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ABSTRACT

Organic light-emitting diode (OLED) microdisplays have attracted much attention as displays for
small form factor augmented reality (AR) devices. To realize glass-like thin and wide field of view
(FoV) AR devices, we designed a display module with a high aspect ratio microdisplay and a thin
optical component. For the high aspect ratio microdisplay, we developed the color OLED microdis-
play with a 32:9 aspect ratio and a 0.8-inch diagonal ~ 2,490-ppi CMOS backplane. To express color
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and reduce optical crosstalk, we fabricated the color filter (C/F) patterning directly on the white OLED.
We also developed a pin mirror lens with 11 pin mirrors to improve the optical efficiency and qual-
ity with a thin lens. By combining the microdisplay with LetinAR’s pin mirror lens, we successfully
demonstrated an AR device with a wide horizontal FoV of 46° but with a small form factor 4 mm lens.

1. Introduction

Demand is increasing for light, compact, and high-
resolution displays for the implementation of augmented
reality (AR) under a mobile environment. Microdisplays
are small, lightweight, and high-resolution, which make
them suitable for AR devices. Among microdisplays,
organic light-emitting diode (OLED) microdisplays have
attracted much attention because their self-emissive
property can effectively reduce the form factor of AR
devices [1-3].

For small form factor AR devices, the OLED microdis-
play should be combined with an optical system that
has light, thin, and high optical characteristics. Opti-
cal systems that use diffractive/holographic waveguide
optics are light and thin [4], but their optical efficiency
is very low, which make them inappropriate for com-
bining with the OLED microdisplay. Recently, LetinAR
developed an optical system based on a pin mirror lens
[5]. Using the pin mirror lens, an expandable eyebox
and field of view (FoV), an extended depth of field, and

high optical efficiency can be achieved with a lens as
thick as a typical eyeglass lens. In addition, this optical
system can be easily combined with the OLED microdis-
play by putting the OLED microdisplay on top of the
lens, thereby realizing a glass-like AR device. In this sys-
tem, the thickness of the lens corresponds to the vertical
size of the OLED microdisplay, so the aspect ratio of the
microdisplay limits the horizontal FoV. In addition, since
the interpupillary distance (IPD) differs from person to
person, a wide screen display has the advantage of being
able to adjust the screen to the wearer’s IPD without a
mechanical slider for small form factor AR devices. Thus,
by considering FoV and IPD, the OLED microdisplay
with a high aspect ratio should be developed.
Developing a color OLED microdisplay is also impor-
tant to expand its applications. White OLEDs with color
filter (C/F) patterning are widely used in OLED microdis-
plays due to the ease of the high-resolution patterning
[6,7]. Generally, as shown in Figure 1(a), the C/F is first
patterned on a separate substrate and then attached to
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Figure 1. Vertical structure of the OLED display with (a) the conventional color filter (C/F) patterning method and (b) C/F patterning

directly on the OLED.

the OLED display panel using an optically clear adhesive
(OCA) due to the high process temperature of C/F for-
mation. The typical thickness of the OCA in an OLED
display is more than tens of yum, longer than the sub-
pixel size of microdisplays, resulting in optical crosstalk.
As the adjacent sub-pixel has different colors, this opti-
cal crosstalk can decrease the color purity of the pixel.
To reduce optical crosstalk, the distance between the C/F
and the white OLED should be smaller than the size of
the sub-pixels [8].

In this study, we designed a display module with a high
aspect ratio microdisplay and a thin optical component.
For the high aspect ratio microdisplay, we developed the
color OLED microdisplay with a 32:9 aspect ratio. To
express color and reduce optical crosstalk, we fabricated
the C/F patterning directly on the OLED. Since the dis-
tance between the C/F and the white OLED was a few
times smaller than the sub-pixel size, the optical crosstalk
was effectively reduced. Thus, we successfully demon-
strated a wide (46°)- horizontal FoV AR device by using
a color OLED microdisplay integrated with LetinAR’s
4 mm pin mirror lens.

2, Experiments

Figure 1(b) shows the vertical structure of the OLED
microdisplay. The backplane was designed by RAON-
TECH and fabricated on an 8-inch Si wafer via the
0.11um CMOS process. The sub-pixel size was 3.4 um
x 10.2 um, the diagonal display size was 0.8 inch, and
the display resolution was 1,920 x 540, which resulted
in ~2,490 pixels per inch (ppi). To drive the logic cir-
cuits and OLED pixels, 1.8 and 7V transistor processes
were adopted [9-12]. After the backplane was fabricated,
it was successively cleaned with isopropyl alcohol and
acetone, and dried in a vacuum oven at 120°C. Then the
organic layers and the top metal were deposited by a ther-
mal evaporator to fabricate the OLED. The structures of
the OLEDs used in the experiments are summarized in

Table 1. After the OLED fabrication, an Al;O3 and SiNy
bi-layered passivation layer was deposited via atomic
layer deposition (ALD) under 95°C and via plasma-
enhanced chemical vapor deposition (PECVD) under
100°C. Next, the Al,O3/SiNy bi-layered passivation layer
was dry-etched to open the contact pads. Then the C/Fs
were patterned on the passivation layer using an i-line
stepper. The C/Fs were supplied by Dongwoo Fine-Chem
Co., Ltd. After the device was fabricated, the cover glasses
were attached to the OLED microdisplays. Then the
OLED microdisplays were mounted on printed circuit
boards (PCBs) and connected through wire bonding.
Finally, the OLED microdisplays were controlled by driv-
ing circuit boards and connected with a flat flexible cable
(FEC).

The current density-voltage-luminance (J-V-L) char-
acteristics of the OLED were measured using a source
measurement unit (Keithley 238) and a spectroradiome-
ter (Konica Minolta CS-2000). The transmittances of the
C/Fs were measured with a UV/VIS/NIR spectrome-
ter (PerkinElmer Lambda 750). The FoV was measured
using the near eye display measurement system (Gamma
Scientific NED-LMD E101), which is composed of a
luminance-measuring camera and a goniometric robot
arm. For the FoV measurement, the eye relief, which is
the distance between the measuring camera and the pin
mirror lens, was set at 15 mm, and the measuring cam-
era was rotated vertically and horizontally on the axis at
the entrance pupil of the camera. The cutoff angle was
defined to the point at half-luminance.

3. Results and discussion

3.1. The low-temperature processes for direct C/F
patterning on OLEDs

Since common organic semiconductors are vulnerable
to high temperature [13], a low process temperature
is essential. To protect the OLED from the mois-
ture, oxygen, and chemicals used in the subsequent
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Table 1. Structures of the OLEDs used in the experiments, where HIL, HTL, YG, ETL, HAT-CN, TCTA, BmPyPB, NPB, CGL, and
B refer to the hole injection layer; hole transport layer; yellow-green emitting layer; electron transport layer; 1,4,589,11-

hexaazatriphenylene hexacarbonitrile;

4,4’ 4-Tri(N-carbazolyl)triphenylamine;

1,3-bis(3,5-dipyrid-3-yl-phenyl)benzene;

N,N’-bis(naphthalen-1-yl)-N,N’-bis(phenyl)benzidine; charge generation layer; and blue emitting layer, respectively.

OLED structure Related results Experiment conditions Current density @ Voltage Luminance @ Voltage

Al/TiN/HIL(10nm)/HTL(190nm)/ Figure 2(a) OLED forthe Al;03 damage Before ALD 0.136 A/cm?2 @ 6V 6,685 cd/m2 @6V
YG(20nm)/ETL(50nm)/Mg:LiF(1nm)/ test
Mg:Ag(17nm)/Capping
layer(80nm)/Al,03(30nm)

Al/TiN/HAT-CN(10nm)/HTL(40nm)/ After ALD 0.146 A/cm? @ 6 V 5,553 cd/m2 @6V
TCTA(5nm)/YG(15nm)/ETL(20nm)/ Figure 2(b) OLED forimmersion test 0 min immersion 0.067 A/lcm2 @ 10V 8311 cd/m2@10V
BmPyPB:Li(20nm)/HAT-CN(10nm)/ 2 min immersion 0.062 A/cm?> @ 10V 8,482 cd/m?> @ 10V
HTL(20nm)/B(15nm)/ETL(30nm)/ 6 min immersion 0.061 A/cm? @ 10V 8,720 cd/m?> @ 10V
LiF(1nm)/Al(2nm)/Ag(25nm)/ 10 minimmer-sion  0.038 A/cm? @ 10V 7,110 cd/m2 @ 10V
NPB(60nm)/Al;03(30nm)/

SiNy(1000nm)
Al/TiN/HIL(10nm)/HTL(50nm)/YG(20nm)/ Figure 4(a) OLED for the panel 0.041 A/cm?2 @9V 13,239 cd/m2 @9V

ETL(25nm)/CGL(30nm)/HTL(60nm)/
B(20nm)/ETL(30nm)/
Mg:LiF(1nm)/Mg:Ag(15nm)/Capping
Layer(130nm)/Al,03(60nm)

Note: The CGL is composed of the n-type CGL (20 nm) and p-type CGL (10 nm).

process, low-temperature processed thin film encapsula-
tion (TFE) is utilized. The low-temperature atomic layer
deposition (ALD) of an Al,O3 layer exhibits an excel-
lent gas barrier property that makes it appropriate to use
as the TFE for OLEDs. To observe the device damage
during the ALD process, the electro-optical characteris-
tics of the OLEDs before and after ALD were compared.
First, the single top-emitting yellow-green (YG) OLED
structure with a total thickness of 270 nm, corresponding
to the tandem structure, was used for the ALD dam-
age test. As shown in Figure 2(a), before ALD, the cur-
rent density and luminance at 6 V were 0.135 A/cm? and
6,685 cd/m?, respectively, and after ALD, 0.146 A/cm?
and 5,553 cd/m?, respectively. The J-V-L characteris-
tics of the OLEDs were not significantly degraded after
the TFE process. Similarly, the TFE layer was success-
fully applied to the tandem device structure without
damage.

Even though the Al,O3 exhibited good gas perme-
ation, the TFE should protect the OLED from the
chemicals used in the subsequent patterning process.
Unfortunately, the developer damaged the OLED in the
photolithography process, possibly due to pinhole defects
and contaminants in the laboratory-level environment.
To protect the OLEDs from the chemicals, a chemically
robust, optically transparent in the visible region, and
low-temperature processible SiNy layer was selected as
the second passivation layer. After the SiNy deposition,
the OLED was not washed for 10 min under immersion
in the developer. As shown in Figure 2(b), the current
densities at 10 V after immersion in the developer for 0, 2,
6, and 10 min were 0.067, 0.062, 0.061, and 0.038 A/cm?,
respectively. The device that used the bi-layered TFE
(Al O3/SiNy) showed stable J-V-L characteristics after

immersion in the developer for 6 min. The development
time for the C/F patterning was 1 min for each color,
and the total development time, including the pad open
process, was less than 4 min. Thus, the bi-layered TFE
layer that tolerated the immersion test for 6 min was suffi-
cient for use in the subsequent patterning processes. The
increased current in the leakage region is possibly due
to the thermal stress and the additional sample handling
step during the immersion process [14,15].

Later, the C/Fs were patterned on the TFE layer. The
C/F process temperature is usually higher than 200°C,
which makes it unsuitable for direct patterning on the
OLED. To reduce the C/F process temperature, both
C/F materials and low-temperature processes should be
developed. In this study, we used UV irradiation as a
photonic curing method to bring the C/F process temper-
ature below 100°C. After the UV irradiation, the C/F pat-
tern was not peeled off in the successive patterning steps.
The stripe pattern was adopted for the C/F formation.
The width of each C/F was designed as 3.6 um, 200 nm
larger than the sub-pixel pitch. Thus, the C/Fs over-
lapped by 200 nm, where the light was ideally completely
absorbed by the different C/Fs. In addition, because the
alignment error of the i-line stepper was less than 200 nm,
the C/Fs were fully covered in the light-emitting area,
otherwise, the white light would have leaked, which
would have adversely affected the color purity. As shown
in Figure 3(b-d), the red, green, and blue C/F patterns
were well formed and did not peel oft during the sub-
sequent C/F processes. The distance between the OLED
and C/F was around 1 pm, approximately 3 times shorter
than sub-pixel size, resulting in reduced optical crosstalk.
In addition, the refractive index of the SiNy is higher than
organic semiconductors, the light with incident angle is
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Figure 2. (a) J-V-L characteristics of the single YG OLED before and after Al,03 TFE. (b) J-V-L characteristics of the tandem OLED with
the Al,03/SiNy passivation layer according to the immersion time in the developer. The detailed structures are described in Table 1.
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Figure 3. Optical microscope images of the pixel array area (a) before and (b) after the C/F patterning with the vertical structures.

refracted to the normal direction, beneficial for achieving
low optical crosstalk.

3.2. The high aspect ratio color OLED microdisplay

A two-wavelength white OLED with a tandem structure
was used to improve efficiency and operational stabil-
ity [16]. The tandem OLED consisted of fluorescent blue
and phosphorescent YG emitting layers, connected by
the charge generation layer (CGL). To achieve high efhi-
ciency, the thickness and the location of the emitting layer
were optically simulated. Due to the microcavity effect,
the optimal cavity length differed according to the emis-
sion spectrum. From the efficiency viewpoint, the total
thickness was determined up to the region between the
maximized blue intensity point and the maximized YG
intensity point, which was 210-280 nm. From the spec-
trum viewpoint, it was better to locate YG at the 1st cavity
order and B at the 2nd cavity order to achieve a broad
spectrum. Matching the cavity length to the green region
helped produce both blue and red emissions. The elec-
tron-hole balance should also be considered. The mobil-
ity of the hole transport layer (HTL) is typically faster
than that of the electron transport layer (ETL), which

indicates that the HTL should be thicker than the ETL
for a good charge balance. By considering the aforemen-
tioned design rules, the total thickness, the 1st HTL thick-
ness, and the 2nd HTL thickness were determined as 245,
60, and 60 nm, respectively. The overall thicknesses of the
OLED are summarized in Table 1. Figure 4(a) shows the
J-V-L characteristics of the 2-wavelength white tandem
OLED. The maximum luminance of over 10,000 cd/m?
was achieved at 9V, which was sufficient for AR devices.
With the 7V transistor process, such a high voltage can
be applied to the OLED by applying negative voltage to
the OLED cathode. Figure 4(b) shows the electrolumi-
nescent (EL) spectrum of the OLED and the transmission
spectra of the C/Fs. As mentioned, the cavity length of
the OLED was fit into a green emission peak to obtain
both blue and red emissions. The white OLED spectrum
appeared greenish, but after the light was transmitted
through the C/Fs, the proper color of the spectrum was
achieved. Figure 4(c) shows the demonstration of the
OLED microdisplay with direct C/F patterning. When
the brightness of the white OLED was 701 cd/m?, the
brightness of the red, green, and blue emissions was mea-
sured as 156, 595, and 100 cd/m?, respectively. By adjust-
ing the gamma correction for each color, we successfully
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microdisplay with C/F patterning on the chip.

achieved a fine color image on the OLED microdisplay
panel.

3.3. The wide-FoV AR device using the OLED
microdisplay integrated with the pin mirror lens

Figure 5(a) shows the OLED microdisplay panel com-
bined with LetinAR’s pin mirror lens. The microdisplay is
located on top of the lens, and the image generated from
that is reflected by the pin mirrors, projected to the eye.
Our AR device does not need additional optical compo-
nents to become glass-like, as shown in Figure 5(b). For
the small form factor device, the lens thickness, which
determines the vertical FoV, was designed to be 4 mm,
and the pin mirrors are laterally expandable. Therefore,
the horizontal FoV can be expanded if the correspond-
ing microdisplay width increases. Due to the high aspect
ratio of the microdisplay, the AR device achieved the
wide horizontal FoV of 46° with the lens thickness of
4mm. The vertical FoV was measured as 5.5°, which
resulted in a diagonal FoV of 46.3°. The relatively nar-
row vertical FoV was partly due to the high directivity
of the OLED caused by the microcavity effect combined

with the narrow rectangular collimator structure of the
pin mirror lens. As the pin mirror lens was designed by
assuming the Lambertian light source, some light emit-
ted far from the center of the lens could not reach the
narrow collimator if the light source has high directivity,
which decreases the vertical FoV. Reducing the direc-
tivity by using a highly transparent top electrode can
help to improve the vertical FoV. Figure 5(c) and (d)
show examples of an AR device with a high aspect ratio
microdisplay panel. By fully utilizing the 32:9 display
panel with a 32:9 video source, as shown in Figure 5(c),
the device can provide a wide horizontal FoV. On the
other hand, with a common 16:9 video source, the device
can provide an adequate FoV with a digital IPD adjust-
ment by assigning a non-operating region to which the
location of the screen can be shifted according to the
IPD, as shown in Figure 5(d). To match the display center
with the wearer’s pupil center, an additional mechan-
ical slider may be needed, which would increase the
form factor of the AR device. If the aspect ratio of the
video source is 16:9 and if its resolution is 960 x 540,
another 960 x 540 pixels would remain unused on a 32:9
screen that has 1920 x 540 pixels. The 16:9 video can be
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Figure 5. (a) The OLED microdisplay combined with the pin mirror lens. (b) Image of the glass-like AR device using the OLED microdisplay
and the pin mirror lens. (c) Operating image with the 32:9 aspect ratio, for which the video source fully utilizes the whole display panel. (d)
Operating image with the common 16:9 aspect ratio, for which the screen is adjustable according to the IPD by using the non-operating

region in the display panel.

displayed by using 1-960 columns or 961-1,920 columns,
which would result in a digital shift. For example, for a
wearer with a narrow IPD, the left display uses 960-1,920
columns and the right display uses 1-960 columns. On
the other hand, for a wearer who has an average IPD,
both displays use 480-1,440 columns, and the 16:9 video
is shown at the center of the display. Thus, without an
additional mechanical slider, the device can match the
center of the wearer’s pupils with the center of the 16:9
images.

4. Conclusion

In this study, we developed a color OLED microdis-
play with a 32:9 aspect ratio. To protect the OLED
from the moisture, oxygen, and solvents used in the
subsequent patterning process, low-temperature pro-
cessed bi-layered TFE (Al,O3/SiNy) was adopted. The

OLED was not significantly degraded after the TFE and
the patterning process. To implement C/F patterning on
the OLED, a low-temperature C/F process was also devel-
oped. The C/F was properly formed on the OLED, which
enabled successful demonstration of the color OLED
microdisplay. By combining the OLED microdisplay with
LetinAR’s pin mirror lens, the AR device showed a wide
FoV with a small form factor. As we are developing low-
temperature processable C/F materials, we will demon-
strate a more vivid OLED microdisplay with a high color
quality in the near future.
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