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Full-color micro-LED display with high color
stability using semipolar (20-21) InGaN LEDs
and quantum-dot photoresist
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Red-green-blue (RGB) full-color micro light-emitting diodes (n-LEDs) fabricated from semipolar (20-21) wafers,
with a quantum-dot photoresist color-conversion layer, were demonstrated. The semipolar (20-21) InGaN/GaN
pP-LEDs were fabricated on large (4 in.) patterned sapphire substrates by orientation-controlled epitaxy. The
semipolar p-LEDs showed a 3.2 nm peak wavelength shift and a 14.7% efficiency droop under 200 A/cm? in-
jected current density, indicating significant amelioration of the quantum-confined Stark effect. Because of the
semipolar p-LEDs’ emission-wavelength stability, the RGB pixel showed little color shift with current density and

achieved a wide color gamut (114.4% NTSC space and 85.4% Rec. 2020).
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1. INTRODUCTION

Micro light-emitting diodes (u-LEDs) are considered the most
promising light sources for next-generation display technology
[1-5], with many performance advantages over technologies in
current use. By assembling red-green-blue (RGB) p-LEDs into
matrices through the mass-transfer process, it is possible to
achieve full-color displays [6-9]. However, the mass-transfer
process remains challenging owing to its low transfer yield, slow
throughput, and high fabrication cost [10-12]. Color conver-
sion based on quantum dots (QDs), which requires only blue
or UV LED:s as a lighting source, has been suggested as a way to
reduce the difficulty of the mass-transfer process [13,14].
Commercially available blue or UV LEDs are normally grown
on conventional (0001) “polar” c-plane sapphire substrates; fur-
ther, the epitaxial technology of ¢-plane gallium nitride (GaN)
based LEDs has become quite mature over the past few decades
[15,16]. Unfortunately, LEDs fabricated on c-plane substrates
suffer from a droop (efficiency reduction) and emission wave-
length shift caused by the quantum confined Stark effect
(QCSE) [17,18]. The QCSE is a result of the built-in electrical
field caused by the polarization field. GaN is a hexagonal crystal
with wurtzite symmetry, the highest symmetry compatible with
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spontaneous piezoelectric polarization [19]. Furthermore, a
large piezoelectric field (on the order of MV/cm) can be in-
duced in the multiple quantum well (MQW) strained layers
in the LED structure [20]. These internal polarization fields
along the ¢ plane (z axis) result in the accumulation of charge
at the heterojunction of the quantum barrier and quantum
well, further tilting the energy bandgap and also causing a
spatial separation between the wave-function distributions of
holes and electrons. A redshift of the emission wavelength and
a decrease in the transition probability are thus produced. As
c-plane-grown GaN materials are subject to strong built-in elec-
tric fields because of spontaneous and piezoelectric polarization,
LEDs based on ¢-plane epitaxial wafers can only operate at low
current densities owing to the significant decrease of efficiency
as the current density increases. Low efficiency and wide-range
color shifts are undesired features in displays the other appli-
cations [21,22]. The common approach to addressing the
problem of the QCSE in c-plane epitaxy is to insert a
strain-relief layer before the multiple quantum well layer during
the epitaxial process [23,24], but this method can only elimi-
nate a small proportion of QCSE. A better way to ameliorate
the disadvantage caused by QCSE is to start by addressing the
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fundamental problem, that is, the origin of the polarization
field in the crystal plane. Growing Ill-nitride LED devices
on semipolar orientations is an additional approach to droop
reduction, one that circumvents the issues associated with
polarization-related electric fields in conventional ¢-plane struc-
tures [25,26].

Colloidal QDs exhibit excellent photoluminescence (PL)
characteristics, originating with the quantum confinement ef-
fect, and are suitable for use as a color-conversion layer for
p-LEDs [27,28]. Combined with a color filter on top of QDs,
the QD-based p-LED display can achieve a high contrast ratio
[13,29]. An alternative method of mass producing high-
resolution p-LED displays and overcoming mass-transfer tech-
nical difficulties is the photolithography process currently being
applied to patterning large-area devices [30,31]. QDs can be
combined with photoresist (PR) to form QDPR after surface
modification [30]. QDPR provides an approach to patterning
multicolor QD arrays with the ability to control thickness and
size while retaining the advantages of photolithography. This
method provides a cost-efficient, practical solution to the bot-
tlenecks in developing high-resolution, large-area devices, espe-
cially full-color p-LEDs for display applications.

This study reports a full-color p-LED array with high color
stability that is fabricated from semipolar (20-21) blue LEDs
with a 50 pm diameter chip size and a green or red QDPR
color-conversion layer. It is the demonstration that innovatively
achieves full-color display through the semipolar p-LED device,
while past studies generally discuss the wavelength stability in a
single color. Compared to ¢-plane LEDs with a similar MQW
design, semipolar (20-21) p-LEDs show much better wave-
length-shift characteristics and an improved efficiency droop.
Red and green pixels manufactured with QDPR can signifi-
cantly filter blue light to improve color purity. Moreover,
the use of the black photoresist matrix achieves high contrast
and avoids the effect of cross-talk [32]. This technique illus-
trates the color stability of p-LED, thereby eliminating doubts
about its applicability to displays.

2. EXPERIMENT

The first step in the experiment was the metal-organic chemical
vapor deposition (MOCVD) growth of a (20-21)-oriented
GaN layer on a specific patterned sapphire substrate (PSS).
Traditionally, semipolar GaN is produced by the off-axis slicing
of bulk-form hydride vapor-phase epitaxy grown (HVPE-
grown) GaN substrates, which are expensive and physically
incompatible with mass production [33,34]. In the present ex-
periment, an innovative orientation-controlled epitaxy (OCE)
process with semipolar GaN material selectively grown directly
on the standard sapphire wafer was used to overcome this prob-
lem. A simple epitaxial method involving MOCVD with a side-
wall of trench-etched substrates produced stacking-fault (SF)
free semipolar GaN upon coalescence. For details on the
PSS and bulk GaN epitaxy, please refer to our previous research
results [35,36]. The epitaxial structure consisted of a bulk GaN
buffer layer (5 pm), an n-GaN layer (1.5 pm), an undoped
InGaN/GaN MQW active layer, a p-GaN layer (150 nm),
and a p-InGaN layer (3 nm). The MQWs were constructed
using five pairs of 3 nm thick InGaN wells and a 5 nm thick

Fig. 1. Process flow for the fabrication of a full-color RGB pixel
array. (a) p-LED array process. (b) Black PR matrices and p-electrode
metal lines. (c) Red, green, and blue (transparent) pixel lithography
process. (d) Color pixel bonding.

GaN barrier with an emission wavelength around 450 nm. The
c-plane wafer in this study was designed with a similar MQW
structure.

The p-LED array process began with the deposition of a
transparent conducting oxide (TCO) layer, followed by
annealing at 450°C for 2 min by rapid thermal annealing under
ambient atmospheric conditions to form a p-type ohmic con-
tact. Next, a HCI solution and inductively coupled plasma-re-
active ion etching (ICP-RIE) were used to etch the TCO film
and to perform a 1 pm depth mesa etch, respectively.
Subsequently, Ti/Al/Ti/Au (20 nm/150 nm/10 nm/100 nm)
layers were deposited through electron beam evaporation to
act as the n-type electrode. After that, a 200 nm thick SiO,
passivation layer was deposited by plasma-enhanced chemical
vapor deposition. Last, the via-hole process, followed by
ICP-RIE, was used to complete the p-LED array. Figure 1 sche-
matically illustrates the lithographic process of black PR matri-
ces and QDPR on the semipolar p-LED array. A black
photoresist was used to flatten the p-LED array and prevent
the lateral leakage of blue light. Then, the Ni/Au (p-electrode
metal) lines were deposited on the flattened surface to link each
chip, as shown in Fig. 1(b). Next, the gray photoresist, red
QDPR, green QDPR, and transparent PR were fabricated
by the lithography process sequentially to form a color pixel
on a highly-transparent glass substrate with 0.7 mm thickness,
as shown in Fig. 1(c). The color pixel size is designed at
80 pm x 80 pm with 30 pm spacing between each pixel.
Finally, in Fig. 1(d), the color pixel array on glass was stuck
together with p-LED array by using an aligner and UV resin.

3. RESULTS AND DISCUSSION

A large-area semipolar GaN grown on a patterned sapphire sub-
strate by OCE can, in theory achieve, all crystal planes by con-
trolling the inclined sidewalls [37]. Figure 2 presents a series of
images of a 4 in., SF-free (20-21) blue LED epitaxial wafer. The
semipolar heteroepitaxy process starts by patterning the sap-
phire substrates into stripe trenches and depositing a SiO, mask
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(a) Schematic diagram of the semipolar GaN grown on a patterned sapphire substrate. (b) Photograph of a 4 in. wafer of SF-free (20-21)

InGaN/GaN LED grown on a patterned sapphire substrate. (c) Top-view microscopy image of SF-free (20-21) InGaN/GaN LED grown on a
patterned sapphire substrate. (d) Cross-sectional SEM image of (20-21) GaN grown on a patterned sapphire substrate by orientation-controlled

epitaxy.

to cover the surface of the PSS beyond the selected
c-plane sidewall. Then, GaN is grown selectively on exposed
sidewalls of the PSS until the stripes coalesce into a thick, con-
tinuous semipolar GaN film. Further, the GaN crystal will be
bounded by (10-11), (10-10), (10-1-1), and (1-10-1) facets,
as shown in Fig. 2(a). The semipolar (20-21) facet can only
exist after the semipolar GaN template is polished by the
chemical-mechanical planarization process, as the semipolar
(20-21) facet is an artificial plane and cannot appear naturally
in the epitaxial process. In Fig. 2(b), the logo of Taiwan Chiao
Tung University is clearly visible through the epitaxial wafer.
This high degree of transparency indicates the uniformity
and low-defect density of the epitaxial structures. Figures 2(c)
and 2(d) show an optical-microscope image and a scanning
electron microscope (SEM) cross-sectional image of the semi-
polar LED epitaxial layer. Each stripe shown in Fig. 2(c) is ap-
proximately 3 pm wide, with a pitch of 6 pm and 1 pm depth.
The SEM image [Fig. 2(d)] marks the crystalline facet of GaN
with surface normal direction toward GaN [20-21] and illus-
trates that neighboring GaN crystals coalesce well.

The optical-electrical characteristics of p-LED devices are
summarized in Fig. 3, along with the results of numerical
simulations. (The physical modeling in this study was con-
ducted using APSYS, produced by Crosslight Software Inc.)
Figure 3(a) shows the current density-voltage (J-V) character-
istic of a semipolar p-LED with a 50 pm diameter chip; the
inset is the image of lighting from semipolar p-LEDs. A for-
ward voltage of 3.2 V at 20 A/cm? indicates electrical proper-
ties comparable with those of common c¢-plane devices. The
electroluminescence (EL) spectrum at various current densities

is shown in Fig. 3(b). The EL spectrum shows a 453 nm peak
wavelength and 24.8 nm full width at half maximum (FWHM)
under the 200 A/cm? driving condition. The narrow FWHM
indicates good quality of semipolar epitaxy, comparable with
that of common ¢-plane devices. Figure 3(c) shows the exper-
imental data and numerical fit for the external quantum effi-
ciency (EQE) of semipolar and c¢-plane devices. There is good
agreement between the experimental data and the simulation.
The c-plane device shows the larger (~1.7 times) maximum
EQE than the semipolar p-LED by the experiment data.
Despite this, the output power produced by the semipolar de-
vice is sufficient to support the color conversion in this work.
Moreover, a good value of EQE is retained by the semipolar
device even at a high injected current density of 200 A/cm?,
with only 14.7% droop, whereas the c-plane device exhibits a
droop over 55% under the same conditions. The output power
and EQE of semipolar devices can be further improved through
the optimization of the active area in the future.

Carrier leakage and Auger recombination have been the most
frequently proposed mechanisms for explaining the origin of the
efficiency droop in past studies [38—40]; these mechanisms
cause droop because QCSE leads to a low carrier recombination
rate. From the simulation, the Auger recombination coefficients
of semipolar and e¢-plane structures are 1x 1072 cm®/s
and 4.5 x 1073% cm®/s, respectively. These values are similar
to those found in the literature and explain one of the reasons
that affect a serious droop in ¢-plane devices [39,41-43].

The polarization charges that accumulate at the hetero in-
terfaces of the active region cause energy-band tilting and sep-
arate the overlap of the wave-function distribution. This is the
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c-plane p-LEDs. (d) Simulated electron current density throughout whole semipolar and e-plane p-LED structures at 20 A/cm? and

200 A/cm? forward current density.

main reason for nonradiative recombination and carrier leak-
age. Furthermore, the number of electrons in QW is much
higher than the number of holes, indicating that the carrier
leakages are dominated by the electron overflow. Figure 3(d)
shows the simulated electron current density of 20 A/cm?
and 200 A/cm? throughout the whole semipolar LED struc-
ture as well as the c-plane LED structure. The gray areas
marked in Fig. 3(d) are the position of QWs. The leftover elec-
tron density after five pairs of QWs is regarded as the electron
overflow or electron leakage. Due to the lower recombination
efficiency, the stepwise decline cannot be clearly observed in
c-plane device. Additionally, because of the QCSE, the MQW's
in ¢-plane devices cannot effectively generate carrier recombi-
nation, so the electron density cannot be significantly reduced
after the electron current passing through the first three pairs
of QWs. The electron density is greatly reduced at the last two
pairs of QWs since the electron current is close to the p-GaN
region in which a much higher density of hole exists. In con-
trast, the electrons can be efficiently recombined in every QW
in the semipolar device, which indicates the mitigation of the
QCSE. This simulation result shows serious electron overflow
in the ¢-plane LED with the high injection level compared with
the semipolar LED. Both Auger recombination and carrier
leakage (electron overflow) are responsible for the severe effi-
ciency droop and as is clear from the simulation results.

An image of RGB pixel matrices on glass obtained through
fluorescence microscopy (FLOM) is shown in Fig. 4(a). The
FLOM image illustrates the high contrast ratio between the

gray PR matrices and the color pixels. Compared with the bot-
tom black PR used to reduce blue-light side leakage, the gray
PR mold can attain a higher height (6-10 pm) and provide
higher reflectivity, thus reducing the cross-talk effect among
pixels and enhancing output intensity by inside reflection.
Figure 4(b) shows the overlap of the EL spectrum of the semi-
polar p-LED and the absorption spectra of the green and red
QDPRs. It can be observed from the curves that red and green
QDPRs absorb a certain amount of blue light from semipolar
p-LEDs and thus can be used for color conversion. The QDPR
used in this study consists of a specific photoresist, colloidal
QD solvent (25 wt%), and TiO, powder in a 3:1:0.1 volume
ratio. The ratio of each material will influence the performance
of QDPR; for instance, a higher QD ratio can enhance the
conversion efficiency, but the critical pattern linewidth may
change [44]. We use CdSe/CdZnS-based thick-shell QDs,
which have 85% photoluminescent quantum yield (PLQY)
as the phosphor material; further, the brightness of the display
depends on the film EQE (e, EQE~PLQYqp. gim x
light extraction efficiency) of QDPR [44]. Therefore, for
our red and green QDs, their EQEs are 51% and 38%, con-
sidering that their light extraction efficiencies are about 60%
and 45%, respectively. TiO, can be regarded as a reflector
of incident light in QDPR and further improves the absorption
of emission light by QDs. The electroluminescence spectra of
red and green pixels driving at 200 A/cm? with the QDPR
thickness of 6 pm are shown in Fig. 4(c). The red and green
pixels show peak wavelengths of 630 and 536 nm, respectively.
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pixels.

According to the EL spectra of semipolar p-LEDs shown in
Fig. 3(b), the RGB emission spectra have FWHMs of 30.5,
24.5, and 24.8 nm, respectively. These values imply good per-
formance in color rendering. These spectra also illustrate that,
under the 6 pm thick QDPR, most of the blue light has been
absorbed. Blue light leakage can be reduced for practical appli-
cations by increasing the QDPR thickness or changing the
composition of the QDPR. Figure 4(d) shows the electrolumi-
nescence microscope image of the RGB pixel at 200 A/cm?
driving condition. Because of the leakage reduced from bottom
black photoresist, top gray photoresist matrices, and the only
remaining blue light from QD pixel, each pixel shows vivid
color individually.

Figure 5 presents the statistical peak wavelengths for ¢-plane
and semipolar p-LEDs with driving conditions of 1 to
200 A/cm?. The c-plane and semipolar p-LEDs show peak
wavelength shifts of 13.0 and 3.2 nm, respectively. The peak
wavelength of the semipolar device was stable after 30 A/cm?
and no longer shifted, but the ¢-plane device only became stable
after reaching 90 A/cm?. The semipolar device exhibited a
smaller peak wavelength shift and faster stabilization with ap-
plied current density, which can be attributed to the reduction
of the polarization field by the semipolar structure and im-
proved energy band tilt.

Next, Fig. 6 demonstrates the color performance of RGB
p-LEDs under 1 to 200 A/cm? driving conditions in the
CIE 1931 and CIE 1976. As we know, CIE 1976 can provide
a more uniform color spacing than CIE 1931 [45]. For ¢-plane
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Fig. 5. Peak wavelengths of ¢-plane and semipolar p-LEDs in range
1 to 200 A/cm? current density.

and semipolar blue p-LEDs, the color coordinates varied from
(0.1572, 0.1067) to (0.1483, 0.0379) and (0.1433, 0.0388) to
(0.1490, 0.0317) in the CIE 1931 chromaticity diagram, and
the color shift (Au'v') was 0.1374 and 0.0209 in the CIE
1976, respectively. A color gamut comparison of ¢-plane and
semipolar RGB pixels is also presented in Fig. 6. The color
gamut of the RGB pixel assembled from semipolar p-LEDs
was almost unchanged owing to the wavelength stability, while
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c-plane devices had a 10% variation (in the CIE 1931) as the
applied current density increased. The red and green pixels also
showed almost no color shift owing to emission by optical
pumping and the stabilizing material characteristics of
QDPR. Furthermore, the RGB pixel assembled from semipolar
p-LEDs and QDPR demonstrated wide color-gamut character-
istics because of its narrow EL spectrum; it achieved 114.4% of
National Television Standards Committee (NTSC) space and
85.4% Rec. 2020 in the CIE 1931. The RGB full-color devices
assembled from semipolar p-LEDs with QDPR proposed in
this study show excellent color stability and wide color-gamut
characteristics, showing great promise for display applications.

4. CONCLUSION

In conclusion, semipolar (20-21) p-LEDs and a QDPR lithog-
raphy process have been used to produce an RGB full-color
p-LED device. The SF-free semipolar LED is grown on PSS,
which is inexpensive and has a large area; its properties are
comparable with those of a ¢-plane LED, which indicates its
good epitaxial quality. The semipolar p-LED shows a stabilizing
wavelength shift of 3.2 nm compared with the ¢-plane p-LED’s
shift of 13.0 nm. These results make it an attractive candidate
light source for display applications. A color-conversion layer
formed by QDPR is suitable for the common lithography
process and thus for large-scale manufacturing. Finally, the
RGB pixels present a wide color gamut of 114.4% NTSC
and 85.4% Rec. 2020, with high color stability determined
by the variation of the color gamut.
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