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ABSTRACT

In this Perspective, we will introduce possible future developments on group III-nitride nano-LEDs, which are based on current
achievements in this rapidly arising research-technological field. First, the challenges facing their fabrication and their characteristics will
be reported. These developments will be set in a broader context with primary applications in lighting, display technology, biology, and
sensing. In the following, we will center on advanced applications in microscopy, lithography, communication, and optical computing.
We will discuss unconventional device applications and prospects for emerging photon source-based technologies. Beyond conventional
and current achievements in optoelectronics, we will present hybrid nano-LED architectures. Novel device concepts potentially could
play an essential role in future photon source developments and serve as a key component for optical computing. Therefore, forefront
fully photon operated logic circuits, photon-based computational processors, and photon driving memories will be discussed. All these
developments will play a significant role in a future highly secure, low energy consuming green IT. Besides today’s environmentally
friendly terrestrial industrial and information technologies, an enormous potential of nano-LED technology for a large range of applica-
tions especially in the next stage of space research is envisaged.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0087279

I. INTRODUCTION

During the last few decades, the development of semicon-
ductor materials and device architectures suitable for a large
range of electronic and optoelectronic applications was driven
predominantly by efforts to improve device performance. The
main attention was focused on their miniaturization and the
increase in device integration density. Nevertheless, efficiency
limits of conventional material and device concepts seem to be
already reached and, therefore, further performance improve-
ment of nano-LED devices can be obtained only by alternative
material and device architectures. Hence, unconventional solu-
tions with respect to the increased device functionality, lifetime,
and reliability have to play a central role from the early stage of
device design. These efforts cannot be successful without a close
interdisciplinary exchange between the physics and chemistry of
materials with respect to efficient device engineering and tech-
nology. Therefore, here, in our Perspective, we will try to intro-
duce current and possible future nano-LED’s developments in
the interdisciplinary context suitable for a broad scientific and
industrial readership.

Il. I-NITRIDE NANO-LED TECHNOLOGY

As it is presented in Fig. 1, the nano-LED’s development has
been driven primarily by arising practical requirements in lighting,
displays, biology, and sensing. Besides III-nitride nanostructures for
solid-state lighting,' ™ there has beena strong need for ultimate
light sources serving in the large range of microdisplay applications
for more than a decade.””"” The trend is clearly set from microme-
ter sized LEDs down to nanometer scale devices. When targeting at
[I-nitride nano-LEDs, we must be aware of the special challenges
that must be met in the material system. Due to the lack of large
area commercially available group III nitride native substrates,
group III nitrides are deposited on foreign substrates such as con-
ventionally used c-plane sapphire, 6H-SiC, or (111) Si, which
unfortunately have a large lattice mismatch of 16%, 3.5%, and
—16.9% as well as a large thermal mismatch of —34%, 25%, and
54% to GaN, respectively.”’ This gives rise to dislocation densities
in the range of up to 10" cm™. Only after extensive studies and
developments especially with respect to the crystal quality and
p-doping in GaN,?'"?* IlI-nitride based LED structures,”"*" the
developments for which Akasaki, Amano, and Nakamura were
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FIG. 1. Current and possible future developments for nano-LED applications.

awarded the Nobel Prize in 2014, could be deposited and LEDs of
high brightness could be achieved. The special characteristics of
group IIT nitride based LED structures must be taken into account
when developing nano-LED technology in this material system.

Different technological strategies were developed and are
now pursued for their preparation. In general, there are three dif-
ferent technological approaches for the production of III-nitride
nano-LEDs. The approaches are divided conventionally into two
main categories: bottom-up”®~" and top-down approaches.”'~*”
Furthermore, colloidal/solution-phase routes’*™"’ and advanced
implantation techniques*"** can potentially be useful to reach the
mesoscopic (nano crystal LEDs) and down to the atomic scale—
single point photon emitting sources. Here, in this Perspective, we
will report only on the most representative recent and current
approaches and achievements.

A. Bottom-up (epitaxial growth)

The two most common bottom-up techniques will be pre-
sented in the following. The first technique was reported in the
1960s:" nanostructure (usually nanowire) growth is induced by a
particle—very often gold. The particle serves as a solvent for the
elements the nanostructure is composed of. A eutectic with the
particle element is formed. The diameter of the particle affects
the nanostructure’s dimension and its position determines its
location.”* Chemical vapor deposition methods such as MOVPE
(metalorganic vapor phase epitaxy) is the method of choice for
growth since the particle induces the decomposition reactions at
lower temperatures than for layer growth. However, the uninten-
tional incorporation of Au in the nanowires” as a non-radiative
recombination center is detrimental to carrier mobility and to
optical properties of the nanostructures.

The second technique of the two bottom-up approaches is
based on selective area growth (SAG)**"*® and again involves
MOVPE. Here, the substrate surface is covered with a masking
material such as SiO, or Si3N4. In contrast to the substrate, the

PERSPECTIVE scitation.org/journalljap

masking material should not participate actively (catalytically) in
the decomposition process of the precursors involved. By preparing
holes/windows in the mask, in appropriate size, growth can be
induced selectively only in the apertures of the mask, and micro-
and nano structures’’ are prepared. We believe that this second
technique of the two bottom-up approaches has a larger potential
for future nano-LED applications. Therefore, in this Perspective, we
will focus on this bottom-up technique and present it in more
detail (see Fig. 2).

Different types of nano-LED structures can be deposited and
were successfully demonstrated, e.g., vertically grown/bottom-up
p-GaN/In,Ga; ,N nano-dot/n-GaN(LED) and p-GaN/MQW/n-GaN

(a) transparent
top contact

bottom
contact

N

(b)

contact pad

top contacts

FIG. 2. Schematics of the integrated p-GaN/InGaN nanopyramid mesoscopic
structure grown on an n-GaN/sapphire template (a). SEM images with different
magnifications of the final device with the hexagonally arranged structures and a
detail of a single nanopyramid with Ni/Au top contact (b). Reproduced with per-
mission from Mikulics et al., Appl. Phys. Lett. 109, 041103 (2016). Copyright
2016 AIP Publishing LLC.
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junctions as well as nano-LEDs consisting of a bottom-up deposited
GaN wire core overgrown by a heterojunction shell.” The dimension
of the LED on the nanoscale affects the emission wavelength.”18 Here,
in this section, we will shortly present the most important steps
toward vertically integrated III-nitride based nano-LEDs, which were
designed and fabricated for operation in the telecommunication
wavelength range in the (p-GaN/InGaN/n-GaN/sapphire) material
system.”” The fabrication process started with the growth of n-GaN
on sapphire substrates by MOVPE followed by the preparation of
hexagonally arranged “hole” structures in the SiO, mask thereon.
SAG of InGaN nano-pyramids was then carried out followed by the
deposition of the p-GaN at last. The growth procedure allows for
strain relaxation in the nano-pyramid heterostructure. The details are
reported in Refs. 49 and 50. Figure 2(a) presents schematically the
device structure of vertically integrated p-GaN/InGaN nano-
pyramids grown on n-GaN/sapphire. After preparing bottom and
bottom top contacts to the structures integrating them in a device
circuit [Fig. 2(b)], they are suitable for future operation in the tele-
communication wavelength range."’

The choice of the substrate is a further variable in this
bottom-up approach. Conventionally, c-plane sapphire, (111) Si, or
6H-SiC is chosen, depending on the application envisaged. It has
been shown that the employment of a metallic substrate could be
advantageous for device concepts and device performance. Besides
being the growth substrate, it can simultaneously serve as the
bottom electric contact.”” Furthermore, it can effectively dissipate
heat during operation™ as was demonstrated for HFET devices’'
presented in Fig. 3. Therefore, a metallic substrate could also
improve the long-term reliability of LEDs. In addition, the func-
tionality of LEDs and detectors can be enhanced by the metallic
substrates since they can act as efficient mirrors. Up to now, metal-
lic substrates were used for planar heterostructure growth.”*>’
They may have an even larger potential for nanostructure SAG

FIG. 3. First demonstration of successful growth and fabrication of lll-nitride het-
erostructure field effect transistor (HFET) devices (more than 70% of tested
HFETs achieved the expected device parameters) on metallic silver substrate,
which exhibits a high thermal conductivity coefficient of ~430 Wm™"K~" at
300 K. To this end, the development of a novel combined MOVPE and MBE
procedure was reported. More details can be found in Ref. 51.

PERSPECTIVE scitation.org/journalljap

since differences in thermal expansion coefficients and lattice con-
stants between epilayers and metal play a minor role for
nanostructures.

B. Top-down (etching)

In general, there are two top-down etching approaches for
nano-LEDs, both of which are based on an epitaxial (planar) LED
layer structure deposited on the respective substrate. In the first step,
nano-LEDs are defined with the help of a masking material that
must withstand the following dry etching procedure. The masking
material is patterned using e-beam lithography. The pattern is then
transferred into the LED layer structure by dry etching.”*® The defi-
nition of nanostructures leads to strain relaxation which, in turn,
affects the wavelength of the emitted light.”>" ™" As the structure
size will further decrease in the future, the proportion of the surface
area of the nanostructures will increase as well. This surface exhibits
etching related damage, which is detrimental to the nano-LED’s
optical properties. Therefore, it will become increasingly essential to
develop processes, which improve the etched LED optical properties
as the structure size decreases further.

It has been demonstrated that a careful local laser micro
annealing process (LMA)®' increases the radiative recombination,
the long-term stability, and reduces the work temperature of the
nano-LEDs under operation. Basically, the LMA procedure,
reported in Ref. 61, affects both the Ohmic contact and structural
MQW properties individually for every single nano-LED device or
the ensemble of nano-LEDs patterned in large area arrays. A signif-
icant effect of LMA on the nano-LEDs’ optical properties was con-
tributed to the reduction of “etching” defects caused during the
reactive ion etching (RIE) process employed for the nano-LED for-
mation. Figure 4 presents a scanning electron micrograph (SEM) of
a single nano-LED with its nickel mask after the RIE procedure.
The nano-LED’s side “walls” exhibit a defective surface morphol-
ogy, indicating that also deeper regions of the MQW, as well as
p-GaN and n-GaN regions, are affected. Figure 5 presents sche-
matically in a simplified form the effect of RIE on nano-LEDs with

<— Nickel cap

p+GaN ——

InGaN / GaN
MQw

GaN:Si(5e18)—

FIG. 4. SEM image of a single nano-LED with its nickel mask after the RIE
process. Reproduced with permission from Mikulics et al., Appl. Phys. Lett. 118,
043101 (2021). Copyright 2021 AIP Publishing LLC.
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FIG. 5. Simple model showing the effect of the defect layer depth on the virtual equivalent of the effective volume (Veg): the larger the effect is, the smaller the nominal
diameter dyom. Reproduced with permission from Mikulics et al., Appl. Phys. Lett. 118, 043101 (2021). Copyright 2021 AIP Publishing LLC.

different diameters. The LMA process affects the defect region
depth, which decreases after optimal laser annealing conditions
were applied. This effect was also confirmed by photoluminescence
measurements®' for non-locally annealed and annealed nano-LEDs
in the wavelength region where InGaN/GaN MQWs emit. The
mechanism behind this effect was explained by the simple model
introduced in our previous study.”' Therefore, it could be expected
that a careful tuning of the LMA process could be of benefit for
nano-LED’s optical properties by further miniaturization efforts.

Nano-LEDs prepared by this top down etching approach in
arrays can be applied to future lithography (presented later in
Sec. IV B), in the near-field regime or the far field regime which
will help greatly simplify structuring processes from the nanoscale
to the microscale.’

In the second approach, the structures are formed without a
mask in a self-assembled way.”’ ° Dry etching is carried out and
etching takes place preferentially at charged sites such as at thread-
ing dislocations. A re-deposition of the SiO, cover plate material in
the reactive ion etching (RIE) chamber holder toward the nanowire
sidewalls occurs protecting them from further etching and simulta-
neously increasing their length during the etching process.”*®
Therefore, highly anisotropic etching occurs that is not positioned
but rather random, ie., self-assembled. Figure 6 presents SEM
images of the nanowires formed in three different magnifications,
and Fig. 7 shows how the formation is affected by the etching con-
ditions. The high density and the conical shape of the nanostruc-
tures produced by this second top-down etching approach correlate
with the concentration of threading dislocations in the original
planar group III-N layer. Transmission electron microscopy (TEM)
studies reveal that the etching procedure removes the defects—the
nanowires are defect-free. The nanowires are advantageous for the
suppression of incident light reflection. A graduated strain in the
nanostructures in the axial direction is responsible for effective
photon absorption of more than 95% in a large range from “blue”

to “red” We call the family of materials—“black” nitrides in
analogy to “black” $i.°”°° They are of special interest for photovol-
taic applications.

C. Hybrid nano-LED architectures

The nano-LEDs prepared by a positioned top-down approach
can also be employed in numerous hybrid applications. Current
achievements have already demonstrated that III-nitride based
nano-LEDs are very promising multifunctional photon emitting
devices, which can be used as hybrid photon emitting sources.
Figure 8 presents simple schematics with an integrated single
nano-LED structure driven electrically and freestanding CdSe nano-
crystal. Such hybrid architectures can serve as testing platforms for
the investigations of plasmonic effects. This could be of benefit, espe-
cially for the sake of field enhancement at the position of a light
emitting nanoparticle. A CdSe crystal (or any other nanocrystalline
material object) serves as the “host” =secondary photon emitting
source. This photon-generated technique was reported as direct
electro-optical pumping.”” Furthermore, it can be envisaged to be
part of a future fully photon operated transmistor structure’’ or used
for testing and characterization, in which they are integrated into a
platform for simultaneous investigations in a bottom-up geometry.
Possible applications will be described later in Secs. IV A and IV D.
An example of hybrid nanocrystal/III-nitride nano-LEDs fully inte-
grated in an HF device layout is presented in Fig. 9. This device
concept can be principally used for future single photon emitters
where, e.g., nano-diamond crystals with N-vacancies’' ™" serve as the
secondary photon emitters. Furthermore, the technology developed
is applicable to a large range of biological, analytical, and communi-
cation applications and is suitable for the large production scale.”*
An example of a prototype-integrated hybrid photon emitter
ensemble, which can serve as primary electro-optical convertors
and/or the “interface” between “outer” conventional electronics and
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FIG. 7. Overview of nanostructure (GaN) formation obtained for different Cl,/Ar
efching gas mixtures and different RF powers. The ICP power was kept constant
at 2500 W. Reproduced with permission from Haab et al., Phys. Status Solidi
209, 443 (2012). Copyright 2012 Wiley-VCH.

already proposed, about a quarter century ago, in pioneering work
by Goldman and co-workers’® that light emitters can be formed in
mixed anion nitride/arsenide alloys. Finally, special attention should
be paid also to device concepts that are based on and take advantage
of plasmonic materials.”” ™'

FIG. 6. SEM images of self-assembled nanowires formed by the dry etching
process in different magnifications (a)—(c).

an “inner-core” of future optical computing systems, e.g., photon
operated processors, is presented in Fig. 10. To this end, the realiza-
tion of such optical computing systems would require next genera-
tion hybrid nano-LED developments. They could be driven and
inspired by unconventional material and device architectures. It was

FIG. 8. Principal schematics of the hybrid/lll-nitride based nano-LED structure
integrated in the vertical device layout.
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@ - (b)

nano
top crystal =™
contact N

contact

: contacted
nano LEDs

FIG. 9. SEM micrographs: (a) array of nano-LEDs with NCs, a transparent Ni/
Au top contact and annealed Ti/Al/Ni/Au bottom contacts. (b) Nanocrystal (NC)
positioned in the SiO, hole structure. (c) Fully integrated NC/nano-LED struc-
tures (green dots as guides to the eye) in the device layout suitable for DC and
HF characterization.”””> Reproduced with permission from Mikulics et al., Appl.
Phys. Lett. 108, 061107 (2016). Copyright 2016 AIP Publishing LLC.

I1l. PRIMARY NANO-LED APPLICATIONS
A. Lighting

Although an enormous amount of work was done during
more than a decade on the miniaturization of LEDs toward micro-
and nano-sized devices,”>*”****™** there is still a strong need for

(a3 P T =
FIG. 10. Ensemble of hybrid photon emitter devices fabricated on a lll-nitride
material layer system suitable for HF operation. This device prototype can serve
in future developed computing architectures as primary electro-optical convertors
(necessary for the provision of an “interface” between “outer” conventional elec-

tronics and an “inner-core” of future transmistor based optical processors). More
details can be found in Sec. IV D.
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further innovations with respect to the significant improvement of
their wall-plug efficiency, device lifetime, and reliability. Further
important drivers for extensive “lighting” research and especially
for “phosphors free” white-light emitting diode/sources are a
decrease in production costs and the industrial requirements for
the avoidance of “rare” materials. Additionally, advanced LED pro-
duction technologies have to fulfill strict standards for environmen-
tal safety. Therefore, major efforts during the next few decades will
be focused on environmentally friendly technologies. The future
production lines will be certainly impacted by and confronted with
the accessibility of the limited material resources. Hence, the
arising future LED products should be designed from the start
toward being fully recyclable after reaching their life cycle. The aim
of our Perspective is not to give an additional overview of the past
and current achievements in the micro- and nano-LEDs research
field. We focus our attention rather on unconventional future pos-
sible solutions and developments.

In Sec. II, we already mentioned that further technological
progress in production and the improvement of nano-LED devices
could be reached if metallic instead of conventional substrates
would be used for growth. This is indeed not a trivial goal and the
realization of such a technological procedure especially for mass
production lines would require certainly a decade of extensive
research efforts in chemical and physical deposition procedures on
metal substrates far beyond today’s general knowledge. Nevertheless,
the first step toward the epitaxial growth of III-nitrides on silver sub-
strates was presented by Mikulics and his co-workers,”* and diode
structures on Ag/AIN/GaN were successfully fabricated and tested.
A further milestone in the growth of III-N heterostructures was
reached in 2017.”" Again, HFET devices were fabricated based on the
HI-nitride layer system, which were also deposited on silver sub-
strates. At this point, it should be noted that the HFET devices pre-
sented in those studies exhibited electrical parameters comparable
with devices grown on conventional substrates and that the improved
thermal heating management increased their device reliability signifi-
cantly. The application of metallic substrates for III-nitride based
devices such as high power diodes, HFETSs, and possibly also for
nano-LED devices has several advantages. The metallic substrates
play a significant role in effective heat dissipation but their role as a
“bottom” electrical contact opens new possibilities for device design
and the realization of unconventional architectures. Additionally, the
positive effect of internal metallic “mirrors” as a part of the
III-arsenide layer system for highly efficient and femtosecond photo-
detectors™ confirms the suitability of this approach for low-cost and
large-area fabrication of electronic and ultrafast photonic devices that
require a highly effective thermal drain. Therefore, it could be
expected that the use of metallic substrates, in the future, for the
growth of LED structures will play an essential role in their device
performance improvement. The effective heat management inside of
such LED ensembles would also significantly contribute to the
increase in their device reliability. Last, it has to be noted that the
growth of nano-LED structures on metallic substrates (a large
amount of published work was already demonstrated on metal
seeded “catalyst-assisted growth™*™*) could be beneficial since such
structures would be less-affected by strain additionally. These effects
on the nano-LED’s optical and electrical properties could bring new
insights into LED device physics.
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B. From micro- to nano-LED displays

Displays, in general, are the most prominent part of consumer
electronics, which surround us in a large range of technical solu-
tions for communication ranging from cell phones to notebooks as
well as a large range of monitors/screens as a part of computer
techniques and TV electronics, automotive visual interfaces, and
many others. All these solutions fulfill a basic function—namely to
transfer data/information in visual form—in the most effective way
for humans. The large amount of information that we “collect”
from our environment is based on the ability of our human eye to
acquire information carried by photons. The sensitivity of our eyes
has adjusted to the maximum wavelength range of the sun, which
we conventionally call the VIS (visible) range, and is the result of a
biological evolution process. There is no doubt that displays based
on singularly addressable ensembles of organic and inorganic LED
devices will play also in the future a dominant role in communica-
tion. Therefore, most forefront research efforts will be focused
predominantly on the energy efficient generation of pure mono-
chromatic light.”™" Indeed, current achievements confirm that
quantum dot based LED solutions’' deliver unprecedented results
in comparison with conventional display technologies. Hence, one
would expect that further miniaturization of LED pixels from the
micrometer range down to the nanometer scale would increase the
“quality” of visual data transfer significantly. This will certainly not
be the case for displays used for TV devices since the ability of the
human eye for such high pixel resolution has natural limits. On the
other hand, the recent development of the “family” of vitreous
products with integrated displays confirms that there is still a
strong need for further LED miniaturization.

Here, in our Perspective, we will focus our attention rather on
possible developments in unconventional applications (Fig. 11) of
display technologies after the appropriate nano-LED solutions will
reach the development stadium necessary for a consecutive success-
ful mass production. Therefore, research activities toward highly
efficient nano-LED devices should also be concerned with hybrid
LED architectures.”””® Indeed, this young research field already
yielded a large amount of solutions. Nevertheless, unconventional
possible-future applications of nano-LED based displays such as for
human medicine,”” biology,”” and analytical chemistry”* would
require a paradigm change in device design and material science
since the long-term biological-nano-LED device compatibility
seems to be a key factor for achieving the required functionality.
This is a crucial point, especially in the case of implantable dis-
plays.'*”” One of the very promising applications of nano-LEDs
which is introduced later in Sec. III C is based on the suitability of
micro- and possibly nano-LED arrays for the controlled photo-
stimulation of neurons’* by means of their light emission. Another
important application of nano-LED displays could potentially be to
significantly decrease production costs in the semiconductor indus-
try by enormously simplifying device fabrication if a novel maskless
lithographical technique®”® would be established in mass produc-
tion lines. We describe this path in more detail in Sec. IV B. In
addition, it was already demonstrated (about four decades ago) that
especially “red light” emission is of benefit for healing processes
increasing cellular metabolism, etc.”’~”” Therefore, research in the
field of “human-organism” compatible nano-LED displays could be
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FIG. 11. Future developments in nano-LED display technology can possibly
open new horizons in unconventional future display application research fields
such as displaying information for insects (attraction, warning, etc.).

essential for the development of novel medical/therapeutic tech-
niques not only for applications outside the human body but rather
“inside.” They could be implanted onto human organs or selected
organ regions down to the precise targeting of single biological
cells. The full impact of such possible-future developments, of
course, cannot be estimated in this limited perspective format.

C. Biology: Optogenetic and neuronal stimulation

In this section, we will start with the report on the application
of micrometer sized LED structures in medicine for cardiovascular-
monitoring first. Although a large amount of work was done during
the last few decades in this research field and the results found suc-
cessful commercial responses in various products, there is still a
strong need for further innovations for cardiovascular monitoring
and related activities. Today’s commercially available solutions for
the estimation of “heart rate” in real time are based on the processing
and monitoring of photoplethysmographic (PPG) signals recorded
from wearers’ wrists.'”"~'"* Current achievements in this research
field presented recently by Ye and co-workers'*>'"® demonstrate suc-
cessfully the application of III-nitride monolithically integrated
MQWs with the functions “light emitter” and “detector” devices as a
part of an asymmetric optical link in the form of a miniaturized
multifunctional chip. This approach based on wireless light “commu-
nication” in the “chain” between the micrometer sized light emitting
diode (LED) device—the vascular bed—and the detecting unit allows
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to monitor information about arterial blood transport. The basic
idea behind this concept is based on the mechanism that follows in
real time the changes in the vascular bed. They act as modulating
retro-reflectors (MRRs). Therefore, MRR monitoring allows obtain-
ing both the person’s heart rate and cardiac-related pulse informa-
tion. It could be expected that further miniaturization of these
multifunctional “emitter” and “detector” based IIl-nitride MQW
devices toward the nanoscale in the form of functionally arranged
nano-LED arrays could introduce new research possibilities for the
local scanning of blood pressure, transport, and distribution in blood
vessels down to the human-intercellular and cellular range. The
information from such “micro” and “nano” dimensions on the cellu-
lar scale and the possible strain changes on this “low” dimensional
level would potentially increase information “mining” and help to
diagnose the biological effects of medicaments and/or pathological
developments in the blood vessels walls. A plethora of applications
can be envisaged. The full potential and new future possible develop-
ments and discoveries in human medicine based on the employment
of nano-LED devices, however, cannot be covered in this Perspective.

Therefore, in the following, we will focus our attention only
on the most important further possible developments for nano-
LED structures, which are not limited only to cardiovascular-
monitoring medicine. More than a decade ago, Edward S. Boyden
and his collaborators/co-workers demonstrated a genetically tar-
geted optical control of neural activity on the millisecond time-
scale.'”” Optogenetic research in the following years brought a
large amount of new insights into the understanding of biologi-
cal-chemical-physical interaction mechanisms based on neuronal
photostimulation.'**™"'* The suitability of micro-LED arrays for
the purpose of photo-stimulation of neurons was successfully
demonstrated.'"'*~1'® Hence, it could be expected that nano-
LEDs could play an important role in future neuroscience
research. Because of their dimensions, local and focused low emit-
ting (optical) power®” together with the simultaneous low energy
consumption, they are predestined to be implanted spatially local-
ized in the future in diverse biological systems and especially in
brain regions such as the cortex cerebri, targeting selected
neurons. In such a way, the stimulated brain regions responsible
for saving information, for example may significantly improve
data processing (“recall” of saved information or improvement of
the data saving process itself) or serve as an effective tool and/or
part of neuro-therapeutical techniques. Indeed, there is poten-
tially a large amount of applications in neuroscience. Nano-LEDs
in the form of single devices for stimulated optical pulse genera-
tion or in integrated and functionally addressable arrays will open
a new era in neuroscience and related medical fields. However,
before these applications could be realized open questions regard-
ing the nano-LED’s bio-compatibility, the prevention of possible
toxic effects, the suppression of corrosion, and others have to be
answered.

D. Sensing

In general, it could be expected that nano-LEDs as sources of
photon emission for various functional sensing applications are
beneficial because of their low energy consumption during opera-
tion. Additionally, there is a strong need for the further
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miniaturization of nano-LED devices since their use in different
sensors could potentially decrease production costs and save
material resources significantly. It was already demonstrated and
reported that LEDs especially in the form of micro- and nano-
sized devices are essential for state of the art and coming sensor
developments.''”~'*” Excellent reviews have already been pub-
lished by Waag and co-workers,”*" which already covered past
as well as current achievements and brought a broad overview of
sensing applications as well as an outlook for further possible
developments. In contrast, in this Perspective, we would rather
like to focus our attention on future unconventional trends.

Therefore, we will start with the most important advantages of
the use of nano-LEDs in future sensing technologies. They are asso-
ciated with the generally well-known expectations and requirements
for ultimate sensor devices: first, by means of their low dimension,
nano-LEDs allow high integration device density. Hence, it could
be expected that ensembles of singularly addressable “light emitting
and detecting” pairs (units) could reach total device densities up to
10" per inch square (based on, for example, nano-LEDs with a
diameter of 50 nm and a device spacing to neighboring devices up
to 100 nm). Such device densities would already be reachable for
nano-LED device definition and addressing (for contacting bit and
word lines) using state of the art conventional e-beam lithography
and deep ultraviolet photolithography (DUV) techniques. Novel
highly sophisticated, and complex sensor device architectures
would allow for singularly addressable and/or programmable arrays
of wavelength tunable sources and unprecedented functionalities.
In contrast to the conventional LED as well as to micro-sized LED
devices, their light emission spreads out across macroscopic regions
of the device. Therefore, it is expected that the application of
nano-LEDs with dimensions below 100nm in diameter for the
“far” field emission regime (as well as the decrease in their structure
pitch) can be essential for improving the localization of the light
source. Furthermore, nano-LED devices equipped with appropriate
apertures for employment in the “near’-field regime™ as is
described later in Sec. IV B can be essential for the development of
next generation sensing systems. This could unfurl a new era for a
family of sensor devices with olfactory functionality for drug and
explosive detection (for security reasons), environmental monitor-
ing, pheromone detection, and many others leading to an enor-
mous increase in the sensitivity toward potentially hazardous and
toxic molecules in concentrations far below the detection level
limits of today’s-existing sensors. In addition, chemical and biologi-
cal analytics as well as human medicine (illness diagnostics) can
profit from these developments since analyses and identification of
complex “smells” (molecular mixtures) in a large range of concen-
trations would be possible.

IV. ADVANCED NANO-LED APPLICATIONS
A. Super resolution microscopy

Currently, one very promising application for LED devices
covering the micrometer down to the several hundred nanometers
scale range is targeted at diverse “lens-free” microscopy
techniques.'”'"*° Previous and current efforts in this scientific
field were already summarized and described in detail by Wasisto
et al” in their excellent review. Significant technological steps
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toward super resolution microscopy were presented recently by
Bezshlyakh and co-workers'”” as well as by Kluczyk-Korch and
co-workers.'”>'"*” Besides others, they presented novel driving
architectures for singularly adressable nano-LED structures
(arranged in a functional array) with a size and pitch (distance to
neighboring emitters) below the emission wavelength. These devel-
opments represent a big step forward for this novel super resolution
microscopy technique. Such a nano-LED arrangement allows the
control of individual LED emissions laterally at the nanoscale,
which results in a spatial precision below the wavelength of light
emitted and possibly even below the diffraction limit."”” Hence,
singularly addressable nano-LEDs with a nanoscale pitch would
allow the creation of light patterns with unprecedented spatial reso-
lution. Such computer controlled integrated nano-LED ensembles
serving as light emitters for illumination systems could potentially
be applied in a large range of microscopy and spectroscopy
research fields in biology, molecular chemistry, mineralogy, metal-
lurgy, and many others. As we already mentioned in Sec. III, future
developments in nano-LED applications will not only be limited to
“basic” research fields such as “biology” with its sub-research areas
emerging optogenetic and neuronal stimulation, but they could
possibly usher in a new era for unconventional display and sensing
applications. In particular, these two last mentioned application
fields would have a direct impact also on developments of novel
emerging super resolution microscopy techniques and vice versa.
However, further efforts have to be focused on the improvement of
the nano-LEDs” wall-plug efficiency, the reduction of heat develop-
ment, the optimization of thermal heating management (possibly
by using unconventional “metallic” substrates and novel device
architectures), as well as on increasing the nano-LEDs’ device life-
time and their long-term reliability. Special attention should be
paid to the multiple functionalities of MQW devices as it was
already presented by Wang and co-workers (see, for example,
Ref. 140) and is also reported in this Perspective in Sec. IV C. The
simultaneous operation of the nano-LEDs in the transmitter and
receiver mode could be advantageous also for further developments
in super resolution microscopy techniques. The anticipated success
in these research fields would play a decisive role in the realization of
future emerging nano-LED applications. Therefore, in our opinion,
key requirements for the realization of emerging super resolution
microscopy techniques cannot be fulfilled without significant pro-
gress in “near’-field””° and hybrid nano-LED solutions,””"*
described in Sec. IV B.”” They seem to be essential for reaching the
ultimate resolution limits in super resolution microscopy.

B. LEDALIT: Nano-LED assisted lithography

Nowadays, the fabrication of an abundance of integrated cir-
cuits requires highly sophisticated lithographical techniques. It is
well-known that the manufacturing of electronics for different
applications (such as customer ICs for information technology,
consumer electronics and optoelectronics, automotive and aviation
industry, etc.) requires different lithographical techniques ranging
from conventional lithography down to emerging EUV lithographi-
cal techniques (e.g., primary storage memories, processors, etc.).
There is no doubt that the continual increase in demand for new
solutions and products targeting especially consumer electronics
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drive further developments toward unconventional fabrication
techniques. However, the scaling of electronic and photonic devices
down to an “a few” nanometer range is confronted with a huge
increase in production costs as well as material and energy
resources. Therefore, the simplification of existing lithographical
techniques could significantly contribute to further progress. One
possible solution can be the application of nano-LED devices in the
photolithographic process. They can be implemented in singularly
addressable arrays (analogous to nano-LED based display technol-
ogy—introduced in Sec. III) and serve simultaneously as photon
sources that could on demand create lithographical patterns flexibly
without the need for a mask. The suitability of nano-LEDs for this
purpose was already demonstrated in our previous work’>** and
patterned structures in a conventional photoresist (using the illumi-
nation “far” field regime) with sizes up to several hundreds of
nanometers were realized. Additionally, we demonstrated that
nano-LED structures with metallic apertures can be used in the
near-field regime (the principle presented in Fig. 12). The gener-
ated evanescence field initializes locally a photochemical reaction in
photosensitive molecular films. In such a way, it was possible to
fabricate “hole” structures with a diameter down to ~75 nm.’” The
ultimate limit for the fabrication of “molecularly” sized structures
could be reached if single photon sources could be realized in large
arrays and could be singularly addressable, which would allow the
mass production of molecular sized devices. The structure size
limits for this technology are theoretically set to the size of a single
photosensitive molecule since one photon of sufficient energy
induces the reaction in the ideal case and could alter just one
chemical bond. Of course, in a “real” photoresist, a higher yield of
incident photons is required for the photochemical reaction.
However, before this concept can be realized, suitable single

before exposure after exposure

oleophylic hydrophylic
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FIG. 12. Principal schematics: nano-LED (n-GaN/MQW/p-GaN) element in the
near-field regime to a photosensitive film generating an evanescent field. The
fundamental goal of “near-field” LED assisted lithography (LEDALIT) is to create
a sub-diffraction limited field distribution in a location favorable for a photochemi-
cal reaction.”” Reproduced with permission from Mikulics et al., Nanoscale Adv.
2, 5421 (2020). Copyright 2020, licensed under a Creative Commons Attribution
(CC BY) license.
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photon sources operated at room temperature have to be developed.
The device architecture introduced as a “hybrid” nano-LED struc-
ture in Sec. II can serve as a platform for the next generation of
single photon sources.”* Indeed, it was already demonstrated that
nitrogen vacancies in diamond can emit single photons at room
temperature.ﬂ’” Therefore, the combination of, e.g., diamond
nanocrystals’*’* integrated with nano-LED structures could be
essential for the realization of single photon lithography.”

72

C. Communication

Recent advances in III-nitride micro-LEDs have also led to the
development of monolithic photonic circuits for on-chip communi-
cation. These efforts were demonstrated in pioneering work by
Wang and his co-workers.'*""*" Their reports especially on pho-
tonic circuits based on a III-nitride MQW layer structure using
silicon as the substrate demonstrate multiple functionalities such as
a transmitter, modulator, receiver, and a waveguide for transmitting
optical pulses. Furthermore, the authors presented for the first time
also the successful direct modulation for on-chip data communica-
tion performed on monolithically integrated components. The
most important message from their studies confirms that
III-nitride MQW micro-structures implemented into a functionally
arranged device layout provide a spectral overlap between emission
and absorption spectra. This allows their use simultaneously in
both the emitter and detector regime. Therefore, the presented
device architecture is advantageous also for the development of
future photonic driving circuits. The further miniaturization of
emitter sources down to the nanometer scale will lead to an
increase in integration density as well as to a significant decrease in
energy consumption. However, for the reduction of LED size from
the microscale down to nanoscale, an increase in technological
efforts is essential, especially with respect to the suppression of the
non-radiative recombination mechanisms. In Sec. II B, we already
mentioned that a careful tuning of etching parameters for
nano-LED fabrication and a subsequent local annealing process
can significantly recover damaged MQW regions inside the
nano-LED structure.”’ The further development and optimization
of these advanced LMA (laser micro annealing) techniques for con-
ditioning nano-LED structures could also be of benefit for “deep”
water and as well as for satellite “short” orbital distance wireless
light communication applications. Indeed, strong demand for radi-
ation robust and reliable light emitting sources such as III-nitride
based LEDs was reported by several groups.'”' "> Nano-LED emit-
ting arrays, as well as hybrid single photon sources could certainly
play an important role in arising highly secure satellite communica-
tion. It could be expected that the potential of nano-LEDs arrays
will not be limited only to data communication and metrology but
could also play an essential role in sensor developments. This was
described in Sec. III D. Highly reliable, long-living, and radiation
tolerant nano-LED arrays could play a fundamental role in future
satellite navigation, tracking, and autonomous “intelligent” emer-
gency systems for the prevention of satellite collisions. The first
steps in these developments were already done,'”'™'** and the
proof of principle for wireless light communication applications of
micrometer sized MQW devices with their multiple functionalities
was demonstrated by several research groups.'®”™'®” There is no
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doubt that a strong need for environmentally friendly material and
device optoelectronics, which exhibit low energy consumption,
radiation robustness, and high device reliability, will be the driving
force for innovations accelerating developments in this young
nano-LED research field.

D. Optical computing

Finally, the tentative last nano-LED’s application discussed in
this Perspective focuses on future optical computational techniques.
During the last few decades, scientific teams and R&D companies
around the whole Globe reached a meaningful progress in diverse
research fields targeting quantum photonics and related tech-
niques.”’”"”" The most important developments and current
achievements were summarized and reported by Slussarenko and
Pryde'’” and Elshaari et al'”” The detailed “Roadmap on
Integrated Quantum Photonics” was introduced by Moody et al.'”*
Indeed, there are important milestones that have to be reached
until the technology matures sufficiently to allow for large scale
and mass production suitable for “photon operated computational
systems” in “daily life” such as recently reported by Taballione
et al. in the paper entitled “A universal fully reconfigurable
12-mode quantum photonic processor.”””

Since single photon emitters seem to be a “key” component
for integrated quantum photonics,'’® it could be expected that
novel nano-LED hybrid architectures suitable for single photon
generation could play an essential role in these developments. On
the other hand, the trend toward simple and cheap alternative
“optical computational” techniques suitable for mass production,
which could possibly replace/substitute the conventional computing
electronic based system during the next few decades, call for an
increase in research efforts for highly efficient, long-term operated,
and reliable optical emitters. In this case, nano-LEDs integrated
into sophisticated HF device layouts*>*""*” can serve as primary
electro-optical convertors necessary for the provision of an “inter-
face” between “outer” conventional electronics and an “inner-core”
of photon operated processors. In addition, in the future, simple
optical processor architectures analogously to today’s operated
“conventional” processors as well as memory/data storage units,
etc. could replace also electronic processors in such applications
like satellite communication. It is well known that especially the
group of Ill-nitride based electronic and optoelectronic devices
were in the past identified as very promising candidates for a harsh
and radiative environment. Therefore, it could be expected that
nano-LED devices will play a significant role also in the future for
integrated circuits in optical computing based on robust transmis-
tor units (one of the “youngest” representatives of the large optical
switches family).”>'”* A HRTEM image in Fig. 13 displays the
“atomic-scale” detail of a Ge;Sb,Te, nano-membrane structure'’”
as a “core” material for such transmistor devices. The successful
operation in the “two-color” mode was demonstrated. It could be
expected that III-nitride based nano-LEDs operating in an appro-
priate wavelength range could be integrated with the, e.g.,
Ge;Sb,Te, nano-membrane structures in functional-logic arrays or
single units as depicted schematically in Fig. 14. It has to be noted
here at this point that in comparison with other semiconducting
material systems, group III-nitride alloys can cover a large range of
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FIG. 13. HRTEM image of the Ge;Sb,Te; nanomembrane used for FPOT

devices 70,177,178

emitting wavelengths from UV, through VIS up to the infrared
range by appropriate material choice and structural engineering.
This is an additional advantage of the group III-nitride alloy
system, which can allow the design and combination of nano-LEDs
with a large range of optically active media (serving as transmistor
devices) in addition to their suitability for a radiative and harsh

source gate 2

optical
pulse
phase change

Ge,Sb,Te,
(example)

optically device state
active / from ,off”
medium to,on”
gate 1 drain

FIG. 14. Schematics of the FPOT device based on the phase-change medium
(Ge4Sb,Te, nanomembrane) in the device configuration with two optical gates.
Please note that the colored optical pulses are only an artistic illustration and a
guide to the eye. The transmistor device can be driven by optical pulses from
the nano-LED devices (not shown in this picture). Optical pulses (gate input) ini-
tiate locally a phase change state manifested as a change in optical transmis-
sion from “off’ to “on” (opaque vs window) state. To be submitted in 2022 by
Mikulics et al.
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environment. Optical computing units based on such devices
would have the potential to significantly increase the stability of
satellite communication during solar storms and, hence, decrease
losses and reduce operation costs. Besides this application, their
usage in a large range of consumer IT as well as for industrial
devices and machine products is equally obvious. However, the
development of this “new generation” of optical computing archi-
tectures requires an intensive interdisciplinary exchange between
material device physicists and chemists as well as further progress
in correlative characterization methods and tools such as electron
microscopy and spectroscopy techniques. Therefore, correlative
characterization techniques can open deep insights into material
and device science and can help achieve an understanding of new
and unique physical effects and phenomena, especially in computa-
tional “nano-LED supported” transmistor units. The first step,
toward a simple optical computational architecture, requiring an
“optical input” of nano-LED emission with a spatial, “programma-
ble,” singularly addressable optical emission intensity (from an
array of nano-LED devices) was already presented.”’ The “pro-
gramming/conditioning” of the nano-LED’s emission intensity
itself was achieved/performed with the help of the local laser micro
annealing (LMA) process. This serves primarily for the recovery
from etching induced defects and in the following for the suppres-
sion of the non-radiative mechanism in nano-LED structures
[described/mentioned in Sec. II B].°" There is no doubt that
nano-LED structures besides these possible developments described
in this section as well as in this whole Perspective study will be a key
device component and will play a significant role in the large range
of coming and future-emerging applications and technologies.

V. CONCLUSIONS

The last few decades have brought new insights into group III
nitride LED structure preparation and rapid development of LED
technology down to the nano scale. However, the mass production
of nano-LEDs is still challenging and improved, and or alternative
technology”* are called for and was presented in this Perspective.
Due to their unique physical and chemical properties such as
chemical inertness, non-toxicity, bio-compatibility, solar and space
radiation robustness, long-term device lifetime and reliability,
endurance, and high brightness, the range of applications seems to
be unlimited.

In this Perspective, future primary nano-LED applications
were discussed first. Optoelectronic device structures deposited on
a metallic substrate were proposed. Such device concepts have the
potential to improve the device performance toward higher reliabil-
ity and unprecedented functionality. By the further miniaturization
of the micro-LEDs to the nanoscale, applications in optogenetics
and future neuroscience were envisaged, where they could be
implanted singularly or in integrated and functional arrays in the,
e.g., cortex cerebri to stimulate specific brain regions. Singularly
addressable and/or programmable arrays of wavelength tunable
sources would allow for novel highly sophisticated and complex
sensor device architectures. In addition, it can be expected that the
further miniaturization of nano-LEDs for the “far” field emission
regime (as well as the decrease in their structure pitch) can be
essential for improving the localization of the light sources.

J. Appl. Phys. 131, 110903 (2022); doi: 10.1063/5.0087279
© Author(s) 2022

131, 110903-11


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

Furthermore, nano-LED devices equipped with appropriate aper-
tures for employment in the “near’-field regime®” would play an
important role as key components in the development of next gen-
eration sensing systems.

Future advanced nano-LED applications were presented as
well. Computer controlled integrated nano-LED ensembles serving
as light emitters for illumination systems in the near-field regime
could potentially be applied in emerging super resolution micros-
copy techniques. Furthermore, a simplification of existing litho-
graphical techniques could significantly contribute to further
progress in the scaling of electronic and photonic devices down to
the molecular range. A possible solution was introduced based on
the application of nano-LED devices in singularly addressable
arrays in the near field as well as the far field regime, which could
on demand create lithographical patterns flexibly without the need
of mask.”® Future highly reliable, long-living, and radiation tolerant
nano-LED arrays could play an essential role as key components in
systems serving for future satellite navigation and autonomous
“intelligent” emergency systems for the prevention of satellite colli-
sions. Finally, nano-LEDs are also envisaged to be key components
for optical computational techniques, in which nano-LEDs can be
combined with a large range of optically active media forming, e.g.,
transmistor devices.'”® Their suitability for a radiative and harsh
environment could play a significant role in the large range of
coming and future-emerging applications and technologies.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

Data sharing is not applicable to this article as no new data
were created or analyzed in this study.

REFERENCES

1Y. Sun, Y.-H. Cho, H.-M. Kim, and T. W. Kang, Appl. Phys. Lett. 87, 093115
(2005).

2H. W. Lin, Y. J. Lu, H. Y. Chen, H. M. Lee, and S. Gwo, Appl. Phys. Lett. 97,
073101 (2010).

3A. Waag, X. Wang, S. Fiindling, J. Ledig, M. Erenburg, R. Neumann, M. Al
Suleiman, S. Merzsch, J. Wei, S. Li, H. H. Wehmann, W. Bergbauer,
M. Straflburg, A. Trampert, U. Jahn, and H. Riechert, Phys. Status Solidi C 8,
2296 (2011).

“W. Guo, A. Banerjee, P. Bhattacharya, and B. S. Ooi, Appl. Phys. Lett. 98,
193102 (2011).

SH. S. Wasisto, J. D. Prades, J. Giilink, and A. Waag, Appl. Phys. Rev. 6, 041315
(2019).

7. Y. Fan, J. Y. Lin, and H. X. Jiang, J. Phys. D 41, 094001 (2008).

7H. X. Jiang, S. X. Jin, J. Li, J. Shakya, and J. Y. Lin, Appl. Phys. Lett. 78, 1303
(2001).

8A. R. Lingley, M. Ali, Y. Liao, R. Mirjalili M. Klonner, M. Sopanen,
S. Suihkonen, T. Shen, B. P. Otis, H. Lipsanen, and B. A. Parviz, . Micromech.
Microeng. 21, 125014 (2011).

%Y.-G. Ju, M.-H. Choi, P. Liu, B. Hellman, T. L. Lee, Y. Takashima, and
J.-H. Park, Opt. Lett. 45, 3361 (2020).

10w, Zhang, C. P. Chen, H. Ding, L. Mi, J. Chen, Y. Liu, and C. Zhu, Appl. Sci.
10, 3901 (2020).

PERSPECTIVE scitation.org/journalljap

¢, wu, K Wang, Y. Zhang, X. Zhou, and T. Guo, J. Phys. Chem. Lett. 12,
3522 (2021).

'2S. Y. Lee, K-Il Park, C. Huh, M. Koo, H. G. Yoo, S. Kim, C. S. Ah,
G. Y. Sung, and K. J. Lee, Nano Energy 1, 145 (2012).

T3Y.-H. Ra, R. Wang, S. Y. Woo, M. Djavid, S. Md. Sadaf, J. Lee, G. A. Botton,
and Z. Mi, Nano Lett. 16, 4608 (2016).

T4C. A. Bower, M. A. Meitl, B. Raymond, E. Radauscher, R. Cok, S. Bonafede,
D. Gomez, T. Moore, C. Prevatte, B. Fisher, R. Rotzoll, G. A. Melnik, A. Fecioru,
and A. J. Trindade, Photonics Res. 5, A23 (2017).

5K. Chung, J. Sui, B. Demory, C.-H. Teng, and P.-C. Ku, Appl. Phys. Lett. 110,
111103 (2017).

18E, Olivier, S. Tirano, L. Dupré, B. Aventurier, C. Largeron, and F. Templier,
J. Lumin. 191, 112 (2017).

"7H. E. Lee, J. H. Shin, J. H. Park, S. K. Hong, S. H. Park, S. H. Lee, J. H. Lee,
IL-S. Kang, and K. J. Lee, Adv. Funct. Mater. 29, 1808075 (2019).

8Y. Huang, E.-L. Hsiang, M.-Y. Deng, and S.-T. Wu, Light Sci. Appl. 9, 105
(2020).

19X, Zhou, P. Tian, C.-W. Sher, J. Wu, H. Liu, R. Liu, and H.-C. Kuo, Prog.
Quantum Electron. 71, 100263 (2020).

205, Chowdhury, Wide Bandgap Semiconductor Power Devices (Elsevier, 2019),
pp. 209-248.

21, Amano, . Akasaki, K. Hiramatu, N. Koide, and N. Sawaki, Thin Solid
Films 163, 415 (1988).

225, Nakamura, M. Senoh, and T. Mukai, Jpn. J. Appl. Phys. 30, L1708 (1991).
23H. Amano, M. Kitoh, K. Hiramatsu, and 1. Akasaki, J. Electrochem. Soc. 137,
1639 (1990).

241, Akasaki and H. Amano, Jpn. J. Appl. Phys. 36, 5393 (1997).

255, Nakamura, T. Mukai, and M. Senoh, Jpn. ]. Appl. Phys. 30, L1998 (1991).
26H.-M. Kim, Y.-H. Cho, H. Lee, S. Il. Kim, S. R. Ryu, D. Y. Kim, T. W. Kang,
and K. S. Chung, Nano Lett. 4, 1059 (2004).

27 A. Kikuchi, M. Kawai, M. Tada, and K. Kishino, Jpn. J. Appl. Phys. 43, L1524
(2004).

285, D. Hersee, M. Fairchild, A. K. Rishinaramangalam, M. S. Ferdous, L. Zhang,
P. M. Varangis, B. S. Swartzentruber, and A. A. Talin, Electron. Lett. 45, 75
(2009).

29W. Bergbauer, M. Strassburg, Ch. Kolper, N. Linder, C. Roder, J. Lihnemann,
A. Trampert, S. Findling, S. F. Li, H-H. Wehmann, and A. Waag,
Nanotechnology 21, 305201 (2010).

30)\, Marso, M. Mikulics, A. Winden, Y. C. Arango, A. Schafer, Z. Sofer,
D. Grutzmacher, and H. Hardtdegen, in Tenth International Conference on
Advanced Semiconductor Devices and Microsystems (IEEE, 2014), pp. 1-4.

31C. H. Chiy, T. C. Lu, H. W. Huang, C. F. Lai, C. C. Kao, J. T. Chy, C. C. Yu,
H. C. Kuo, S. C. Wang, C. F. Lin, and T. H. Hsueh, Nanotechnology 18, 445201
(2007).

324, W. Huang, J. T. Chu, T. H. Hsueh, M. C. Ou-Yang, H. C. Kuo, and
S. C. Wang, J. Vac. Sci. Technol. B 24, 1909 (2006).

35C.-Y. Wang, L.-Y. Chen, C.-P. Chen, Y.-W. Cheng, M.-Y. Ke, M.-Y. Hsieh,
H.-M. Wu, L.-H. Peng, and J. J. Huang, Opt. Express 16, 10549 (2008).

34M.-Y. Hsieh, C.-Y. Wang, L.-Y. Chen, T.-P. Lin, M.-Y. Ke, Y.-W. Cheng,
Y.-C. Yu, C. P. Chen, D.-M. Yeh, C.-F. Lu, C.-F. Huang, C. C. Yang, and
J. J. Huang, IEEE Electron Device Lett. 29, 658 (2008).

35M. Mikulics and H. Hardtdegen, Nanotechnology 26, 185302 (2015).

36y -B. Tang, X.-H. Bo, C.-S. Lee, H.-T. Cong, H.-M. Cheng, Z.-H. Chen,
W.-J. Zhang, 1. Bello, and S.-T. Lee, Adv. Funct. Mater. 18, 3515 (2008).

37B. Liu, Y. Bando, C. Tang, F. Xu, and D. Golberg, Appl. Phys. Lett. 87, 073106
(2005).

38Q. Li and G. T. Wang, Appl. Phys. Lett. 93, 043119 (2008).

39%. Weng, R. A. Burke, and J. M. Redwing, Nanotechnology 20, 085610 (2009).
01, G. Koryakina, P. K. Afonicheva, K. V. Arabuli, A. A. Evstrapov, A. S. Timin,
and M. V. Zyuzin, Adv. Colloid Interface Sci. 298, 102548 (2021).

“TR. Schmidt, M. Vitzethum, R. Fix, U. Scholz, S. Malzer, C. Metzner,
P. Kailuweit, D. Reuter, A. Wieck, M. C. Hiibner, S. Stufler, A. Zrenner, and
G. H. Dohler, Phys. E Low-Dimens. Syst. Nanostructures 26, 110 (2005).

J. Appl. Phys. 131, 110903 (2022); doi: 10.1063/5.0087279
© Author(s) 2022

131, 110903-12


https://doi.org/10.1063/1.2037203
https://doi.org/10.1063/1.3478515
https://doi.org/10.1002/pssc.201000989
https://doi.org/10.1063/1.3588201
https://doi.org/10.1063/1.5096322
https://doi.org/10.1088/0022-3727/41/9/094001
https://doi.org/10.1063/1.1351521
https://doi.org/10.1088/0960-1317/21/12/125014
https://doi.org/10.1088/0960-1317/21/12/125014
https://doi.org/10.1364/OL.393194
https://doi.org/10.3390/app10113901
https://doi.org/10.1021/acs.jpclett.1c00248
https://doi.org/10.1016/j.nanoen.2011.07.001
https://doi.org/10.1021/acs.nanolett.6b01929
https://doi.org/10.1364/PRJ.5.000A23
https://doi.org/10.1063/1.4978554
https://doi.org/10.1016/j.jlumin.2016.09.052
https://doi.org/10.1002/adfm.201808075
https://doi.org/10.1038/s41377-020-0341-9
https://doi.org/10.1016/j.pquantelec.2020.100263
https://doi.org/10.1016/j.pquantelec.2020.100263
https://doi.org/10.1016/0040-6090(88)90458-0
https://doi.org/10.1016/0040-6090(88)90458-0
https://doi.org/10.1143/JJAP.30.L1708
https://doi.org/10.1149/1.2086742
https://doi.org/10.1143/JJAP.36.5393
https://doi.org/10.1143/JJAP.30.L1998
https://doi.org/10.1021/nl049615a
https://doi.org/10.1143/JJAP.43.L1524
https://doi.org/10.1049/el:20092391
https://doi.org/10.1088/0957-4484/21/30/305201
https://doi.org/10.1088/0957-4484/18/44/445201
https://doi.org/10.1116/1.2221317
https://doi.org/10.1364/OE.16.010549
https://doi.org/10.1109/LED.2008.2000918
https://doi.org/10.1088/0957-4484/26/18/185302
https://doi.org/10.1002/adfm.200800320
https://doi.org/10.1063/1.2011794
https://doi.org/10.1063/1.2965798
https://doi.org/10.1088/0957-4484/20/8/085610
https://doi.org/10.1016/j.cis.2021.102548
https://doi.org/10.1016/j.physe.2004.08.034
https://doi.org/10.1016/j.physe.2004.08.034
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

427 M. Noor Elahi and J. Xu, AIP Adv. 10, 105028 (2020).

“3R. S. Wagner and W. C. Ellis, Appl. Phys. Lett. 4, 89 (1964).

“4K. A. Dick, Prog. Cryst. Growth Charact. Mater. 54, 138 (2008).

“5], M. Méndez-Reyes, B. M. Monroy, M. Bizarro, F. Giiell, A. Martinez, and
E. Ramos, Phys. Chem. Chem. Phys. 17, 21525 (2015).

465, A. Kukushkin, A. V. Osipov, S. G. Zhukov, E. E. Zavarin, W. V. Lundin,
M. A. Sinitsyn, M. M. Rozhavskaya, A. F. Tsatsulnikov, S. I. Troshkov, and
N. A. Feoktistov, Tech. Phys. Lett. 38, 297 (2012).

475, D. Hersee, X. Sun, and X. Wang, Nano Lett. 6, 1808 (2006).

“BH, Sekiguchi, K. Kishino, and A. Kikuchi, Appl. Phys. Lett. 96, 231104 (2010).
“9M. Mikulics, A. Winden, M. Marso, A. Moonshiram, H. Liith,
D. Griitzmacher, and H. Hardtdegen, Appl. Phys. Lett. 109, 041103 (2016).

50H. Hardtdegen and M. Mikulics, in 2016 11th International Conference on
Advanced Semiconductor Devices and Microsystems (IEEE, 2016), pp. 27-32.
STM. Mikulics, P. Kordo§, A. Fox, M. Kocan, H. Liith, Z. Sofer, and
H. Hardtdegen, Appl. Mater. Today 7, 134 (2017).

52C.-C. Cheng, C.-C. Wu, Y.-T. Fan, and S.-D. Lin, in Conference on Lasers and
Electro-Optics (OSA, Washington, DC, 2017), p. STh31.8.

53M. Rajan Philip, D. D. Choudhary, M. Djavid, Md. N. Bhuyian, T. H. Q. Bui,
D. Misra, A. Khreishah, J. Piao, H. D. Nguyen, K. Q. Le, and H. P. T. Nguyen,
ACS Omega 2, 5708 (2017).

54M. Mikulics, M. Kocan, A. Rizzi, P. Javorka, Z. Sofer, J. Stejskal, M. Marso,
P. Kordo$, and H. Liith, Appl. Phys. Lett. 87, 212109 (2005).

55M. Mikulics, R. Adam, Z. Sofer, H. Hardtdegen, S. Stancek, J. Knobbe,
M. Kocan, J. Stejskal, D. Sedmidubsky, M. Pavlovi¢, V. Necas, D. Griitzmacher,
and M. Marso, Semicond. Sci. Technol. 25, 075001 (2010).

56]. Moers, M. Mikulics, M. Marso, S. Trellenkamp, Z. Sofer, D. Grutzmacher,
and H. Hardtdegen, in 2016 11th International Conference on Advanced
Semiconductor Devices and Microsystems (IEEE, 2016), pp. 81-84.

57Q. Li, K. R. Westlake, M. H. Crawford, S. R. Lee, D. D. Koleske, J. J. Figiel,
K. C. Cross, S. Fathololoumi, Z. Mi, and G. T. Wang, Opt. Express 19, 25528
(2011).

58G. Zhou, R. Lin, Z. Qian, X. Zhou, X. Shan, X. Cui, and P. Tian, ]. Phys. D:
Appl. Phys. 54, 335104 (2021).

597. Gong, S. Jin, Y. Chen, J. McKendry, D. Massoubre, I. M. Watson, E. Gu,
and M. D. Dawson, J. Appl. Phys. 107, 013103 (2010).

SOR. Ley, L. Chan, P. Shapturenka, M. Wong, S. DenBaars, and M. Gordon, Opt.
Express 27, 30081 (2019).

SIM. Mikulics, P. Kordo$, D. Gregusova, Z. Sofer, A. Winden, S. Trellenkamp,
J. Moers, J. Mayer, and H. Hardtdegen, Appl. Phys. Lett. 118, 043101 (2021).
82M. Mikulics, Z. Sofer, A. Winden, S. Trellenkamp, B. Forster, J. Mayer, and
H. H. Hardtdegen, Nanoscale Adv. 2, 5421 (2020).

637, Haab, M. Mikulics, A. Winden, S. Voigt, M. von der Ahe, J. Moers,
K. Wirtz, T. Stoica, D. Griitzmacher, and H. Hardtdegen, Phys. Status Solidi A
209, 443 (2012).

64A. Haab, M. Mikulics, E. Sutter, J. Jin, T. Stoica, B. Kardynal, T. Rieger,
D. Griitzmacher, and H. Hardtdegen, Nanotechnology 25, 255301 (2014).

85A. Haab, M. Mikulics, T. Stoica, B. Kardynal, A. Winden, H. Hardtdegen,
D. Griitzmacher, and E. Sutter, Future Trends in Microelectronics (John Wiley &
Sons, Inc., Hoboken, NJ, 2013), pp. 340-350.

66y, Zhao, H. Wang, W. Zhang, J. Li, Y. Shen, Z. Huang, J. Zhang, and
An. Dingsun, J. Micromech. Microeng. 27, 115004 (2017).

87C. H. Crouch, J. E. Carey, J. M. Warrender, M. J. Aziz, E. Mazur, and
F. Y. Génin, Appl. Phys. Lett. 84, 1850 (2004).

88A. Serpenguzel, A. Kurt, I Inanc, J. E. Cary, and E. D. Mazur,
J. Nanophotonics 2, 021770 (2008).

89M. Mikulics, Y. C. Arango, A. Winden, R. Adam, A. Hardtdegen,
D. Griitzmacher, E. Plinski, D. Gregu$ova, J. Novak, P. Kordo$, A. Moonshiram,
M. Marso, Z. Sofer, H. Liith, and H. Hardtdegen, Appl. Phys. Lett. 108, 061107
(2016).

7OM. Mikulics and H. H. Hardtdegen, FlatChem 23, 100186 (2020).

71C. Kurtsiefer, S. Mayer, P. Zarda, and H. Weinfurter, Phys. Rev. Lett. 85, 290
(2000).

PERSPECTIVE scitation.org/journalljap

72C. Braig, P. Zarda, C. Kurtsiefer, and H. Weinfurter, Appl. Phys. B: Lasers
Opt. 76, 113 (2003).

73A. Lohrmann, S. Pezzagna, I. Dobrinets, P. Spinicelli, V. Jacques, J.-F. Roch,
J. Meijer, and A. M. Zaitsev, Appl. Phys. Lett. 99, 251106 (2011).

74M. Mikulics and H. Hardtdegen, US10074771B2 (2018); EP2936628B1 (2017);
JP6244371B2 (2017); CN105379033B (2018) (2012).

75M. Mikaulics, Y. C. Arango, H. Liith, M. Marso, Z. Sofer, D. Griitzmacher, and
H. Hardtdegen, “Jillich Aachen Research Alliance Fundamentals of Future
Information Technology Annual Report 2015,” 141, 2016.

76R. S. Goldman, R. M. Feenstra, B. G. Briner, M. L. O’Steen, and
R. J. Hauenstein, J. Electron. Mater. 26, 1342 (1997).

7M. Kang, T. W. Saucer, M. V. Warren, J. H. Wu, H. Sun, V. Sih, and
R. S. Goldman, Appl. Phys. Lett. 101, 081905 (2012).

78M. Kang, 1. Beskin, A. A. Al-Heji, O. Shende, S. Huang, S. Jeon, and
R. S. Goldman, Appl. Phys. Lett. 104, 182102 (2014).

79M. Kang, S. Jeon, T. Jen, J.-E. Lee, V. Sih, and R. S. Goldman, J. Appl. Phys.
122, 033102 (2017).

80\ Kang and R. S. Goldman, Appl. Phys. Rev. 6, 041307 (2019).

81D, Ge, S. Marguet, A. Issa, S. Jradi, T. H. Nguyen, M. Nahra, J. Béal,
R. Deturche, H. Chen, S. Blaize, J. Plain, C. Fiorini, L. Douillard, O. Soppera,
X. Q. Dinh, C. Dang, X. Yang, T. Xu, B. Wei, X. W. Sun, C. Couteau, and
R. Bachelot, Nat. Commun. 11, 3414 (2020).

82K Kishino, A. Kikuchi, H. Sekiguchi, and S. Ishizawa, Proc. SPIE 6473,
64730T (2007).

85, Li and A. Waag, J. Appl. Phys. 111, 071101 (2012).

845, K. Oh, J. S. Lundh, S. Shervin, B. Chatterjee, D. K. Lee, S. Choi, J. S. Kwak,
and J.-H. Ryou, J. Electron. Packag. 141, 020801 (2019).

855ce https://www.osram.com/os/technologies/quantum_dot_technology.jsp for
“Quantum Dot Technology.”

865ee https://www.samsung.com/my/tvs/qled-tv/technology/ for the proprietary
innovation behind Samsung QLED.

87K. Kishino, N. Sakakibara, K. Narita, and T. Oto, Appl. Phys. Express 13,
014003 (2020).

88, 3. Pasayat, C. Gupta, M. S. Wong, R. Ley, M. J. Gordon, S. P. DenBaars,
S. Nakamura, S. Keller, and U. K. Mishra, Appl. Phys. Express 14, 011004 (2021).
897 1. Wierer and N. Tansu, Laser Photonics Rev. 13, 1900141 (2019).

9OF, Templier, J. Soc. Inf. Disp. 24, 669 (2016).

91, Protsenko and K. Krotova, Physics, Chemistry and Application of
Nanostructures (World Scientific, 2009), pp. 561-564.

92y. Poher, N. Grossman, G. T. Kennedy, K. Nikolic, H. X. Zhang, Z. Gong,
E. M. Drakakis, E. Gu, M. D. Dawson, P. M. W. French, P. Degenaar, and
M. A. A. Neil, ]. Phys. D: Appl. Phys. 41, 094014 (2008).

93R. S. Goldman (n.d.), see hitps://ntrs.nasa.gov/citations/20040090470 for
“Novel Biomedical Devices Utilizing Light-Emitting Nanostructures.”

9%M. Macka, T. Piasecki, and P. K. Dasgupta, Annu. Rev. Anal. Chem. 7, 183
(2014).

955, H. Lee, J. Kim, J. H. Shin, H. E. Lee, L-S. Kang, K. Gwak, D.-S. Kim, D.
Kim, and K. J. Lee, Nano Energy 44, 447 (2018).

96H. Mikulics and M. Hardtdegen, US9798237B2 (2017); EP2885677B1 (2016);
JP6177912B2 (2017); CN104662477B (2017); KR102191802B1 (2020) (2012).
97H. T. Whelan, AIP Conf. Proc. 504 37-43 (2000).

98H. T. Whelan, R. L. Smits, E. V. Buchman, N. T. Whelan, S. G. Turner, D. A.
Margolis, V. Cevenini, H. Stinson, R. Ignatius, T. Martin, J. Cwiklinski, A. F.
Philippi, W. R. Graf, B. Hodgson, L. Gould, M. Kane, G. Chen, and J. Caviness,
J. Clin. Laser Med. Surg. 19, 305 (2001).

2y, T. Whelan, E. V. Buchmann, A. Dhokalia, M. P. Kane, N. T. Whelan,
M. T. T. Wong-Riley, J. T. Eells, L. J. Gould, R. Hammamieh, R. Das, and
M. Jett, J. Clin. Laser Med. Surg. 21, 67 (2003).

1004, A. R. Kamal, J. B. Harness, G. Irving, and A. J. Mearns, Comput. Methods
Programs Biomed. 28, 257 (1989).

105 Allen, Physiol. Meas. 28 R1 (2007).

192R Krishnan, B. Natarajan, and S. Warren, IEEE Trans. Biomed. Eng. 57,
1867 (2010).

J. Appl. Phys. 131, 110903 (2022); doi: 10.1063/5.0087279
© Author(s) 2022

131, 110903-13


https://doi.org/10.1063/5.0027809
https://doi.org/10.1063/1.1753975
https://doi.org/10.1016/j.pcrysgrow.2008.09.001
https://doi.org/10.1039/C5CP01415H
https://doi.org/10.1134/S1063785012030261
https://doi.org/10.1021/nl060553t
https://doi.org/10.1063/1.3443734
https://doi.org/10.1063/1.4960007
https://doi.org/10.1016/j.apmt.2017.02.008
https://doi.org/10.1021/acsomega.7b00843
https://doi.org/10.1063/1.2135879
https://doi.org/10.1088/0268-1242/25/7/075001
https://doi.org/10.1364/OE.19.025528
https://doi.org/10.1088/1361-6463/abfef9
https://doi.org/10.1088/1361-6463/abfef9
https://doi.org/10.1063/1.3276156
https://doi.org/10.1364/OE.27.030081
https://doi.org/10.1364/OE.27.030081
https://doi.org/10.1063/5.0038070
https://doi.org/10.1039/D0NA00851F
https://doi.org/10.1002/pssa.201100478
https://doi.org/10.1088/0957-4484/25/25/255301
https://doi.org/10.1088/1361-6439/aa8c4f
https://doi.org/10.1063/1.1667004
https://doi.org/10.1117/1.2896069
https://doi.org/10.1063/1.4941923
https://doi.org/10.1016/j.flatc.2020.100186
https://doi.org/10.1103/PhysRevLett.85.290
https://doi.org/10.1007/s00340-003-1106-x
https://doi.org/10.1007/s00340-003-1106-x
https://doi.org/10.1063/1.3670332
https://doi.org/10.1007/s11664-997-0082-z
https://doi.org/10.1063/1.4742328
https://doi.org/10.1063/1.4874329
https://doi.org/10.1063/1.4990946
https://doi.org/10.1063/1.5079908
https://doi.org/10.1038/s41467-020-17248-8
https://doi.org/10.1117/12.695168
https://doi.org/10.1063/1.3694674
https://www.osram.com/os/technologies/quantum_dot_technology.jsp
https://www.osram.com/os/technologies/quantum_dot_technology.jsp
https://www.samsung.com/my/tvs/qled-tv/technology/
https://www.samsung.com/my/tvs/qled-tv/technology/
https://www.samsung.com/my/tvs/qled-tv/technology/
https://doi.org/10.7567/1882-0786/ab5ad3
https://doi.org/10.35848/1882-0786/abd06f
https://doi.org/10.1002/lpor.201900141
https://doi.org/10.1002/jsid.516
https://doi.org/10.1088/0022-3727/41/9/094014
https://ntrs.nasa.gov/citations/20040090470
https://doi.org/10.1146/annurev-anchem-071213-020059
https://doi.org/10.1016/j.nanoen.2017.12.011
https://doi.org/10.1063/1.1302454
https://doi.org/10.1063/1.1302454
https://doi.org/10.1089/104454703765035484
https://doi.org/10.1016/0169-2607(89)90159-4
https://doi.org/10.1016/0169-2607(89)90159-4
https://doi.org/10.1088/0967-3334/28/3/R01
https://doi.org/10.1109/TBME.2009.2039568
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

1037 Zhang, in 2014 IEEE Global Conference on Signal and Information
Processing (IEEE, 2014), pp. 698-702.

1047 Zhang, Z. Pi, and B. Liu, IEEE Trans. Biomed. Eng. 62, 522 (2015).

1957, Ye, J. Yan, X. Gao, B. Jia, Q. Guan, K. Fu, L. Wang, H. Zhu, X. Ji, and
Y. Wang, Adv. Eng. Mater. 24, 2100829 (2021).

1961, Wang, X. Li, X. Gao, B. Jia, Q. Guan, Z. Ye, K. Fu, R. Jin, and Y. Wang,
Opt. Lett. 46, 376 (2021).

197E, S. Boyden, F. Zhang, E. Bamberg, G. Nagel, and K. Deisseroth, Nat.
Neurosci. 8, 1263 (2005).

198E Zhang, A. M. Aravanis, A. Adamantidis, L. de Lecea, and K. Deisseroth,
Nat. Rev. Neurosci. 8, 577 (2007).

199C, Bardy, M. Alonso, W. Bouthour, and P.-M. Lledo, J. Neurosci. 30, 17023
(2010).

110N, Grossman, V. Poher, M. S. Grubb, G. T. Kennedy, K. Nikolic,
B. McGovern, R. B. Palmini, Z. Gong, E. M. Drakakis, M. A. A. Neil,
M. D. Dawson, J. Burrone, and P. Degenaar, J. Neural Eng. 7, 016004 (2010).
1117 P. Weick, M. A. Johnson, S. P. Skroch, J. C. Williams, K. Deisseroth, and
S.-C. Zhang, Stem Cells 28, 2008 (2010).

112K Rusakov and C. Radzewicz, Proc. SPIE 10031, 1003134 (2016).

T30\ A Rossi, V. Go, T. Murphy, Q. Fu, J. Morizio, and H. H. Yin, Front.
Integr. Neurosci. 9, 1 (2015).

114C, Liu, Yu. Zhao, X. Cai, Y. Xie, T. Wang, D. Cheng, L. Li, R. Li, Y. Deng,
H. Ding, G. Lv, G. Zhao, L. Liu, G. Zou, M. Feng, Q. Sun, L. Yin, and X. Sheng,
Microsyst. Nanoeng. 6, 64 (2020).

115], W. Reddy, I. Kimukin, L. T. Stewart, Z. Ahmed, A. L. Barth, E. Towe, and
M. Chamanzar, Front. Neurosci. 13 (2019).

116ép, McGovern, R. Berlinguer Palmini, N. Grossman, E. M. Drakakis, V. Poher,
M. A. A. Neil, and P. Degenaar, [EEE Trans. Biomed. Circuits Syst. 4, 469 (2010).
T17M. Valley, S. Wagner, B. W. Gallarda, and P.-M. Lledo, J. Visualized Exp. 4,
3379 (2011).

1185 E. Mondello, B. D. Pedigo, M. D. Sunshine, A. E. Fischedick, P. J. Horner,
and C. T. Moritz, Exp. Neurol. 335, 113480 (2021).

1195, paul, A. Helwig, G. Miiller, F. Furtmayr, J. Teubert, and M. Eickhoff, Sens.
Actuators, B 173, 120 (2012).

120K Davitt, Y.-K. Song, W. R. Patterson III, A. V. Nurmikko, M. Gherasimova,
J. Han, Y.-L. Pan, and R. K. Chang, Opt. Express 13, 9548 (2005).

1211, Cho, Y. C. Sim, M. Cho, Y.-H. Cho, and L Park, ACS Sens. 5, 563 (2020).
122) M. Suh, T. H. Eom, S. H. Cho, T. Kim, and H. W. Jang, Mater. Adv. 2, 827
(2021).

123W. Luo, F. Shabbir, C. Gong, C. Gulec, J. Pigeon, J. Shaw, A. Greenbaum,
S. Tochitsky, C. Joshi, and A. Ozcan, Appl. Phys. Lett. 106, 151107 (2015).

1240, Casals, N. Markiewicz, C. Fabrega, I. Gracia, C. Cané, H. S. Wasisto,
A. Waag, and J. D. Prades, ACS Sens. 4, 822 (2019).

125¢ Davitt, Y.-K. Song, W. R. Patterson, A. V. Nurmikko, Y.-Le. Pan,
R. K. Chang, J. Han, M. Gherasimova, P. ]. Cobler, P. D. Butler, and V. Palermo,
Aerosol Sci. Technol. 40, 1047 (2006).

126Ch. Y. Wang, V. Cimalla, Th. Kups, C.-C. Réhlig, Th. Stauden, O. Ambacher,
M. Kunzer, T. Passow, W. Schirmacher, W. Pletschen, K. Kéhler, and J. Wagner,
Appl. Phys. Lett. 91, 103509 (2007).

127A. Nakajima, H. Kimura, Y. Sawadsaringkarn, Y. Maezawa, T. Kobayashi,
T. Noda, K. Sasagawa, T. Tokuda, Y. Ishikawa, S. Shiosaka, and J. Ohta, Opt.
Express 20, 6097 (2012).

1288 MclLeod, T. U. Dincer, M. Veli, Y. N. Ertas, C. Nguyen, W. Luo,
A. Greenbaum, A. Feizi, and A. Ozcan, ACS Nano 9, 3265 (2015).

1295 7Zhang, Z. Shi, J. Yuan, X. Gao, W. Cai, Y. Jiang, Y. Liu, and Y. Wang, Adv.
Mater. Technol. 3, 1700285 (2018).

139, Yeh, N. Yeh, C.-H. Lee, and T.-J. Ding, Renew. Sustain. Energy Rev. 75,
461 (2017).

13W. Bishara, U. Sikora, O. Mudanyali, T.-W. Su, O. Yaglidere, S. Luckhart,
and A. Ozcan, Lab Chip 11, 1276 (2011).

1327, Greenbaum, W. Luo, T.-W. Su, Z. Gérocs, L. Xue, S. O. Isikman,
A. F. Coskun, O. Mudanyali, and A. Ozcan, Nat. Methods 9, 889 (2012).

1337, Liu, L. Tian, S. Liu, and L. Waller, J. Biomed. Opt. 19, 1 (2014).

PERSPECTIVE scitation.org/journalljap

134D, Lee, S. Ryu, U. Kim, D. Jung, and C. Joo, Biomed. Opt. Express 6, 4912
(2015).

135p_ Li and A. Maiden, Appl. Opt. 57, 1800 (2018).

138N Franch, J. Canals, V. Moro, O. Alonso, S. Moreno, A. Vila, J. D. Prades,
J. Giilink, H. S. Wasisto, A. Waag, and A Diéguez, Proc. SPIE 11105, 1110500
(2019).

137D, D. Bezshlyakh, H. Spende, T. Weimann, P. Hinze, S. Bornemann,
J. Giilink, J. Canals, J. D. Prades, A. Dieguez, and A. Waag, Microsyst. Nanoeng.
6, 88 (2020).

138K Kluczyk-Korch, D. Palazzo, A. Waag, A. Diéguez, J. D. Prades, A. Di
Carlo, and M. A. der Maur, Nanotechnology 32, 105203 (2021).

139 Kluczyk-Korch, S. Moreno, J. Canals, A. Diéguez, J. Giilink, J. Hartmann,
A. Waag, A. Di Carlo, and M. Auf der Maur, Electronics 10, 1829 (2021).

T40M. Xie, Y. Jiang, X. Gao, W. Cai, J. Yuan, H. Zhu, Y. Wang, X. Zeng,
Z. Zhang, Y. Liu, and H. Amano, Adv. Eng. Mater. 23, 2100582 (2021).

141y, Jiang, Z. Shi, S. Zhang, J. Yuan, Z. Hu, X. Shen, B. Zhu, and Y. Wang,
IEEE Electron Device Lett. 38, 1684 (2017).

142] Yan, L. Wang, B. Jia, Z. Ye, H. Zhu, H. W. Choi, and Y. Wang, J. Lightwave
Technol. 39, 6269 (2021).

1431 Yuan, X. Gao, Y. Yang, G. Zhu, W. Yuan, H. W. Choi, Z. Zhang, and
Y. Wang, Semicond. Sci. Technol. 32, 045001 (2017).

Tasy, Wang, G. Zhu, W. Cai, X. Gao, Y. Yang, J. Yuan, Z. Shi, and H. Zhu,
Appl. Phys. Lett. 108, 162102 (2016).

1451, Yuan, W. Cai, X. Gao, G. Zhu, D. Bai, H. Zhu, and Y. Wang, Appl. Phys.
Express 9, 032202 (2016).

146C. Qin, X. Gao, J. Yuan, Z. Shi, Y. Jiang, Y. Liu, Y. Wang, and H. Amano,
Appl. Phys. Express 11, 051201 (2018).

147D, Bai, T. Wu, X. Li, X. Gao, Y. Xu, Z. Cao, H. Zhu, and Y. Wang, Appl.
Phys. B 122, 9 (2016).

148 Li, X. Gao, D. Bai, Z. Shi, H. Zhu, and Y. Wang, Appl. Phys. B 122, 160
(2016).

149y Wang, X. Wang, B. Zhu, Z. Shi, J. Yuan, X. Gao, Y. Liu, X. Sun, D. Li, and
H. Amano, Light: Sci. Appl. 7, 83 (2018).

150y, Wang, X. Gao, K. Fu, F. Qin, H. Zhu, Y. Liu, and H. Amano, Appl. Phys.
Express 13, 101002 (2020).

1511, Wood, W. Ivancic, and K.-P. Dorpelkus, in 2010 IEEE Aerospace
Conference (IEEE, 2010), pp. 1-6.

1527, Nakajima and N. Sako, in Proceedings of International Conference on
Space Optical Systems and Applications (ICSOS, 2012), Vol. 12, p. 12.

15%A. Anzagira, W. W. Edmonson, and D. N. Amanor, [EEE ]. Miniat. Air
Space Syst. 2, 140 (2021).

1344, Anzagira and W. Edmonson, in 2018 6th IEEE International Conference
on Wireless for Space and Extreme Environments (IEEE, 2022), p. 24.

55T, Idriss and M. Bayoumi, in Proceedings of International Conference
on Computer Communication and Networks, ICCCN 2015, October (IEEE,
2015), p. 1.

15T Tanaka, Y. Kawamura, and T. Tanaka, Acta Astronaut. 107, 112 (2015).
157D, N. Amanor, in Visible Light Communication Physical Layer Development
for Inter-Satellite Communication (North Carolina Agricultural and Technical
State University, 2017).

158p. N. Amanor, W. W. Edmonson, and F. Afghah, in Proceedings of 2016
IEEE International Conference on Wireless for Space and Extreme Environments
(WIiSEE 2016) (IEEE, 2016), p. 117.

139D, N. Amanor, W. W. Edmonson, and F. Afghah, in 2017 IEEE International
Conference on Wireless for Space and Extreme Environments (IEEE, 2017), pp. 7-12.
160p N Amanor, W. W. Edmonson, and F. Afghah, IEEE Trans. Aerosp.
Electron. Syst. 54, 2888 (2018).

181A. D. Griffiths, J. Herrnsdorf, J. J. D. McKendry, M. J. Strain, and
M. D. Dawson, Philos. Trans. R. Soc. A 378, 20190185 (2020).

1625 D. Griffiths, J. Herrnsdorf, R. K. Henderson, M. J. Strain, and
M. D. Dawson, Opt. Express 29, 10749 (2021).

163] Li, J. Piao, B. Yang, J. Yan, and Y. Wang, in Optics InfoBase Conference
Papers, Part F138-ACPC 2019(i) (OSA, 2019).

J. Appl. Phys. 131, 110903 (2022); doi: 10.1063/5.0087279
© Author(s) 2022

131, 110903-14


https://doi.org/10.1109/TBME.2014.2359372
https://doi.org/10.1002/adem.202100829
https://doi.org/10.1364/OL.415007
https://doi.org/10.1038/nn1525
https://doi.org/10.1038/nn1525
https://doi.org/10.1038/nrn2192
https://doi.org/10.1523/JNEUROSCI.4543-10.2010
https://doi.org/10.1088/1741-2560/7/1/016004
https://doi.org/10.1002/stem.514
https://doi.org/10.3389/fnint.2015.00008
https://doi.org/10.3389/fnint.2015.00008
https://doi.org/10.1038/s41378-020-0176-9
https://doi.org/10.1088/0022-3727/41/9/094014
https://doi.org/10.1109/TBCAS.2010.2081988
https://doi.org/10.1016/j.expneurol.2020.113480
https://doi.org/10.1016/j.snb.2012.06.022
https://doi.org/10.1016/j.snb.2012.06.022
https://doi.org/10.1364/OPEX.13.009548
https://doi.org/10.1021/acssensors.9b02487
https://doi.org/10.1039/D0MA00685H
https://doi.org/10.1063/1.4918741
https://doi.org/10.1021/acssensors.9b00150
https://doi.org/10.1080/02786820600936774
https://doi.org/10.1063/1.2779971
https://doi.org/10.1364/OE.20.006097
https://doi.org/10.1364/OE.20.006097
https://doi.org/10.1021/acsnano.5b00388
https://doi.org/10.1002/admt.201700285
https://doi.org/10.1002/admt.201700285
https://doi.org/10.1016/j.rser.2016.11.011
https://doi.org/10.1039/c0lc00684j
https://doi.org/10.1038/nmeth.2114
https://doi.org/10.1117/1.JBO.19.10.106002
https://doi.org/10.1364/BOE.6.004912
https://doi.org/10.1364/AO.57.001800
https://doi.org/10.1117/12.2529258
https://doi.org/10.1038/s41378-020-00198-y
https://doi.org/10.1088/1361-6528/abcd60
https://doi.org/10.3390/electronics10151829
https://doi.org/10.1002/adem.202100582
https://doi.org/10.1109/LED.2017.2760318
https://doi.org/10.1109/JLT.2021.3094850
https://doi.org/10.1109/JLT.2021.3094850
https://doi.org/10.1088/1361-6641/aa59ef
https://doi.org/10.1063/1.4947280
https://doi.org/10.7567/APEX.9.032202
https://doi.org/10.7567/APEX.9.032202
https://doi.org/10.7567/APEX.11.051201
https://doi.org/10.1007/s00340-015-6293-8
https://doi.org/10.1007/s00340-015-6293-8
https://doi.org/10.1007/s00340-016-6443-7
https://doi.org/10.1038/s41377-018-0083-0
https://doi.org/10.35848/1882-0786/abb786
https://doi.org/10.35848/1882-0786/abb786
https://doi.org/10.1109/JMASS.2021.3059373
https://doi.org/10.1109/JMASS.2021.3059373
https://doi.org/10.1016/j.actaastro.2014.10.023
https://doi.org/10.1109/TAES.2018.2832938
https://doi.org/10.1109/TAES.2018.2832938
https://doi.org/10.1098/rsta.2019.0185
https://doi.org/10.1364/OE.421101
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

164K James Singh, Yu.-M. Huang, T. Ahmed, A.-C. Liu, S.-W. Huang Chen,
E-J. Liou, T. Wy, C.-C. Lin, C.-W. Chow, G.-R. Lin, and H.-C. Kuo, Appl. Sci.
10, 7384 (2020).

T65M. T. Rahman, A. S. Md. Bakibillah, R. Parthiban, and M. Bakaul, IET
Optoelectron. 14, 359 (2020).

166G.-R. Lin, H.-C. Kuo, C.-H. Cheng, Yi.-C. Wu, Yu.-M. Huang, E.-J. Liou, and
Yi.-C. Lee, Photonics Res. 9, 2077 (2021).

1674, Alexeev, J.-P. M. G. Linnartz, K. Arulandu, and X. Deng, Photonics Res. 9,
916 (2021).

168p_ Tian, J. J. D. McKendry, J. Herrnsdorf, S. Zhu, E. Gu, N. Laurand, and
M. D. Dawson, Semiconductors and Semimetals, 1st ed. (Elsevier Inc., 2021),
pp. 281-321.

189K, Fu, X. Gao, F. Qin, Y. Song, L. Wang, Z. Ye, Y. Su, H. Zhu, X. Ji, and
Y. Wang, Adv. Mater. Technol. 6, 2100227 (2021).

170]. Wang, F. Sciarrino, A. Laing, and M. G. Thompson, Nat. Photonics 14, 273
(2020).

1715, K. Fedorov, A. V. Akimov, J. D. Biamonte, A. V. Kavokin, F. Ya. Khalili,
E. O. Kiktenko, N. N. Kolachevsky, Y. V. Kurochkin, A. I Lvovsky,
A. N. Rubtsov, G. V. Shlyapnikov, S. S. Straupe, A. V. Ustinov, and
A. M. Zheltikov, Quantum Sci. Technol. 4, 040501 (2019).

1723, Slussarenko and G. J. Pryde, Appl. Phys. Rev. 6, 041303 (2019).

PERSPECTIVE scitation.org/journalljap

1734, W. Elshaari, W. Pernice, K. Srinivasan, O. Benson, and V. Zwiller, Nat.
Photonics 14, 285 (2020).

174G. Moody, V. Sorger, P. Juodawlkis, W. Loh, C. Sorace-Agaskar,
A. E. Jones, K. Balram, J. Matthews, A. Laing, M. Davanco, L. Chang,
J. Bowers, N. Quack, C. Galland, I. Aharonovich, M. Wolff, C. Schuck, N. Sinclair,
M. Loncar, T. Komljenovic, D. M. Weld, S. Mookherjea, S. Buckley, M. Radulaski,
S. Reitzenstein, G. S. Agarwal, B. Pingault, B. Machielse, D. Mukhopadhyay,
A. V. Akimov, A. Zheltikov, K. Srinivasan, W. Jiang, T. McKenna, J. Lu, H. Tang,
A. H. Safavi-Naeini, S. Steinhauer, A. Elshaari, V. Zwiller, P. Davids, N. Martinez,
M. Gehl, J. Chiaverini, K. Mehta, J. Romero, N. Lingaraju, A. M. Weiner, D. Peace,
R. Cernansky, M. Lobino, E. Diamanti, R. Camacho, and L. Trigo Vidarte, J. Phys.
Photonics 4, 012501 (2021).

175¢, Taballione, R. van der Meer, H. J. Snijders, P. Hooijschuur, J. P. Epping,
M. de Goede, B. Kassenberg, P. Venderbosch, C. Toebes, H. van den Vlekkert,
P. W. H. Pinkse, and J. J. Renema, Mater. Quantum Technol. 1, 035002
(2021).

176y, Arakawa and M. J. Holmes, Appl. Phys. Rev. 7, 021309 (2020).

177H. Hardtdegen, S. Rie, M. Schuck, K. Keller, P. Jost, H. Du, M. Bornhfft,
A. Schwedt, G. Mussler, M. v.d. Ahe, J. Mayer, G. Roth, D. Griitzmacher, and
M. Mikaulics, J. Alloys Compd. 679, 285 (2016).

178M. Mikulics and H. Hardtdegen, WO2020114532A1 (6 November, 2019).

J. Appl. Phys. 131, 110903 (2022); doi: 10.1063/5.0087279
© Author(s) 2022

131, 110903-15


https://doi.org/10.3390/app10207384
https://doi.org/10.1049/iet-opt.2019.0120
https://doi.org/10.1049/iet-opt.2019.0120
https://doi.org/10.1364/PRJ.437689
https://doi.org/10.1364/PRJ.416269
https://doi.org/10.1002/admt.202100227
https://doi.org/10.1038/s41566-019-0532-1
https://doi.org/10.1088/2058-9565/ab4472
https://doi.org/10.1063/1.5115814
https://doi.org/10.1038/s41566-020-0609-x
https://doi.org/10.1038/s41566-020-0609-x
https://doi.org/10.1088/2633-4356/ac168c
https://doi.org/10.1063/5.0010193
https://doi.org/10.1016/j.jallcom.2016.04.013
https://aip.scitation.org/journal/jap

	Cutting-edge nano-LED technology
	I. INTRODUCTION
	II. III-NITRIDE NANO-LED TECHNOLOGY
	A. Bottom–up (epitaxial growth)
	B. Top-down (etching)
	C. Hybrid nano-LED architectures

	III. PRIMARY NANO-LED APPLICATIONS
	A. Lighting
	B. From micro- to nano-LED displays
	C. Biology: Optogenetic and neuronal stimulation
	D. Sensing

	IV. ADVANCED NANO-LED APPLICATIONS
	A. Super resolution microscopy
	B. LEDALIT: Nano-LED assisted lithography
	C. Communication
	D. Optical computing

	V. CONCLUSIONS
	AUTHOR DECLARATIONS
	Conflict of Interest

	DATA AVAILABILITY
	References


