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A Flexible, Micro-Lens-Coupled LED Stimulator
for Optical Neuromodulation

Xiaopeng Bi, Tian Xie, Bin Fan, Wasif Khan, Yue Guo, and Wen Li, Senior Member, IEEE

Abstract—Optogenetics is a fast growing neuromodulation
method, which can remotely manipulate the specific activities
of genetically-targeted neural cells and associated biological be-
haviors with millisecond temporal precision through light illumi-
nation. Application of optogenetics in neuroscience studies has
created an increased need for the development of light sources and
the instruments for light delivery. This paper presents a micro-
lens-coupled LED neural stimulator which includes a backside
reflector and a frontside microlens for light collection and col-
limation. The device structure has been optimized using optical
simulation and the optimized device is able to increase the vol-
ume of excitable tissues by 70.4%. Device prototypes have been
fabricated and integrated based on an optimization of the device
structure. The measurement results show that the light power
increases by 99% at an effective penetration depth of 5000 m
by the fabricated device under various voltages of 2.4-3.2 V.

Index Terms—Microlens, micro-light-emitting diode, optical
neuromodulation, optogenetics.

I. INTRODUCTION

PTOGENETICS has proven to be a revolutionary ap-

proach for dissecting neural circuitry, which utilizes light
to excite or inhibit the activity of genetically targeted neurons
expressing light-sensitive opsin proteins [ 1]-{7]. Unlike electri-
cal neuromodulation that suffers from indiscriminate activation
of cell components (somas, dendrites, and axons) [8], opto-
genetic neuromodulation uniquely combines cell type-specific
control with millisecond time scale temporal resolution in a
fully reversible manner [9]. The cell type-specificity in rodents
can be achieved by selecting appropriate promoters, for exam-
ple, CaMKII « for targeting excitatory neurons, glial fibrillary
acidic protein (GFAP) for targeting astrocytes, and ppHcrt
promoter for targeting hypocretin neurons [10], [11]. Another
important benefit of optogenetics over electrical stimulation is
that it produces minimal electrical artifacts and instrumental
interferences with electrophysiological recording, thereby al-
lowing simultaneous recording of light-evoked neural activity.
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For these reasons, optogenetics has become a powerful tool for
fundamental research of neuroscience in animal models.

Application of optogenetics in neuroscience studies has
inspired the development of light sources and instruments
for light delivery. Optical stimulation of neural cells is most
commonly accomplished by illuminating target neurons with
laser, laser diode, or light-emitting-diode (LED) coupled optical
fibers [10], [12], [13]. Although such instruments can provide
strong illumination, their spatial resolution is limited, and
the tethered optical fibers greatly restrict the natural behavior
of freely moving subjects. The employment of micro-LEDs
(u-LEDs) offers a great option as the light source for optoge-
netics [14]. They are power-efficient, low-cost, and suitable for
integration with wireless electronics [15]. Furthermore, arrays
of individually addressable u-LEDs have been developed to
accomplish multisite in-vivo stimulation [16]-{18]. However, a
critical challenge of using LEDs as the light source for opto-
genetics is their intrinsically low out-coupling efficiency and
wide irradiation angles due to the Lambertian emission pattern,
which results in a big loss of the radiation. Consequently, LEDs
must be driven with high power in order to reach the required
light intensity of 1 mW/mm? and 7 mW/mm? for effective
activation of excitatory and inhibitory opsins at the target site,
respectively [19]. This, however, is not suitable for wireless
operation, and could induce potential thermal interference or
damage to tissues due to Joule heating effect. Therefore, an
extra optical component that can help collimate the LED light is
particularly desired, offering capabilities of optical neurostim-
ulation with reduced input voltage and power consumption. To
date, little study has been reported on such collimated LED
stimulators for optogenetic applications [20], [21].

To address these needs, we propose an implantable, micro-
lens-coupled LED neural stimulator to be applied as the light
source for optical neuromodulation. A reflector and a microlens
were fabricated and integrated with the p-LED chip for light
collection and collimation, respectively, giving rise to a signif-
icantly improved light irradiance at near-normal irradiation an-
gles. Built on our preliminary work which presented the design
and fabrication of device prototypes [22], this paper carried out
an optimization on the device structure using optical simulation,
in order to attain optimal collimation and penetration capabil-
ities of light. The optimized device prototypes were then pre-
pared and the measurement of light power transmitting through
rat brain tissue was performed to validate the functionality of
devices. Both measurement and simulation results imply that
the proposed micro-lens-coupled LED stimulator is a promising
option as the light source for optogenetic neuromodulation.
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Fig. 1. (a) Structure of micro-lens-coupled LED simulator, which comprises
a pu-LED chip, a frontside microlens, and a backside reflector. (b) Structural
model of the micro-lens-coupled LED stimulator in the simulation.

II. DESIGN, SIMULATION, AND OPTIMIZATION
A. Design Concept

The proposed micro-lens-coupled LED stimulator comprises
three main elements: a u-LED chip, a microlens, and a reflector,
as shown in Fig. 1(a). The u-LED is placed on a 5-pm-thick
Parylene-C substrate, which is biocompatible, flexible, and
optically transparent. A polydimethylsiloxane (PDMS) cover is
employed to house the y-LED, and also serves as the substrate
in the fabrication of SU-8 microlens. The -LED is sandwiched
between the microlens and the reflector with center alignment
through bonding. Since the unpackaged p-LED chip used in
our experiments radiates light in all directions, the backside re-
flector is applied to redirect and collect the downward-emitting
lights, while the microlens is placed on the frontside of the
1-LED enabling collimation of lights. Surface mounted p-LED
chips (Cree® TR2227TM, 220 pm x 270 pm x 50 um) with a
peak wavelength of 460 nm are used as the light source.

B. Simulation Methods

Optical simulations were performed in Tracepro (Lambda
Research Corporation, Littleton, MA) by tracing light rays
using the Monte Carlo method to study the properties of the
micro-lens-coupled LED stimulator. A typical structural model
including all the elements is presented in Fig. 1(b). The surface
source property was imported from the irradiation distribution
on u-LED data sheet. Except when specifically mentioned, a
light radiative flux of 1 W with a wavelength of 460 nm was
set on both the top and the bottom LED surfaces in order to
simulate the double-sided illumination. The geometry for each
element was drawn based on the design and the optimization
of their structures will be discussed later. Candela distribution,
which shows the relationship between light radiant intensity
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Fig. 2. Simulated normal light radiant intensity (1o o NORMAT,) for p-LED-
coupled microlenses with a fixed base diameter (d1) of 500 pm but varied
inclined angles (61) of 30°,45°, and 60°, as a function of the distance between
the p-LED and the microlens (k). The inset shows candela distribution of
u-LED-coupled microlenses that are placed at h = 50 pm. The light radiative
flux from each side of the u-LED was set to 1 W. For comparison, the black
dash line shows the value of I o NORMAL for the bare p-LED.

(I¢,) and irradiation angles, is used to characterize the emis-
sion property of the light source. The light radiant intensity is
measured in watts per steradian (W/sr). The irradiation angle
is defined as the angle with respect to the normal direction to
the LED top surface. Especially, the light radiant intensity at
0° on the candela distribution (Is o NorMAL) is employed to
approximately represent the collimation ability of the light. For
a bare u-LED chip, I o NorRMAL 15 0.29 W/sr.

C. Optimization of Microlens Structure

Several parameters have been considered for microlens opti-
mization, including its base diameter (d;), its inclined angle
(01), its distance away from the LED top surface (h), and
the thickness of the PDMS layer (¢), as shown in Fig. 1(a).
It is noteworthy that the PDMS cover is a necessary element
in our design because of the following two reasons. First, a
fabrication technique called vapor-induced dewetting (VID)
[23] is employed to produce SU-8 microlenses directly on the
plasma-treated PDMS surface. During the dewetting process,
the surface chemistry of PDMS plays a crucial role in deter-
mining the range of the inclined angle of microlenses. Second,
the lens effect is strongly influenced by the distance between
the lens and the p-LED (h), which can be tuned using PDMS
micromolding to achieve the most desired value. On the other
hand, in order to minimize the scattering effect while light
propagates through PDMS, the thickness of the PDMS cover
(t) was kept as small as 10 pm.

Taking the compactness of devices into consideration, d; and
h were limited to not exceed 600 um and 100 pm, respectively.
The influence of #; on the collimation was first considered.
Fig. 2 shows representative curves of I. o NorMAL as a func-
tion of h for pu-LED-coupled microlenses with a fixed d; of
500 pm but varied 67 of 30°, 45°, and 60°. It can be concluded
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Fig. 3. Simulated normal light radiant intensity (1o o, NorMAL) for p-LED-
coupled microlenses with a fixed inclined angle (61) of 45° but varied base
diameters (d) ranging from 350 pm to 600 pm, as a function of the distance
between the p-LED and the microlens (k). The light radiative flux from each
side of the p-LED was setto 1 W.

that a microlens with a larger inclined angle leads to a stronger
light radiant intensity in the normal direction. Such a trend was
also observed in our optical simulation for microlenses with
varied diameters of 400 um, 450 pym, 550 pum, and 600 pm.
Since our VID process can fabricate microlenses with inclined
angles between ~27° to ~47° [23], #; = 45° is used in the
following optimization studies. For microlenses with larger
inclined angles, other microfabrication approaches, such as
grayscale photolithography [24] and ink-jet printing [25], can
be employed.

Fig. 3 plots I. o NnormaL as a function of h for p-LED-
coupled microlenses with the optimized #; of 45° and varied
d; ranging from 350 pym to 600 pum. As can be seen, the
collimation capability of the microlens can be improved as h
appropriately increases. Especially, an optimal I, o NormATL Of
0.54 W/sr was achieved from a microlens with d; = 450 pm
and 6; = 45° while h = 100 pum.

D. Optimization of Reflector Structure

In this part, a reflector was further integrated on the backside
of the p-LED chip, which had been coupled with an optimized
microlens. 90% reflectance was applied to simulate the high
reflectivity of the surface. In the simulation, the diameter (ds)
and the inclined angle (62) of the reflector varied from 300 pm
to 600 pm and from 30° to 60°, respectively. Simulation result
of I..o NorMAL in relation to dz and 6 is presented in Fig. 4,
which shows great enhancement on I, o NorRMAL compared to
the device without a reflector. It can be attributed to the effective
collection of the downward-emitting LED light. The maximum
of I, o NorMmArL (1.04 W/sr) appears as d; = 600 um and 0 =
45°, which were chosen as the dimensions for the optimized
reflector.

E. Performance of Optimized Structure

So far, we have investigated the structure of both microlens
and reflector, and their optimized dimensions have been found.
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Fig. 4. Simulated normal light radiant intensity (Io,o NorRMAL) for u-LEDs
coupled with an optimized microlens ( d; = 450 pum, 6; = 45°,¢t = 100 pum)
and different reflectors with varied diameters (d2) and inclined angles (62).
The light radiative flux from each side of the p-LED was set to 1 W. For
comparison, the black dash line shows the value of Io o NOrRMAL for the
device without a reflector.
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Fig. 5. Simulated candela distribution of the bare p-LED and the optimized
micro-lens-coupled LED stimulator. The light radiative flux from each side of
the u-LED was set to 1 W.

To avoid confusion, in this paper, the term‘“micro-lens-coupled
LED stimulator” is uniquely used to describe the u-LED chip
coupled with both microlens and reflector. Fig. 5 plots the
simulated polar candela distribution of the optimized micro-
lens-coupled LED stimulator, as well as the distribution of the
bare u-LED for comparison. It clearly shows that the optimized
micro-lens-coupled LED stimulator can effectively enhance the
light irradiance at small irradiation angles (< 30°). Especially,
Ic.0, NorRMAL increased from 0.29 W/sr to 1.04 W/sr when the
light radiative flux was set to 1 W on each side of the u-LED.
In order to mimic the application of the device in a biological
environment, the penetration of light in the medium of tissue
for the micro-lens-coupled LED stimulator was also simulated.
At this time, the measured light radiative flux of p-LEDs
under an applied voltage of 2.9 V, which results in 2.06 mW
on each side, was used to investigate the effective region
in which optogenetic opsins can be stimulated. This voltage
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Fig. 6. Simulated contour lines at 1 mW/mm? in rat cortex for the optimized
micro-lens-coupled LED stimulator (red) and the bare p-LED (blue). The light
radiative flux from each side of the p-LED was set to 2.06 mW, which was
measured under an applied voltage of 2.9 V.

(2.9 V) was selected because it can provide strong illumination
while avoiding overheating of the brain tissue as demonstrated
previously in [26]. An absorption coefficient (j,) of 0.5 cm™!
and a reduced scattering coefficient (x.) of 15 cm ! were
employed as the transmitting property of the light in the rat
cortex at a wavelength of 460 nm [27]. The contour lines at
1 mW/mm?, which is the typical threshold of light intensity for
activating excitatory opsins [19], are plotted in Fig. 6. Since the
light source is typically placed in contact with the surface of the
brain tissue during optogenetic experiments, a term of effective
penetration depth (deg) is defined as how far the light prop-
agates through the illuminated medium. For the lens-coupled
LED stimulator, it is the distance between the target position
and the summit of the microlens, rather than the pu-LED top
surface. As shown in Fig. 6, the optimized micro-lens-coupled
LED stimulator shows an evocable effective penetration depth
of 800 pm, an increase of 26.0% compared to 635 pum
for the bare pu-LED chip. The volume of stimulated tissues
(with light intensity larger than 1 mW/mm?) for the micro-lens-
coupled LED stimulator and the bare -LED is 0.328 mm? and
0.193 mm?, respectively, corresponding to an increase of 70.4%.

III. FABRICATION OF DEVICE PROTOTYPES

For the proof-of-concept, prototypes of micro-lens-coupled
LED stimulators with the optimized dimensions, i.e., di =
450 pm, 61 = 45°, h = 100 pm, d2 = 600 pum, and 6y = 45°,
have been fabricated. The fabrication and integration processes
are schematically illustrated in Fig. 7. SU-8 pillars (MicroChem
Corp.), with dimensions of 400 pm x 600 pm x 140 pm,
were first patterned on silicon substrates through photolitho-
graphy, followed by spin-coating a layer of 150 pm-thick
PDMS mixture (Dow Corning Sylgard 184, 10: 1 by weight).
Surface plasma treatment (PX-250, March Instruments) and
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Fig. 7. Schematic illustration of fabrication and integration processes of the
micro-lens-coupled LED simulator. (a) Microlens fabrication. (b) Reflector
fabrication. (c) Device integration.

vapor-induced dewetting (VID) were subsequently applied to
fabricate self-organized SU-8 microlenses with a diameter of
450 pm and an inclined angle of 45° at designated spots on
the PDMS surface. Experimental details of the VID process
for microlens fabrication have been previously reported by our
group [23]. After the microlenses were formed, the PDMS
cover was cut and peeled off for the preparation of assembly.

The VID process was also employed for fabricating backside
reflectors, as shown in Fig. 7(b). SU-8 microlenses with a
diameter of 600 pm and an inclined angle of 45° were obtained
and served as the master for PDMS micromolding. A 300 nm-
thick aluminum film was subsequently deposited through ther-
mal evaporation (Edwards Auto 306 Evaporator) on the surface
of the embossed PDMS to form a reflecting layer.

Surface mounted p-LED chips (Cree TR2227TM, 220 pm X
270 pm x 50 pm) were soldered on flexible, micro-patterned
circuit on a Parylene-C substrate. Prototypes of micro-lens-
coupled stimulators were assembled by centrally aligning each
component under a stereo microscope and then bonding with a
polymer adhesive [Fig. 7(c)]. Finally, a 10-um-thick Parylene-C
deposition was performed to provide devices corrosion protec-
tion and electrical insulation. Fig. 8 presents an optical image
of an integrated device, as well as the profiles of as-fabricated
microlenses and reflectors that were examined by a surface
profiler (NanoMap 500LS, AEP Technology). The measure-
ment was carried out on five integrated LED stimulators and
the average was taken. The microlens shows a base diameter
of 458.5 + 2.3 pum and an inclined angle of 42.7 £ 1.1°, while
the reflector has a diameter of 606.5 = 3.0 xm and an angle of
41.6 = 1.2°.

IV. OPTICAL MEASUREMENT

A. Measurement in Air

The optical performance of a fabricated device prototype of
micro-lens-coupled LED stimulator was characterized in air
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Fig. 9. Detected light power of a device prototype of the optimized micro-
lens-coupled LED stimulator and the corresponding p-LED under an applied
voltage of 2.9 V, as well as the improvement of the light power for the measured
prototype, as a function of the effective penetration depth. The photodetector
has a sensing area of ~100 mm?. For comparison, the simulation result was
also plotted.

using a photodetector (Model 815 Series, Newport, Inc), which
has an approximate sensing area of 100 mm? to measure the
incident light power. The photodetector was fixed on a 3D
micropositioning stage to be able to adjust the distance between
the detector and the device prototype (i.e., effective penetration
depth, d.g). The prototype was lit up with a fixed driving
voltage of 2.9 V. The deg was gradually changed from 0 to
5000 pm with every single step of 100 ym. Three times of mea-
surements were carried out for the prototype before it was disas-
sembled and the light power of the corresponding bare p-LED
was measured in the same method for another three times. The
measurement result was averaged and plotted in Fig. 9. For
comparison, Fig. 9 also presents the result of the simulation,
in which an observation disk with a sensing area of 100 mm?
was placed at varied depths to collect the incident light power.
The applied LED source property (2.06 mW) was determined
in such a way that the simulation and the measurement show
an identical light power at deg = O for the bare u-LED. The
percentage of the improvement of light power for the measured
prototype was calculated and also included in Fig. 9.
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Fig. 10. Detected light power of a device prototype of the optimized micro-
lens-coupled LED stimulator (red) and the corresponding bare p-LED (blue)
under different driving voltages, which was measured with (hollow) and
without (solid) a ~500-um-thick rat cortical tissue slice. The photodetector
has a sensing area of ~100 mmz, which was positioned at a fixed effective
penetration depth of 5000 pm.

As can be seen, the simulation and measurement results for
the bare u-LED are very consistent, as the corresponding two
curves almost completely overlap. For the device prototype,
the measurement result is 11% lower than the simulation on
average, which is possibly due to the low reflectance of the
reflector, as some wrinkles were observed on the aluminum thin
film during assembly. As deg increases from 0 to 5000 pm,
the fabricated micro-lens-coupled LED stimulator achieves an
improvement of light power from 15% to 102%, compared
to the bare pu-LED. The improvement keeps increasing as the
distance goes further, which is an evidence of the collimation
effect resulted by the microlens. It implies that micro-lens-
coupled LED stimulators could be more valuable in deep brain
stimulation.

B. Measurement Through Tissue

In this measurement, the deg was fixed as far as 5000 pm.
An approximate 500- pm-thick rat cortical tissue slice was
cut after an animal surgery and kept in saline. When applied,
the tissue was taken out using a brush and placed directly
on the top of the device. The light power was measured by
the photodetector for one fabricated device prototype and the
corresponding p-LED, as shown in Fig. 10. An average 99%
and 103% improvement was obtained with and without the
500- pm-thick rat tissue under various voltages of 2.4-3.2 V for
the measured prototype, respectively. The proposed micro-lens-
coupled LED stimulator demonstrates a remarkable potential to
enable optical neural stimulation with a lower driving voltage
on pu-LEDs, and thus prevent excessive heat production and
reduce the risk of tissue damage.

C. Soaking Test

Soaking test was initiated by immersing two device proto-
types in saline (0.9 wt% sodium chloride) on a hot plate set at
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40 °C for seven days, to evaluate the reliability of the lens-
coupled LEDs. One device (A) was kept on by applying a
continuing pulsed signal with a voltage of 2.7 V and a duty
cycle of 50%, while the other one (B) was disconnected. After
seven days, device A shows a decrease of 11.8% in the light
power at deg = 0, while device B did not show any deterio-
ration of optical throughput. Soaking test study is ongoing for
the statistical analysis of device’s long-term reliability and the
in-depth understanding of potential failure mechanisms.

V. CONCLUSION

A micro-lens-coupled LED neural stimulator, consisting of
a pu-LED, a frontside microlens, and a backside reflector was
proposed as the light source for optical neural stimulation. An
optimization of the device structure was carried out in order to
attain optimal collimation and penetration capabilities of light.
The simulation shows that the optimized micro-lens-coupled
LED stimulator is able to activate excitatory opsins with 26.0%
increase in penetration depth and 70.4% increase in the volume
of stimulated tissue. The optimized microlenses and reflectors
were fabricated through vapor-induced dewetting followed by
integration with surface-mounted p-LED chips to obtain device
prototypes. The light power was measured by a photodetector
and the fabricated device prototype shows an improvement of
15% to 102% as the effective penetration depth increased from
0 to 5000 pm, compared to the bare pu-LED. While applying
a 500-pm-thick rat cortical tissue slice, an average 99% light
power enhancement at deg = 5,000 pum was achieved by the
micro-lens-coupled LED stimulator under various voltages.

The proposed micro-lens-coupled LED stimulator demon-
strates a remarkable potential to enable optical neural stimula-
tion with increased volumetric recruitment of excitable tissues,
which is critical for inducing behavioral changes in large ani-
mals and non-human primates [13], [28]. In addition, reducing
the input voltage of u-LEDs potentially prevents excessive heat
production, thereby reducing the risk of thermally-induced in-
terferences and tissue damage. In-vitro and in-vivo testing will
be carried out in the future study to validate the functionality of
the fabricated devices in optical neural stimulation.
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