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MicroLEDs offer an extraordinary combination of high luminance, high energy efficiency, low cost, and long lifetime.
These characteristics are highly desirable in various applications but their usage has, to date, been primarily focused
towards next-generation display technologies. Applications of microLEDs in other technologies such as projector
systems, computational imaging, communication systems, or neural stimulation have been limited. In non-display
applications which use microLEDs as light sources, modifications in key electrical and optical characteristics such
as external efficiency, output beam shape, modulation bandwidth, light output power, and emission wavelengths are
often needed for optimum performance. A number of advanced fabrication and processing techniques have been used
to achieve these electro-optical characteristics in microLEDs. In this article, we review the non-display application
areas of the microLEDs, the distinct opto-electrical characteristics required for these applications, and techniques that
integrate the optical and electrical components on the microLEDs to improve system-level efficacy and performance.

I. INTRODUCTION

The light emitting diodes (LEDs) based on InGaN/GaN
semiconductors have become ubiquitous. These devices are
an integral part of the solid-state lighting ecosystem including
automobiles, smartphones, home lighting systems, and indus-
trial lighting.'~ The adoption of LEDs has enabled additional
functionalities in the form of longer lifetime, more reliable
operation, smaller form factor, and lower power consumption
in almost every application.

Much of the effort towards cost reduction in LEDs has
been focused on increasing external efficiency using im-
proved material growth techniques and optimizing fabri-
cation processes.® The reduction in high costs of GaN
semiconductor-based light emitting diodes is a challenge that
needs to be addressed. Recent progress toward obtaining
high-efficiency red, green, and blue LEDs using InGaN/GaN
semiconductors is further paving way for new applications.”

One of the most widely anticipated applications of mi-
croLEDs and RGB capability is in next-generation self-
emissive display technology.!®!! The adoption of microLEDs
in display devices is expected to enable much brighter,
broader color gamut, longer lifetime, and extremely high pix-
els per inch (PPI) displays. A number of these characteris-
tics are especially highly desirable in displays for augmented
reality (AR) and virtual reality (VR) applications. There
are multiple next-generation display demonstrations in the
commercial sector. Samsung demonstrated a microLED dis-
play of 292 inches at CES 2020.'? Jade Bird has demon-
strated a microdisplay of 0.3 inches with 5000 PPI for AR/VR
applications.!? Recently, Compound Photonics unveiled a mi-
crodisplay with a record resolution of 8424 PPL.'# The wide
interest from the commercial sector to push for the next gener-
ation of display technologies using microLEDs has propelled
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the research effort into improving the key microLED char-
acteristics such as efficiency, brightness, full-color emission,
and lifetime.

While microLEDs have been receiving significant commer-
cial interest for their use as emitters for display technology,
little commercial focus has been applied to microLEDs for
non-display applications, which is an active area of research
(see Fig. 1). While high information content displays re-
quire a high resolution and small pixels, which can lead to
challenges including reduced efficiency due to greater non-
radiative recombination, higher current density, and degraded
extraction,’>'® many of the reviewed non-display applica-
tions can benefit from single pixel control and take advantage
of relatively efficient, larger pixels. Future applications, espe-
cially in areas that benefit from ultra-small (e.g., submicron)
LEDs, experience some of these challenges and are briefly
also discussed. MicroLEDs are increasingly being used as
a signal emitter in visible light communication (VLC) sys-
tems due to their high modulation bandwidth and ability to
offer parallel channels for communication using microLED
array.'2! MicroLEDs are also well-suited for optogenetic
stimulation, requiring a spatially resolved high-intensity light
source.?>>* Multiple computational microscopy techniques,
such as structured illumination microscopy (SIM) for neural
imaging have also used microLEDs as light sources.”>>% The
high intensity emission in the UV-blue spectrum also makes
microLEDs suitable for maskless lithography.?’ These non-
display applications often require modification in the electro-
optical characteristics of microLEDs. Performance charac-
teristics such as modulation bandwidth, light output power,
emission wavelength, and extraction efficiency are tailored
by integrating additional optical and electrical structures (see
Fig. 1). The fabrication of the optical structures requires more
processing on top of the microLED structure. Despite the
progress in fabrication capabilities, a number of challenges
remain to be addressed for these applications.

In this review, we explore microLED electro-optical char-
acteristics needed for non-display applications. We first dis-
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FIG. 1. A schematic diagram illustrating the correlation of key non-display applications (structured illumination microscopy, optogenetic
stimulation, multi-contrast imaging, visible light communication, maskless lithography, solid-state lighting) and relevant properties of mi-
croLED/LED (external quantum efficiency, angle of extraction, modulation bandwidth, light output power, emission wavelength). It also
highlights the electro-optical structures and techniques, such as patterned sapphire substrates, photonic crystals, microlenses, quantum dots,

etc. required to modify the key properties.

cuss multiple non-display application areas highlighting key
past results and ongoing research work. We then examine
the performance metrics critical for the non-display applica-
tions. Definitions of the key metrics from a non-display appli-
cation point of view are presented. We also highlight optical
structures such as photonic crystals, microlens, quantum dots,
phosphors, etc. that are needed to modify the electro-optical
properties of the microLEDs. Finally, the outlook and chal-
lenges associated with the integration of advanced structures
with microLEDs and their broader applications are discussed.
The schematic diagram encompassing the review is shown in
Fig. 1.

Il. NON-DISPLAY APPLICATION AREAS

MicroLEDs have been extensively explored as pixels for
next-generation displays with ultra-high brightness, deeper
color gamut, and longer lifetime.?83! The high luminance,
energy efficiency, reliability, low cost, and bio-compatibility
of microLEDs also enable them to be used in various
non-display technologies such as visible light communica-
tions (VLC), photolithography, optogenetics stimulation, light
sources for structured illumination microscopy (SIM) and
super-resolution imaging.?>>27-3233 This section focuses on
the system setup and recent progress of each of these applica-
tions.

A. Visible Light Communication (VLC)

The usage of microLEDs in visible light communication
(VLC) systems has been investigated both as emitter devices
and as photodetectors (PD).!*213* The VLC system, shown
in Fig. 2c, consists of three primary components: an optical
transmitter, an optical channel, and a receiver.’® The optical
transmitter contains the waveform generator, encoders, driver
electronics, microLED emitters, and transmitter optics. The
optical channel allows for data transfer through air or another
desired medium. The receiver contains receiver optics, pho-
todetectors, amplifiers, and decoders. The schematic diagram
of a measurement setup for frequency response characteriza-
tion having similar components is also shown in Fig. 2a.

The lower RC values of microLEDs arising from their small
size ( 1-100 um) and short carrier lifetime result in a high
modulation bandwidth. A higher 3-dB modulation bandwidth
allows a higher data rate transfer in the communication sys-
tem. These characteristics make microLEDs an attractive
choice for optical data emitters in high-speed visible light
communication systems.*®3” The smaller mesa dimensions of
microLEDs additionally facilitate higher current density oper-
ation, which was shown by McKenry et al. to improve high
modulation bandwidth capabilities.>” One example where an
operation at higher current density (at 2 kA/cm?) leads to
a record improvement in 3-dB modulation bandwidth (756
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MHz) is shown in Fig. 2b. Additionally, 3-dB bandwidth is
proportional to the increasing current density as seen in the
inset of Fig. 2b.

Data rates for VLC systems have increased from 1 Gbps
to as high as 11.7 Gbps in recent works. Mckendry et al.
demonstrated a data transfer speed of 1 Gbps in 2010 using
an individually addressable 16 x 16 microLED array with 72
um diameter pixel size.!® The blue emitter of wavelength 450
nm showed a 3-dB modulation bandwidth of 245 MHz. In
2020, Xie et al. demonstrated a record data transfer rate of
11.7 Gbps using a series-biased blue 3 x 3 microLED array.3?
This array featured smaller 20 um diameter elements, gener-
ated over 10 mW of optical power, and displayed a high 3-dB
modulation bandwidth of 980 MHz.

Many modulation schemes can be used to encode the data
in the VLC systems. Most microLED VLC systems report im-
plementing one of three key modulation schemes: Pulse Am-
plitude Modulation (PAM), On-Off Key (OOK), or Orthogo-
nal Frequency Division Multiplexing (OFDM. The selection
of one method depends on the prioritization of complexity or
efficiency requirements. A detailed discussion of modulation
schemes in VLC systems can be found in the comprehensive
text by Nan Chi (2018).3° The use of pixels with increasingly
small diameters (tens of microns) to achieve improved data
transfer rates of more than 10 Gbps in VLC systems is an en-
couraging sign that next-generation communication systems
could be successfully implemented using microLED technol-

ogy.

B. Optogenetic Stimulation

Optogenetics, the technique by which light is used to se-
lectively stimulate neural cells, has revolutionized the field of
neuroscience.***7 It is a most widely used method to study
the causal relationship between neural circuits and behavior.*
Researchers have explored using various light transmission
methods, including fiber optic cables and waveguides, to de-
liver stimuli to specific neuron cell populations.*33! These
approaches can stimulate a large number of neural cells, but
struggle to deliver light at a high spatial resolution, a key re-
quirement for decoding neural circuits. Grossman et al. pro-
posed a simple solution to this problem by creating an array
of microLEDs capable of generating arbitrary optical excita-
tion patterns on neuronal samples with high resolution.>> This
concept of matrix photostimulation is illustrated in Fig. 3a.
A light-sensitive ion channel known as channelrhodopsin-
2 (ChR2) provides a powerful tool for millisecond neural
excitation.** ChR2 expressing neural cells are covered with
microLEDs that each has individual control over their illumi-
nation intensity and timing for optical excitation.

To gain a fuller understanding of the causal relationship
between neuronal circuits and their behavior, simultaneous
localized stimulation and electrical recording of neural cells
are required. Such an experiment setup then must address
the additional challenge of directly integrating light sources
onto the stimulation sites. Scalable designs that monolith-
ically integrate microLEDs and recording sites onto silicon
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FIG. 2. The schematic diagram of a visible light communication
(VLC) system. (a) The system setup to measure the frequency re-
sponse of microLEDs. The system consists of a vector network
analyzer, a bias-tee for operating the microLED, a plastic fiber for
coupling the light, and a photodetector (b) A plot showing improved
frequency response with increasing injected current density. The cur-
rent is increased from 5 mA to 40 mA. A maximum 3-dB modula-
tion bandwidth of 756 MHz is shown in the inset at 2000 A/cm? (c)
The system setup for VLC communication data-rate characterization
consists of the signal quality analyzer, 20 dB amplifier, bias-tee, pho-
todetector, and a digital oscilloscope. (d) Eye-diagram demonstrat-
ing data rates up to 1.5 Gbps with relatively higher SNR. Reprinted
(adapted) with permission from S.W.H. Chen et al., ACS Photonics
7,2228 (2020).%> Copyright 2020 American Chemical Society.

neural probes can solve this problem to enable closed-loop
light stimulation and electrical recordings.”>>= Fig. 3b shows
the 48 microLED probe used by Wu et al. to independently
stimulate distinct cells spaced 50 pum apart.>> Neural record-
ings from a freely moving mouse using this probe are also
shown. Scharf et al. used a similar approach but increased
their system’s scalability by integrating 96 microLEDs onto
the probe.>* The work showed depth-dependent activation
with microLEDs achieving a peak irradiance of 400 mW/mm?
at 5 mA current. McAlinden et al. further scaled the optrode
array by creating a device with the capability to deliver light
stimuli at 181 sites. This milestone was achieved by a novel
fabrication method for microLEDs on GaN-on-Sapphire with
glass microneedle.”®

Tethered neural stimulation restricts the free movement
of rodents. To enable untethered, remote-controlled neu-
ral stimulation and electrochemical sensing of freely mov-
ing mice, Liu et al. developed wireless, implantable probes
with microLEDs for optogenetic stimulation and dopamine
detection.”” While these devices provide a high precision spa-
tiotemporal stimulation method, they can cause undesirable
stimulation artifacts with high enough amplitudes to mask
neuronal activities.>> Kim et al. demonstrated opto-electrodes
capable of eliminating electromagnetic interference (EMI) in-
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duced and photovoltaic (PV) related stimulation artifacts us-
ing multi-layer metal structures and heavily boron-doped sili-
con substrates, respectively.’® The application of microLEDs
in optogenetic stimulation is paving the way for studies of
freely moving rodents’ neuronal circuits by providing com-
pact optrodes which is essential for decoding the neural basis
of behavior.

C. Structured lllumination Microscopy (SIM)

Structured Illumination Microscopy (SIM) allows optical
sectioning imaging (OS-SIM) and/or super-resolution imag-
ing (SR-SIM) of neural cells by modifying conventional
microscopes.”*%3 It has become a widely utilized method.
Its widespread use can be attributed to its relatively simple
setup, which enables widefield imaging and integration with
traditional microscopes. Structured illumination microscopy
(SIM) uses the principle that higher spatial frequencies atten-
vate faster with defocus than lower spatial frequencies. For
an illuminated sample with a grid projection, the modulation
in the out-of-focus part of the image attenuates faster than the
thin in-focus part of the image. The optically sectioned part of
the image can be extracted by looking at the modulation part
in the image. Fig. 4a demonstrates how the optically sectioned
part of the image can be extracted from the modulated image
section. The grid moves into three equally spaced positions,
sequentially capturing thirds of the image and then combin-
ing them to obtain an optically sectioned or a super-resolved
image.?

Traditionally this has been achieved by placing a grat-
ing grid in the illumination path and then using a piezo-
based system to mechanically move the pattern and ob-
tain phase-shifting.4*%> The mechanical movement limits the
speed and accuracy of the system. Digital micromirror de-
vice (DMD) based programmable spatial light modulators
(SLM) have been used to replace the gratings and get around
the aforementioned limitations caused by slow mechanical
movement.?0-06-%8 These systems use lamp or LED based il-
lumination. However, controlling illumination patterns using
DMD increases the complexity of the system due to the added
optical elements and increased optical path. They also suf-
fer from the blazed grating effect which causes SIM patterns
with varying intensity distribution.%®.7? The resulting SIM pat-
terns are prone to reconstruction artifacts. Using electrically-
programmable microLED arrays for patterned illumination
is an efficient, low-cost solution with no moving parts in a
system. MicroLED based structural illumination also pro-
vides additional binning capabilities for the illumination pat-
tern. Fig. 4b shows a microscope setup developed by Poher
et al. for optical sectioning using a microLED strip array as a
light source.?’ The ability to use the same microscope for the
implementation of multiple imaging methods demonstrate a
clear advantage of optical designs which use microLED array
as a pattern illumination source. In addition, microLED-based
light source systems could be miniaturized sufficiently to be
used in miniscope designs for the neural imaging of freely-
moving mice which is essential for understanding the brain

circuitry. A more detailed review of the SIM technique can be
found in the cited articles.”!~73

D. Other Imaging Techniques

Light emitting diodes (LEDs) arrays have been used as a
light source in a new type of microscope called a LED array
microscope to perform computational imaging.”>~’ LED ar-
ray microscope designs can be implemented by simply replac-
ing the widefield light source of a traditional microscope with
a programmable LED array. This method of computational
imaging allows label-free multi-contrast i.e., brightfield, dark-
field, phase contrast, and Fourier ptychography imaging to be
combined on a single platform. Brightfield contrast imaging
is used to image samples with strong absorption, darkfield
contrast is better suited for sub-resolution features, and phase
contrast is primarily utilized for a transparent sample.’® As
different contrast modes provide different information about
a sample, it is desirable to have all the imaging modes on a
single hardware platform.

In traditional microscopy methods, different imaging tech-
niques require hardware changes in the microscopy setup,
while LED array microscopy provides a way to obtain dif-
ferent imaging modalities using a post-processing imaging al-
gorithm without any change in the hardware. Fig. 5a shows
a time-multiplexing scheme implemented using LED arrays
to obtain multi-contrast imaging. Even though these meth-
ods only require the modification of conventional microscopes
to achieve different imaging techniques, optical components
such as lenses and objectives make it bulky and expensive.
For this reason, lens-free microscopy systems utilizing LEDs
as light sources have become widely popular alternatives.30-%4
This system consists of a known and a partially coherent light
source for sample illumination and an image sensor for col-
lecting the shadow image, which is then used to reconstruct
the full image. Removing the objective lens from the optical
path provides a way to decouple the field of view (FOV) and
resolution. In decoupled lens-free systems, the resolution is
limited by pixel size, and the FOV is determined by the ac-
tive area of the image sensor. The current resolution is limited
to around 1 um.®> This limitation can be mitigated by using
techniques such as pixel super-resolution at the expense of a
more complex setup.®?

The spatial resolution of the traditional optical systems is
limited due to the laws of diffraction inherent to all opti-
cal systems.3®87 This limit is about 200 nm due to Abbe
diffraction.®®3% Various super-resolution (SR) techniques
such as photoactivated localization microscopy (PALM),
stimulated emission depletion microscopy (STED), stochas-
tic optical reconstruction microscopy (STORM) has been ex-
plored to mitigate this fundamental limit.”*

Another approach to pushing past this limit using LEDs
is emerging as the size of the microLEDs decreases toward
nanoLEDs.?*-%2 The sub-micron dimensions of nanoLEDs al-
low them to serve as spatially resolved light sources and pave
the way for Nano Illumination Microscopy (NIM).?>4 In this
technique, spatially resolved light sources are used to scan a
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FIG. 3. (a) A 64 x 64 microLED array overlaid on top of ChR2 expressing neural cells demonstrating the concept of photostimulation.
Ilustration of the different layers of the microLED showing p-GaN, multiple quantum wells (MQWs), n-GaN, SiO2, and contacts. A schematic
of the matrix addressing scheme is also shown. Reprinted from Grossman et al., J. Neural Eng.7, 16004(2010).5% with permission from IOP
Publishing. Copyright 2010 IOP Publishing. (b) A microLED probe driving localized spiking in freely moving mice. The probe consists of
four shanks, each having three microLEDs of dimension 10 pm x 15 pm integrated with Ti/Ir recording sites to enable co-localized stimulation
and electrical recording. The electrical recording from the CA1 pyramidal cell layer of a freely moving mouse is shown. Reprinted from F.
Wau et al., Neuron 88, 1136 (2015).33 with permission from Elsevier. Copyright (2015) Elsevier.

sample by sequentially illuminating the nanoLED array and
recording the optical signal through the sample on highly sen-
sitive image sensors. Fig. 5b shows how a sample can be im-
aged by measuring the intensity of light reaching an array of
image sensors from each individual light source after passing
through the sample. In this case, the resolution of the sys-
tem is limited by the pitch of the illumination source rather
than the detection system. NanoLED arrays with pitches as
small as 70 nm have been demonstrated which can lead to a
resolution of approximately 140 nm which is much improved
than the lens-free approach with resolution limited to around
1 um.®39% With the absence of bulky lens systems, nanoLED
methods could dramatically improve the form factor of super-
resolution microscopy and enable a new array of applications
in biological imaging.

E. Maskless Photolithography

Matrix addressable microLED and LED array emitters are
highly desirable as light sources for photolithography due to
their ability to generate and transfer patterns on photosensi-
tive materials without the need for manufacturing expensive
photomasks. As a result, it offers more flexibility in the pho-
tolithography process and a compact system. Several research
groups have demonstrated the capability of microLEDs for
maskless lithography.?’33939 Jeon et al. performed mask-
free photolithography using a 64 x 64 UV microLED emit-
ter array integrated with microlenses for light collimation.3
Two circular disks with 30 um and 16 um diameters were pat-

terned using an i-line photoresist to demonstrate the proof of
concept of the integrated device. Guijt et al. built a simpler
and cost-effective photolithographic setup with off-the-shelf
UV LEDs, hardware, and optical components.”’ The system
collimated light with a pinhole and plastic tube, focused on
the sample with standard a microscope objective, and moved
the substrate into position with a motorized linear stage. The
results demonstrated direct writing lithography for rapid pro-
totyping of features smaller than 20 um.’’

A similar approach utilizing off-the-shelf UV LEDs and
a rotary stage was used by Suzuki et al. for lithography of
curved microstructures.”> This work used the inherent Lam-
bertian distribution property of the planar LED to achieve the
difference in UV exposure dose required for high-aspect-ratio
and curved surface structures such as microlenses and waveg-
uides of hundreds of micrometers of thickness.”

Fig. 6a shows how Elfstrom et al. further advanced the
technique by combining a CMOS-controlled microLED array
with a projection system and translation stage to achieve writ-
ten features as small as 8 um.?’ Building further on the same
setup, Guilhabert et al. reported mask-fee direct pattern writ-
ing with features as small as 500 nm by primarily modifying
the projection optics.”® They also showed the fabrication of
InGaN micro-LEDs using the same setup. Recently, Wu et al.
reported a UV micro-LED display with full high-definition
of 960 x 540 and 1920 x 1080 for pattern-programmable
maskless photolithography on resist-coated wafers.”® Fig. 6b
shows the microLED display and a patterned Si substrate us-
ing maskless lithography. All these reports show the potential
of microLED technology for photolithography applications
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FIG. 4. (a) Concept illustration of SIM technique. In conven-

tional microscopy, the numerical aperture (NA) limits the spatial
frequency. Structured illumination shifts the high spatial frequency
content of the unknown sample into low frequencies through con-
volution. Combining images resulting from multiple illumination
patterns, a high-resolution image can be constructed. Reproduced
from E. McLeod et al., Reports on Progress in Physics 79, (2016).74
with permission from IOP Publishing. Copyright 2016 IOP Publish-
ing Ltd (b) A microscope configuration utilized for OS-SIM using
microLED stripe display as a light source. It is located in the illumi-
nation path of an Olympus microscope in critical illumination con-
figuration to image the illumination pattern directly onto the sample.
Three different illumination patterns generated by the microLED dis-
play are also illustrated 6. Reproduced from V. Poher et al., Optics
Express 15, 11196 (2007).2° permission under OSA Open Access
Publishing Agreement. Copyright 2007 Optical Society of America.
(c) Comparison of SIM with conventional microscopy. Reprinted
(adapted) from D. Dan et al., Scientific Reports 3, (2013).26 with
permission from Springer Nature. Copyright © 2013, The Author(s).

that require minimal setup and provide a budget-friendly al-
ternative to traditional laser-based systems.

Ill.  PERFORMANCE METRICS FOR NON-DISPLAY
APPLICATIONS

The various applications discussed in the previous sec-
tion has different primary enabling performance properties.

TABLE I. Non-display applications reviewed and enabling primary
performance characteristics

Application Properties
VLC Efficiency, Modulation BW
Optogenetics Size/Implantability, Output Power
SIM Output Power, Beam Shaping
Imaging Output power, Pattern Control

Maskless Photolithography Intensity, Wavelength Control

TABLE II. Performance comparison of key properties between
OLED and microLED technology.”®

Properties OLED MicroLED
Mechanism Self-emissive Self-emissive
Brightness 1000 Cd/m? 10 Cd/m?
Lifetime 30,000 hrs 100,000 hrs
Response Time microsecond nanosecond
Pixel Density (PPI) upto 2500 upto 30,000
Energy Medium Low
Cost Low High

Table I summarizes the reviewed non-display applications
and the key desirable properties. MicroLED technology of-
fers superior performance than organic light emitting diodes
(OLED:s) for key properties such as brightness, response time,
and lifetime. Table II summarizes the performance compari-
son between the microLEDs and OLED technology.”® Many
of the metrics, such as superior brightness, reliability, and life-
time make microLEDs well-suited to both display and non-
display, but some of the key performance metrics for non-
display applications differ from those for display applications.
This section discusses the key performance parameters of mi-
croLEDs that must be optimized or enhanced for non-display
applications. These metrics include optical extraction, angle
of extraction, modulation bandwidth, light output power, and
response time.

A. Optical Extraction Efficiency - EQE vs. IQE

Blue microLEDs have internal quantum efficiencies (IQE)
that can exceed ninety percent as a result of advances in
growth techniques that have yielded high-quality materials
and crystal structures.!%-19 However, the external quantum
efficiency (EQE) of GaN-based microLEDs, defined as the
ratio of the number of photons emitted versus the number
of photons internally generated, is comparatively low with a
peak EQE of generally smaller than 15%.!%4-1%¢ The EQE of
the microLEDs can be viewed as the product of two sepa-
rate efficiencies: IQE and light extraction efficiency (LEE).'?
While IQE is significantly improved over the years, LEE has
been a limiting factor.!9%:198:109 [ ow LEE is primarily due to
the large refractive index difference between air and semicon-
ductors that traps light from total internal reflection (TIR) and
Fresnel loss at the interface.!!? For example, the external effi-
ciency could be as low as 4.3% in a typical semiconductor ma-
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FIG. 5. (a) A time-multiplexing scheme for multi-contrast imaging in real time using LED patterns illumination. Five different illumination
patterns in a sequential loop are used to obtain darkfield, brightfield, and phase contrast imaging. Permission from Z. Liu et al., Journal
of Biomedical Optics 19(10), 106002 (Oct 2014).78 https://doi.org/10.1117/1.JB0O.19.10.106002 under Creative Commons Attribution 3.0
Unported License. (b) The operation principle of Nano-illumination microscopy (NIM). The sample is scanned by illuminating different
nanoLEDs and a photosensor at the top detects the intensity reaching it. The resolution of this method of imaging is limited by the pixel
size of the source rather than the detector which can be small beyond the diffraction limit. (c) The experimental setup for implementation of
NIM. Reproduced with permission from N. Franch et al., Optics Express 28, 19044 (2020).°3 under OSA Open Access Publishing Agreement.

Copyright 2020 Optical Society of America (OSA).

terial with a refractive index of 2.4. Fig. 7 graphically demon-
strates how only the light inside the escape cone, defined by
the critical angle, is able to escape. This limitation presents
a challenge for microLEDs in applications such as optoge-
netic stimulation because the photosensitive opsins often re-
quire minimum irradiance (typically in the range of 10-100
mW/cm? in instantaneous light intensity) to be delivered at
the neurons for activation and fluorescence.!!!"!'? Achieving
the desired optical power numbers with smaller microLEDs
requires improvements in the external efficiency of the mi-
croLED. A number of techniques to overcome the limitation
of low EQE are discussed in the following sections.

B. Angle of Extraction

One critical metric for non-display applications is the an-
gle of the light emitted from the active region of the mi-
croLED source. Planar microLEDs exhibit a Lambertian out-
put distribution at the source by default, which is advanta-
geous for wide-viewing applications such as displays.!'!>114
On the other hand, applications like structured illumination
microscopy (SIM) require that the light extraction cone be
as narrow as possible. A lower numerical aperture (NA) is
needed to prevent any light leakage into an adjacent pixel or
row.%2%3 A narrower light beam is also needed to better cou-

ple the light into the optical systems and control the optical
path.!> A wider extraction cone decreases coupled light into
the optical system and, thus, the overall optical efficiency of
the system. Removing collimating optics, as seen in the sys-
tem in Fig. 8a, is advantageous in decreasing the complex-
ity and bulkiness of the system overall.''® Additionally, Sun
et al. also showed that the presence of photonic crystals can
narrow the light distribution and remove the need for an addi-
tional lens system to collect and collimate light.''® In another
work, Iyer et al. showed unidirectional luminescence from In-
GaN/GaN quantum well metasurfaces at arbitrary engineered
angles.'!” Huang et al. further developed this idea by propos-
ing a single-chip microLED with unidirectional emission that
integrates the resonant cavity and metasurfaces for potential
application to 3D displays.'!® The usage of the resonant cavity
and metasurfaces in-situ provides an additional tuning param-
eter to generate unidirectional emission with controllable full
width at half maximum (FWHM), achieving angles as narrow
as 10°, 20° and 30° as shown in Fig. 8b.

C. Modulation Bandwidth

The bandwidth of a communication system is a key deter-
mining factor of its maximum achievable data transfer rate. In
this context, the 3-dB modulation bandwidth of microLEDs
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permission from M.-C. Wu and L.-T. Chen, Advanced Photonics Research 2, 2100064 (2021).%8 Copyright 2021 Author(s), licensed under a
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Escape Cone
Critical angle

Light source

FIG. 7. A schematic diagram showing the concept of escape cone.
The escape cone at the semiconductor with refractive index ng and
the air with refractive index ng;, interface is defined by the critical
angle. Only the light inside the escape cone is eventually emitted
from the active region of the microLED; everything else is reflected
back into the semiconductor and reabsorbed, leading to a low extrac-
tion efficiency.

is the most important factor for visible light communication
systems as an optical signal emitter. The modulation band-
width is determined by the carrier lifetime of the emitter and

the RC time constant, where R is the differential resistance
and C is the device capacitance.’®3” The lower RC values
of microLEDs arising from their small size and short carrier
lifetime result in a high modulation bandwidth that can eas-
ily reach several hundred MHz.37-119120 A plot of modulation
bandwidth against current density for various mesa dimen-
sions is shown in Fig. 9. The modulation bandwidth initially
increases with the current density because carrier lifetime is
the dominant factor determining the bandwidth. At a higher
current density, the RC time constant becomes a dominant fac-
tor limiting the current density.'?"12> At the desired current
density either one of the dominant factors can be improved to
increase the modulation bandwidth for the VLC system.

D. Emission Wavelength

Tuning microLED light emission to a particular
wavelength is highly desirable for many non-display
applications, 2033898123 Apart from the need for red, green,
and blue emissions for full-color microLEDs displays,
is it also required for solid-state lighting and white light
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FIG. 9. A graph showing the 3-dB modulation bandwidth of mi-
croLEDs as a function of current density for different pixel sizes
ranging from 60 pm to 160 pum. The modulation bandwidth ini-
tially increases as the current density of microLED increases and
then saturates for higher current density operation. The smaller pixel
sizes achieve higher modulation bandwidth as they can be operated
at higher current density. The markers on the plot denote the maxi-
mal modulation bandwidth in the measurement for each size. Repro-
duced with permission from H. Huang et al., Physica Status Solidi
(A) Applications and Materials Science 215, 1 (2018).122 Copyright
2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

communication systems.'?>*123 There are three primary ways
to modify light emission wavelength: through phosphors,
using quantum dots (QDs), or by changing the compound
semiconductor layer itself.!?6-12° These techniques are
discussed in detail in section 4.3. The wavelength of the light
emitted from the microLEDs is also an important factor for
optogenetic stimulations. The light-sensitive proteins i.e.,
opsins are sensitive only to a certain range of wavelengths.
It is important to match light emission to the maximally
sensitive wavelength of these proteins.'>* For example,
channelrhodopsins (ChRs) absorption peaks range from
440 nm to 590 nm, and other retinal-binding proteins show
peaks from 630 nm to 644 nm.'3-13¢ Emission wavelength
is similarly important for photolithographic applications
because photoresist must be exposed at wavelengths in UV
region for proper development.'37-138

E. Light Output Power (LOP)

The light output power of microLEDs is one the most im-
portant factors for applications including solid-state lighting,
optogenetics, imaging, and photolithography.?!-7-13%:140 The
light-output power of microLEDs initially increases as we in-
crease injected current density but then saturates and further
decreases as the current density is increased.!3*14! This is due
to the self-heating effect which causes increased non-radiative
recombination and carrier leakage.!*1'*> As mentioned ear-
lier, in optogenetics applications there is a minimum light
output power required at the neurons for the photosensitive
proteins to stimulate action potentials.'!"''? Even though mi-
croLEDs can operate at much higher current densities (> 1
kA/cm?) than LEDs, the total light output power (LOP) is
smaller due to their small size.!*3 If an optogenetic application
requires deeper tissue stimulation, the optical output power of
microLEDs becomes even more important.!3* Thicker pho-
toresists used in photolithography also require higher light
output power for adequate exposure. '3’

IV. OPTICAL STRUCTURES FOR IMPROVED
PERFORMANCE

Despite the superior performance of microLEDs when
compared with OLEDs, modification in the key properties
of microLEDs is often required for non-display applications.
Electro-optical components such as photonic crystals, nanos-
tructures, microlenses, Fresnel lenses, quantum dots, phos-
phors, etc. are integrated with the traditional microLEDs to
improve the output performance. Key optical components that
can enhance the performance metrics of microLEDs and make
them more suitable for use in non-display applications are dis-
cussed in the following section.
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A. Extraction Efficiency Enhancement

The low extraction efficiency of microLEDs originates
from the traditionally grown epilayer structure of the GaN
LEDs.5106:144 A typical GaN epi structure is grown hetero-
epitaxially on a sapphire substrate due to the lack of avail-
ability of a suitable substrate for homoepitaxial growth.!4>-146
The photons generated inside the GaN layer with high refrac-
tive index (n ~ 2.4) undergo total internal reflection (TIR) at
the GaN-air interface. This consequently reduces the over-
all efficiency of the extracted light.!#’ Researchers have sug-
gested methods including chip shaping, photonic crystals, sur-
face roughness, and mesa shape modification to improve the
extraction efficiency of microLEDs.!43-152 This section dis-
cusses the techniques for extraction efficiency enhancement
in the context of various non-display applications.

1. Photonic Crystals

Photonic crystals (PhCs) are repeated dielectric structures
of length scales similar to the wavelength of light,!48153.154
These crystals have the capability to modify spontaneous light
emission by creating a photonic bandgap that can interact with
the electronic bandgap of the emission material.!>> The pho-
tonic bandgap can be utilized in two ways to increase the
extraction efficiency: inhibiting the emission of the guided
modes or redirecting trapped light into radiated modes. The
photonic crystals should be physically very close to the ac-
tive light emitting region to maximize their impact. Wierer
et al. demonstrated electrically operated InGaN/GaN LEDs
with photonic crystals having a tunnel junction to provide lat-
eral current spreading to the photonics crystals.'>* This work
reports increased microLED radiance and an approximately
1.5x total increase in light extraction with photonic crystals
incorporation. Additionally, the far-field radiation pattern
of LEDs with PhC was also radically different than planar
LEDs.!>*

Oder et al. demonstrated extraction efficiency enhancement
of 63% in InGaN/GaN blue (460 nm) microLEDs and 95% in
AlInGaN/GaN UV (340 nm) microLEDs. These results were
achieved by patterning triangular arrays of photonic crystals
with electron beam lithography.!3® Meanwhile, Kim et al. re-
ported GaN LEDs with square-lattice 2D photonics crystals
patterned using laser holography (LH) method suitable for
high-throughput and large area processing.'>’ Fig. 10a shows
the photonic crystals and the schematic diagram of the fabri-
cated device. Enhancement in the light output of up to 2.6x
is observed in the device integrated with photonic crystals of
lattice constant 500 nm, as seen in Fig. 10b In other works,
researchers have fabricated photonic crystals on pGaN us-
ing monomer-based nanoimprint lithography. These LEDs
showed a 2.6x times increase in photoluminescent intensity
compared to LEDs without the photonic crystal patterns. '8

McGroddy et al. reported increased directional emission
by 3.5x using optimized 2D photonic crystals.'>° These de-
vices have additional index guiding layers in the vertical di-
rection that take advantage of directionality and guided mode

control.!>® Photonics crystal-based LEDs rivaling the best of
the non-photonic-crystal LEDs have also been shown along
with the theoretical electromagnetic calculations matching the
measured results.'*® Photonic crystals fabricated on top of the
surface of LEDs suffers from limited interaction with lower
order modes resulting in a poor extraction of a relatively high
portion of light carried by low order modes. %11 Matioli et
al. proposed embedded air-gap PhCs within the LEDs for
much greater interaction with low order modes to improve ex-
traction efficiency further.!> Improvements as much as 8.3x
has been shown using complex photonic structures through
simulations in the recent past.'4

2. Surface Roughness

Textured, rough surfaces increase the extraction efficiency
of microLEDs by increasing the angular randomness of the
photons inside the light emitting diode. This randomiza-
tion provides multiple opportunities for the photons to en-
ter the escape cone.!®> Various research groups have re-
ported on increasing light extraction efficiency using surface
roughness.!9>-17! Schnitzer et al. demonstrated an EQE of
30% using a textured surface and a rear metallic reflector to
enhance angular randomization.'®> Windisch et al. experi-
mentally investigated the transmission properties of a textured
surface to achieve 2x increase in angle-average transmission
and used it to achieve 46% external extraction efficiency in
unencapsulated light emitting diodes.'®> Other methods cre-
ated textured surfaces with natural lithography techniques that
used polystyrene spheres as a dry etch mask.'”"'”2 Improved
light output and electrical performance were also observed af-
ter microroughening the pGaN surface using metal clusters as
etch masks during wet etching.!64

A typical GaN LED structure consists of a thin pGaN layer
on top and a nGaN layer grown on a sapphire substrate. While
it is easier to roughen the pGaN surface at the top, Fuji et al.
were able to use flip-chip bonding and laser lift-off (LLO) to
access the nGaN surface for roughening. They demonstrated
a 2.3x improvement in total output power compared to that of
a non-roughened LED.'% Fig. 11 shows the roughened nGaN
surface and resulting the improvement in the performance of a
LED with the increase in surface roughness.'® Double-sided
roughening of both the pGaN layer and the undoped layer can
increase the randomization of the photons and further improve
light output.'® Chang et al. went beyond the typical etching
process and used femtosecond laser ablation to create nanos-
tructures on the surface to increase light output from LEDs by
18%.1%° A recent computational study comparing the effec-
tiveness of surface roughening with that of integrating pho-
tonic crystals shows that photonic crystals can create higher
light extraction improvements, but the ease of fabrication to
create surface roughness still makes it a compelling method
to improve light extraction from light emitting diodes.!”®
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FIG. 10. Photonic crystal integration with microLEDs (a) SEM image of air-hole photonic crystals patterned using holographic double
exposure on top of a LED structure. The PhC has a lattice period of 700 nm. The schematic diagram of the PC-LED is also illustrated in the
figure. The photonic crystals are patterned in the pGaN material with a thin transparent p-contact layer on top as a current spreading layer. (b)
Light output intensity vs. injected current density plot for photonic crystals with lattice periods 300 nm, 500 nm, and 700 nm and a reference
LED with no PhC. An enhancement of up to 2.6x is observed in the light output. A second graph shows the current-voltage characteristics
of the reference microLED and the PC-LED with a lattice period of 500 nm. Reprinted from D.H. Kim et al., Applied Physics Letters 87, 1
(2005)."57 with permission from AIP Publishing. Copyright 2005 American Institute of Physics.

3. Patterned Sapphire Substrate (PSS)

Light emitting diodes grown on commonly used c-plane
sapphire substrates suffer from high defect density in epi-
layers due to a large mismatch between the lattice constant
and thermal expansion coefficients of sapphire and GaN.'**
These differences are responsible for degrading external quan-
tum efficiency.!#* Patterned sapphire substrates (PSS) featur-
ing different types of artificial structures have achieved no-
table progress toward solving these problems.!40:173-175 The
microscale structures are generally created using conventional
dry etching or wet etching methods; and nanoscale structures
are fabricated using nanospheres, nanoimprint lithography, or
anodic aluminum oxide techniques.'’®!8'PSS have several
advantages over flat sapphire substrates. PSS provides a ver-
satile platform for the growth of visible and UV epilayer struc-
tures, requires no interruption during the growth process, re-
duces the density of threading dislocation in epilayers, and
enhances light extraction efficiency due to the increased prob-
ability of light scattering.'3! PSS has also been shown to sup-
press the quantum confined stark effect (QCSE) and improve
UV-LED external efficiency.'8?-18* Fig. 12 shows a UV-LED
with PSS incorporated.'®> As seen in the comparison plot,
UV-LED with PSS has a higher output power than a con-
ventional LED at the same injected current. The origin of
the improved light output power is attributed to the reduction
in threading dislocation (TD) induced non-radiative recom-
bination as well as enhanced light extraction due to scatter-
ing. Increased light output power with pyramidal patterns at
both micro- and nanoscale have been reported.'® Nanoscale
patterns show more improvement in output power than mi-

croscale patterns. PSS growth techniques, shape, pattern size,
spacing, aspect ratio, and other parameters have considerable
influence on epilayer quality and eventual LED performance.
A detailed review of the subject has been presented in the
literature. '8!

B. Beam Shaping

Planar microLEDs have a Lambertian light output
distribution.!'31"* The luminous intensity of a Lambertian
surface is proportional to the cosine of the angle between ob-
served direction and the surface normal. The radiant intensity
of such a surface is the same when viewed from any angle.
Uniform radiant intensity is advantageous for wide viewing
applications such as displays or TVs. Other non-display appli-
cations such as SIM, optogenetic stimulation, or VLC require
a narrow beam of light as a source. The lower NA source is
needed to prevent light leakage into adjacent pixels.®>%3 This
section discusses methods for beam shaping, primarily focus-
ing on microlenses and creating apertures on top of the mesa
structure of microLEDs. 86187

1. Microlens

Microlens arrays have been investigated for their focusing
ability to achieve uniform far-field illumination of targets with
laser beams in the past.'8® The microscale curved surface of
the microlens allows it to focus divergent beamlets onto the
illumination plane. Biittner et al. analyzed the beam shaping
property of optical systems consisting of light-emitting diode
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FIG. 11. (a) Schematic diagram of light emitting diode with sur-
face roughening of nGaN. The nGaN is accessed using laser lift-off
(LLO) technique and then flip-chip bonding it to a silicon substrate.
(b) SEM images of the roughened nGaN surface etched by KOH-
based photoelectrochemical method for 2 min etching and 10 min
etching. (c) Output power is measured as a function of injected cur-
rent. The 10-minute etch roughened surface LED showed a 2.3 times
increase in the output power when compared to the flat surface LED.
Reprinted from T. Fujii, Y. Gao, R. Sharma, E.L. Hu, S.P. DenBaars,
and S. Nakamura, Applied Physics Letters 84, 855 (2004).165 with
permission from AIP Publishing. Copyright 2004 American Institute
of Physics.

and microlens arrays.'® An integrated microlens array con-
sisting of 128 x 96 elements at the bottom of a microLED
array was shown to enable well-resolved light that prevented
optical cross-talk.'”® The microlens was fabricated using a
reflow method followed by etching the sapphire to transfer
the pattern with an RMS roughness of less than 3 nm. Low
roughness is needed for optically high-quality microlenses.
Fig. 13a and Fig. 13b show the schematic diagram of the inte-
grated device and an image demonstrating the focusing abil-
ity of the microlens, respectively. Zhu et al. reported fab-
ricating microlens arrays with UV-microLEDs as exposure
sources. In far-field emissions measurements, the integrated
device showed a significant reduction in light divergence.'8¢
The divergence half-angle was reduced by 22 degrees.

The incorporation of silica/polystyrene (PS) colloidal mi-
crolens array on top of microLEDs has been shown to increase
light extraction at higher angular directions with increased PS
thickness and to decrease divergence of light output at smaller
PS thicknesses.!°! To further control beam shaping from light
emitting diodes, an optical element combining a Fresnel lens
with a microlens array design has been designed and studied
for controlling on-axis and off-axis LED emission for lighting
applications.!? Continuing on the trend of integrating optical
components with LEDs/microLEDs, a combination of total
internal reflection (TIR) lenses, a reflective cavity, and a mi-
crolens array plate has been proposed for uniform street light-
ing using LEDs.!?3 Additionally, Park et al. created a new
type of compact optical element that combined a pair of mi-
crolens arrays for light collimation from micro-displays for

the application of using microLEDs for near-eye displays.'**
Demory et al. demonstrated HWHM linewidth reduction of
50% in far-field emission divergence by integrating nearly-flat
parabolic nanolenses on top of nanopillar microLEDs.'3” This
demonstrates the potential for reducing the size and weight of
collimation and projection optics by incorporating microlens
arrays.

2. TIR Fresnel Lens

A Fresnel lens is a compact lens that is made up of a set of
concentric annular sections.'> These sections can be viewed
as divided surfaces of a standard lens with the same curvature
and stepwise discontinuities between them. These lenses use
refraction as well as a total internal reflection to achieve con-
vergence, collimation, or divergence properties.'*® Parkyn et
al. incorporated a TIR lens on light emitting diodes to achieve
beam collimation for non-imaging devices.'”’ Additionally,
Chen et al. reported an optimized Fresnel lens for multiple
LED:s to achieve uniform lighting for reading applications.'®
Other works have shown that Fresnel lenses can collimate
LED light for fluorescence microscopy as well.!?

Even though many applications of Fresnel lens with LEDs
have been shown, a demonstration of its functionality for use
with miniaturized optical components was missing. To close
this gap, Joo et al. proposed a TIR Fresnel lens for a miniature
electro-optical system that could collimate emitted light from
LEDs more effectively.’?’ The designed lens had a diameter of
less than 1 mm and eleven facets on a single side. It success-
fully reduced the emission solid angle from 60° to 12°. Re-
searchers have also investigated an electro-optical system that
integrated a TIR Fresnel lens into the packaging microlens of
LEDs, which can benefit systems that require focused and nar-
row microLED light emission.?’! The work explored the influ-
ence of structural parameters, namely the height-to-width ra-
tio of the 3D Fresnel-based lens, on beam shaping and showed
improved narrowing of the emitted light beam.?"!

While a Fresnel lens is well-suited to collimate light
sources, certain applications requiring uniform lighting from
multiple light sources need further re-direction of the light
beam.!”>193 Wang et al. proposed an optical element
that combined a Fresnel lens and a microlens to achieve
light collimation and further re-direction of collimated rays,
respectively.!?> The proposed design method is versatile with
no limitation on the source intensity pattern. The resulting
optical element is compact and lightweight. A major chal-
lenge of creating optical systems that use a Fresnel lens for
beam shaping is the mathematical complexity and intricate
optimizations.??>203 One proposed method tackles this issue
by using geometric optics analysis to simplify the design pro-
cess of a free-form lens system. The free-form lens consisted
of a TIR collimator and Fresnel exit lens to produce specific
LED intensity distribution.”0*

Another challenge for LEDs application is the limited op-
tical power output from a single LED.'*3 This requires using
an array of LEDs/microLEDs to obtain higher optical power.
These further need integration with an array of lens systems.
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FIG. 12. Light emitting diode on a patterned sapphire substrate (a) A schematic diagram of UV-LED structure on a patterned sapphire substrate
(PSS). The structure consists of u-GaN, n-GaN, multiple quantum wells (MQW) and p-GaN grown using metalorganic vapor phase epitaxy
(MOVPE). An atomic force microscope (AFM) image of the bare PSS before MOVPE growth is also shown. (b) The output power of the
UV-LED as a function of injected current density with PSS UV-LED and conventional UV-LED. PSS UV-LED shows higher output power at
the same injected current than conventional LED. At 20 mA current operation, the output power increased from 3.75 mW to 5.06 mW, about
35% improvement. Reprinted from R.H. Horng et al., Journal of Crystal Growth 298, 219 (2007).182 with permission from Elsevier. Copyright
2006 Elsevier B.V.
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confocal microscopic technique. The microlens has an approximate measured focal length of 8 um and a center height of 1.8 um. Reproduced
with permission from H.W. Choi, et al., Physica Status Solidi C: Conferences 2, 2903 (2005).!%0 Copyright 2005 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.

Vu et al. presented a design for uniform lighting applica-
tions that consisted of a collimating plano-convex lens array
and two perpendicularly-placed linear Fresnel lenses.”’> The
physical layout of the illumination system and the simulation
results showing uniform lighting is shown in Fig. 14. While
the integration of TIR Fresnel lens systems and LEDs of-

fers solutions to many of the challenges associated with beam
shaping, the complex process of design and implementation
significantly increases the cost of electro-optical systems. The
addition of optical elements as a part of LED packaging can
significantly address some of these challenges. A detailed re-
view of the optical designs for the LED packaging by Nian et
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al. can be referred to for further insights.2*

C. Wavelength Management Techniques

There are different techniques that are used to get multi-
ple wavelength emissions from microLEDs. One of the most
common methods is to change the material composition of
the compound semiconductor layer. It is done by incorpo-
rating higher Indium (In) content in the InGaN/GaN alloy
which changes the crystal structure and eventually modifies
the bandgap of the semiconductor. In addition to modifying
the lattice constant of the material, adding quantum dots (QD)
or phosphors to the mesa surface of microLEDs could enable
a single-colored pixel to emit multiple colors.?0”-2%8 All three
methods to achieve different wavelength emissions are dis-
cussed in this section. Other techniques such as quantum well
(QW) thickness-dependent InGaN/GaN multiple quantum
wells (MQW), microfacet emission from MQW, nanowires,
and local strain engineering have also been explored in litera-
ture for wavelength tuning in microLEDs 20213

1. Colloidal Quantum Dots (QDs)

QDs are nanoscale semiconductor crystals with distinct
properties from those of bulk semiconductors.?'+?!> Each QD
consists of a small inorganic semiconductor core (1-10 nm), a
wider-bandgap semiconductor shell, and a coating of passivat-
ing ligands.?'®?!7 An atomic force microscopy (AFM) height
image of a closely packed monolayer of QDs is shown in
Fig. 15¢c. One of the most useful properties of these nanocrys-
tals is the tunability of their bandgap by varying their size
and discrete energy levels also called the quantum confined
effect.?!>218 Fig. 15a shows QD solutions of various sizes and
composition exhibiting photoluminescence under UV light.
Fig. 15b shows the PL spectra of QDs with narrowband emis-
sion from visible to NIR. Several advantageous properties of
QDs such as narrow emission linewidth (20-30 nm for CdSe),
high photoluminescence quantum yield (PLQY > 90%), high
photostability, and solution processability make them attrac-
tive for applications with microLEDs.!?%21% CdSe, with an
emission linewidth of 20 - 30 nm, and PbS are the most com-
monly used materials for the core of the QDs for visible wave-
length and NIR devices, respectively.?!4-220-221

As mentioned in the application section, microLEDs are
used in VLC systems to achieve higher bandwidth and data
transfer speeds. This has motivated the adoption of white light
microLEDs with larger pixel sizes of 100 um into VLC sys-
tems to achieve higher data transfer rates without complicated
signal processing.!?® As a result, it has become essential to
find a white light source with wavelength multiplexing ability
for VLC systems. Recently, researchers have explored QD-
based white light microLEDs for VLC applications. Mei et
al. demonstrated a white light system that used Perovskite
QDs for a high bandwidth VLC system.'?* They showed 80
um x 80 pm microLEDs having a modulation bandwidth of
160 MHz and a peak emission wavelength of approximately

445 nm. They achieve bandwidths of up to 85 MHz with-
out filters or equalization in the white-light system. The sys-
tem showed a maximum data transfer rate of 300 Mbps using
a non-return-to-zero on-off keying (NRZ-OOK) modulation
scheme. QD-based microLED arrays for bi-directional opto-
genetics applications have also been reported.”””> They used
QDs to create a dual-colored microLED array with emissions
at 462 nm and 623 nm. This further elucidates the use of QDs
in non-display application technologies.

2. Phosphor

Phosphors are color-converting materials that are essen-
tial for achieving full color and are a key component of
white lighting systems.>??>3224 Generally, phosphors consist
of two functional materials, a host material, and an activa-
tor material.”>> Host materials are often wide band gap ox-
ides, nitrides, or sulfides and determine the crystal structure of
the phosphor.226-228 Activator materials are usually transition
metals or rare earth compounds and are responsible for light
emission .22°> Both materials play critical roles in determining
a phosphor’s photoluminescent properties, such as emission
wavelength and quantum efficiency. Fig. 16a shows the crys-
tal structure of a narrowband red-emitting phosphor material
Sr4[LiAl;1N14]:Eu?* as an example.??’

Traditionally, phosphors have been a preferred choice as
a down-conversion material for UV-LEDs and blue LEDs to
obtain white light sources, due to their high efficiency, high
stability, and narrow spectrum.!?3-22%230 However, phosphors’
larger size can cause significant non-uniformity in the color
conversion when used with small (50 um) microLEDs. The
size of the phosphor can be varied depending upon the prepa-
ration process and nano-sized phosphors can be prepared.??!
But the luminous efficiency of the phosphor is proportional to
its size, as a result, nano-sized phosphors have lower luminous
efficiencies.?3?

Phosphors integrated with blue microLEDs for VLC com-
munication have been reported. Chun et al. presented a high-
speed VLC system with a transmission rate of 1.68 Gbps at
a distance of 3 cm using white light generated by blue GaN
microLEDs and a yellow fluorescent converter.!>> The high
transmission speed is attributed to the high modulation band-
width of the polymer-based yellow fluorescent layer. Huang
et al. reported a white light VLC system with a 3-dB mod-
ulation bandwidth of 127.3 MHz using blue microLEDs and
yellow phosphor.?3? Recently, Chang et al. reported a white
light VLC system that used semi-polar blue microLEDs and
yellow phosphors to achieve a data rate of 2.805 Gbps.!?® The
higher data rate and bandwidth of the system are attributed to
the improved radiative efficiency of the semi-polar blue mi-
croLEDs resulting from the reduced quantum-confined Stark
effect (QCSE).

A hybrid strategy of mixing small-sized and large-sized
phosphors can improve the non-uniformity of the system to
a great extent with only a small reduction in efficiency. How-
ever, this remains a challenge as mesa dimensions shrink to
smaller areas of 5 um and below.?% Recently, GE has devel-
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FIG. 14. Integration of Fresnel lens in an optical system to achieve uniform illumination. (a) The schematic layout of the illumination
system consists of an LED array integrated on a PCB, an array of plano-convex lenses, and a double linear Fresnel lens array. (b) Ray-tracing
simulation results of the proposed design with the double linear Fresnel lenses. The illumination area for simulation is 10 m x 20 m, and the light
source is located at the height of 10 m. (c) Ray-tracing simulation of an illumination system with a freeform optics design. The illumination
area for simulation is 10 m x 20 m, and the light source is located at the height of 10 m in the center. (d) Light intensity distribution comparison
of the LED illumination system with Fresnel lens and freeform optics system. A more uniform light intensity distribution is achieved using
the double Fresnel lenses system. Reproduced from N.H. Vu, T.T. Pham, and S. Shin, Energies (Basel) 10, (2017).20% permission under open
access Creative Common CC BY 4.0 license.
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FIG. 15. (a) Various QDs in chloroform solutions showing photoluminescence under UV light with emission centered around 365 nm (b)
Photoluminescence spectra of CdSe/ZnS and PbS/CdS core/shell colloidal QDs. The inset shows the schematic of QDs with core, shell, and
ligands attached. The spectra show the narrowband emission from visible into near-IR. Reproduced from V. Wood and V. Bulovi¢, Nano
Reviews 1, 5202 (2010).2!5 Permission under Creative Commons Attribution-Noncommercial 3.0 Unported License. (c) AFM height images
of various QDs showing close-packed monolayers. (a) and (c) reprinted (adapted) with permission from P.O. Anikeeva et al., Nano Letters 9,
2532 (2009).2%! Copyright 2009 American Chemical Society.
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FIG. 16. Phosphor structure and emission spectrum. (a) The

Crystal structure of a narrowband red-emitting phosphor material
Sr4[LiA111N|4J:Eu2+ along [001] direction. The nitride is the host
material responsible for the crystal structure. The rare earth metal
EuZ* is the activator material responsible for light emission (b) Ex-
citation (peak at 460 nm) and emission spectra of the phosphor
Sr4[LiAl; N4 ]:Eu2*. It shows red luminescence with an emission
peak at 670 nm and a bandwidth of 85 nm. Reprinted (adapted) with
permission from D. Wilhelm et al., Chemistry of Materials 29, 1204
(2017).%2% Copyright 2009 American Chemical Society.

oped a sub-micron sized red phosphor K,SiFg:Mn** (KSF)
and KSF inks suitable for microLEDs that can be deposited
by low-cost methods such as ink-jet printing, slot die coating
or spin coating.>3* These recent developments pave the way
for phosphors to be further utilized in microLED applications
by overcoming challenges due to their size.

3. Compound Semiconductor Layers

Electroluminescence, which is responsible for spontaneous
light emission upon the passage of electric current, dates
back to 1907 when H. J. Round discovered it in silicon car-
bide (SiC) crystals.?® Further understanding of materials and
luminescent phenomena makes tuning of bandgap an obvi-

ous choice for the creation of light emitting diodes of differ-
ent colors.?36-239 Red LEDs have traditionally used AlGaInP
crystals, but recent focus has shifted to Indium gallium nitride
(InGaN) crystals as they offer a wide spectral range from ul-
traviolet to infrared’*® InGaN bandgap energy can be tuned
from 0.67 eV to 3.42 eV by changing the composition of the
alloy.!?%241242 Fig 17 shows the energy bandgap of hexago-
nal gallium nitride (h-GaN) as a function of lattice constant
which is controlled by the indium (In) concentration in the
alloy.

The external quantum efficiency (EQE) of the microLED
decreases with decreasing device size due to the in-
creased non-radiative recombination, also known as efficiency
droop.'% While the peak EQE of a 20 um x 20 um blue mi-
croLED has been reported to be as high as 33%, AlGalnP-
based red microLEDs suffer significantly from efficiency
droop due to high surface recombination and long carrier life-
time at smaller dimensions (<50 um).2**-2% They also suf-
fer from poor thermal stability at high temperatures.?*6-247
This has resulted in a growing interest in creating red mi-
croLEDs that are based on Ill-nitride materials, in particular
InGaN.?*324 The EQE of red InGaN microLEDs is still no-
tably low because increasing indium (In) content in the alloy
degrades crystal quality due to a large lattice mismatch and
low-temperature growth.”° Various fabrication techniques,
such as strain engineering, lower growth rates, and high
growth temperatures, are required to tackle the low EQE prob-
lem facing II-nitride based red microLEDs.>>! A more de-
tailed review of the development of red microLEDs can be
found in the manuscript from Iida et al.2>!

Apart from applications in display technologies, the devel-
opment of different colored efficient microLEDs is important
for other applications such as optogenetics. The activation or
suppression of different cells expressed by different proteins is
highly desirable for more precise control over the neuronal ac-
tivity. Red-and-blue-colored microLED-based optoelectronic
probes have been used to demonstrate bi-directional neu-
ronal activity manipulation.”>>>3 Dual-colored microLED
arrays have also been used as VLC transmitters and demon-
strated error-free data rates of 1.79 to 3.35 Gbps in a dual-
wavelength multiplexing scheme.>>* Further work is needed
to enhance the efficiency of longer wavelength microLEDs
as longer wavelengths enable deeper neural cell stimulation
in optogenetics and wavelength division multiplexing in VLC
systems.zss’256

V. OUTLOOK AND CHALLENGES

As discussed in the article MicroLED/LED technology has
been incorporated into a range of applications beyond display
applications. MicroLEDs based on InGaN/GaN have consis-
tently higher efficiencies than competing approaches even as
we scale down the device dimensions to sub-micron size for
blue, green, and red emissions. The efficiency of the red-
colored InGaN/GaN microLEDs can stand further improve-
ment, especially at smaller dimensions. The ability to achieve
RGB emission from a single material stack will open a wide
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FIG. 17. The plot of energy bandgap vs. lattice constant for hexag-
onal Il-nitride alloys. The energy bandgap of the h-GaN changes
from 3.42 eV to 0.67 eV as the Indium content increases in the al-
loy. This changes the lattice constant of InGaN crystal from approxi-
mately 3.18 A t0 3.55 A. Reproduced from F.L. Freitas, M. Marques,
and L.K. Teles, AIP Advances 6, 085308 (2016).240 permission un-
der Creative Commons Attribution (CC BY) License. Copyright ©
2016, Author(s).

array of applications with increasingly complex system in-
tegration. Additionally, the relatively high cost of GaN epi
wafers remains a challenge to be addressed, as microLED
technology is adopted into a greater number of applications
such as point-of-care medical applications like phototherapy
and skin treatments.2>72%8

The adoption of microLEDs in visible light communication
(VLC) systems has rapidly grown with improved data transfer
rates. An increase in the modulation bandwidth is the driving
factor for the higher data transfer rates. Device miniaturiza-
tion and the decrease in carrier lifetime of microLEDs can
further improve this trend. Additionally, VLC systems that
use an array of microLEDs as emitters have the potential to
enhance the data transfer rates even higher, albeit with the in-
creased system complexity. Implementation of VLC in labo-
ratory setup is routinely demonstrated but the real-life system
still remains a challenge. Many critical issues such as relia-
bility, scalability, and compactness related to the commercial-
ization of the VLC systems remain to be addressed.

As optogenetics advances our understanding of neural cir-
cuits, microLEDs will have an increasingly prevalent role in
delivering spatially resolved single-neuron stimulation. This
would require scaling down microLEDs further along and im-
proving external efficiency to be able to deliver enough light
irradiation to create action potentials. The mesa size-related
efficiency droop needs to be further improved. Closed loop
stimulation and monitoring of a large ensemble of neurons
would require large-scale device fabrication. Integration with
microLED drivers and electrode arrays also needs to be ad-
dressed. As microLEDs are scaled down to the nanoscale,
they will have the potential for an entirely new concept of
microscopy, NIM with resolution capabilities surpassing the
diffraction limit. However, as the microLEDs are miniatur-

ized to nanoscale dimensions, increased non-radiative recom-
bination due to the larger surface-to-volume ratio of the mesa
becomes a challenge.!>!® Various mesa sidewall passivation
methods, such as dielectric (e.g., SiO,, Al,O3) deposition
using plasma-enhanced chemical vapor deposition (PECVD)
and atomic layer deposition (ALD), acid-base etching, hydro-
gen plasma, and sulfur treatments, are suggested ways to min-
imize non-radiative recombination and improve the external
quantum efficiency.?>%262

Progress towards improving the extraction efficiency of
LEDs using photonic crystals and beam shaping using mi-
crolenses has been made, but challenges related to reliable
integration with microLEDs remain to be addressed. The
most common microlens fabrication technique (as the reflow
method) faces uniformity and control challenges that need
to be improved. The fabrication of high-quality optical mi-
crolenses to minimize scattering is also a challenge. Photonic
crystal fabrication often requires using electron beam lithogra-
phy which is expensive and offers a low throughput. Simpler
and more reliable fabrication techniques need to be developed
for further integration with microLEDs and to enable more
widespread utilization of these advanced methods.

The ability to modify the electro-optical properties of mi-
croLEDs using various techniques has the potential to enable
even more applications beyond displays. MicroLEDs can be
used further as active elements in chemical sensors for envi-
ronmental monitoring and optically activating gas sensors to
enable room temperature gas sensing.?03-26> The potential of
microLEDs as a light source for various computational mi-
croscopy techniques further remains to be explored. More re-
search into eliminating size-scaling related efficiency droop
as well as compatibility and integration with silicon process-
ing needs to be undertaken to further reduce cost and improve
integration. These advances will give a much-needed boost
to the InGaN/GaN based microLED technology and help de-
velop additional applications with the potential to be ubiqui-
tous in everyday life.
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