussion on improvement
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(d) Simulated transient waveform of node2, node3, and control signals for 0.5% and 3% p-HTL variation

Reduced 4xRGBx4 pixel block is used for efficient panel simulation as shown in Fig. S3.
Peripheral circuits are consisted of control signal blocks, data and power signals. The chanel
width and length of driving TFT are 3.5 um and 20 pum. All switching TFTs are 3.5 um of the
chanel width and 4 um of the length. For the pixel circuit VDDEL, VSSEL, Vref and Vini are
8.5, 0, 1.5, -5V, respectively. The Scanl, Scan2 and EM signals swing from 12.5 to -4.5V.
The simulation and pixel design parameters are listed in Table S3.

Fig. 8(a) shows the simulated red OLED current ratio of the 4T2C pixel circuit with
different lateral sheet resistances. As the lateral resistance reduces by 5.5

G1, the overshoot phenomenon occurs significantly when switching from black to 255 Gray



(white), resulting in motion blur. Before the conversion with respect to the current ratio, the
simulated pixel current waveform with low lateral resistance indicates that the overall current
is also low. Compared to the SAR measurement results of the red pixel, the simulation is well
matched with an error of approximately 3%, as shown in Fig. 8(b).

We believe that we can further improve this model if the schematic of the resistors
connected in the form of mesh between the pixel anodes was configured accurately. The
variations in the overall current and the red overshoot phenomena were caused by the lateral
resistance, which is explained in Figs. 8(c) and (d). The operation of the 4T2C pixel circuit is
divided into initial, sampling, and program for 1 horizontal line (1H) time; the remaining time
is emission. Furthermore, node2 and node3 are the gate and source voltages of the driving
TFT [inset Fig. 8(b)]; they play an important role in determining the pixel current.

Subsequently, node2 is maintained at a constant voltage of Vierand Vaata for 1H time, while
node3 remains in a floating state at the end of the sampling and during the program period.
Therefore, when switching from black to white, the node3 voltage is affected by the lateral
leakage current from the pixels in the direction of the emitted light. The process of switching
from white to white, is affected by the emission of the pixels in both directions, as shown in
Fig. 8(c). In addition, the node3 voltage of red pixels increases the most due to the lateral
leakage current because the red OLED has the smallest turn-on voltage and capacitance. The
Vgs of the Dr-TFT decreases with the increase in node3 voltage, and the pixel current and
luminance decrease as well. Fig. 8(d) shows that the node3 voltage increases due to the
leakage current from the neighboring pixels when the lateral resistance is low, as explained
above. As a result, the red overshoot phenomenon is multiplied by the resistance of the OLED
common layer, the luminance state of neighboring pixels during pixel program operation, and
the difference of turn-on voltage and capacitance among RGB OLEDs.

In this study, we obtained a lateral sheet resistance for optimal image quality through panel

evaluation and simulation with 326 PPI AMOLED according to p-HTL concentration.



However, the pixel current required to achieve the specified luminance decreases with the
increase in PPI, and the effect of the lateral leakage current affects the image quality more
sensitively. Therefore, we propose the optimal lateral resistance value of the common organic

layer for each PPI based on simulation results, as shown in Fig. 9.
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The method of increasing lateral resistance for AMOLED displays of high PPIs should not
be limited to material. This is mainly because efficient values of driving voltage, efficiency,
and lateral resistance of OLEDs cannot be obtained only through material characteristics
including doping control. Therefore, the research should extend to bring about improvements
in the device structure and driving scheme as well. The overdrive is one of the most widely
used technologies to improve transient reponse characteristics of AMOLED displays as well
as active matrix liquid-crystal displays (AMLCDs). These studies showed the high motion
image quality using overdrive technology with dithering algorithm and look-up table [32, 33].
However, we need advanced overdrive technology to improve the reddish overshoot
phenomenon in various display operation and ambient temperautre conditions. The overdrive

voltage applied to each RGB pixel should be adjusted individually for transient white color



balance. In addition, the optimized lookup tables are required to compensate temperature
dependence of OLED characteristics and luminance deviation according to the data transition
history of the previous frames.

The 4T2C pixel circuit used in this study has superior Vi compensation ability, but the
node3 is affected by the lateral leakage current from the emitting neighboring pixels. The
Vgs of the Dr-TFT is changed by node3 voltage, which affects transient image quality. Thus
pixel circuit can be improved further by new driving scheme which has non emitting hold
period of upper and lower pixels during the program period. We can expect the RGB colors
balance during the transient frame by minimizing the lateral leakage current.

Another strucrual improvement of the OLED is to add the reverse spacer on the bank,
which can block the connections between adjacent pixels and common organic layer without
using FMM. This is similar structure with cathode seperator for passive matrix OLED [34].
However, reverse spacer should be carefully designed because the common layer like cathode
must be connected with a low resistance between adjacent pixels for luminance uniformity.

In conclusion, we believe that transient image quality without reducing system level
performance such as power consumption can be improved through discussed further

engineering work.

4. Conclusion

To study the effect of the lateral leakage current in the AMOLED display on the p-HTL
concentration, a passive driving color panel with RGB OLEDs and a mono panel with only a
single color were fabricated. We obtained an accurate OLED model by measuring the lateral
sheet resistance current and mono color OLED characteristics. In addition, 1.5-in AMOLED
panels based on the n-type LTPS 4T2C pixel circuit with different doping concentrations were
produced. We quantitatively analyzed the luminance variation and color shift of the reddish

overshoot phenomenon during the transition from black to white. This effect was effectively



reduced for p-HTL concentrations below 1%. The SPICE simulation results for the new
OLED model demonstrate the reddish overshoot mechanism related to the lateral resistance of
the OLED common layer, difference in turn-on voltages and capacitances among RGB
OLEDs, and luminance state of the neighboring pixels.

We proposed an optimal lateral resistance value for the common organic layer for each
PPI based on simulation. This study is useful for various organic electronics as well as OLED
displays and presents an analysis method for studying the effect of OLED characteristics on

image quality in the dynamic operation state of the AMOLED panel.
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