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1 | INTRODUCTION

Microdisplays are highly attractive to researchers and engi-
neers nowadays because they are widely used in near-eye
display technologies and wearable electronics." Traditional
microdisplays are based on well-established liquid crystal
display (LCD) 2 or organic light emitting diode (OLED) *
display technologies. Compared to traditional displays,
light emitting diode (LED) microdisplays offer higher
brightness, better outdoor performance, superior stability,
and longer lifetime.* Nevertheless, production-friendly
approaches for full-color LED microdisplays have not been
developed yet. The major reason is that red, green, and
blue (RGB) LEDs are generally made from different
starting epiwafers, with distinct device structures.* Thus,
manufacturing processes to achieve full-color emission on
the same display panel are complex and challenging.
Extensive efforts have been made in developing mass-
transfer technologies for full-color LED microdisplays.’ In
this approach, fabricated InGaN blue/green and AlGalnP
red LED pixels are transferred from independent processed

A passive-matrix monolithic full-color InGaN light emitting diode (LED)
microdisplay with 40 x 40 full-color pixels is demonstrated. Each full-color
pixel consists of red, green, and blue (RGB) subpixels that have a pitch size of
40 pm X 120 pm. The full-color microdisplay is monolithically fabricated on
blue/green dual-wavelength LED epilayers, using red quantum dot photoresist
as a color converter. Pure RGB emission and a wide color gamut are achieved,
as shown by electroluminescence spectra. Full-color patterns with controllable
grayscale and color mixing can be clearly rendered driven by a full-color
microdisplay controller, indicating tremendous potential of this novel
approach for full-color LED microdisplays in the future.

full-color, LED, microdisplay, quantum dot

epiwafers to the same display panel pixel by pixel. The
pick-and-place transfer process is effective for large LED
pixels, but inherent yield and cost issues arise as the pixel
size scales down to the micron range. Monolithic fabrica-
tion, with RGB subpixels directly fabricated at the wafer
level on the same display panel, is thus preferred for high
resolution microdisplays. Several monolithic approaches,
including works using molecular beam epitaxy (MBE)
growth of InGaN nanowires,®’ strain-induced wavelength
shift,*'® wafer stacking,'"'*> and epi-layer adhesive
bonding,'*'* have been discussed. However, simple and
reliable methods have yet to be demonstrated for high
yield production of full-color LED microdisplays to date.
Color conversion technology using colloidal quantum
dots (QDs), with monochromatic micro-LED arrays as
the pump source, provides another monolithic method
for full-color LED microdisplays.®> Colloidal QDs are
superior to other phosphors because of their higher quan-
tum yield, broad absorption spectrum, and narrow emis-
sion peak. In addition, the emission wavelength of QDs
can cover an ultrawide color gamut by controlling the
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synthesized QD size.* However, the effectiveness of QD
color conversion is still under investigation. In previous
studies, researchers patterned RGB QDs on a UV-A LED
microdisplay by aerosol jet printing for full-color
realization,'®'” but the printed QD layer was too thin for
sufficient UV absorption. The aerosol jet printing also
had a limited linewidth of about 30-40 pm,'” which can
be hardly applicable in fine pitch pixel patterning. A
photolithography-based lift-off process was demonstrated
to achieve finer QD patterns, but the deposited layer was
tens-of-nanometers-thick QD aggregation. It was
intended to work for self-emissive QD devices but could
not be applied as a color converter.'**?

QD photoresist has also been investigated as a
color converter because of its controllable thickness,
homogenous dispersion of QDs, and fine patterning
capability.*>*! Research on the morphology and photo-
luminescence (PL) of QD photoresist suggests that it is a
potential candidate for full-color LED microdisplay appli-
cations.*” Thus, QD photoresist has been adopted in our
work. However, patterning QD photoresists with distinct
primary colors on monochromatic blue or UV LED micro-
displays complicates the process. Moreover, the luminance
of the converted light is limited by the QD conversion effi-
ciency, especially for the green QD which has much worse
performance compared with the red QD. Therefore, using
high-brightness green InGaN LEDs instead of green QD is
more competitive. Some studies on green/blue LED inte-
gration'***** demonstrate that growth of blue/green dual-
wavelength InGaN LEDs is feasible. The QD photoresist
color conversion process can be greatly simplified, and the
luminance can be further improved if high-brightness
dual-wavelength LEDs are used.

We have developed a novel fabrication approach for a
passive-matrix monolithic full-color InGaN LED micro-
display. In this approach, blue/green dual-wavelength
LED epilayers are grown on a sapphire substrate and then
monolithically fabricated to form an LED array with
blue/green dual-wavelength emission. Blue and green sub-
pixels can be easily defined by coating blue and green
color filters (CFs) onto different subpixels, respectively.
Red subpixels are demonstrated using red QD photoresist
patterned on the top of subpixels to convert the original
blue/green light emission into red. A red CF is also
adopted for the red subpixels to eliminate unabsorbed
blue/green light. A relatively wide color gamut is achieved
by this novel technology with potential high yield.

2 | EXPERIMENT DESCRIPTION

Blue/green dual-wavelength epilayers were grown on a
2-inch (0001) sapphire substrate by metal-organic

chemical vapor deposition (MOCVD). Both green and
blue quantum wells (QWs) were sequentially grown in
the same active region based on our previous research.*?
The epistructure features a single active region, different
from dual-wavelength LEDs involving a tunnel junction
structure** which may lead to very high forward voltages.
Our dual-wavelength LED structure (Figure 1A) consists
of a 0.5-pm undoped-GaN layer, a 3.0-um n-GaN contact
layer, strain compensation shallow wells, 3 X blue QWs,
1 x green QW, 1 X blue QW, an electron blocking layer,
and a 200 nm p-GaN layer grown in sequence. The green
QW was deliberately grown between one blue QW on top
and three blue QWs on the bottom. Theoretically, the
QW near p-GaN has more significant carrier injec-
tion.?>2% Thus, the emission of this dual-wavelength LED
is dominated by the top blue QW, whereas the carrier
injection into the green QW is limited.

Blue-dominant emission is preferred in this work. On
the one hand, higher red QD conversion efficiency can be
achieved pumped by blue light, whereas on the other, the
luminous intensity of the green subpixels will not be too
strong, resulting in easier balancing of the luminance
from the RGB subpixels while maintaining a similar driv-
ing current. The electroluminescence (EL) spectra were
calibrated on a large circular mesa-structure LED
(Figure 1B) using an integration sphere. The non-
uniformity brightness of the LED was caused by current
spreading issue and the nonuniform QW growth, limited
by our experiment facilities. Well-separated, blue-
dominant dual-wavelength emission can be clearly
observed in Figure 1C at all the injection currents. The
blue and green peaks are located at 460 and 539 nm at
20 mA, and the full width at half maximum (FWHM) of
the peaks are 24 and 35 nm, respectively. The light out-
put power (LOP) is 2.20 mW with 20 mA current injec-
tion, where the power of blue peak (400-500 nm) is
1.25 mW and that of green peak (500-600 nm) is
0.95 mW. Strong green light emission from the III-nitride
is generated without the need of color conversion proce-
dure. Although the efficiency of the blue QWs in the
dual-wavelength LEDs is lower than that of conventional
single-wavelength blue LEDs, the blue light emission is
sufficiently strong for LED microdisplays.

The designed dimensions of our passive-matrix mono-
lithic full-color microdisplay panel are
10.966 mm X 7.850 mm. The display panel contains
40 x 40 full-color pixels with a 120 pm X 120 pm pixel
pitch. Each full-color pixel has three RGB rectangular
subpixels with pitch size of 40 pm x 120 pm. Figure 2A
gives the layout of the display panel and peripheral bond-
ing pads. Figure 2B illustrates the plane view of the pixel
design. The LED subpixel array has a typical mesa struc-
ture with isolation trenches between subpixels. The
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FIGURE 1 (A) Structure of dual-wavelength LED epi-wafers. (B) A 320-pm-diameter circular LED testing device. (C) EL spectra at

different injection currents of the testing device

FIGURE 2 (A) Layout and dimensions of

10.966 mm

the full-color microdisplay. (B) Schematic plane
view of a full-color pixel

7.850 mm

subpixels share common cathodes in each column and
common anodes in each row. QD photoresist film is pat-
terned on the red subpixels for color conversion. RGB
CFs cover the top of the subpixels to filter most of the
undesired light components. Red CF is also applied as a
filling into the pixel isolation trenches and a light absorb-
ing layer at the backside of the display panel to attenuate
optical crosstalk.

The remainder of this section describes the fabrica-
tion process of the full-color microdisplay. A 1-pm-thick
SiO, layer was deposited by plasma enhanced chemical
vapor deposition (PECVD) and patterned as a hard mask.
Then the isolation trenches were etched by BCls/Cl,-
based inductive coupled plasma (ICP) etching. A 115-nm
indium tin oxide (ITO) current spreading layer was
deposited on p-GaN by e-beam evaporation and pat-
terned in diluted aqua regia using high-temperature pho-
toresist as a mask. After the ITO layer patterning, the
photoresist was reused as the mask for 1-pm-deep LED
subpixel mesa formation by BCl;/Cl, ICP etching. This
self-aligned process prevented any possible misalignment
between the ITO layer and mesas. Afterwards, the ITO
layer was annealed to form ohmic contact with the p-
GaN. The structure and inspection pictures after pixel
formation are illustrated in Figure 3A.

After the annealing process, the red CF was filled into
the isolation trenches to reduce optical crosstalk. EOC, a

TR
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commercial product of highly transparent negative over-
coat photoresist, was coated as a passivation and
planarization layer covering all subpixels, with opening
vias in the electrode contact areas. In addition, a special
opening was designed on top of the red subpixels to form
cavities for the QD photoresist accumulation. Cathode
electrodes (Ti/Al/Ti/Au, 20/240/50/50 nm) were depos-
ited on the EOC layer and connected with n-GaN
through the EOC opening vias. The second EOC passiv-
ation layer for n/p electrodes insulation was coated in a
similar way. The 3-pm-thick Ti/Cu-based anode elec-
trodes were deposited for the p-GaN connection in each
row using thick photoresist (~10 pm) as the lift-off mask.
The structure and inspection pictures after electrode
deposition are illustrated in Figure 3B.

Next, blue and green CFs were coated and patterned
on corresponding blue and green subpixels. To form the
red subpixels, red QD photoresist was synthesized and
patterned as a color conversion layer. The QD pristine
solution was dispersed in the EOC at the volume ratio of
1: 2 (QD: EOC) to realize the QD photoresist. Red
CdSe/ZnS colloidal QDs emitting at 630 nm were pro-
vided by our collaborators. The QDs had a concentration
of 150 mg/ml dispersed in toluene. Before photolithogra-
phy, the QD photoresist was soft baked at 50°C to pre-
vent QD degradation under high temperature in the
atmosphere. The QD photoresist was exposed under a
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FIGURE 3 Fabrication process of full-color microdisplay.
(A) Pixel formation. (B) Electrodes deposition. (C) QD and CF
coating

dose of 580 mJ/cm” (for a 3.5-um-thick layer) and devel-
oped in a KOH-based developer. Only the QD photoresist
in the EOC cavities on the red subpixels remained after
developing. Because the QD only absorbed part of the
pump light, red CF was coated to cover the QD layer to
filter most of the remaining blue/green light. The
polished backside of the sapphire substrate was also
coated with a thick red CF (>10 pm) for elimination of
light channeling in the underlying substrate. The com-
pleted structure and inspection pictures are illustrated in
Figure 3C.

3 | CHARACTERIZATION AND
DISCUSSION

An inspection picture of the QD photoresist patterns is
shown in Figure 4A. The QD photoresist patterns are

semitransparent, and the gray color is caused by light
scattering of the partially aggregated QDs. The fluores-
cence image in Figure 4B proves that the QD film has
strong and uniform fluorescence emissive intensity. The
thickness of the QDs was measured by a profiler, as
shown in Figure 4C. The EOC opening on the red sub-
pixel not only facilitates the QD film accumulation but
also partially compensates the height difference between
the thick QD patterns and the thin blue/green CF layers.
Therefore, it leads to a conformal coverage and uniform
thickness when coating the red CF. The depth of the cavi-
ties formed during patterning two EOC layers is about
2.5 pm (Figure 4C black line). The patterned QD layer is
merely 1 pm over the CF layers to reach a total thickness
of 3.5 um (Figure 4C red line), which is level enough for
the red CF coverage.

The EL performance of a single red subpixel after QD
patterning is plotted in Figure 4D. The QD-converted
output power accounts for 21.4% of the total LOP in the
dual-wavelength LEDs, calculated by integrating the
spectral power distribution of the red peak (from 580 to
750 nm). Such performance can be attributed to the
enhancement of Mie scattering by the partially aggre-
gated QDs, provided that the particle size is comparable
to the wavelength of visible light.”” The scattering phe-
nomenon increases the length of the optical path, thus
enhancing the absorption of the excitation light and
improving the conversion efficiency. High conversion
efficiency requires crucial optimization in the concentra-
tion of QD dispersion to prevent excessive aggregation,
and the protection ligands of QDs need to be carefully
chosen so as to maintain the stability of QDs in the QD
photoresist.?®

Color conversion properties of a 2-pm-thick QD layer
were estimated on large (320-pm-diameter) conventional
single-wavelength blue (440 nm) or green (520 nm) LEDs
at 20-mA injection current, with results listed in Table 1.
The original pump LOP was firstly measured before QD
photoresist coating. The red LOP (integrated from 580 to
750 nm) and the pump LOP (not absorbed by QDs) were
then measured after QD photoresist coating. The
absorbed pump LOP was determined by the difference of
the pump LOP before and after QD coating. The calcu-
lated conversion efficiencies (red LOP/absorbed pump
LOP) of the blue (33.87%) and the green (36.08%) are
comparable with results in the other work.”® Compared
with green photons, blue photons have much higher
energy than red photons. In the QD photon conversion,
there is more energy loss for the blue pump light. Conse-
quently, the conversion efficiency of green pump light,
calculated from optical power, has a slightly higher
result. However, the percentage of LOP absorbed
(absorbed pump LOP/original pump LOP) of the blue
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FIGURE 4 (A) Photo of QD photoresist
patterns on red subpixels. (B) Fluorescence image of
QD photoresist patterns. (C) Profile of RGB
subpixels before and after QD patterning, measured
by a profilometer. (D) EL spectrum of the red
subpixel after QD patterning
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TABLE 1 Estimation of light conversion efficiency of a 2-pm-thick QD photoresist layer (measured at 20 mA)
Percentage of LOP Absorbed
Conversion Efficiency (Red (Absorbed Pump LOP/Original Overall Efficiency (Red
Samples LOP/Absorbed Pump LOP, %) Pump LOP, %) LOP/Original Pump LOP, %)
440 nm blue 33.87 66.84 22.67
LED
520 nm green  36.08 28.08 10.13

LED

pump light is higher than the green. As a result, the over-
all efficiency (red LOP/original pump LOP) of the green
is less than the blue. The issue of limited green light
absorption is not severe for the full-color microdisplay
because the dual-wavelength LEDs pumping the QD pho-
toresist are blue-dominant.

The I-V characteristics of the subpixels are illus-
trated in Figure 5A,B. The electrodes are labeled from

1n to 120n (n-electrodes, from left to right) and from 1p
to 40p (p-electrodes, from top to bottom). Figure 5 indi-
cates that the forward voltage was uniform, around
3.65-3.70 V along the same p-electrodes and
3.65-3.85 V along the same n-electrodes at 1 mA (scan-
ning step: 50 mV). The forward voltage almost does not
change along the same p-electrode, but it is steadily
increasing along the n-electrode from top to bottom.

FIGURE 5 I-V characteristics of subpixels
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The phenomenon is explained by the different resis-
tances along the p and n electrodes: The p-electrodes
are metal stacks with thick Ti/Cu whereas the n-
electrodes are thin Ti/Al/Ti/Au. In this row-scan
passive-matrix driving scheme, highly conductive p-
electrodes are extremely desirable to reduce the voltage
drop in the same row, considering that the high injec-
tion current of all 120 subpixels (dozens of microam-
peres) passes through one p-electrode.

Figure 6 illustrates the emission of the RGB subpixels.
The EL spectra at 1 mA are plotted in Figure 6A. Photos
of the RGB subpixels are given in the insets to provide an
intuitive view. The emission is uniform without signifi-
cant optical crosstalk around the subpixels. The peak
wavelengths of the RGB subpixels are 621, 524, and
445 nm, respectively. The power of the undesired emis-
sion peaks is less than 20% of the total LOP. Relatively
pure color emission is realized compared with Figure 1C
(for blue/green subpixels) and Figure 4D (for red sub-
pixels), which have no CF array coating. The CIE 1931
coordinates of the RGB subpixels are respectively indi-
cated in Figure 6B. Our work has a comparable color
gamut to sRGB, but the green and red color coordinates
are shifted to the center because of the leaking blue light.
It is possible to achieve wider color gamut by applying

-—
i

e e
o o

Normalized Intensity

e o 9o
rlPis oL

thicker CFs or improving the LOP of green and red. A
longer green emission wavelength (~550 nm) will also
improve color mixing in the yellow-orange range, which
is easy to demonstrate by tuning the epilayer growth
parameters.

Optical crosstalk is an essential issue to be well
addressed, especially in full-color microdisplays with
color converters. The light channeling phenomenon in
the sapphire substrate contributes to most of
the crosstalk?® rather than sidewall leakage, because the
thickness of the sapphire substrate (~450 pm) and the
emission area (36 pm X 116 pm) are much greater than
the height of the sidewall (<5 pm). The crosstalk severely
deteriorates the color gamut, and thus, a thick red CF
layer was coated on the backside of the sapphire as an
absorber? to suppress the crosstalk. A comparison of the
lit-up red subpixel with and without a backside CF is
demonstrated in Figure 7A,B as an example, where the
photos were captured under the same conditions. The
light intensity along the dashed lines is plotted in
Figure 7C. Crosstalk light intensity is significantly
reduced by almost one order via this approach. To further
suppress the crosstalk, the ultimate solution is transfer-
ring LED pixels to other opaque or reflective substrates
and removing the sapphire substrate.

400 500 600 700
Wavelength (nm)
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(A)

03 0405 06 07 03 FIGURE 6 (A)EL spectra of RGB
subpixels with CF. Inset: Photos of RGB
subpixels. (B) CIE 1931 chromaticity
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FIGURE 8 Display demo: (A) fully lit-up display panel, (B) fully lit-up RGB subpixels, (C) RGB with different grayscales and color

mixing, and (D) scrolling colored text

The monolithic full-color microdisplay was driven by
a full-color microdisplay controller. The controller is
based on an application-specific integrated circuit (ASIC)
chip that was reported by us in a previous publication.*
Five series-connected shift registers are applied to pro-
vide a row scan signal to the p-electrodes. Current pro-
grammable LED driving chips serve as sink drivers for
data signal input. The driving current for each subpixel is
set to 1 mA by an external reference resistor. The micro-
display controller generates a pulse width modulation
(PWM) signal to perform grayscale control. The demo
pictures are shown in Figure 8: the fully lit-up display in
Figure 8A (the whole display panel) and Figure 8B
(a zoomed-in part of the display); RGB with grayscale
changes and pink/cyan/yellow/white color mixing in
Figure 8C; and scrolling colored text in Figure 8D. The
temperature of the display panel was close to the ambient
temperature, and there was no evident degradation of the
QD photoresist during the operation. The pixel yield is
acceptable (>90%) but is limited by our experiment
instruments and could be further improved under better
experimental conditions.

4 | CONCLUSION

In this work, a new approach has been invented to real-
ize a monolithic InGaN-based LED full-color micro-
display. A passive-matrix full-color microdisplay was
monolithically fabricated on blue/green dual-wavelength
InGaN LED epilayers, which consists of 40 X 40 pixels,
and each pixel includes RGB subpixels with a pitch size
of 40 pm x 120 pm. Red QD photoresist was synthesized
by mixing a QD-toluene solution and a highly transpar-
ent overcoat photoresist and then patterned on the red
subpixels as a color conversion layer. A 3.5-pm-thick QD
layer was finely patterned to provide efficient and uni-
form PL emission. Relatively pure color emission is
achieved by a stripe arranged RGB CF array on the sub-
pixels. Measurement and analysis prove that the full-

color microdisplay has a consistent forward voltage, lim-
ited optical crosstalk, and wide color gamut. Full-color
images were demonstrated on the microdisplay driven by
an ASIC chip-based controller, intuitively revealing the
tremendous potential of this promising approach for full-
color microdisplay applications in the near future.
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