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ABSTRACT

Microdisplays have been used in various applications such as beam projectors, view finders of digital
cameras, projection TVs, night vision for military use, and augmented reality/virtual reality (AR/VR)
devices. Organic light-emitting diode (OLED) microdisplays have attracted much attention as main
displays of glass-type and head-mounted-type AR/VR devices due to their rich colors, high contrast
ratio, fast response time, small form factor, and high resolution. This review investigates the device,
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process, pixel circuit, and panel technologies for OLED microdisplays. In addition, the technology

status and issues of OLED microdisplays are discussed.

1. Introduction

Microdisplays have received much attention as main
display engines of augmented reality/virtual reality
(AR/VR) devices due to their small size and high res-
olution [1-4]. There are many types of microdisplays
such as liquid crystal display (LCD)-based microdisplays
that use high-temperature polysilicon (HTPS) technol-
ogy [5], liquid crystal on silicon (LCoS) [4,6], digital
micromirror device (DMD) [6,7], organic light-emitting
diode (OLED)-based microdisplays including OLED on
silicon (OLEDoS) [8-16], quantum dot-based microdis-
plays [17], and microLED-based microdisplays [18,19].
LCoS and DMD have already been used in various appli-
cations such as projectors, projection TVs, night vision
for military use, and AR/VR glasses. LCoS microdisplays
have high luminance and simple fabrication processes,
but low response time, low contrast ratio, and relatively
large volume and weight due to their external lighting
sources. DMD microdisplays have a complex fabrica-
tion process and need additional light sources. Advanced
technologies are required for high-resolution and low-
cost full-color quantum dot-based and microLED-based
microdisplays.

OLED microdisplays have been used in various elec-
tronic devices such as TVs, mobile phones, tablets, lap-
tops, and automotive displays due to their fast response
time, small thickness, light weight, high contrast ratio,

rich colors, and small form factor. Because OLED
microdisplays have superior performance compared with
LCoS and DMD microdisplays, many AR/VR devices
use OLED microdisplays [1,2]. However, even though
OLED microdisplays have been released commercially,
they need much higher luminance, resolution, and effi-
ciency to improve the device quality. Since the first OLED
microdisplays were developed in the late 1990s [8,9],
OLED microdisplay technology has been rapidly improv-
ing. After the company eMagin, which pioneered OLED
microdisplays, released its SVGA+ product in the market
in 2001, many companies such as MicroOled (France),
Sony (Japan), OlighTek (China), Kopin (USA), Seeya
(Chian), and LG Display (South Korea) emerged and
researched and sold OLED microdisplays. To increase
the applications and market share of OLED microdis-
plays, their device architectures, materials, and fabrica-
tion processes should be improved. In addition, the size
of the OLED microdisplay panel must be expanded for
a wide field of view (FoV) in AR/VR glasses. A stepper
is generally used for high-resolution pixel patterning in
microdisplays, and its one-shot size is approximately 1
inch diagonally. Therefore, a stitching process is required
for over 1-inch microdisplay panels, but it is a very dif-
ficult process for achieving high image quality. Conse-
quently, some innovative technologies are required for
large and high-resolution microdisplay panels.
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Figure 1. Schematic structures of (a) the separately patterned R, G, and B EMLs and (b) the white OLED with R, G, and B CFs for full-color

OLED microdisplays.

Red (R), green (G), and blue (B) subpixels are required
for full-color OLED microdisplays. There are two typ-
ical methods of R, G, and B patterning (Figure 1). The
first method is direct patterning using fine metal masks
(FMMs). The FMMs are used to separately pattern the R,
G, and B emitting layers (EMLs). This method is advan-
tageous for high luminance, efficiency, and color gamut.
Recent OLED panels for mobile phones use the FMM
process for R, G, and B patterning. However, the FMM
process is very difficult to apply to microdisplays because
the subpixel size of microdisplays is as small as a few
micrometers. Fabrication of the thin FMM with a very
tiny hole and accurate alignment for arranging the R,
G, and B subpixels with a high yield are still techno-
logical obstacles for FMM-based OLED microdisplays.
Another method of realizing a full-color microdisplay is
with the use of a white OLED with color filters (CFs).
Although this method decreases the luminance and effi-
ciency of the OLEDs, the photolithography-based CF
patterning process makes available over 2,000 pixels per
inch (ppi). Consequently, most OLED microdisplay pan-
els use this process for realizing full color. However,
only 1/3 light from the white emission is used and oth-
ers are lost, resulting in low efficiency and luminance.
Therefore, high-performance white OLEDs are needed
for high-luminance and high-efficiency full-color OLED
microdisplays.

In this review, we provide an overview of the progress
achieved in the development of OLED microdisplays.
First, device structures and processes in OLED microdis-
plays, which include top metal electrodes, the pixel pat-
terning process, high luminance technology, and color
conversion structures, are discussed in section 2. Then
OLED microdisplay panel technologies for various appli-
cations are introduced in section 3. Finally, the challenges
and prospects of OLED microdisplays are summarized in
section 4.

2. Device structures and processes in OLED
microdisplays

2.1. Top metal electrodes

OLED microdisplays need many pixels in very small
panels for excellent image quality. Conventional thin-
film transistor (TFT)-based glass substrates limit the
pixel size due to the low charge mobility and aperture
ratio of TFTs. Most OLED microdisplays use comple-
mentary metal-oxide-semiconductor (CMOS)-based Si
wafers because CMOS-based transistors have high charge
carrier mobility and can be very small, which can allow
the inclusion of an integrated circuit (IC) in the dis-
play panel. However, the Si wafer is opaque, and the
CMOS process has limited available metals. Therefore,
conventional device structures and processes should not
be used for the OLED structure and process. Many stud-
ies have been conducted on top metal electrodes on Si
wafers for OLED microdisplays. In 2006, Kreye et al.
used aluminum (Al) and titanium nitride (TiN)/Al as
top metal electrodes on CMOS substrates for OLED
microdisplays [20]. Because Al was commonly used as
a cathode, the n-i-p structure was used as shown in
Figure 2(a). However, the device showed a high driv-
ing voltage of 8.5V at 100 cd/m?. This could have been
due to the native oxide layer on top of the Al cathode,
which might have disturbed the electron injection from
the Al cathode to the electron transport layer (ETL). To
solve this problem, TiN-coated Al electrodes with a p-
i-n structure were used, as shown in Figure 2(b). TiN
is a good top metal electrode candidate because it has
CMOS process properties, proper work functions for
hole injection, and a smooth surface morphology. How-
ever, the TiN layer should be thin, because the thicker it
is, the more rapidly its optical reflectivity for blue light
is reduced. The R, G, and B OLED that uses TiN elec-
trodes showed driving voltages of 4.85, 3.2, and 44V
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Figure 2. Schematic pixel structure with (a) an Al top metal and n-i-p [20]. Reprinted with permission from ref. [20]. Copyright 2006,
SPIE. (b) TiN top metal and p-i-n structure [20]. Reprinted with permission from ref. [20]. Copyright 2006, SPIE. (c) Reflectance and sheet
resistance of anodes | and Il [21]. Reprinted with permission from ref. [21]. Copyright 2012, John Wiley and Sons. (d) Luminance effi-
ciency of OLEDs with different anodes [21]. Reprinted with permission from ref. [21]. Copyright 2012, John Wiley and Sons. (e) Schematic
pixel structure with five-layer top metal anodes [22]. Reprinted with permission from ref. [22]. Copyright 2014, Elsevier. (f) SEM image of
the pixels and the fabricated monocolor OLED microdisplay [22]. Reprinted with permission from ref. [22]. Copyright 2014, Elsevier. (g)
Reflectance of CMOS-processed various top metal electrodes [23]. Reprinted with permission from ref. [23]. Copyright 2018, IEEE. (h) Fab-
ricated SXGA green OLED microdisplay from the Electronics and Telecommunications Research Institute [23]. Reprinted with permission
from ref.[23]. Copyright 2018, IEEE. (i) Luminance-voltage characteristics of OLEDs with differently processed Al electrodes [24]. Reprinted
with permission from ref. [24]. Copyright 2020, Taylor & Francis. (j) The fabricated SVGA green OLED microdisplay [24]. Reprinted with
permission from ref. [24]. Copyright 2020, Taylor & Francis.
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at 100 cd/m?, respectively. In 2009, Ali et al. also com-
pared two anodes with different reflectance and sheet
resistance values for OLED microdisplays, as shown in
Figure 2(c) [21]. Although they did not disclose used
anode materials, they demonstrated high-performance
top-emitting green OLEDs with anode II, which had a
high luminance efficiency of 80 cd/A, as shown in Figure
2(d). In addition, the projected operating half-lifetime
of the device with anode I was 36,000 h with an initial
luminance of 1,000 cd/m?, which implies that fabricated
devices can be available for practical applications. Ji et al.
used a five-layer sandwich structure of Ti/TiN/Al/Ti/TiN
layers as a top metal anode for OLED microdisplays, as
shown in Figure 2(e) [22]. The bottom Ti layer helped the
metal Al to adhere to the insulating layer, and the upper
Ti layer reduced the sheet resistance of the top metal.
The Semiconductor Manufacturing International Cor-
poration (SMIC, China) 0.35pum 3.3-6V dual-voltage
standard CMOS process and a seven-transistor voltage
pulse width modulation (PWM) pixel drive circuit were
applied for the 5 x 15 um subpixel size. The resolution
and diagonal size of the fabricated monochromic OLED
microdisplay were 1280 x 3x 1024 and 0.97 inch, respec-
tively, as shown in Figure 2(f). Lee et al. compared three
different top metal electrodes—Al/TiN, Ti, and tung-
sten (W)—for OLED microdisplays [23]. The AI/TiN
electrode had much higher reflectance than other metal
electrodes, and its reflectance increased as the thick-
ness of the TiN decreased, as shown in Figure 2(g).
The W electrode showed a good hole injection prop-
erty because the W was naturally oxidized to WO3 and
the WO3 had high work function, with which it could
easily inject holes into the hole-injection layer (HIL).
Based on the OLED device results, an SXGA green OLED
microdisplay was fabricated with a diagonal size of 0.7
inch. The 0.11pm CMOS process was used and the sub-
pixel size was 3.6 x 10.8 um. Xue et al. also reported
that the Al electrode that was fabricated using the stan-
dard CMOS processes after chemical mechanical pol-
ishing (CMP) had residual organic contaminants and
a thin Al oxide layer on the surface, which were seen
using x-ray photoelectron spectroscopy, as shown in
Figure 2(i) [24]. They demonstrated a green SVGA OLED
microdisplay with a pixel size of 15 x 15 um, as shown in
Figure 2(j).

2.2. Pixel patterning process

Subpixel patterning is one of the critical issues in full-
color OLED microdisplays because a very small pixel
pitch is required for high resolution. The conventional
patterning method, which uses a white OLED with
CFs, decreases the luminance and efficiency of OLED:s.

Many researchers focus on direct patterning of the R,
G, and B EMLs without CFs for improved luminance
and efficiency of OLED microdisplays. In 2013, Herold
et al. developed the Flash-Mask-Transfer-Lithography
(FMTL) technology for fabricating small and differently
colored OLED subpixels on a silicon substrate [25].
As shown in Figure 3(a), the patterned reflectors and
absorbers defined the pixel layout, and the organic mate-
rials for one color were deposited on top of the FMTL
mask. The part that absorbed the thermal energy was
transferred to the target substrate. This method realized
lines with feature sizes down to 10 pm, as shown in
Figure 3(b). However, they did not show the full-color
OLED microdisplays using the FMTL technology. In
2016, Ghosh et al. from eMagin company developed the
first full-color OLED microdisplays using direct pattern-
ing of the R, G, and B EMLs, as shown in Figure 3(c) [26].
The RGB directly patterned display showed much higher
luminance than the display with a white OLED and CFs
[26]. OLED microdisplays with a 882 ppi VGA resolution
and a 2,645 ppi WUXGA resolution were demonstrated
as shown in Figure 3(d). In addition, 2K x 2K full-color
OLED microdisplays were developed using the direct
patterning method in 2017 [27]. The diagonal view-
ing area of the panel was 1.06 inch, and the maximum
luminance was 5,000 cd/m?. The panel used an RGBB
pixel structure and showed a 133% sRGB color gamut.
Malinowski et al. reported high-resolution photolithog-
raphy for direct-view active-matrix OLED (AMOLED)
AR displays [28]. They demonstrated 1 ym OLED pat-
terns, as shown in Figure 3(e), and the T90 lifetime of
a green phosphorescent OLED that used this pattern-
ing method was over 150 h at the starting luminance of
1,000 cd/m?. They archived a two-color 1,250 ppi passive
matrix (PM) OLED display and a semi-transparent green
AMOLED display using the photolithography process, as
shown in Figure 3(f) and (g), respectively. In 2020, Mu
et al. developed electrohydrodynamic (EHD) printing for
high-resolution OLED displays [29]. They investigated
printability depending on solvents and obtained poly-
mer line widths of 1.5 pym for R, 1.7 pm for G, and
1.6 um for B, as shown in Figure 3(h). Moreover, they
fabricated 2,115 ppi monocolor PM polymer displays
with a display size of 3.5 x 2.3 mm? using their pat-
terning method, as shown in Figure 3(i). Ventsch et al.
reported on solution-processed top-emitting OLEDs,
which can be applied to full-color microdisplays [30].
Their polymeric emitters are crosslinkable and can be
patterned in the UV-lithography process. The R, G, and
B polymers can be patterned to 2 pm, as shown in
Figure 3(j), and allow full color in OLED microdisplays
using direct patterning instead of a white OLED with
CFs [31].
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Figure 3. (a) Schematic diagram of the FMTL process [25]. Reprinted with permission from ref. [25]. Copyright 2013, John Wiley and Sons.
(b) Various patterns using FMTL [25]. Reprinted with permission from ref. [25]. Copyright 2013, John Wiley and Sons. (c) Schematic device
structure and R, G, and B subpixel images using the direct patterning process [26]. Reprinted with permission from ref. [26]. Copyright
2016, John Wiley and Sons. (d) Optical image of actively driven VGA and WUXGA direct-patterned full-color AMOLED microdisplays [26].
Reprinted with permission from ref. [26]. Copyright 2016, John Wiley and Sons. (e) 1 um OLED patterns [28]. Reprinted with permission
from ref. [28]. Copyright 2018, John Wiley and Sons. (f) The PM 1,250 ppi patterned OLED display [28]. Reprinted with permission from
ref. [28]. Copyright 2018, John Wiley and Sons. (g) Top view and pixel images of the semi-transparent AMOLED display [28]. Reprinted
with permission from ref. [28]. Copyright 2018, John Wiley and Sons. (h) Microscopic image of the EHD-printed R, G, and B polymer lines
and surface morphology of a B line film [29]. Reprinted with permission from ref. [29]. Copyright 2020, John Wiley and Sons. (i) Pixel
pattern, printed line profile, and microscopic PL image of the light-emitting pixels, and a PM display driven at 5 V [29]. Reprinted with
permission from ref. [29]. Copyright 2020, John Wiley and Sons. (j) Resolution of the direct lithography process with soft curing at 60°C
and photograph of the operating display showing a test screen [31] Reprinted with permission from ref. [31]. Copyright 2007, John Wiley
and Sons.

2.3. Devicestructures for high luminance of OLED devices [32]. However, it needs higher driving

High luminance is a very important factor of outdoor  voltages as the number of OLED units stacked increases.
display applications but a weak point of OLED microdis-  For a high driving voltage, the size of the transistor
plays. A tandem structure stacks OLED units and thus,  should be increased, but a large transistor decreases the
generally increases the luminance and current efficiency  pixel density of the display panel. In 2019, Cho et al.
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adopted a two-stack white tandem structure for OLED
microdisplays, as shown in Figure 4(a) [33]. They opti-
cally optimized a device structure using optical simu-
lation and reduced the driving voltage using p- and n-
doped transporting layers. Although an electrical doping
method typically improves the performance of OLEDs
[33,34], the electrical crosstalk of the subpixels should be
considered when the doping concentration is determined
due to the very small pixel pitch in OLED microdisplays.
Their white device exhibited a maximum luminance of
20,000 cd/m? at 9 V; and a white OLED microdisplay that
had a 2,350 ppi resolution with a maximum luminance
of 3,000 cd/m? was demonstrated, as shown in Figure
4(b). In 2020, Hamar et al. also applied a tandem struc-
ture to OLED microdisplays [35]. They demonstrated
OLED microdisplays using three-, four-, and five-stack
tandem structures, as shown in Figure 4(c). As the stack
number increases, the lifetime of OLEDs is dramatically
enhanced, as shown in Figure 4(d). Their panel resolu-
tion was WUXGA and the RGBW pixel structure was
used for higher luminance due to the unfiltered white
subpixel.

A light extraction structure can also improve the lumi-
nance and efficiency of OLED microdisplays [36]. How-
ever, such structure is very challenging to use in OLED
microdisplay panels due to their very tiny pixel size and
the top-emitting structure of OLEDs. R. Pfeifer et al.
optically simulated the OLED structure with nanostruc-
tured substrates for OLED microdisplays, as shown in
Figure 4(e) [37]. The grating was inserted between the
Al-based anode and the HTL and consisted of SiO,
and doped amorphous silicon. The outcoupling effi-
ciency was changed depending on the period and height
of the grating and could be enhanced to up to 35%
compared to the same structure without grating. In
2019, Motoyama et al. developed high-efficiency OLED
microdisplays using microlens arrays [38]. The microlens
array was fabricated on the CF, and the microlens/CF-
coated glass substrate was assembled into the OLED sub-
strate with high paring accuracy, as shown in Figure 4(f).
The microlens array showed 1.8 times enhanced lumi-
nance without wavelength dependency and improved
the current efficiency and the color shift of the view-
ing angle. In addition, they used InZnO as a semi-
transparent top cathode instead of the typical MgAg
cathode, which improved the efficiency 1.3 times com-
pared to the MgAg structure. Consequently, they success-
fully demonstrated the 0.23” nHD OLED microdisplay
with a high luminance of 5,000 cd/m? by developing the
microlens array and the InZnO cathode, and optimiz-
ing the spectral transmittance of the CF, as shown in
Figure 4(g).

2.4. Color conversion structures

Full color in displays can be realized using a color
conversion layer with blue light sources [39]. Blue
OLEDs can be used as blue light sources and have a
much simpler structure than white OLEDs. Ghosh el
al. tested color-changing materials (CCMs) for OLED
microdisplays, as shown in Figure 5(a) [40]. They com-
pared CCMs processed via spin-coating and vacuum-
depositing and found that only vacuum-deposited films
satisfied the requirements for OLED microdisplays. In
addition, crosstalk and color bleeding are critical issues
in OLED displays that use CCMs or CFs. To decrease the
crosstalk problem, the gap between the display and the
CCMs or CFs should be reduced, as shown in Figure 5(b),
and the space distribution of the OLED emission should
be narrow, using the microcavity effect. In 2020, Kim et al.
reported the R, G, and B color generation method from
white top-emitting OLEDs by applying a cavity control
layer, as shown in Figure 5(c) [41]. InZnO was used as a
cavity control layer, and the R, G, and B colors were eas-
ily realized without CFs or R, G, B EMLs by changing
the thickness of the cavity control layer. However, there
was a blue emission leakage in the red color device due
to its cavity condition. Silver nanoparticles-doped ETL
and rubrene-doped HTL were used to suppress such blue
emission leakage, as shown in Figure 5(d).

3. OLED microdisplay panel technology for
various applications

3.1. High-resolution displays using advanced TFT
processes for VR applications

Due to their intrinsic small size, OLED microdis-
plays can be applied to head-mounted or glass-type
AR/VR devices. In head-mounted devices for VR appli-
cations, large and high-resolution displays are preferred
to improve the FoV and the immersiveness. However, a
display size of over 1 inch is difficult to achieve using
the conventional CMOS technology with a stepper. For-
tunately, the large display size mitigates the design rules
up to a few micrometers, enabling the application of
the TFT process on the glass substrates with advanced
technology. To apply the TFT process, the pixel cir-
cuit should be simplified due to the small pixel size.
As shown in Figure 6(a), Keum et al. proposed an
OLED pixel circuit that consisted of three TFTs (3T)
and two capacitors (2C) using the simultaneous emis-
sion driving method with a low crosstalk error of less
than +1 least significant bit (LSB) [42]. Using the pro-
posed pixel structure, they demonstrated the 5.87-inch,
1,000 ppi, and 5,120 x 2,880-resolution low-temperature
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Figure 5. (a) Cross-section of an OLED display sealed with the CCM/C/F substrate [40]. Reprinted with permission from ref. [40]. Copyright
2012, John Wiley and Sons. (b) Effect of the gap between the display and the CCM and/or CF substrates on the OLED display contrast
ratio [40]. Reprinted with permission from ref. [40]. Copyright 2012, John Wiley and Sons. (c) Device structure of the fabricated R, G, and
B TEOLED with variation of the cavity control layer [41]. Reprinted with permission from ref. [41]. Copyright 2020, Elsevier. (d) EL spectra
with suppressed B emission characteristics of WTEOLED [41]. Reprinted with permission from ref. [41]. Copyright 2020, Elsevier.
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Figure 6. (a) The 3T-2C pixel circuit for AR/VR applications [42]. Reprinted with permission from ref. [42]. Copyright 2018, John Wiley and
Sons. (b) Aperture ratios of the conventional and developed pixels with regard to the pixel density [44]. Reprinted with permission from
ref. [44]. Copyright 2018, John Wiley and Sons. (c) The vertically stacked oxide TFT for the high-resolution AMOLED [45]. Reprinted with
permission from ref. [45]. Copyright 2020, John Wiley and Sons. (d) Image of the 0.62-inch, 2,351 ppi AMOLED panel using the stacked
oxide TFT [46]. Reprinted with permission from ref. [46]. Copyright 2019, John Wiley and Sons.

polycrystalline silicon (LTPS)-based AMOLED display
panel with a magnifying glass lens for VR applications.
Yu et al. also introduced a simple pixel circuit of 3T-1C
for high-resolution displays [43]. Different pixel circuits
for the p-type metal-oxide-semiconductor (PMOS) and
the n-type metal-oxide-semiconductor (NMOS) were
developed to consider both the functions and the pro-
cess capacity. By developing the pixel circuits, TFT pro-
cesses, and driving schemes, they demonstrated both
the 3.23-inch, 1,000 ppi, 2,160 x 2,400-resolution, and
90 fps PMOS display panel and the 2.2-inch, 1,000
ppi, 1,080 x 2,400-resolution, and 120 fps NMOS display
panel. Cheng et al. developed the circuitry for a high-
resolution AMOLED panel that included a pixel circuit
to compensate for the threshold voltage (Vy) variation
and the voltage drop, and a gate driver on an array that
generated S and E waveforms [44]. To reduce the screen-
door effect, the high-resolution OLED patterning process
was also developed, which resulted in a high aperture
ratio of 17% with a pixel size of 11.4 um, as shown in
Figure 6(b). By integrating the frontplane and backplane
technologies, they demonstrated the 2.17-inch, 2,228 ppi
AMOLED panel for near-eye applications.

The aforementioned studies used the LTPS TFT tech-
nology. Another mainstream of TFT technology is the
oxide TFT, which exhibits high productivity and uni-
formity. However, the lower mobility of the oxide TFT
compared to the LTPS TFT leads to a large TFT size for

pixel driving, which is an obstacle to its application to
high-resolution displays. To solve this problem, Lee et al.
developed the vertically stacked oxide TFT backplane
technology for high-resolution displays [45]. Due to the
double TFT layers, the TFT size, line width, gap between
the metal lines, and via size can be increased, reducing the
short channel effect and the RC delay and improving the
uniformity. As shown in Figure 6(c), with the TFT chan-
nel length of 4 um, a vertically stacked TFT array that
corresponded to a 1.2-inch, 1,360 ppi, and 1,370 x 890-
resolution AMOLED backplane was fabricated. Shishido
et al. also reported a stacked oxide TFT with a channel
length of 0.36 pum [46], in which the 4T-2C pixel cir-
cuit was separated into 2T and 1C, each of which was
located at the upper and lower layers, enabling a 1.7 times
increase in the pixel density. Using the stacked struc-
ture, they demonstrated the 0.62-inch, 2,351 ppi, and
1,280 x 720-resolution full-color AMOLED panel shown
in Figure 6(d).

3.2. High-performance OLED microdisplays for
small-form-factor AR devices

For glass-like small-form-factor AR devices, the display
size should be reduced. To improve the performance of a
device with a small form factor, a high pixel density dis-
play is required, which is technically challenging for both
the frontplane and backplane points of view. To drive
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OLED with high luminance, a high current should be
supplied through the pixel circuit, which will result in a
large transistor size with a high breakdown voltage. In
addition, the small pixel pitch also decreases the width
of the signal line, leading to power loss and increased RC
delay. That is, there is a trade-off between the high resolu-
tion and the brightness, power consumption, and frame
rate. The gap between the CF and the white OLED should
also be decreased to reduce the optical crosstalk for the
small pixel size. As the adjacent subpixel has a different
color, the optical crosstalk deteriorates the color purity.
Thus, to realize high-performance OLED microdisplays
with a high pixel density, the overall technology, includ-
ing the process, structure, pixel circuit, and driving
scheme, should be developed. Fujii et al. developed front-
plane and backplane technologies for 4,032 ppi OLED
microdisplays [47]. To reduce the pixel size, they opti-
mized the 4T-2C pixel circuit and the pixel driving cir-
cuits. Each transistor size was carefully designed by con-
sidering the Vry variation, breakdown voltage, and driv-
ing current in the process development. For the front-
plane, an on-chip CF(OCCEF) process was developed to
improve the viewing angle of the chromaticity. As shown
in Figure 7(a), the OCCF structure with RBGB pixel
arrangement exhibited low angle chromaticity variation.
For low power consumption and high-speed driving,
they designed low-voltage-driven peripheral analogue
circuits and high-voltage-driven pixel driving circuits,

respectively. The newly designed driving scheme, which
was dual-line progressive with bundled lines shifting,
realized 240 frame rates with suppressed degradation of
resolution, as shown in Figure 7(b). Through the overall
technology improvements, they demonstrated the high-
performance 0.5-inch, 4,032 ppi, and 1,600 x 1,200-
resolution OLED microdisplay. Lu et al. reported the
5,644 ppi OLED microdisplay a with 4.5 pm pixel
through subpixel rendering [48]. Using the normal delta
pixel arrangement with embedded image enhancement
functions and an OCCF structure, they demonstrated
the 0.39-inch, 5,644 ppi, and 1,920 x 1,080-resolution
OLED microdisplay. Katsui, Shishido et al. reported the
oxide-transistor-based 5,291 ppi microdisplay by using
c-axis aligned crystalline In-Ga-Zn-O (CAAC-IGZO)
field effect transistors (FETs) with a channel length of
60 nm [49,50]. As shown in Figure 7(c), the IGZO FET
has a tri-gate structure to improve the electric field con-
trol through the gate [49]. The 60-nm FET exhibited
a high breakdown voltage of more than 10 V, suitable
current capability and saturation characteristics, and an
extremely low off-state current of below 1 pA, which
enabled the application of the FET to high-resolution
OLED displays. The 2T-1C pixel circuit and the RGB
zigzag arrangement were adopted for high resolution.
Using the 60-nm CAAC-IGZO FETs, a 0.28-inch, 5,291
ppi, and 1,280 x 720-resolution OLED microdisplay was
demonstrated.
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Figure 8. (a) The OLED microdisplay with a 32:9 aspect ratio and an AR image by integrating the microdisplay with the pin mirror
lens [51]. Reprinted with permission from ref. [51]. Copyright 2020, John Wiley and Sons. (b) The 0.38-inch and 1-inch curved OLED
microdisplays [52]. Reprinted with permission from ref. [52]. Copyright 2019, John Wiley and Sons. (c) The image-sensor-integrated OLED
microdisplay [59]. Reprinted with permission from ref. [59]. Copyright 2017, SPIE. (d) The 0.19-inch low-power OLED microdisplay [60].
Reprinted with permission from ref. [60]. Copyright 2017, John Wiley and Sons.

To implement small-form-factor AR devices, not only
a small microdisplay but also a simple optical system
is required. Lee et al. reported an OLED microdisplay
combined with a pin mirror lens-based optical system
[51]. They implemented the AR device by combining
only the thin pin mirror lens and the OLED microdis-
play. In addition, the horizontal FoV of the AR device was
improved to 43° using a high-aspect-ratio (32:9) OLED
microdisplay with a laterally expanded pin mirror array,
as shown in Figure 8(a). Another approach to reducing
the form factor of an AR device is by using a curved dis-
play, which makes the optical system simpler and lighter
[52,53]. To fabricate the curved OLED microdisplay, the
mechanical grinding process was used [52]. After grind-
ing, the thickness of the OLED microdisplay decreased to
70-130 um, even as the electro-optical characteristics of
the OLED were maintained. After the one-dimensional
bending process, OLED microdisplays with a curvature
radius of 45 mm, a 0.38-inch WVGA, and a 1-inch
WUXGA were demonstrated, as shown in Figure 8(b).
In addition, a visual system that uses a curved microdis-
play can reduce the system volume by 29.1% compared

to a system that uses a flat microdisplay [53]. Fraun-
hofer Institute reported image sensor-integrated OLED
microdisplays in 2009 [54-59]. As shown in Figure
8(c), the RGBW light emitters and photodetector were
arranged in the same panel, displaying images and detect-
ing light simultaneously. Using the integrated image sen-
sor, they successfully produced 800 x 600-resolution eye
images, which can be applied to eye-tracking in AR/VR
applications. No additional camera or sensor is needed
for eye tracking, which helps reduce the size of small-
form-factor devices.

Some applications, especially with high activity, may
need a slim and light AR device rather than a device
with a high-quality display. In such applications, the
microdisplay may not need to be full-color and high-
resolution and to have a high frame rate but may need
to be small and with low power consumption. Vogel
et al. reported an ultra-low-power OLED microdisplay
for wearable visualization [58-60]. A highly efficient
green monochrome OLED device was designed and
fabricated, which resulted in a maximum current effi-
ciency of 47.7 cd/A at 1,000 cd/m?. To reduce the power



consumption for display driving, the in-pixel mem-
ory structure and the freely addressable matrix tech-
nique were developed. In this structure, only the image-
changing pixels can be updated, enabling safe driv-
ing especially in idle mode. As shown in Figure 8(d),
using the highly efficient OLED and low-driving-power
pixel circuits, the 0.19-inch, 304 x 256-resolution, and
low-power-consumption (10-40 mW) OLED microdis-
play was demonstrated. The OLED microdisplays and
their characteristics published to date are summarized in
Table 1.

4. Summary and perspective

OLED microdisplay technology has rapidly developed
due to its potential for various applications. Various
top metal electrodes, tandem OLED architectures, and
light extraction structures have been studied and used to
enhance the efficiency and luminance of OLED microdis-
plays. In addition, novel color patterning processes and
color conversion structures have been developed to
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realize full color. For VR applications, large and high-
resolution displays are required, so technologies have
been developed to implement a small pixel size by using
the TFT process. For small-form-factor AR devices, a
small device is required, so technologies have been devel-
oped with a high pixel density, high luminance, a high
frame rate, a large FoV, a small form factor, and low power
consumption.

Although the performance of OLED microdisplays
has improved, some technological obstacles should be
overcome to broaden their fields of application and to
increase their competitiveness over other microdisplays.
First, the luminance of OLED microdisplays should be
enhanced. Most optical systems in AR/VR glasses are
ineflicient. Especially, optical systems based on diffractive
optical elements and holographic optical elements have
low efficiency even though they have a small form fac-
tor and high transparency. As high luminance is essential
for AR/VR glasses, the efficiency of OLED microdis-
plays should be improved by using an advanced device
structure, a light extraction layer, direct patterning, and

Table 1. Summary of the OLED microdisplays and their characteristics.

Current
Size Pixel pitch Pixel density ~ Luminance Contrast efficiency Max.frame  Power
Color Year (inch)  Resolution (um) (ppi) (cd/m2) ratio (cd/A) rate (Hz) (mW)  Reference
Mono-chromic 2001 0.77  1,280x1,024 12 ~ 2,100 600 100:1 85 920 [61]
2009 06 320x240 39 ~ 650 5,000 [54]
2011 0.57 320x240 36 ~ 700 24,000 3,000:1 400 100 [55, 56]
2012 0.61 2,600x2,088 47 ~ 5,400 5,000 100,000:1 60 250 [62]
2017  0.19 304x256 12 ~ 2,100 500 458 25 10-40 [59, 60]
2018 0.7 1,280x 1,024 11.8 ~ 2,300 460 2.8 920 [23]
White 2001 1,280x 1,024 12 974 4.87 400 [11]
2002 852x600 15 ~ 1,700 200 > 100:1 3.5-4 220 [63]
2006 0.19 320x240 12 2,300 100 120 [64]
2011 0.6 1,024 x768 12 ~ 2,100 235 19.5 [65]
2019 1 1,920x 1,200 11.2 ~ 2,250 10,000 8 [52]
2019 0.7 1,280% 1,024 10.8 ~ 2,300 1,000 28 [33]
2020 0.8 1,920x 540 10.2 ~ 2,490 1,000 19.5 60 [51]
Two-color 2018 1,400x 1,400 20 1,250 85 [28]
Full-color 2006 0.28 320x240 18 1,428 100 60 15 [66]
2009 0.77 1,280x1,024 12 2,300 310 > 60,000:1 [67]
2012  0.61 1,280x 1,024 94 ~ 2,700 250 100,000:1 60 250 [62]
2014  0.23 640x400 7.8 ~ 3,200 1,000 10,000:1 80 [68]
2014  0.39 1,028 x768 7.8 ~ 3,200 500 10,000:1 180 [68]
2014 0.7 1,920x 1,080 8.1 3,147 200 10,000:1 [68]
2015 06 800x 600 16 ~ 1,580 [57]
2016 0.6 800x 600 16 ~ 1,580 75 350 [58]
2017 0.86  1,920x1,200 9.6 2,645 2,000 [26]
2018 1.06 2,048x2,048 9.3 ~ 2,700 5,000 > 10,000:1 920 [27]
2018 43 3,840 4,800 17.6 1,443 150 > 15,000:1 120 [69]
2018 1 1,920% 1,200 1 2,300 300 > 100,000:1 120 200 [70]
2018 0.5 1,600x 1,200 6.3 4,032 2,000 > 100,000:1 120 310 [47]
2018 2.17  3,600x 3,240 114 2,228 [45]
2019 587 5,120x2,880 254 1,000 [42]
2019 0.64 1,280x720 1 2,300 300 > 100,000:1 120 160 [71]
2079 039  1,920x1,080 45 5,644 > 100,000:1 90 [48]
2019 0.23 640x360 7.8 ~ 3,200 5,000 > 10,000:1 [38]
2019  0.62 1,280x720 10.8 2,351 [46]
2019 0.28 1,280x720 5,291 [49, 50]
2020 323 2,160x%2,400 90 [43]
2020 1,920% 1,200 11 2,300 10,000 20 60 245 [35]
2020 0.59 800x 600 15 1,700 31-33 [24]




30 (&) C-M.KANGAND H.LEE

efficient materials. Second, the driving voltage of OLED
microdisplays should be reduced. As the resolution of
the display panel increases, the size of the transistor and
the circuit line should be reduced to limit the driving
voltage and the current. This is very significant particu-
larly in the tandem structure. Finally, the pixel crosstalk,
which can degrade the color purity of the display, should
be eliminated. Due to the small subpixel pitch, the light
from one subpixel can affect adjacent subpixels, which is
called optical crosstalk. This can be decreased by reduc-
ing the distance between the EML and the CF. Electrical
crosstalk, which means that the voltage of one subpixel
affects adjacent subpixels, results in current leakage. Elec-
trical doping to reduce the driving voltage can encour-
age electrical crosstalk. Consequently, the conductivity of
the electrically doped common layer should be carefully
controlled to prevent electrical pixel crosstalk. Through
continuous efforts of many researchers to solve these
problems, we believe that OLED microdisplays can be
sufficiently applied not only to AR/VR devices but to
various other devices.

Acknowledgments

This study was supported by the Electronics and Telecommu-
nications Research Institute (ETRI) through a grant from the
Korean government (21ZB1200).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This study was supported by the Electronics and Telecommu-
nications Research Institute (ETRI) through a grant from the
Korean government [grant number 21ZB1200].

Notes on contributors

Chan-mo Kang received his B.S. and
Ph.D. Electrical and Computer Engineer-
ing degrees from Seoul National Univer-
sity (SNU) in 2008 and 2014, respec-
"ol tively. He is currently a senior researcher
- ) at ETRIL. His research interests include
‘ ‘\ { . device engineering and physics in organic
i i electronics, thin-film transistors (TFTs),
organic/inorganic hybrid devices, and high-resolution displays
for AR/VR applications.

Hyunkoo Lee received his B.S. and M.S.
Electrical Engineering degrees from Seoul
National University in 2004 and 2006,
respectively. He was a junior researcher for
the Monitor Circuit Design Team of LG

G-
\/ Display from 2006 to 2009. He received
g} his Ph.D. Electrical Engineering degree in

2

YT e

2013, also from Seoul National University. He was a senior
researcher from 2013 to 2020 for the Reality Display Research
Section of Electronics and Telecommunications Research Insti-
tute (ETRI). He has been with Sookmyung Women’s Univer-
sity as an assistant professor since 2020. His research inter-
ests include the device physics of organic semiconductors and
organic/inorganic hybrid materials, and their applications to
optoelectronics devices such as OLEDs, quantum dot-LEDs,
and flexible devices. His current research interests are high-
resolution displays and microdisplays for AR/VR applications.

References

[1] G.Haas, Microdisplays for augmented and virtual reality,
SID Symp, Dig. Tech. Pap 49 (1), 506-509 (2018).

[2] G. Haas, Microdisplays for wearable augmented reality —
OLED vs LED Based Systems, SID Symp, Dig. Tech. Pap
50 (1), 713-716 (2019).

[3] A.K.Abeeluck, A.Iverson, H. Goetz, and E. Passon, High-
performance displays for wearable and HUD applications,
SID Symp, Dig. Tech. Pap 49 (1), 506-509 (2018).

[4] J.-P.Yang, H.-M.P. Chen, Y. Huang, Y.-C. Chang, E-W. Lai,
S.-T. Wu, C. Hsu, R. Tsai, and R. Hsu, Submillisecond-
response 10-megapixel 4K2K LCoS for microdisplay and
spatial light modulator, SID Symp, Dig. Tech. Pap 50 (1),
933-936 (2019).

[5] T. Tanaka, A. Ito, and M. Yasukawa, New technology for
HTPS-LCD panels for projection systems, J. Soc. Inf. Disp
15 (10), 825-828 (2007).

[6] I.Underwood, A review of microdisplay technologies, Con-
ference Digest of Electronic Information Displays , London,
UK (2000).

[7] L.J. Hornbeck, Deformable mirror spatial light modula-
tors, SPIE Critical Review Series 1150, 86-102
(1989).

[8] D.L.Mathine, H. S. Woo, W. He, T. W. Kim, B. Kippelen,
and N. Peyghambarian, Organic LEDs heterogeneously
integrated with CMOS circuitry, Digest of LEOS 12th
annual meeting, 216-217 (1999).

[9] K. Pichler, WE. Howard, and O. Prache, Design and
manufacturing of active-matrix organic light-emitting
micordisplays on silicon, Proc. of SPIE 3797, 258-265
(1999).

[10] W. Graupner, C.M. Heller, A.P. Chosh, and W.E. Howard,
High resolution color organic light emitting diode
microdisplay fabrication method, Proc. of SPIE 4207,
11-19 (2000).

[11] T. Feng, T.A. Ali, E.S. Ramakrishnan, R. Campos, and
W.E. Howard, Structure and characterization of a white
up-emitting OLED on silicon for microdisplays, Proc. of
SPIE 4105, 30-36 (2001).

[12] J.L. Sanford, and E.S. Schlig, Direct-view active-matrix
VGA OLED-on-crystalline-silicon display, SID Symp,
Dig. Tech. Pap 32 (1), 376-379 (2001).

[13] G.W. Jones, Active-matrix OLED microdisplays, SID
Symp, Dig. Tech. Pap 32 (1), 134-137 (2001).

[14] O.Prache, Active-matrix molecular OLED Microdisplays,
Displays 22 (2), 49-56 (2001).

[15] A. P. Ghosh, Full color OLED on silicon microdisplay,
Proc. of SPIE 4464, 1-10 (2002).

[16] I. Wacyk, O. Prache, T. Alj, I. Khayrullin, and A. Ghosh,
OLED microdisplay design and materials, Proc. of SPIE
7690, 769011-1-769011-11 (2010).



(17]

(18]

[20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

(29]

(30]

S. Su, C. Li, M. Zhang, S. Chen, and S. Zhang, QLED-on-
silicon microdisplays, SID Symp, Dig. Tech. Pap 51 (1),
758761 (2020).

H. Onuma, M. Maegawa, T. Kurisu, T. Ono, S. Akase, S.
Yamaguchi, N. Momotani, T. Fujita, Y. Kondo, K. Kubota,
T. Yoshida, Y. Tkawa, T. Ono, H. Higashisaka, Y. Hirano,
and H. Kawanishi, 1,053 ppi Full-Color “Silicon Display”
based on Micro-LED Technology, SID Symp, Dig. Tech.
Pap 50 (1), 353-355 (2019).

T. Jung, J.H. Choi, S.H. Jang, and S.J. Han, Review of
micro-light-emitting-diode technology for micro-display
applications, SID Symp, Dig. Tech. Pap 50 (1), 442-446
(2019).

D. Kreye, M. Toerker, U. Vogel, and J. Amelung, Full
colour RGB OLEDs on CMOS for Active-Matrix OLED
Microdisplays, Proc. of SPIE 6333, 63331L-1-63331L-6
(2006).

T.A. Ali, LLL Khayrullin, F. Vazan, S.A. Ziesmer, S.P.
Barry, O. Prache, and A.P. Ghosh, High performance top
emitting green OLED micro-displays, SID Symp, Dig.
Tech. Pap 40 (1), 798-801 (2009).

Y. Ji, E Ran, H. Xu, W. Shen, and J. Zhang, Improved per-
formance and low cost OLED microdisplay with titanium
nitride anode, Org. Electron 15, 3137-3143 (2014).

H. Lee, H. Cho, C.-W. Byun, C.-M. Kang, J.-H. Han, J.-
I. Lee, H. Kim, J.H. Lee, M. Kim, and N.S. Cho, Device
Characteristics of top-emitting organic light-emitting
diodes depending on anode materials for CMOS-based
OLED microdisplays, IEEE Photonics ] 10 (6), 8201809
(2018).

Q. Xue, and G. Xie, Easily reproducible top-emitting
organic light-emitting devices for microdisplays adapted
to aluminum contact from the standard CMOS processes,
J. Inf. Disp 21 (3), 131-137 (2020).

R. Herold, A. Zakhidov, U. Vogel, B. Richter, K. Fehse, and
M. Burghart, Sub-pixel Structured OLED Microdisplay,
SID Symp, Dig. Tech. Pap 44 (1), 330-333 (2013).

A. Ghosh, E.P. Donoghue, I. Khayrullin, T. Ali, I. Wacyk,
K. Tice, E Vazan, L. Sziklas, D. Fellowes, and R. Draper,
Directly patterned 2645 PPI full color OLED microdisplay
for head mounted wearables, SID Symp. Dig, . Tech. Pap
47 (1), 837-840 (2016).

A. Ghosh, E.P. Donoghue, I. Khayrullin, T. Ali, I. Wacyk,
K. Tice, E Vazan, O. Prache, Q. Wang, L. Sziklas, D. Fel-
lowes, and R. Draper, Ultra-High-Brightness 2K x 2K
Full-Color OLED microdisplay using direct patterning of
OLED Emitters, SID Symp, Dig. Tech. Pap 48 (1), 226-229
(2017).

PE. Malinowski, T.-H. Ke, A. Nakamura, Y.-H. Liu, D.V.
Velpen, E. Vandenplas, N. Papadopoulos, A.J. Kronemei-
jer, J.L. van der Steen, S. Steudel, C.-C. Kuo, Y.-Y. Huang,
Y.-h. Chen, M.-H. Yeh, G. Gelinck, and P. Heremans, High
resolution photolithography for direct view AMOLED
AR Displays, SID Symp, Dig. Tech. Pap 49 (1), 999-1002
(2018).

L. My, C. Jiang, ]J. Wang, H. Zheng, L. Ying, M. Xu, J.
Wang, J. Peng, and Y. Cao, OLED display with high res-
olution fabricated by electrohydrodynamic printing, SID
Symp, Dig. Tech. Pap 51 (1), 485-488 (2020).

E Ventsch, M.C. Gather, and K. Meerholz, Towards
organic light-emitting diode microdisplays with sub-pixel
patterning, Org. Electron 11, 57-61 (2010).

[31]

[32]

(33]

[34]

[35]

[38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

JINF.DISP. (&) 31

M.C. Gathoer, A. Kohnen, A. Falcou, H. Becker, and K.
Meerholz, Solution-processed full-color polymer organic
light-emitting diode displays fabricated by direct pho-
tolithography, Adv. Funct. Mater 17 (2), 191-200
(2007).

M.-K. Fung, Y.-Q. Li, and L.-S. Liao, Tandem organic
light-emitting diodes, Adv. Funct. Mater 28 (47), 10381-
10408 (2016).

H. Cho, C.-W. Byun, C.-M. Kang, J.-W. Shin, B.-H. Kwon,
S. Choi, N.S. Cho, J.-I. Lee, H. Kim, J.H. Lee, M. Kim,
and H. Lee, White organic light-emitting diode (OLED)
microdisplay with a tandem structure, J, Inf. Disp 20 (4),
249-255 (2019).

G. Xie, Q. Xue, P. Chen, C. Tao, C. Zhao, J. Lu, Z. Gong,
T. Zhang, R. Huang, H. Du, W. Xie, J. Hou, Y. Zhao, and
S. Liu, Highly efficient and low-cost top-emitting organic
light-emitting diodes for monochromatic microdisplays,
Org. Electron 11 (3), 407-411 (2010).

J. Hamer, M. Kondakova, J. Spindler, R. Cupello, S.
Hamer, M. Andre, S. McClurg, A. Pleten, B. Primerano,
D. Scott, G. Scherer, and S. Stickel, High-performance
OLED microdisplays made with multi-stack OLED For-
mulations, SID Symp, Dig. Tech. Pap 51 (1), 149-152
(2020).

A. Salehi, X. Fu, D.-H. Shin, and E. So, Recent advances in
OLED optical design, Adv. Funct. mater 29 (15), 1808803
(2019).

R. Pfeifer, K. Fehse, U. Vogel, and K. Leo, Improved
optical outoupling of OLED microdisplays by nanostruc-
tured substrates, 2011 Semiconductor Conference Dres-
den, Dresden, 1-4 (2011).

Y. Motoyama, K. Sugiyama, H. Tanaka, H. Tsuchioka,
K. Matsusaki, and H. Fukumoto, High-efficiency OLED
microdisplay with microlens array, J. Soc. Inf. Disp 27 (6),
354-360 (2019).

Z.Hu, Y. Yin, M.U. Ali, W. Peng, S. Zhang, D. Li, Y. Zou,
Y. Li, S. Jiao, S.-j. Chen, C.-Y. Lee, H. Meng, and H. Zhou,
Inkjet printed uniform quantum dots as color conver-
sion layers for full-color OLED displays, Nanoscale 12 (3),
2103-2110 (2020).

A.P. Ghosh, W.E. Howard, 1. Sokolik, and R. Zhang, SID
Symp. Dig. Tech. Pap 41 (1), 983-985 (2000).

S.K. Kim, M.J. Park, R. Lampande, S.W. Jung, H.-u. Park,
J.K. Jeong, and ].H. Kwon, Primary color generation from
white organic light-emitting diodes using a cavity control
layer for AR/VR applications, Org. Electron 87, 105938
(2020).

N.-H. Keum, C.C. Chai, S.-K. Hong, Y.-S. Kim, and O.-K.
Kwon, An AMOLED pixel circuit for 1000 ppi and 5.87-
inch mobile displays with AR and VR applications, SID
Symp, Dig. Tech. Pap 49, 283-286 (2018).

Z.Yu, M. Hu, Z. Wang, G. Liu, B. Wang, P. Jang, D. Wang,
and H. Qiu, 1000PPI LTPS OLED Display for VR Appli-
cation, SID Symp, Dig. Tech. Pap 51, 156-159, (2020).
S.-S. Cheng, H.-S. Chen, Y.-T. Chen, L.-J. Wei, L.-M.
Huang, and L.-M. Lu, UHPD technology for enanced
User experience of near-eye applications, SID Symp, Dig.
Tech. Pap 49, 1872-1875 (2018).

S. Lee, Y. Chen, J. Kim, and ]. Jang, Vertically inte-
grated, double stack oxide TFT layers for high-resolution
AMOLED backplane, J. Soc. Inf. Display 28, 469-475
(2020).



32 (&) C-M.KANGAND H. LEE

[46]

(47]

(48]

[49]

(50]

[51]

(53]

[54]

(55]

[57]

H. Shishido, K. Kimura, M. Nomura, T. Hirose, S. Kato, T.
Aoyama, S. Nomura, K. Nei, Y. Okazaki, T. Ikeda, and S.
Yamazaki, 2351-ppi OLED Display with Stacked OS-FETs
with L = 0.36 um, SID Symp, Dig. Tech. Pap 50, 315-318
(2019).

T. Fujii, C. Kon, Y. Motoyama, K. Shimizu, T. Shimayama,
T. Yamazaki, T. Kato, S. Sakai, K. Hashikaki, K. Tanaka,
and Y. Nakano, 4032 ppi high-resolution oled microdis-
play, J. Soc. Inf. Display 26, 178-186 (2018).

P. Lu, G. Huang, S. Yang, X. Chen, X. Dong, H. Wang,
Y. Wang, M. Xuan, C. Zhang, M. Yang, C. wang, and H.
Yue, highest ppi micro-OLED display sustain for near-eye
application, SID Symp, Dig. Tech. Pap 50, 725-726 (2019).
S. Katsui, H. Kobayashi, T. Nakagawa, Y. Tamatsukuri, H.
Shishido, S. Uesaka, R. Yamaoka, T. Nagata, T. Aoyama,
K. Nei, Y. Okazaki, T. Ikeda, and S. Yamazaki, 5291
ppi organic light emitting diode display using field-effect
transistors including a c-axis aligned crystalline oxide
semiconductor, SID Symp, Dig. Tech. Pap 50, 311-314
(2019).

H. Shishido, S. Katsui, H. Kobayashi, T. Nakagawa, Y.
Tamatsukuri, S. Uesaka, T. Nagata, T. Aoyama, Y. Okazaki,
T. Ikeda, and S. Yamazaki, 5291-ppi microdisplay using
CAAC-IGZO FET with channel length of 60 nm, SID
Symp, Dig. Tech. Pap 51, 293-296 (2020).

H. Lee, H. Cho, C.-W. Byun, C. Kang, J.-W. Shin, S. Choi,
B.-H. Kwon, N.S. Cho, A. Cho, H. Kim, J. Cho, S.H. Park,
M. Kim, S. Park, Y. Kim, J. Ha, and J. Kim, Organic light-
emitting diode microdisplay with a 32:9 aspect ratio for
wide field of view, SID Symp, Dig. Tech. Pap 51, 153-155
(2020).

T. Maindron, B. Chambion, M. Provost, A. Vandeneynde,
P. Peray, M. Zussy, ]. Dechamp, C. Rossat, and S. Gonnin,
Curved OLED microdisplay, J. Soc. Inf. Display 27,
723-733 (2019).

S. Charriere, PL. Joly, B. Simon, S. Nicolas, E. Zuber, D.
Henry, and O. Haeberle, Curved microdisplay, from opti-
cal design to mechanical study: impact on form-factor
and light efficiency in visual systems, Proc. of SPIE 11350,
1135006 (2020).

U. Vogel, D. Kreye, B. Richter, G. Bunk, S. Reckziegel,
R. Herold, M. Scholles, M. Térker, C. Grillberger, J.
Amelung, S.-T. Graupner, S. Pannasch, M. Heubner, and
B. Velichkovsky, Bi-directional OLED microdisplay for
interactive see-through HMDs: Study toward integration
of eye-tracking and informational facilities, J. Soc. Inf.
Display 17, 175-184 (2009).

B. Richter, U. Vogel, R. Herold, K. Fehse, S. Bren-
ner, L. Kroker, and J. Baumgarten, Bidirectional OLED
Microdisplay: Combining Display and Image Sensor
Functionality into a Monolithic CMOS Chip, presented at
2011 IEEE International Solid-State Circuits Conference,
San Francisco, CA, USA, 2011.

B. Richter, U. Vogel, P. Wartenberg, K. Fehse, and R.
Herold, OLED-on-CMOS based bidirectional microdis-
play for near-to-eye and sensor applications, presented
at 2011 Semiconductor Conference Dresden, Dresden,
Germany, 2011.

P. Wartenberg, B. Richter, S. Brenner, M. Thomschke, K.
Fehse, J. Baumgarten, and U. Vogel, SVGA Full-Color
Bidirectional OLED Microdisplay, SID Symp, Dig. Tech.
Pap 46, 204-206 (2015).

(58]

(60]

(61]

(62]

(63]

(64]

(65]

(6]

(67]

(68]

[69]

[71]

U. Vogel, B. Richter, O. Hild, P. Wartenberg, K. Fehse, M.
Schober, S. Brenner, J. Baumgarten, P. Konig, B. Beyer, G.
Bunk, S. Ulbricht, C. Schmidt, M. Jahnel, E. Bodenstein,
S. Saager, C. Metzner, and V. Kirchhoft, OLED Microdis-
plays — enabling advanced near-to-eye displays, sensors,
and beyond, SID Symp, Dig. Tech. Pap 47, 703-706
(2016).

U. Vogel, B. Richter, P. Wartenberg, P. Kénig, O.R. Hilda,
K. Fehse, M. Schober, E. Bodenstein, and B. Beyer,
OLED microdisplays in near-to-eye applications: chal-
lenges and solutions, Proc. of SPIE 10335, 1033503
(2017).

U. Vogel, B. Beyer, M. Schober, P. Wartenberg, S. Brenner,
G. Bunk, S. Ulbricht, P. K6nig, and B. Richter, Ultra-low
Power OLED microdisplay for extended battery life in
NTE Displays, SID Symp, Dig. Tech. Pap 48, 1125-1128
(2017).

G.W. Jones, Active Matrix OLED Microdisplays, SID
Symp, Dig. Tech. Pap 32, 134-137 (2001).

G. Haas, L. Espuno, E. Marcellin-Dibon, C. Prat, and
V. Gohri, A 5.4 MDOT OLED Microdisplay for Digi-
tal Night Vision and Image Fusion, Proc. of SPIE 8383,
83830B (2012).

O. Prache, Full-color SVGA+ OLED-on-silicon microdis-
play, J. Soc. Inf. Display 10, 133-138 (2002).

I. Underwood, D.C. Burns, and R.J. Woodburn, Polymer
OLED microdisplay technology- pixel design in context,
Proc. of SPIE 6333, 633306 (2006).

C.Y. Park, C.-H. Hyun, S.K. Kang, B.-C. Kwak, and O.-
K. Kwon, XGA OLED Microdisplay for Personal Dis-
play Application, presented at 18th International Display
Workshops 2011, Nagoya, Japan, 2011.

G. Kelly, R. Woodburn, I. Underwood, D. Burns, R. Mon-
teith, M. Newsam, P. Parmiter, and T. Arslan, A Full-Color
QVGA Microdisplay using Light-Emitting-Polymer on
CMOS, presented at 13th IEEE International Confer-
ence on Electronics, Circuits and Systems, Nice, France,
2006.

A.P. Ghosh, T.A. Alj, I. Khayrullin, E Vazan, O.E Prache,
and I. Wacyk, Recent advances in small molecule OLED-
on-silicon microdisplays, Proc. of SPIE 7415, 74150Q
(2009).

R. Asaki, S. Yokoyama, H. Kitagawa, S. Makimura, E
Abe, T. Yamazaki, T. Kato, M. Kanno, Y. Onoyama, E.
Hasegawa, and K. Uchino, A 0.23-in. High-Resolution
OLED Microdisplay for Wearable Displays, SID Symp,
Dig. Tech. Pap 45, 219-222 (2014).

C. Vieri, G. Lee, N. Balram, S.H. Jung, J.Y. Yang, S.Y.
Yoon, and I.B. Kang, An 18 Megapixel 4.3” 1443 ppi
120 Hz OLED display for wide field of view high acu-
ity head mounted displays, SID Symp, Dig. Tech. Pap 49,
5-8(2018).

P. Wartenberg, M. Buljan, B. Richter, G. Haas, S. Brenner,
M. Thieme, U. Vogel, and P. Benitez, High Frame-Rate 1”
WUXGA OLED Microdisplay and Advanced Free-Form
Optics for Ultra-Compact VR Headsets, SID Symp, Dig.
Tech. Pap 49, 514-517 (2018).

P. Wartenberg, B. Richter, S. Brenner, M. Rolle, G. Bunk, S.
Ulbricht, J. Baumgarten, C. Schmidt, M. Schober, and U.
Vogel, A New 0.64” 720p OLED microdisplay for applica-
tion in industrial see-through AR HMD, SID Symp, Dig.
Tech. Pap 50, 717-720 (2019).



	1. Introduction
	2. Device structures and processes in OLED microdisplays
	2.1. Top metal electrodes
	2.2. Pixel patterning process
	2.3. Device structures for high luminance
	2.4. Color conversion structures

	3. OLED microdisplay panel technology for various applications
	3.1. High-resolution displays using advanced TFT processes for VR applications
	3.2. High-performance OLED microdisplays for small-form-factor AR devices

	4. Summary and perspective
	Acknowledgments
	Disclosure statement
	Funding
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


