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Abstract
This work demonstrates a microLED light source for optical
sectioning structured illumination microscopy (OS-SIM). A
bottom-emitting design is employed to improve the uniformity and
intensity of emission by removing the anode contact from the
optical path. This design facilitates the addition of a potential
equalizing and light-reflecting layer to the top surface of the light
source. The irradiance, uniformity of light emission, and
contrast ratio are characterized.
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1. Introduction

To gain insight into the working principles of the brain and to
develop treatments for neurological disorders, it is necessary to
study the physical structures within. These structures may be as
large as millions of neurons, forming sophisticated neural circuits,
serving complex processes such as regulating behavior and
changing mental states. The functions governing these processes
are believed to emerge from the simultaneous and dynamic
interaction of the constituent neurons [1].

To optically investigate the behavior of these neural circuits, it is
essential to be able to capture images covering the entire volume
of the neural circuit. Additionally, high imaging frame rates are
required to assess the transient behavior of the circuit. In light of
this, developing large field of view, high speed, depth-sensitive,
and high contrast microscopy tools is critical for studying neural
circuits.

One technique to achieve high contrast ratio imaging while
maintaining high spatial and temporal resolution is OS-SIM [2,3].
Using the OS-SIM technique, the sample to be imaged is
illuminated by a light source whose intensity has a periodic
modulation along one direction. After several images of the
sample are captured with different phase offsets in the
illumination pattern, a final image can be reconstructed which
offers improved contrast in comparison to a single widefield
image captured with illumination of similar intensity [4].

To generate these phase-modulated patterns, widefield light
sources have typically been employed in tandem with spatial light
modulators (SLMs) [4-6]. Recently however, microLEDs have
emerged as a promising technology platform for creating OS-SIM
illuminators due to their extreme luminance, high contrast ratio,
and small emitter size [7]. Further, microLEDs offer the benefit of
superior miniaturizability when compared to SLMs. Moreover,
they can also improve the simplicity of the optical setup by
combining the light source and light sectioning functions into a
single element. Consequently, interest has grown in microLED
light sources for OS-SIM and stripe-patterned individually
addressable microLED arrays have been demonstrated in the
literature for this purpose [8-10].
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Figure 1. a) Image of the light source showing the individual
stripe elements running horizontally — scale bar 100 pm. b)
Image showing the overall layout of the light source chip,
with the active area in the center and bond pads along the
periphery — scale bar 4 mm.

2. Methodology

Design: The general design goal for an OS-SIM light source is
to create an individually addressable array of striped light-
emitting elements. To improve the imaging quality, the light
output intensity and fill factor of the elements of the light source
should be maximized while the width of the elements is
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minimized to allow for the generation of fine patterns. Of course,
there is a tradeoff between fill factor and emitter size and
similarly, nonradiative sidewall recombination has been shown to
reduce efficiency and thus irradiance as microLED emitters are
scaled downwards in size [7]. Therefore, these parameters must be
co-designed with their respective tradeoffs.

With this in mind, we designed an array of 51 bottom-emitting
horizontal microLED stripe elements. Each stripe is 16 um by
1016 um with a center-to-center distance of 20 um, leaving a 4
1m gap between any two adjacent stripes. This results in an areal
fill factor of (1016/1016) * (16/20) = 80% for the active area of
the array. Since studies suggest that sidewall recombination losses
can be mitigated by strategic sizing and placement of anode
contacts such that the distance between the contact edge and an
etched microLED mesa sidewall is larger than the carrier
diffusion length in GaN [11], we have designed Ni/Au anode
contacts 3 um in width which run the length of each stripe.

Since each anode contact is only 3 pm wide, but covers the entire
1016 pm length of each stripe, the resistance across the contact
becomes significant due to the large aspect ratio. This leads to a
resistive droop down the length of each stripe and consequently
different biasing conditions being present at each position,
resulting in non-uniform current density and light generation. To
alleviate this problem, an additional low-resistance interconnect
layer is used on the top of each stripe with vias periodically
descending to connect it to the anode contact and equalize the
potential at each point. Since this layer does not have to form an
ohmic contact to p-type GaN, we are free to choose its material
and thickness, and we select a 500 nm thick layer of Al for the
purpose. Al is suitable for this layer for several reasons. Its low
resistivity is advantageous because it allows for less voltage drop
down the stripe. Secondly, its high reflectivity allows for the
collection of stray top-emitted light. Instead of being lost out of
the top of the device, it is reflected downward where it can be
gathered by the downstream optics. Furthermore, each stripe has a
dual-side drive scheme, and current is injected from each end to
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further reduce the length-dependent voltage drop. Figure 2
illustrates a cross-section of two stripe elements as well as a
common cathode contact.
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Figure 2. Diagram of the cross-section of two microLED
stripe elements showing the anode, cathode, and low-
resistance interconnect / reflector layer strategy.

Fabrication: The light source array is fabricated starting from a
GaN-on-sapphire epitaxial LED wafer. The basic structure of this
wafer is a sapphire substrate, covered by a GaN buffer layer, on
top of which an n-type GaN cathode layer is grown, followed by a
series of InGaN/GaN quantum wells for efficient light emission,
and finally a p-type GaN anode layer. The first fabrication step is
the deposition of an anode contact metal stack of Ni/Au (20
nm/50 nm) via electron beam evaporation. After lift-off
patterning, the sample is annealed at 550°C for 2 minutes under
equal N2/Oz gas flow. Next, the individual pixels of the light
source are formed by a Cl2/BCls reactive ion etching (RIE)
process, selectively removing the top p-type GaN layer and
exposing the underlying n-type material. With access to the n-type
GaN, the cathode metal stack of Ti/Al/Au/Ti (20 nm/50 nm/100
nm/5 nm) is electron beam deposited and patterned. At this point,
to prevent anode to cathode shorts in the upper metal layers to
come, an interlayer dielectric layer of 550 nm SiO2 is deposited
using a 300°C plasma-enhanced chemical vapor deposition
(PECVD) process. To gain access to the anodes and cathodes
where desired, a second RIE process then takes place, this time
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Figure 3. a) Current density vs. voltage characteristic of a single microLED stripe on the array. b) Light output intensity
and external quantum efficiency of the stripe plotted vs. current density.
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using Ar, CHs, and CFs gases to open vias in the interlayer
dielectric. Finally, the top metal layer of 500 nm Al is sputtered
onto the sample and patterned with a final Cl2/BCls RIE step. This
thick Al layer serves several purposes, acting as a low-resistance
interconnect, light reflector, and bond pad material for connection
to a carrier PCB. Lastly, individual chips are diced out of the
larger processed substrate.

3. Results

After the fabrication is completed, the arrays are characterized by
their light-current-voltage characteristics. In Figure 3 a), the IV
curve of a single stripe is presented, with a logarithmically scaled
plot of the same data in the inset. The curve indicates that the
forward voltage of the microLED is approximately 2.5 V. In
addition, it can be seen from the plot that when the junction is
biased above the forward voltage, the current seems to depend
approximately linearly on the voltage as opposed to exponentially
as expected for an ideal LED. This suggests that there is a
significant series resistance, likely arising either in the across-chip
interconnects or at the anode-GaN or cathode-GaN interfaces.
Figure 3 b) shows the light output intensity and external quantum
efficiency of the stripe. The light output is measured by placing
the chip on the surface of a Thorlabs S120VC photodiode power
sensor. Due to the sufficiently large aperture of the photodiode
and small area of the emitting stripe as well as the short distance
between them, it is approximated that all of the bottom emitted
light from the microLED is gathered by the photodiode. In this
way, the light intensity as well as the EQE can be calculated and a
peak intensity of 326 mw/mm? is measured. The maximum EQE
is 6.2%, occurring at a bias current density of 10.4 A/cm? As
expected, the EQE does decrease with increasing current density,
falling to 3% at 411 A/cm?2,
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Figure 4. System diagram to show signal flow from the GUI
programming leading to the appearance of the specified
illumination pattern on the array.

After validating the performance of single stripes, the array is
wire-bonded to a carrier printed circuit board (PCB). The carrier
PCB is then connected to a control PCB via a 64-channel flat
flexible cable (FFC) for sending enable signals to each stripe as

well as providing a ground path. The control PCB houses an
Arduino Mega 2560 microcontroller which is programmed by a
custom Python-based graphical user interface (GUI) running on a
computer. Upon receiving commands from the GUI software, the
microcontroller programs the states of its pins and biases the gates
of a bank of PMOS drivers to set the illumination pattern on the
display. Figure 4 shows the block diagram of the light source
controller system and Figure 5 exhibits the ability of the light
source to be programmed to display various striped patterns
suitable for OS-SIM imaging.

Figure 5. Demonstration of the light source displaying
various striped patterns as well as a fully illuminated
pseudo-widefield mode.

In Figure 6, the emission uniformity down the length of the stripes
and the contrast between the “on” and “off” regions of the pattern
are evaluated. Examining the plot of intensity along the length of
the stripes shows that there is not a significant droop at either end
or the center of the stripe indicating that the low-resistance
interconnect layer is performing adequately. The intensity profile
taken transversely across each group of stripes shows a high
intensity in each illuminated group, surrounded by low intensity
for the non-illuminated groups of stripes. For this pattern of 5 on,
7 off, 5 on, the average normalized intensity in the “on” regions is
0.66, while the average in the “off” region in between is 0.061.
This results in a contrast ratio of 10.8:1. It is noted, however, that
the exact contrast ratio measured will depend on the pattern
selected. It can also be seen from the transverse profile, that there
is a spike in intensity every 20 um in the “off” region which is
likely caused by the reflection of light off the sides of non-
illuminated stripes.
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4. Conclusions and Future Work

This work demonstrates a microLED light source and controller
system that may be used in miniaturized OS-SIM setups,
especially relevant to the application of neural imaging. The light
source has an 80% fill factor, consisting of an array of 51 bottom-
emitting microLED stripes each being 1016 pum long and 16 um
wide at a pitch of 20 um. The maximum irradiance of the light
source is 326 mW/mm? and the EQE ranges between roughly 3%
- 6% depending on the bias current density. Light emission down
the length of any given stripe is relatively uniform, not suffering
from droop far from where the current is injected. The contrast
ratio of the measured test pattern is 10.8:1. Optical crosstalk
between neighboring stripes is suspected to be the root cause of
this modest contrast.

In future iterations, we aim to improve this system by increasing
the intensity of the emitted light. This may be achieved through
several methods, such as improving the reflectivity of the mirror
layer or performing treatment on the mesa sidewalls to reduce the
effects of nonradiative recombination on the dry etched surfaces.
Additionally, a black matrix may be introduced between the
stripes to reduce pixel-to-pixel crosstalk and improve contrast in
the generated illumination patterns, thus improving contrast in
reconstructed OS-SIM images. Finally, we hope to work with
collaborators to integrate this light source into an OS-SIM
microscope system and test its imaging capabilities.
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