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ABSTRACT

We present the fabrication, characterization, and demonstration of high-efficiency ultrasound-powered micro-
light emitting diodes (µLED) for use in optogenetic applications. InGaN based blue-emitting LED material
wafers grown on a patterned sapphire substrate (PSS) were used to assist in the out-scattering of the light. The
turn-on voltage of the LEDs is around 2.5 volts and the electrical ideality factor is 1.2 confirming high radiative
recombination efficiency. A power density of more than 50 mW/mm2 was obtained from a 130 × 300 µm2 LED
with a mesa of 100 µm diameter at 3 mA which is much more than is required to excite channelrhodopsin
transfected neural cells. A high external quantum efficiency (EQE) of 33% is obtained at 3 mA measured in an
integrating sphere. The peak wavelength of the µLED was measured at 483 nm at different current densities.
The µLEDs are integrated directly onto a rectifier and Piezoelectric Transducer (PZT) harvester to realise a
highly efficient ultrasound-powered light delivery unit capable to generate mWs of optical power. The concept
was validated by powering the integrated device with ultrasound.

Keywords: µLED, Ultrasound powering, PZT, Rectifier, Efficiency, Optogenetics, Implantable device

1. INTRODUCTION

Recent technological advancement on implantable devices by combining optics and electronics with genetics
has triggered huge interest among researchers.1,2 The idea of miniaturized electronic ultrasound-powered micro
system called the neural DUST has shown promise for future bio-electronics based treatments.3 We are interested
in this method to use in optogenetics4 and ultra-localized drug delivery system.4 A previous study showed
powerful wireless optoelectronic device on flexible substrate can be used to have complete control over different
behavioral patterns.5 The work presented here is to realize a novel wireless implantable micro-scale device
ultimately enabling in-vivo electrophysiology, optogenetics and ultra-localized drug delivery in freely moving
animals. The proposed device will be used to target specific neural circuits of the brain and test a new therapeutic
approach for Parkinson’s disease (PD). The device is based on highly efficient ultrasound powered micro-scale
light emitting diodes (µLEDs) which will be used to excite specific channelrhodopsin transfected neural cells.

The proposed DUST size needs to be in the sub-millimeter range and to be energised at a centimeter or so
below the skin. A much larger implant was shown in6 where a fully integrated ultrasound-powered electrical
device capable of operating 10.5 cm below the skin. The DUST needs to generate 1-20 mW/mm2 of optical
power at 1 mA and needs to result in less than 1 K temperature rise to prevent damage of cells. The peak
wavelength should be around 480 nm which is suited to excite channelrhodopsin transfected cells.7,8

The piezoelectric element (PZT) used here was a cube of (500 µm)3 and the rectifier chip had dimensions
of (300 µm)3. The rectifier chip had four Aluminium (Al) pads each having dimensions of 50×100 µm2. The
µLED is integrated on the output of the active bridge rectifier. The rectifier harvests the AC power generated
by the PZT crystal and then converts it in to DC power to the µLED.
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Several studies has been made on the efficiency of InGaN based blue µLEDs.9–11 The efficiency the the LED is
generally higher at low currents and then falls off with increasing current densities. This droop phenomenon is due
to different recombination and leakage mechanisms inside the epitaxial structure such as leakage via structural
defects,12 Auger recombination,13 and the effect of built-in piezo-electric fields in quantum wells (QW).14 In this
work the fabricated µLED had an external quantum efficiency of 33% at 3 mA while the wall-plug efficiency was
37%.

2. DESIGN AND FABRICATION OF MICRO-LED

2.1 Mask design

The µLED ultimately to be flip-chip mounted on the rectifier chip that has two aluminium pads of size 50×100
µm2 each with a 200 µm gap between the pads. Based on the design of the rectifier chip, the µLED can
be maximum of 330 µm long and 150 µm wide. A mask was designed to fabricate the µLED matching the
dimensions of the rectifier chips. The mask contains the design of µLEDs with different shape and mesa size as
the performance of the µLED with variation of physical dimensions could be assessed.

Figure 1. µLEDs of different mesa shape and size while matching the dimensions of the active bridge rectifier. (a)
Circular mesa, diameter 90 µm, area 6362 µm2, (b) Circular mesa, diameter 100 µm, area 7854 µm2, (c) Circular mesa,
diameter 120 µm, area 11310 µm2 and (d) Cigar shaped mesa, area 4852 µm2.

2.2 µLED fabrication

To fabricate the µLED, InGaN quantum well based blue LED wafer grown on patterned sapphire substrate
(PSS) was used. It has been experimentally verified that PSS assists out-scattering of light which increases the
extraction efficiency of the LED.

The wafer was cleaned first with organic, acid and base solutions. The process flow is shown in Fig 2: First
the p-metal was defined by lift-off lithography. Pd: Ni: Au with thickness of 10: 20: 30 nm deposited. Then a
mesa was defined and etched 1.2 µm deep by Inductive Coupled Plasma (ICP) etching Cl2. A third lithography
step was used to define the n-contact metal. Ti: Al: Ti: Au = 20: 170: 50: 100 nm was deposited for this
purpose. Then the surface was passivated by depositing 295 nm of SiO2 by sputtering. Then a patterned oxide
etch was done to open sections for bond pads. A final lithography was done for bond pad metal comprising of
Ti: Au = 20: 200 nm.

2.3 Backend processing

The thickness of the PSS wafer was 350 µm. Boron Carbide was used to grind the sapphire substrate and thin it
down to 110 µm. Finally, the back surface was semi polished by 9 µm Al2O3 powder and SF1 polishing solution.
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Figure 2. µLED fabrication steps.

Further improvement on extraction efficiency was achieved by sputtering 83 nm of SiO2 on the semi polished
sapphire substrate as anti-reflection coating (ARC).

The µLEDs were then diced into individual chips of size 130×300 µm2 to permit stud bumping onto contact
pads .

3. CHARACTERIZATION

Achieving high quality ohmic contact between p-metal and p-GaN has always been one of the key issues relating to
GaN based LEDs. Specific contact resistivity (ρc) can be extracted from a circular transmission line measurement
(c-TLM) arrangement using the following equation,

Rpp =
Rsh
2π

ln
r0
ri

+
ρc

2πLs
(

1

r0
+

1

ri
) , (1)

where Rsh is the sheet resistance, Ls is current spreading length, Rpp is the point-to-point resistance and
r0, ri defines the outer and inner radius of the cTLM. The ρc was determined using the data presented in Fig. 3
and then fitting the data in Equation 1 (Fig. 4). A high quality ohmic contact with specific contact resistivity
of the order of 10−4 Ωcm2 has been obtained.

The electrical and optical performance of the µLEDs were then assessed based on the difference of mesa
diameters. 2.5 V was found to be the turn on voltage of the µLEDs by current-voltage (I-V) characteristics
measurement. For 100 µm diameter mesa LEDs, the electrical ideality factor (η) reaches a very low value of 1.2
at 2.3 volts, indicating highly efficient radiative recombination (Fig. 5).

A comparison between different mesa sizes and shapes µLEDs is made (Fig. 6). It is demonstrated that
EQE also depends on the size of the LEDs. The largest mesa LED (120 µm diameter) has the highest external
quantum efficiency (EQE). The smaller devices (cigar shaped and 90 µm diameter mesa) have lower EQE. Based
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Figure 3. I-V measurement on c-TLMs.
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Figure 4. TLM fitting curve with respect to point to point resistance (Rpp) .

on these measurements of the ideality factor, I-V characteristics and contact resistivity, it has been determined
that 100 µm mesa diameter µLED will be the best suited for this application.

An output optical power of more than 1.5 mW was measured at 3 mA when the µLED was placed directly
on top of the detector. This represents collection of all the light that is coming out from the bottom of the µLED
and has a numerical aperture (NA) = 1. A power density of 190 mW/mm2 was obtained in this situation.

I = I0exp(
qV

ηKT
) , (2)

The EQE of an LED refers to the number of extracted photons from the LED due to injection of electrons
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Figure 6. Measure of the external quantum efficiency at a solid angle of emission of ±30◦ as a function of current density
with variation of mesa size.

and is represented by the following equation:

EQE =
Pphoto
I

1
hc
λ

, (3)

There is additional light coming out from the sides of the mesa which needs to be taken account to assess the
ultimate EQE of the µLED. An output power of more than 2.5 mW was measured at 3 mA in an integrating
sphere. By embedding the LED inside an index matched fluid such as epoxy we can expect an additional 8%
light output.

Fig. 7 represents the comparison of EQE of the µLED when it is placed directly on top of the detector
(NA=1) and when measured in an integrating sphere.
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An EQE of about 23% at 3 mA was obtained at NA=1, while about 33% at 3 mA when measured in
integrating sphere. About 0.94 mW of integrated output power was measured at 1 mA referring to a high
wall-plug efficiency of 37%.
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Figure 8. Electroluminescence spectra of the 100 µm mesa LED.

Fig. 8 represents the electroluminescence (EL) spectrum of the 100 µm diameter mesa LED with respect to
bias current. The peak wavelength is obtained at 483 nm which is required for the excitation of the channel-
rhodopsin transfected cells.

4. DUST PROTOTYPE INTEGRATION

The final step in this work is to integrate all the components to complete the DUST prototype. Each individual
component comes with its own limitations and requirements. The PZT crystal is susceptible to exposure to
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temperatures of over 110 degrees and has silver (Ag) contact pads on the top and bottom surface. The bridge
rectifier has four Al pads which creates aluminium oxide layers when exposed in uncontrolled environment. The
pads are also recessed by 3 µm compared to the other areas of the rectifier. Also, the rectifier does not come
with any kind of ESD protection.

Figure 9. Schematics of (a) fabricated submount and (b) integrated prototype.

A process was developed in order to prepare a submount for the DUST prototype. Patterned Ti: Au =20:
200 nm was deposited on to a 500 µm thick glass substrate to produce the submount and then the glass wafer
was diced into 1.5 mm × 3.0 mm individual pieces. The submount has two pads of dimension of 500×500 µm2

for the µLED, one 1 mm2 pad for the PZT crystal and one open space for rectifier integration (Fig. 9(a)).

First the µLED was integrated to the submount as it is the most robust component. First, two gold studs
were made on each of the µLED pads of the sub-mount and then solder bump was deposited on them. The studs
were then flattened by a smooth silicon piece. Similarly, one gold stud was deposited on each of the µLED pads
and flattened. The µLED was then bonded to the submount using a flip-chip bonder using thermal compression
at 270 degrees for 20 seconds. A small amount of non-conductive epoxy was used on the edges of the µLED to
strongly hold it to the submount.

The PZT crystal was then bonded to the submount by using room temperature-curable silver epoxy which
was left to harden. The bridge rectifier was glued to the open space of the submount by non-conductive epoxy
by taking precautions needed for non-ESD protected chip. The interconnection between the devices was made
by Au wire bonding and finally all the Au bonded sections were secured by non-conductive epoxy (Fig. 9(b)).
Finally, the integrated device was encapsulated by spin coating of thin layer of polydimethylsiloxane (PDMS).
PDMS was chosen because of its bio-compatibility and acoustic impedance matching between tissue and water.

5. PROTOTYPE DEMONSTRATION

In order to demonstrate the encapsulated prototype it was first mounted on to a PCB. Then submerged into
water, oriented so it faces the ultrasound transducer. An acoustic intensity of 7.2 mW/mm2 at a frequency of
3.14 MHz was delivered to the PZT crystal. As the prototype is completely electrically isolated, the acoustic
power transfer was observed visually by the blinking of the µLED. The ultrasonic power was duty cycled at a
repetition cycle of 1 Hz.

6. CONCLUSION

In this paper we have successfully demonstrated a prototype ultrasound-powered DUST with the integration of
a 37% wall-plug efficiency µLED to an active bridge rectifier and PZT crystal. This proves that the approach is
feasible and can perform well.
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In future, further miniaturisation of the µLED along with the DUST will be performed. Methods have been
developed to produce 5 µm thick µLEDs. We will also target compact integration of both blue and red µLEDs
on to a single chip with improved rectifier and PZT to implant on freely moving animals.
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