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With regard to micro-light-emitting diodes (micro-LEDs), their excellent brightness, low energy consumption, and ultra-
high resolution are significant advantages. However, the large size of traditional inorganic phosphors and the number of
side defects have restricted the practical applications of small sized micro-LEDs. Recently, quantum dot (QD) and non-
radiative energy transfer (NRET) have been proposed to solve existing problems. QDs possess nanoscale dimensions
and high luminous efficiency, and they are suitable for NRET because they are able to nearly contact the micro-LED
chip. The NRET between QDs and micro-LED chip further improves the color conversion efficiency (CCE) and effective
quantum yield (EQY) of full-color micro-LED devices. In this review, we discuss the NRET mechanism for QD micro-LED
devices, and then nano-pillar LED, nano-hole LED, and nano-ring LED are introduced in detail. These structures are be-
neficial to the NRET between QD and micro-LED, especially nano-ring LED. Finally, the challenges and future envisions
have also been described.
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Introduction

Display technology has gone through countless changes
and penetrated every corner of our life. As a display tech-
nology, light-emitting diode (LED) has attracted atten-
tion due to its low cost, easy fabrication, and energy con-
servation'?. In 2000, the technology strategy of micro-
LEDs was put forward for the first time at the Texas Tech
University, which signified that LED light sources had

entered the era of micro display’—°. Compared with tradi-
tional LED screen display technologies such as mini-
LED, organic-LED, etc., the micro-LEDs have the follow-
ing advantages: high brightness, high luminous effi-
ciency, low energy consumption, quick reaction, high
contrast, self-illumination, long service life, ultra-high
resolution, and good color saturation®’.

The RGB full-color display has been employed
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widely'*-%. In this method, different currents are applied
to control the brightness of each LED to realize the
combination of three primary colors within a full-color
display. In the RGB full-color display method, each pixel
contains a set of RGB LEDs.

However, technology based on RGB micro-LEDs has
serious disadvantages in mass production. For example,
to make 4K resolution displays, it is necessary to as-
semble and drive nearly 25 million micro-LEDs in an
economical and efficient way, with a placement accuracy
of less than 1 pum. It is very difficult to transfer or grow
three different micro-LEDs in such large quantities on
the same substrate. As shown in Fig. 1(a), several meth-
ods including laser-induced forward transfer and aniso-
tropic conductive film bonding are utilized to help mass
transfer'*!>. Apple, Samsung, Sony, and other manufac-
turers are actively studying to improve the yield and effi-
ciency in massive transfer technology, and although they
have made some progress, the current production cost is

Electrodes

still severe.

To avoid the use of mass transfers, the color conver-
(QD) has Dbeen
proposed!®V’, which is based on the ability of QDs to

sion scheme of quantum dot
realize RGB full-color displays under the excitation of
blue light or ultraviolet micro-LED chips'®*. QDs are
nanomaterials composed of a small number of atoms,
which restrict the electron movement in three-dimen-
sional space?!. When the size of crystal is smaller than the
exciton Bohr radius (usually less than 50 nm), the en-
ergy levels of the crystal are discrete and the band gap is
dependent on the physical size. Therefore, adjusting the
size of nanoparticle (QD) can easily achieve lumines-
cence with different wavelengths. As the color conver-
sion materials of micro-LED, QDs could replace tradi-
tional phosphors, which are difficult to apply due to their
large size. Further, as shown in Fig. 1(a), because QDs
with different luminescence colors only need one type of
excitation chip, a large amount of the transfer
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Fig. 1 | The corresponding developments of QD micro-LED. (a) The methods of mass production. (b) Atomic layer deposition passivation. (c)
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preparation process can be avoided during QDs spray-
ing method?, which gives the QD micro-LED full-color
display scheme an excellent commercial potential.

Through hybridization of different QD combinations,
it is quite convenient to adjust white light parameters, in-
cluding the chromaticity coordinates, correlated color
temperature, and color rendering index. A hybrid white
LED using QDs as down-conversion materials was previ-
ously demonstrated by Chen et al., exhibiting a high
color rendering index of 91 and a CIE-1931 coordinate
of (0.33, 0.33).

To achieve excellent luminous properties, it is very im-
portant to realize an efficient combination and energy
transfer of chips and emitters. Sidewall defects seriously
restrict the transfer between micro-LED and QDs, hence,
defect passivation of micro-LED is necessary, as shown
in Fig. 1(b), atomic layer deposition (ALD) as a suitable
method has been reported*. However, common devices
are based on blue/ultraviolet chips that radiatively pump
blue, green, and red-emitting QDs with a low color con-
version efficiency (CCE), resulting from the large separa-
tion between the active layer in the LEDs and QDs. To
overcome this drawback, non-radiative energy transfer
(NRET) was proposed as another method for color con-
version, as shown in Fig. 1(c)*?. The close contact
between the chip and the emitter is a key factor in realiz-
ing NRET, so the design of micro-LED structures, such
as nano-pillar®, nano-hole”, and nano-ring® as shown
in Fig. 1(d), is also required. In this article, we review re-
cent researches on the application of the NRET mechan-
ism in micro-LEDs with various structures and put for-

ward some helpful suggestions for existing issues.

Non-radiative energy transfer

Unlike traditional fluorescence conversion, the NRET
mechanism is realized through the coupling between di-
poles. This function is directly completed at one time
through the non-radiative resonance form and does not
involve the absorption and conversion of photons. The

reemission process reduces the energy loss caused by

these indirect processes and can significantly improve
the CCE even quantum yield (QY)*'-**. We listed several
studies and compared the luminous performance of LED
device based mainly radiative energy transfer or NRET,
the results are summarized in Table 1.

The NRET mechanism mainly depends on three con-
ditions***: that the degree of overlap between the emis-
sion wavelength of the donor and the absorption
wavelength of the acceptor is large, that the directions
between dipoles need to be parallel, and that the dis-
tance from the donor to the acceptor is small enough
(less than 10 nm). Therefore, to utilize the NRET mech-
anism to improve the CCE of the system, the spatial dis-
tance between the QD and the active area of the micro-
LED chip must be as small as possible.

Achermann et al. discussed the NRET mechanism
between semiconductors with an epitaxial quantum well
(QW)*. The structure of the device in their work in-
cluded InGaN QW, a GaN cap with a thickness of 3 nm,
and CdSe/ZnS core/shell QDs. The emission wavelength
of InGaN was between 370 and 450 nm, while the ab-
sorption wavelength of CdSe/ZnS QDs ranged from 380
to 600 nm, as shown in Fig. 2. The short distance and
overlap of the emission wavelength of the donor (In-
GaN) with the absorption of the acceptor (QDs) were vi-
tal for NRET.
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Fig. 2 | Optical properties of the hybrid QW/QDs. Figure repro-
duced with permission from ref.®5, Springer Nature.

To directly prove the NRET process, the time-re-
solved photoluminescence (TRPL) measurements are es-
sential. The authors tested the change in the delay time

Table 1 | Luminous performance of LED device based mainly radiative energy transfer or NRET.

Reference Performance Radiative energy transfer Non-radiative energy transfer
Ref.® Quantum yield 55% 95%
Ref.3 Quantum yield 20% 55%
Ref.% Color conversion efficiency 3.5% 13%
Ref.?7 Effective quantum yield 56.0% 81.2%
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of QW under different conditions. The QW delay
shortened with the increase in the QD content, indicat-
ing an additional relaxation channel for QW excitation,
which was believed to have been rooted out of NRET
from QW to QDs. More evidence for efficient NRET
from QW to QDs was provided by the photoluminescence
intensity of QDs. At the same excitation density, the QDs
with QW had higher intensity, indicating that NRET
promoted an increase in luminescence.

Researchers have proposed a schematic of NRET
along with other relaxation processes in the QW/QD
structure. After excitation, carrier thermalization, and
cooling, the thermal distribution of free electrons and
holes was established in QW. QW carriers could decay
either radiatively (time constant 7yy), non-radiatively
(Tnr), Or experience energy transfer (rgr) into QDs. Ex-
citons generated in the QDs by NRET had significant ac-
cess energies as measured with respect to the bandgap of
QDs. In QDs, extremely fast band relaxation (sub-pico-
second time scales) can quickly eliminate the resonance
between carriers and QW transitions and prevent re-
verse transfer. In the well-passivated QDs, the relaxed
electron hole pairs were mainly recombined by radiation
with a time constant of ~20 ns. The non-radiative en-
ergy transfer efficiency from QW to QDs could be estim-

ated using the following expression:

1 —1

n=r (TET + T) ) (1
1 1\

Tr = (T + T) 9 (2)

where 7, is the relaxation time of the QW excitation
caused by radiative and non-radiative processes.

Several studies have also reported that NRET im-
proves the luminescence quality of QDs. Achermann et
al. discussed the CCE with NRET in another develop-
ment®*. CdSe/ZnS core/shell QDs were usually dissolved
in toluene and spin-coated on the n-type layer of GaN-
based LEDs in the form of a monolayer. However, ac-
cording to the inter-QD interactions, which could lead to
exciton transfer from the emitter to near QDs, the pho-
toluminescence quantum yield (PLQY) decreased from
60% in the solution to 35% in the monolayer. The au-
thor chose 35% to calculate the CCE of the QDs. In their
study, the CCE is calculated according to the simplified

expression:

https://doi.org/10.29026/0ea.2021.210022

k
CCE ~ PLQY gy v 3)
kesd,
Eem
PLQYQD =TT > (4)
Eabs

where kgt is the theoretical energy transfer rate between
QW and QDs, k3, is the decay rate for nonradiative in
the QW?*. The E s and Ep, are the absorbed photons en-
ergy and the emitted photons energy, respectively.

They estimated that CdSe/ZnS core/shell QDs excited
by photoluminescence modes could result in approxim-
ately 3.5% CCE. However, the measured CCE was 13%
when QDs were excited through a mechanism based on
absorption-reemission. Taking into account the poten-
tial contribution from absorption remission, the CCE
produced by the NRET process in the single-QDs-layer
structures could be estimated at approximately 10%.

NRET is also expected to play a role in improving the
thermal stability. According to the study of Lagoudakis
et al., TRPL of QW increased with temperature because
of the temperature dependence on other non-radiative
recombination channels”. These channels could origin-
ate from defect states, such as dislocations or interfaces.
The defect would lead to a steep decrease in PLQY from
an assumed 100% at 5 K to below 30% at room temperat-
ure. However, the efficiency of radiative energy transfer
at room temperature was two orders of magnitude lower
than that of NRET, 0.15% vs. 22%. This underlined the
importance of NRET for the efficient operation of hy-
brid devices.

Because NRET requires close contact between the
donor and the acceptor, the interface of the LED chip is
extremely demanding. The photoelectric characteristics
of the rectangular-structured micro-LED caused by side-
wall defects deteriorate with the shrinking of the chip
size, which is more obvious for nano-structured micro-
LEDs. Therefore, it is necessary to study the mechanism,
rules, and solutions of the impact of sidewall defects on
the luminescence performance of micro-LEDs. Tian et
al. and Olivier et al. started several studies on this'**!.
Their studies showed that sidewall damage generated
during the etching of micro-LED chips contained many
defects that could lead to non-radiative recombination.
These defects and surface recombination mechanisms
were the main reasons for the increase in leakage cur-
rent and the decrease in peak external QY of micro-
LEDs.

Using ALD technology to passivate the sidewall of
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micro-LED chips is an effective way to reduce the ad-
verse effects of sidewall defects on chip performance®.
The ALD deposition process is composed of alternate
self-saturating surface adsorption chemical reactions. It
is a self-limiting growth process that can strictly and pre-
cisely control the film thickness on the sub-nanometer
scale, so it is especially suitable for micro-nano optical
devices fabrication with a large perimeter-to-area ratio
surface modification and interface control. For example,
according to the study of Richters et al., after depositing
an Al,Oj3 film on the surface of a ZnO nanowire struc-
ture, the separation probability of electrons and holes in
the surface depletion layer was reduced, thereby improv-
ing the band gap emission of the nanowire, and effect-
ively reducing the emission of deep energy, which is re-
lated to the surface defect of the nanowire. Nakamura et
al. compared the optimization of sidewall defects made
by different etching processes and deposition methods,
and the sample treated by ALD and hydrofluoric acid
showed excellent luminous properties*.

Recently, Wong et al. compared the optimization of
sidewall defects for red micro-LED devices of different
sizes*. Figure 3(a) shows that the emission intensities de-
creased with smaller micro-LED devices, which resulted
from the higher sidewall defect density. After ALD treat-
ment, the luminous properties were significantly en-
hanced. Figure 3(b) shows the light output power char-
acteristics of the 100 um x 100 ym and 20 pm X 20 pm
devices. Three groups of micro-LED devices were tested
after different sidewall treatments: devices without side-
wall treatments (reference), with ALD Al,Os sidewall
treatment passivation (ALD), and with TMA/nitrogen
plasma followed by ALD Al,O3 sidewall treatment (ALD
+ N). The 100 pm x 100 um device with sidewall treat-
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ments presented a 10% luminous enhancement com-
pared with the related reference device. In addition, the
20 pm x 20 um device with sidewall treatment yielded a
150% improvement in the light output power compared
with the reference device. This work showed that the
ALD sidewall passivation reduces surface defects, in-
creasing the light extraction efficiency dramatically.

In addition, the film deposited by ALD possesses good
compactness, uniformity, and conformality, and has a
good barrier effect on the diffusion of gas and liquid. The
QD structure is usually damaged easily by high temper-
ature and humidity. Encapsulating and protecting QDs
from water and oxygen is one of the key factors to im-
proving the stability of QDs. Using ALD to form a pas-
sivation layer on the surface of QDs is a simple and ef-
fective way. Because oxidants (such as water, ozone, hy-
drogen peroxide, etc.) are commonly used in ALD,
which will directly react with the QDs, Kim and Martin-
son used an anhydrous ALD preparation process, using
aluminum isopropoxide and acetic acid as precursors in
QDs*. The aluminum oxide film deposited on the sur-
face effectively improved the stability of the QDs.

Wau et al. reported that Al,O3 passivation could signi-
ficantly enhance the luminous efficiency of micro-
LEDs*. Figure 4(a) shows the photoluminescence spec-
tra of the packaged micro-LEDs with and without an
Al,O3 passivation layer deposited through ALD. The
emission intensities of the micro-LEDs from 430 to 515
nm increased by 143.7% with a passivation layer. In this
paper, the increase was explained by the reduction in
total internal reflection from the optical characteristics
and the reduction of non-radiative recombination
caused by surface trapping and defects. Furthermore, as
shown in Fig. 4(b), the temperature dependent TRPL
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Fig. 3 | (a) Electroluminescence (EL) wavelength spectrum of a 100 um x 100 pm AlGalnP micro-LED and (b) light output power characteristics

of 100 ym x 100 ym and 20 ym x 20 ym micro-LEDs with different sidewall treatments. The insets in (a) are EL images of the five micro-LED

sizes at 1 A/cm?. Figures reproduced with permission from ref.*>, Optical Society of America.
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cense.

decay curves of micro-LEDs with and without ALD pas-
sivation were tested. According to the exponential decay
fitting, the total recombination time of each curve was
2.28, 3.03, 7.80, and 10.40 ns, corresponding to the meas-
urement temperatures at 15 K and 300 K for the micro-
LED with and without passivation, respectively. The mi-
cro-LEDs with passivation decayed more quickly com-
pared to those without passivation. This implied that the
radiation combination was more efficient because of the
reduction of surface defects. The surfacing would lead to
alonger decay time due to the non-radiation combina-
tion even at 15 K. In this study, the thickness and reflect-
ive index of the Al,O3 film deposited by ALD were 1 nm
and 1.72, respectively. In the future, more research on
the type and thickness of the passivation layer should be
conducted, which will be of great significance for the im-
provement of micro-LED luminous efficiency.

Novel structures of micro-LED

A shorter distance between the donor and acceptor is
important for efficient NRET. According to the report of
H. Sahoo®®, when the distance is less than 2 nm, the
NRET efficiency is highest, while when the distance is
larger than 10 nm, NRET fails to occur. Therefore, a
large number of studies in micro-LED structures more
suitable for NRET have been done***-*. In the follow-
ing section, we review recent studies on the design of
nanostructures.

Nano-pillar micro-LED

An earlier attempt has been made by utilizing the nano-
pillar heterostructure. Xu et al. reported a novel
InGaN/GaN multi-QW nano-pillar LED combined with
CdSe/ZnS QDs?*. A schematic of the LED device is

shown in Fig. 5(a).

The nano-pillar LEDs were fabricated by inductively
coupled plasma (ICP) etching with In3Sn nanodots as
the etching mask. The method was as follows. First, a
SiO; layer was deposited on the upper surface of the LED
chip by plasma-enhanced chemical vapor deposition
(PECVD), and an indium tin oxide (ITO) layer was de-
posited onto the SiO; layer by electron beam evapora-
tion. The samples were then immersed in a 3% HCI solu-
tion to dissolve the ITO phase, leaving self-assembled
In3Sn clusters on the SiO, layer. Next, the In3Sn clusters
were used as the etching mask, and the SiO; layer was
etched by a fluoride process. Finally, a patterned SiO,
hard mask was used to dry etch the LED wafer to form
an InGaN/GaN nano-pillar heterostructure. By con-
trolling the size of the In3Sn clusters and ICP etching
conditions, nanopillars of 200 nm diameter and 50%
filling factor were successfully fabricated. The etching
depth of 0.6 um was designed to achieve the n-type layer
of the LED heterojunction, and the emissive QWs were
exposed laterally along the sidewall of the nanopillars.
Figure 5(b) shows the scanning electron microscope
(SEM) image of the nano-pillar heterostructure.

After the formation of the nanopillar structure, buffer
oxide etching was used to peel off the oxide hard mask,
and a Ti/Al (5/200 nm) contact surface was formed at the
bottom of the nanopillar to form an n-type electrode. To
form a p-type electrode, a p-GaN surface or ITO depos-
ited on p-type GaN was used as the electrode. Finally, a
layer of colloidal CdSe/CdS core-shell QDs centered at
620 nm was deposited on the surface of the nanopillar by
soaking the device in a solution of QDs for approxim-
ately 12 h. Figure 5(c) shows the SEM image of the QD-
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coated nanopillars, confirming the conformal deposition the upper surface of a planar LED structure, are illus-
of QDs on the side wall of the nanopillar structure. trated in Fig. 6(b). Comparing the two samples, the QDs
The out spectra of a nanopillar LED prior to and after contained on the nano-pillar LED possessed stronger lu-
QD deposition are illustrated in Fig. 6(a). The out spec- minescence than those contained the planar LED. The
tra of a control sample, prepared by depositing QDs on effective quantum yield (EQY) of QDs was calculated as
H Blanket ITO
Slanted ITO

p+GaN cap layer

p GaN

GaN/InGAN MQWs
n-GaN

n-electrode

Fig. 5 | (a) Schematic of the nano-pillar LED. (b) Cross-sectional SEM image of a nano-pillar LED device. (¢) SEM image of the QD-coated nan-

opillars. Figures reproduced with permission from ref.?¢, Optical Society of America.
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photoluminescence decay curves of a nano-pillar LED sample with and without QD-coating. Figures reproduced with permission from ref.?¢, Op-

tical Society of America.
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43.6% and 12.0% from the data of Fig. 6(a) and Fig. 6(b),
respectively. In this study, the EQY is calculated accord-
ing to the following express:

_ Area2
" Areal ’

where Areal is the reduced integral spectral area of QW

EQY (5)

after hybridization, Area2 isthe integral spectralarea of QD
emission.

The authors believed that the EQY of QDs on nano-
pillar LEDs was increased by 263%. Because the EQY of
QDs did not show any dependence on the substrate mor-
phology, the significant improvement in EQY could only
be explained by the substantial NRET between QDs and
QWs on the side walls of the nano pillars.

Furthermore, TRPL was used to confirm the existence
of NRET. As shown in Fig. 6(c), a decay life of approxim-
ately 150 ps was measured in the nano pillars without
QDs, while the lifetime of QDs deposited on the surface
of the nanopillars decreased to 125 ps, indicating that
with the existence of QDs, the carrier decay in InGaN
QW was faster. Since the deposition of QDs could not
change the intrinsic carrier dynamics of InGaN QW, the
faster decay meant that a relaxation channel was added
to the carriers, which could only be the NRET from QW
to QDs.

Nano-hole micro-LED

Nano holes are also considered to be beneficial for realiz-
ing NRET. Lagoudakis et al. carried out the opening and
etching of the periodic nano-hole array on the surface of
an LED chip, depositing QDs in the hole so that the QW
and QDs can directly contact®°.

Figure 7(a) shows that the device was a GaN/InGaN
multi-QW LED based on a sapphire substrate. To pre-
pare nano-hole LEDs, the following methods were util-
ized. A GaN nucleation layer, undoped GaN buffer layer,
Si-doped n-GaN layer, 10 pairs of Ing;Gag79N/GaN
multi-QWs with peak wavelengths of 453 nm, and a
MgO-doped p-GaN layer were deposited on a sapphire
substrate using a bottom-up method. After the growth of
the LED wafer, a transparent conductive layer ITO was
formed on the wafer surface by electron beam evapora-
tion. Nanoimprint lithography and lithography tech-
niques were used to define nano-holes in selected mesa
areas. First, a 400 nm thick SiO; layer was deposited on
the surface of the LED wafer by PECVD, and then a 360
nm thick imprinted resist layer was spin-coated onto the
SiO; layer. By placing and releasing the nanoimprint
mold on the infrared layer, the nano-hole pattern of 12
photonic quasicrystals (PQCs) was transferred to the in-
frared layer. SiO, nano-holes were prepared by two-step

plasma reactive ion etching using O, and CHF;

Fig. 7 | (a) Schematic representation, (b) cross-sectional, and (c) top SEM images of a photonic quasicrystal LED hybridized with QD color con-

verters. Figures reproduced with permission from ref.*°, under a Creative Commons Attribution License.
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processes. The photoresist layer was deposited on the
SiO; layer, and the selected dry etching area was determ-
ined using standard lithography technology. LED chips
with a photoresist layer and a nano-patterned dielectric
layer were etched by inductively coupled plasma reactive
ion etching.

This highly symmetric quasicrystal has long-range or-
dering, short-range disorder, and semi randomness. Be-
cause of its highly symmetrical far-field beam shape and
the relative increase in state density (which greatly in-
creased the extraction of light), this geometry has been
proven to be far superior to conventional PQC lattices
commonly used in LED applications. The spin coating
parameters were adjusted to allow the QDs to com-
pletely fill the nano-holes, as shown in Figs. 7(b) and
7(c). The LEDs were etched to induce a shunt path, and a
non-radiative recombination center was formed by a
bond suspended on the side wall.

The single-color converter was hybridized with QDs
with an emission wavelength of 585 nm. Figure 8(a)
shows the electroluminescence (EL) spectrum of the hy-
brid (black solid line) and the absorption spectrum (or-
ange dashed line) of QDs before (black solid line) and
after (red solid line) hybridization. White LEDs were
made of a mixture of green, orange, and red QDs. Figure
8(b) shows the EL spectra of the PQC LED and QD be-
fore and after hybridization with QDs as well as the ab-
sorption spectra of different QD colors (green, orange,
and red dashed lines). There was a strong spectral over-
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lap between the absorption of different QDs and LEDs,
which is a prerequisite for effective energy transfer
between QWs and QDs. A relatively narrow (full width
of half maximum is about 30 nm) luminescence was ob-
served in the mixed electroluminescence spectrum. In
the case of single-color QDs and hybrid QDs, it was
found that the QDs strongly quenched the EL maximum
of the LED, which indicated that there was a significant
energy transfer between the QW and the QDs.

Figures 8(c) and 8(d) show the CCE and EQY as a
function of the injection current of the single-color LED
and white LED, respectively. They were both much high-
er than the results of previous reports. The maximum
values of CCE of the single-color LED and white LED
were 66.7% and 70%, respectively. Here, CCE is defined
as the ratio of integral spectral area of QD emission after
hybridisation to integral spectral area of blue LED be-
fore hybridization. It is believed that the increase results
from the fact that the QDs were fully filled into
nano-holes.

The maximum EQYs of the single-color LED and
white LED were 110% and 123%, respectively. Since EQY
is determined by ratio of photon counts rather photon
energy of emission and absorption, the value could be
large than 100% during down conversion luminescence.
The increase resulted from the NRET mechanism con-
necting the PQC LED chip to QDs, and the conclusion
was proved by the TRPL curves, in which the lifetimes of
the PQC LED chips decreased after combining with QDs.
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Fig. 8 | Electroluminescence spectra of a PQC LED before (black solid line) and after hybridization (red solid line) with (a) QD-585 and (b) a
blend of QD-535, QD-585, and QD-630, along with the absorption spectrum of QD-585 (orange dashed line) in (a) and the absorption spectrum
of QD-535 (green dashed line), QD-585 (orange dashed line), and QD-630 (red dashed line) in (b). (¢, d) Effective quantum yield (red solid
circles) and effective color conversion efficiency (black open squares) of a PQC LED hybridized with QD-585 in (c) and with the QD blend in (d).

Figures reproduced with permission from ref.®°, under a Creative Commons Attribution License.
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Zhang et al. have also prepared a new type of hybrid
nano-hole periodic array/II-VI group white light LED
device®. The device used dipole coupling to enhance the
NRET mechanism to achieve white light emission, ex-
hibited high CCE and EQY, and obtained an ultra-high
color rendering index.

Figure 9(a) showsa schematic diagram of the de-
signed hybrid LED. To achieve good current diffusion,
an ITO layer was deposited on the LED surface and pat-
terned as a nano-hole. Figure 9(b) shows that the nano-
hole arrays with a diameter of 300 nm were arranged in
hexagonal lattices with a lattice constant of 600 nm.
Then, CdSe/ZnS core-shell nanocrystals were filled into
these nano-holes as a down-conversion medium. This
structure ensured that the core/shell nanocrystals of
CdSe/ZnS were located near the active multi-QWs. Fig-
ure 9(c) shows the cross-section of the hybrid device at a
depth of approximately 1.2 pm. The side walls of the In-
GaN/GaN multi-QWs were tightly surrounded by the
expected nanocrystals, which was crucial for the NRET
process. Figure 9(d) shows the CdSe/ZnS core-shell
nanocrystals with diameters less than 10 nm. In this
study, there was no change in the I-V curve after nano-
crystals were dripped onto the h-LED, indicating that
nanocrystals had no effect on the injection of electrons
and holes.

In addition, the effective QY was calculated. For yel-

low (546 nm) nanocrystals, the effective quantum yields
were 94% and 83% in the violet and blue LEDs, respect-
ively, which were even higher than those of the YAG: Ce
phosphor. This contributed to the NRET process. Figure
10 illustrates the NRET process between the multi-QWs
and nanocrystals along with the relaxation process in the
hybrid LED. Because of this geometry, the excitons in
multi-QWs were coupled with the 2D assembly of nano-
crystals (NCs), which acted as a one-dimensional con-
fined structure. As the figure shows, carriers were gener-
ated by optical pumping or current injection, and ex-
citons were distributed in multi-QWs. If the exciton en-
ergy of multi-QWs matched with the absorption energy
of NCs, these excitons could emit photons by radiation,
recombine non-radiatively through defects, or undergo
NRET to form the NCs components. When the energy
was transferred to NCs, in-band relaxation would occur
immediately, thus eliminating the resonance between the
exciton and multi-QW transition and effectively pre-
venting the reverse transfer process. Then, the relaxation
excitons in NCs recombine (mainly in the form of radi-
ation) and emit photons whose energy corresponds to
the band gap of NCs.

Nano-ring micro-LED
Due to that the nano-hole structure only exposes the
chip QW on the inner side of the hole wall and the

Fig. 9 | (a) Schematic diagrams of hybrid h-LED. (b) Bird’s eye view SEM image of ordered nano-hole arrays in the absence of QDs with ITO cur-

rent spreading layer on the surface. (c) Cross-sectional view SEM image of nano-holes filled with NCs, and (d) transmission electron microscopy

(TEM) image of CdSe/ZnS core/shell QDs and a high-resolution image in the inset. Figures reproduced with permission from ref.>', John Wiley

and Sons.
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Fig. 10 | The physical schematic diagram of an NRET process.
Figures reproduced with permission from ref.5", John Wiley and
Sons.

nano-ring structure can expose the QW on both the in-
ner and outer sides of the ring wall, the surface area of
the chip QW in direct contact with the QDs can be in-
creased. The proportion of NRET mechanisms in the
color conversion process of QDs can also be signific-
antly increased.

Kuo et al. used nanosphere pattern transfer techno-
logy to prepare a large area of nano-ring LED arrays with
a diameter of less than 1 pm on a green epitaxial wafer.
First, polystyrene nanospheres with a diameter of ap-
proximately 900 nm were spin-coated on the GaN LED

MQWs

TCO film P electrode

epitaxial surface. Then, GaN-based materials were etched
by inductively coupled plasma reactive ion etching (ICP-
RIE) to form nanopillar arrays with residual nano-
spheres. The diameter of the nanospheres could then be
reduced by oxygen plasma treatment, and the final wall
width of the nano-rings was controlled by this step. The
Ni metal was deposited on the nanopillars together with
the residual nanospheres using an electron beam evapor-
ation system. An ultrasonic cleaner was used to remove
the nanospheres. In the second etching process, the re-
sidual Ni protected some nanopillars and further formed
a nano-ring structure. Finally, Ni was removed by HCI
solution to obtain a complete nano-ring template. In this
work, the nano-ring micro-LED showed color tunability
with different wall widths corresponding to different in-
ternal strains. The nano-ring possessed a shorter lifetime
compared to the reference sample, which meant that the
nano-ring LEDs had a stronger NRET process than the
reference LEDs.

Using a similar method, Wu et al. reported the use of a
nano-ring micro-LED for full-color display*. In this
work, the nano-ring structure was etched on a green epi-
taxial wafer to realize blue-emission, and then the red
QDs were painted on a part of the nano-ring micro-LED
as a red pixel. Figure 11 shows the process flow of the
nano-ring micro-LEDs and the final device.

The manufactured QD-micro-LED was studied using
SEM. Figures 12(a) and 12(b) show the SEM images with

different scales and perspectives. In addition, from the

4

MQWs

n electrode

Buffer

Fig. 11 | (a) Epitaxial wafer. (b) Three subpixels of a green micro-LED, a blue micro-LED, and a QD-micro-LED. (c) Deposition of transparent

conducting oxide (TCO) film and P/N electrodes. (d) Covering distributed Bragg reflector (DBR) filter. (e) Full-color display panel composed of the

proposed hybrid QD-micro-LED. (f) Cross-sectional view of a single RGB pixel. Figures reproduced with permission from ref.“5, Chinese Laser

Press.
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Fig. 12 | (a) SEM image of RGB pixel array. (b) SEM image of QD-micro-LED with 30° tilt angle. (c) TEM image of the contact area between

multi-QWs and QDs. (d) TEM image of 1 nm Al,O3 deposited on the sidewall of an QD-micro-LED through ALD. Figures reproduced with permis-

sion from ref.*¢, Chinese Laser Press.

transmission electron microscopy (TEM) image in Fig.
12(c), it can be clearly observed that the sidewalls of the
InGaN/GaN MQW were closely surrounded by QDs,
which was essential for the NRET mechanism. Red QDs
with a diameter of about 10 nm were also observed. In
addition, it can be seen in the TEM image of Fig. 12(d)
that a 1 nm thick Al,O3 layer was deposited on the side-
wall of the QD-micro-LED.

In this work, the red QDs were in close contact with
the blue-emission multi-QWs of nano-ring LEDs so that
the red QDs could be excited efficiently. According to
the wide overlap of the absorption spectrum of the red
QDs and the electroluminescence spectrum of the multi-
QWs shown in Fig. 13(a), it was possible for NRET to ex-
ist between QDs and QWs. The TRPL curves of the QWs
further confirmed NRET, as the QWSs’ contact with QDs
possessed a shorter lifetime. The results of TRPL are dis-
played in Fig. 13(b). The lifetime of QWs decreased 1.12
ns after encapsulation with QDs, and the efficiency of
NRET was calculated as 53.6%. Figures 13(c) and 13(d)
shows that, after structural design and spring painting,
the epitaxial wafer could emit RGB light with a narrow
half-width, with peak wavelengths located at 630 nm, 525
nm, and 467 nm, respectively. The color gamut overlap
of the NTSC space was approximately 104.8% and that of
Rec. 2020 was 78.2%. These results indicated that the
nano-ring micro-LEDs based on the NRET mechanism

was sufficient to support full-color performance in dis-
play technology.

Challenges and perspectives

As a solution, NRET plays a significant role in improv-
ing the luminous properties of QD-based micro-LEDs.
According to the review, the overlap of the emission
spectrum of the donor (QW) and the absorption spec-
trum of the acceptor (QD) as well as the sufficiently
short (less than 10 nm) distance between the QW and
QD are important for promoting the NRET process.
Nano-pillar, nano-hole, and nano-ring structures have
been studied to achieve a close contact between the QW
and QD, so that NRET occupies more components in the
process of energy transfer. These results both improve
the EQY and CCE, which will be beneficial to the im-
provement of display performance.

However, several problems remain to be solved. First,
more stable and brighter full-color QDs are necessary to
support the NRET process, which is the source of the
problem. Researchers usually use the method of encapsu-
lating organic ligands to improve the stability of QD.
However, the tolerance of organic ligands to high tem-
perature and chemical environment is poor, which lim-
its the application of QD. Recently, the study of per-
ovskite QD encapsulated by molecular sieve structures
has attracted

increasing attention®. After being
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Fig. 13 | (a) Absorption spectrum of red QD and EL spectrum of blue nano-ring micro-LED. (b) TRPL curves of nano-ring micro-LED with and
without red QDs. (¢) Normalized EL spectra of RGB hybrid full-color micro-LED devices. (d) Color gamut of RGB hybrid full-color micro-LED

device, NTSC, and Rec. 2020. Figures reproduced with permission from ref.*6, Chinese Laser Press.

encapsulated by inorganic molecular sieves, perovskite
QD exhibits good tolerance to water and high temperat-
ure. Although it is a promising method, the size of the
coated particle is about 1 um, so further smaller particle
sizes are required to micro-LED. It is also undesirable
that the luminescent efficiency of the particles is reduced
after coating. Based on NRET, it is possible to achieve the
energy transfer from the coating layer to QD, which can
further improve the luminescence efficiency of the QD.
Although a variety of nanostructures have been de-
signed, none of the current structures are perfect. For ex-
ample, although nano-ring LED exposes more QWs,
which increases the efficiency of NRET between QWs
and QDs, the light output direction of the exposed QDs
is not vertical outward but lateral, which results in low
light output of the whole system and restricts the practic-
al application. Therefore, it is necessary to design greater
LED structures to improve the luminescent performance

of the whole system.

With the advent of 5G and Sub 6G, visible light com-
munication is preparing for the next generation of com-
munication technology. Visible light communication
uses LED as the light source, and can be used with in-
door lighting, electronic Kanban, and display as a means
of wireless communication. However, the traditional
large size LED light source can only reach the frequency
of tens of MHz, and there is still much room for im-
provement. Therefore, in addition to its application in
the display, micro-LED will also have great potential in
visible light communication due to its high modulation
bandwidth'?. Furthermore, QDs can be used in micro-
LED to achieve a high modulation bandwidth for differ-
ent wavelengths of light. It is reasonable to expect that,
with the anticipated breakthroughs in the next few years,

QD-based micro-LEDs possess a bright future.
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