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A hybrid neural interface optrode with a polycrystalline
diamond heat spreader for optogenetics
Bin Fan1, Ki-Yong Kwon2, Robert Rechenberg3, Michael F. Becker3, Arthur J. Weber4 & Wen Li1

This paper reports a hybrid optrode combining light-emitting diodes (LEDs) and microelectrodes on a polycrystalline diamond (PCD)
substrate, for optogenetic stimulation and electrical recording of neural activity. Thermally conductive PCD can dissipate the Joule
heat to surrounding areas, and thus reduce the risk of thermal damage to nerve tissues. During repetitive optical stimulation, the
maximum temperature rise of the PCD optrode was less 1.3°C. The functionality of the PCD probe was tested in vivo where lightevoked action potentials were successfully detected.
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INTRODUCTION
Optogenetics1 uses light to modulate the electrophysiological responses
of genetically target-specific neurons with millisecond-scale precision
and reversibility. Since its discovery in 20052, optogenetics technology
has provided a revolutionary method of understanding correlations
between brain function and brain circuits. With the expression of different opsins, an appropriate wavelength of visible light can activate or
inhibit neural activities2–4. Compared to traditional neural modulation
strategies such as electrical and pharmacological stimulation, which affect
surrounding cells as well as the targeted cells during stimulation, the cell
type specificity of optogenetics can identify the primary contributor to
the corresponding brain function more precisely and with fast kinetics
and good reversibility1. This will help researchers treat, cure and prevent
a variety of brain disorders, such as depression, social dysfunction and
Parkinson’s disease5.
Although optogenetics has opened a new era for neural modulation, a
reliable light delivery mechanism is still underdeveloped. Current state-ofthe-art of light sources for optogenetics are incandescent sources2, lasers6
and micro-light emitting-diodes (μLEDs)7. An incandescent source
provides rapid wavelength switching with built-in high-speed shutters
and filters8. However, the modulation of the intensity of a shutter based
system is limited to on/off pulses3.
Lasers and μLEDs are the most commonly used light sources. Lasers,
including diode-pumped solid-state (DPSS) lasers and laser diodes, have
the capability of delivering narrow spectral bandwidth, collimated and
high-powered light to targets due to the coherent emission of electromagnetic radiation. DPSS lasers are the most commonly used laser source for
optogenetics9,10. However, the bulky size of a DPSS laser system makes
it difficult to be integrated onto a headstage. For behavioral studies,
tethered optic fibers connected to laser sources always require rotary
joints, which limits the movement of animals to the range within a circle

defined by the tethered optic fibers. In addition, a DPSS system working
at the maximally activated wavelength of optogenetics (473 nm) is pricy
(e.g., $980, MBL-III-473-50, UltraLasers, Inc.)11, very sensitive to various
working temperatures, and may become unstable with fluctuations of
illumination power. Bare laser diode chips have smaller sizes and a lighter
weight than DPSS laser systems and have been attempted for making
ultra-compact optrodes12. However, a 473 nm laser diode (e.g. $5,200,
LP473-SF6, Thorlabs, Inc.)13 can cost several times more than a 473 nm
DPSS laser system. Besides, the typical required operating voltage and
current of a 473 nm laser diode (LP473-SF6, Thorlabs, Inc.) are 5 V and
80 mA, respectively, which requires a power of 400 mW to drive a single
laser diode chip. The relative high power consumption will be a great
challenge for multi-site optical stimulation and wireless power telemetry.
μLEDs, on the other hand, show great promises with respect to device
miniaturization, simplicity and low cost of system implementation.
Low-power μLEDs also have the potential to be integrated with wireless
telemetries in order to achieve truly untethered systems for studies
involving freely behaving animals. Generally speaking, there are two
ways to deliver LED light to target cells, i.e. either by coupling μLEDs to
microfibers or waveguides14 or by mounting μLEDs on the tip of a probe
and then inserting the probe and μLEDs into the brain tissue15. The former
approach has an advantage of highly compact device size, which enables
high spatial resolution and reduced tissue damage during surgical insertion. However, the main disadvantage is low coupling efficiency between
optic fibers and μLEDs, which is usually less than 1%16. While the latter
approach enables high coupling efficiency, undesirable heating of nerve
tissue during the operation of the μLEDs, especially for high-density
optical arrays, remains a major challenge for stimulating either surface
or deep targets. In addition, thermal effects may bias the outcomes of
optogenetic experiments, especially when tissues near μLEDs receive
continuous light illumination as opsin-negative controls3,17.
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In this paper, we attempt to address the localized Joule heating issue
by mounting μLEDs on a polycrystalline diamond (PCD) heat spreader,
which can dissipate electrically induced heat rapidly and uniformly, thus
minimizing tissue damage during optical stimulation18. Compared to
polymeric materials such as SU-8 that has a thermal conductivity of 0.3
Wm–1K–1, PCD has a high thermal conductivity up to 1,800 Wm–1K–1
at 300 K19. In addition, PCD exhibits many other promising properties
for implanted devices, such as a large electrochemical potential window
(boron-doped PCD), high resistance to surface fouling, chemical inertness and biocompatibility20,21.
In the following sections, we first introduce device design and microfabrication method. Two different devices are presented: single-shank
and dual-shank optrodes. Device characterizations are described in detail
further below. In particular, the thermal properties of the single-shank
PCD optrode are analyzed both experimentally and computationally,
and compared with probes made of other materials. Then, the optical
and electrical properties of the optrodes are characterized. Finally,
the functionality of the dual-shank optrode is evaluated by recording
light-induced action potentials from primary visual cortex (V1) of a rat
expressing channelrhodopsin-2 (ChR2).

Table 1 Single-/dual-shank probe dimensions.
Single-shank
probe

Dual-shank
probe

Shank dimension

0.9 mm × 5 mm

0.9 mm × 5 mm (each)

Base dimension

2.38 mm × 6.5 mm

2.38 mm × 6.5 mm

No. of recording sites

3

4 (2 on each shank)

Recording site separation

1 mm or 0.5 mm

1 mm

Shank separation

N.A.

1 mm

No. of stimulating sites

1

2 (1 on each shank)

Recording electrode
dimension

90~100 μm in diameter

90~100 μm in diameter

METHODOLOGY

Device microfabrication
The fabrication process of PCD probes is shown in Fig. 2. PCD was
first grown on a molybdenum substrate using a 2.45 GHz microwave
plasma assisted chemical vapor deposition (MW-PACVD) reactor with
a microwave power of 2–3 kW in a methane and hydrogen mixture
DEVICE DESIGN
atmosphere (4% CH4, 160–240 Torr) and released by thermal stress
A concept diagram of the heat spreading behavioral of SU-8 and PCD
during cooling from growth temperature to room temperature. Then,
probes is shown on the bottom left diagram in Fig. 1, where the outstanddiamond was laser cut into 10 mm × 10 mm chips and the smooth
ing thermal conductivity of PCD over SU-8 inspired our proposed PCDnucleation side was used for fabrication. The diamond substrate was
based optrodes on the bottom right. The optrodes are designed to have
cleaned by sonication in isopropanol (IPA) and deionized (DI) water
either single or dual probe shanks (a dual probe shank optrode is shown
for 30 minutes each and then for another 30 minutes in nitric acid
here). Each shank contains a blue μLED on the tip for optical excitation
at 80°C to create an oxygen terminated diamond surface for metal
of neural activity and two microelectrodes for recording of light-evoked
deposition. A 3 nm layer of Ti and a 0.5 μm layer of Cu were deposited
signals. For the first generation of the device, commercially available μLED
using a thermal evaporator (Auto 306, Edward, Inc). Ti was used as
chips are utilized (Samsung, Inc.), with dimensions of 0.55 mm (length) ×
an adhesion layer to improve the bonding strength between Cu and
0.29 mm (width) × 0.1 mm (thickness). The specifications of our design
PCD. A photoresist mask was patterned using a mask aligner (ABM,
are listed in Table 1. The overall dimensions of the optrode are determined
Inc.) for metal patterning. Thereafter, the Cu/Ti layer was wet etched
mainly by the resolutions of the photolithography masks and laser cutting.
using ferric chloride (to remove Cu) and buffered oxide etchant (to
The probe is packaged with a thin Parylene C coating, which has been
remove Ti) to form microelectrodes, contact pads and interconnect
demonstrated to have the longevity of protecting microelectronics for
22
wires. While Cu was used for prototyping, noble metals, such as gold
chronic implantation in corrosive biologic environment .
or platinum, are used for chronically implantable devices.
Photoresist (S1813, Microchem) was spun on the substrate
and selectively patterned to expose the μLED pad areas.
Oxygen plasma (PX-250 plasma system, Nordson March,
Inc.) at a power of 100 W and pressure of 0.5 Torr was
applied for 5 minutes to remove photoresist residue on
the pad areas. Low melting point (LMP) solder (62°C, 144
ALLOY Field’s Metal) was applied in an acid bath23 and the
die-form LEDs were self-assembled onto the contact pads
wetted with the LMP solder. The substrate was rinsed with
acetone, IPA and then DI water to remove the photoresist
layer. A ~5 μm Parylene C layer was deposited on top of
the probe as an encapsulation using a chemical vapor
deposition (CVD) system (PDS 2010, Specialty Coating
System, Inc). Parylene C was then patterned using oxygen
plasma (RIE-1701, Nordson March, Inc.) and a photoresist
mask at power of 300 W and pressure of 0.25 Torr, in order
to open the recording sites and contact pads for electrical interconnects. Finally, the probe was shaped using a
Nd:YAG laser with power of 8–14 W (UltraShape 5xs,
BettonvilleInc). To connect the probe to external powering
and recording electronics, the pad areas were covered with
the LMP solder, and flexible thin wires or Parylene ribbon
cables were assembled to the probe. The Parylene ribbon
Figure 1 Concept diagram of the proposed neural interface optrode with a polycrystalcables were made out of patterned metal sandwiched
line diamond (PCD) heat spreader.
between two layers of Parylene C with the LMP solder
applied at the contact pads and flipped-bonded onto
16
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size of 1.73 mm, minimum element size of 0.0743 mm and maximum
element growth rate of 1.35, as shown in Fig. 3b. The initial temperature
was set at 24°C for the SU-8 probe and 25°C for the PCD probe, which
are the same as in the experiment. The boundary of the model was set to
thermal insulation as the probes were coated with Parylene and epoxy
at the base, which have relative low thermal conductivity (Parylene C:
~0.084 (W/m·K)30). A heat source boundary of 18.6 mW calculated from
the experiment was applied at the interface between μLED and SU-8/PCD
shanks with a 100 ms pulse.
It is of note that the above simulation does not include tissue, in order
to compare with the experimental studies where the device temperature
was monitored in air to resemble the worst scenario of the device application. In the brain tissue, the temperature variation of the implanted
device is expected to be lower than that measured in air, as the circulation
of cerebrospinal fluid fluids can help cool down the device by dissipating
the LED heat to the surrounding host tissue.

Figure 2 Fabrication process for making the proposed PCD probe. (a)
PCD growth on molybdenum (Mo). (b) PCD release from Mo substrate.
(c) Metal deposition and patterning. (d)–(f) μLEDs assembly. (g)–(h)
Parylene C coating and patterning. (i) Probe shaping.

the contact pads of the PCD probe. Finally, epoxy was applied to the
contacts to strengthen the bonding between the pads and wires.
Finite element method simulation of device thermal properties
Finite element method (FEM) simulation was performed in COMSOL®
Multiphysics 4.3 (COMSOL, Inc.) with heat transfer in solids module.
A time-domain solver was used to solve Equation (1), where ρ, Cp, k
and Q are density, heat capacity, thermal conductivity, and heat source
(or sink), respectively.



ρCp

∂T
− ∇ ⋅ (k∇T ) = Q
∂t




Device characterization
Several experiments were conducted to fully characterize the thermal,
electrical and optical properties of the optrode. In particular, the thermal
images of both the PCD and SU-8 devices were obtained in air using a
high-resolution infrared camera (Delta Therm HS1570 and DT v2.19
software) with an LED-applied voltage of 3.4 V at 1 Hz and 100-mS pulse
duration. The thermal images were processed using MATLAB® (R2011a,
The MathWorks) and compared with the simulated results. The electrochemical impedances were measured in saline (0.9% NaCl solution)
at room temperature using an embedded electrode-impedance-testing
module in an Intan RHA 2000 evaluation board (Intan Tech., LLC). The
light intensity of the μLED chip was measured using a digital power
meter (Model 815 Series, Newport, Inc.) and read through the RHA 2000
evaluation board. The light-scattering property of the optrode was also
studied in a scattering media (20% gelatin). The blue light was extracted
and plotted in a three-dimensional (3D) format using MATLAB®.
In-vivo animal experiments
In-vivo acute experiments were conducted in V1 of a rat (Long–Evans)
to demonstrate the functionality of the as-fabricated PCD probe. All
procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at Michigan State University. Prior to the in-vivo
testing, the rat was transfected with ChR2 to enable the functionality of
light sensitivity upon blue-light illumination. For viral transfection, the
rat was anesthetized with ketamine and xylazine, and then placed in a
stereotaxic apparatus with a heat pad underneath to maintain its body
temperature. A rostral–caudal incision was made in the skin to expose
the skull. Two holes, positioned rostral–caudal, were made through the
skull overlying each hemisphere of visual cortex. Each site was injected

A single-shank PCD optrode was simulated and compared to a SU-8
based optrode fabricated using the method reported in Ref. 24. The thicknesses of the PCD and SU-8 probe were measured at 0.24–0.3 mm and 0.22
mm, respectively and were modeled as 0.27 mm for the PCD probe and
0.22 mm for the SU-8 probe in the simulation. The copper interconnects
were modeled as high conductive layers
with a thickness of 500 nm, as shown in Fig.
3a. Two 4.5 cm copper wires (~0.2 mm in
diameter) attached to the contact pads were
modeled as heat sinks of the system. From
the simulation, the volumes of these 4.5 cm
long copper wires were sufficient to dissipate
the heat generated by the μLED, given the
fact that increasing the length of copper
wires does not change much of the maximum
temperature variation along the probe
shank. The Parylene C coating (~5 μm) was
not modeled because it was much thinner
than the SU-8 and PCD (~200 μm). The
parameters of the materials used in the
simulation are listed in Table 219,25–29. The
Figure 3 (a) Simulation model in COMSOL®. (b) Mesh generated for finite element method (FEM)
simulation.
geometry of the model was discretized using
tetrahedral mesh with maximum element
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Table 2 Simulation parameters in COMSOL®.
Density kg/m3

Heat capacity
J/(kg · K)

Thermal conductivity
W/(m · K)

Diamond19,25

3,000

0.512

1,800

SU-826,27

1,236

1,200

0.3

28,29

GaN

6,100

500

130

Copper*

8,700

385

400

*Source: Material library in COMSOL®.

with 1.0 μL AAV-hSyn-hCHR2(H134R)-mCherry solution (1011–1012
vector genome (vg/mL), UNC Vector Core), with an injection rate of
0.1 μL/min, using a micro syringe (5 μL, Model 75 RN SYR and 100 μL,
Neuros Adapter Kit, Hamilton, Inc.). After each injection, the syringe was
maintained in place for an additional 5 minutes to allow the viral vector to
diffuse away from the injection site. Once the injections were completed,
the cortical openings were plugged with Bonewax and then covered with
Gelfoam, after which the overlying skin was sutured. Then the rat was
given 5-cc of sterile saline subcutaneously to prevent dehydration during
recovery, as well as an injection of buprenorphine for pain relief. Postinjection, and before device implantation, the animal was housed in the
animal care facility. A period of three weeks was allowed for the animal
to recovery fully from the injection surgery, and for cortical expression
of the ChR2 gene.
The functionality of the PCD optrode for simultaneous optical
stimulation and electrical recording was tested 3–4 weeks post-surgery.
Following the same stereotaxic procedure as used for the viral vector
injection, the rat was anesthetized and the skull opened over the region
of the two injection sites. The PCD probe was inserted into V1 of
the left hemisphere of the rat with the right hemisphere serving as a
vector-injected control. During the in-vivo experiments, the μLED
chips were driven by a continuous pulse train with various input
voltages for optical stimulation. The light-evoked neural activity was
recorded through the integrated microelectrodes (Channels 1–4) and
amplified though an RHD 2132 32-channel headstage and RHD 2000
evaluation system.
RESULTS AND DISCUSSIONS
Fabricated devices
The diamond growth side (rough side) and the nucleation side (smooth
side) of the PCD substrate used in our fabrication are shown in Fig. 4a,b.
The nucleation side attached to the molybdenum during diamond growth
has a relatively smoother surface and was used to construct microelectrodes, contacts and interconnect wires. To analyze the surface roughness
of the nucleation side, a 3D quantitative atomic force microscope (AFM)
image of an area of 5 × 5 μm2 was obtained (AFM, Dimension 3100,
Bruker Nano), as shown in Fig. 4c. The root-mean-square (RMS) surface
roughness was measured to be ~ 201.98 nm.
Figure 4d shows a fabricated PCD probe and an SU-8 probe used
for heat distribution measurement. Both probes had the same geometry,
metal interconnect layout, and a similar average thickness (0.27 mm
for PCD and 0.22 mm for SU-8). The average thickness of the PCD
chip was tapered from around 0.24–0.3 mm and modeled as 0.27 mm
by averaging the taped thickness. Figure 4e shows a fabricated singleshank probe with a Parylene ribbon cable attached to interface with the
recording board. Figure 4f shows fabricated single- and dual-shank
probes with a close-up view of a μLED, recording electrodes and metal
interconnects. Approximately 20% scaling down of the width of the
probe can be achieved in the future by cutting off the redundant PCD
substrate.
18
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Figure 4 (a) Diamond growth side (rough side) of a PCD substrate. (b)
Diamond nucleation (smooth side) of the same PCD substrate. (c) An
AFM imagine shows the surface morphology of the nucleation side of the
PCD substrate. (d) Fabricated PCD and SU-8 probe for heat dissipation
measurement. (e) A fabricated single-shank PCD probe with Parylene
ribbon cable for interconnection. (f) Fabricated single/dual-shank probes.
Inset shows the μLED, recording electrode and metal interconnects.

Optical and electrical properties
The electrochemical impedances of the electrodes at 1 KHz (refer to
Channels 1–4 in Fig. 8) in saline were 89.0, 20.6, 38.5 and 54.8 Kohm,
respectively. Channel 1 was found to have high impedance due to
incomplete Parylene removal and therefore was not used in the in-vivo
studies. The variation of the impedances among different electrodes is
caused by uneven surface morphology of the PCD, especially the one
with large diamond grains of 100 μm. This affects the leverage of the
substrate during photoresist (PR) spinning and leads to uneven PR
mask thickness and Parylene etching across the substrate. Hence, the
Parylene coating on the microelectrodes of the left side (Ch1 and Ch4)
of the probe is under-etched compared with Parylene on the right side
(Ch2 and Ch3).
The light spectrum of the μLED in Fig. 5a shows that the peak
intensity was located between 450 nm and 460 nm, which is within the

TECHNOLOGY l VOLUME 4 • NUMBER 1 • MARCH 2016
© World Scientific Publishing Co./Imperial College Press

3/29/2016 3:27:55 PM

INVITED ARTICLE
gelatin. In this study, the μLED
was driven by square pulses
with 3.4 V amplitude, 1 Hz
frequency and 10% duty cycle.
Images were captured using
a camera (EOS Rebel T2i,
Canon) and analyzed using
MATLAB to extract blue light
spectra (with a wavelength
range of 450–495 nm), as
shown in Fig. 5d. An effective
area of optical stimulation,
where the majority of the
optical energy was delivered,
was estimated to be around
~2 mm × 2.5 mm.
Thermal properties
Figure 6a–d show the measured and simulated heat
distribution of the SU-8 and
PCD optrodes, when the
LED was powered by 3.4 V,
1 Hz and 100 ms pulses. It can
be seen that the SU-8 probe
accumulated heat at the tip
due to the poor thermal conductivity of SU-8, while the
PCD probe dissipated heat
throughout the entire shank
in less than 0.5 seconds without creating localized hot
spots on the probe. Similar
phenomena were observed
in FEM simulation.
Figure 7a,b show the
measured cooling curves
of the PCD (solid line) and
Figure 5 The electrical and optical properties of a fabricated PCD probe. (a) Light spectrum of the micro-light emittingdiode (μLED). (b) Light intensity and power consumption of the μLED. (c) Light scattering property in gelatin with a
SU-8 (dashed line) optrodes,
testing schematic on the right. (d) Normalized blue light intensity with a testing schematic on the right. (both amplitude
after activating the μLEDs for
and color indicate the light intensity)
60 seconds with different input voltages. The maximum
temperature variations of
a SU-8 probe were around
maximum activation wavelength region1. The light intensity of the μLED
2.2°C, 4.2°C, and 10°C for the applied voltages of 3.0 V, 3.2 V and 3.4
chip is plotted in Fig. 5b (blue), as a function of the applied voltage. The
V, respectively, whereas the PCD probe has maximum temperature
light intensity with the applied voltage of 3.2 V, 3.4 V and 3.6 V at 1 Hz
variations of around 0.5°C, 0.7°C and 0.9°C at the same applied voltages.
and 10% duty cycle corresponds to 0.79 mW/mm2, 1.16 mW/mm2 and
Furthermore, it can be seen that the SU-8 probe required more than 2
1.55m W/mm2, respectively. The power consumption was calculated by
seconds in order to return to the baseline temperature. Hence, sequential
multiplying the pulsating voltage and current during the onset of the LED,
stimulation pulses come before the probe can be cooled down, which
and then normalized to 1 second. These three voltages will be applied
results in significant heat accumulated on the probe, especially when
to the μLEDs used later in acute animal studies, where the minimum
the probe is driven by fast pulse trains with high applied voltages. In
light intensity required for activating a ChR2-transfected ion channel is
contrast, the PCD probe has smaller temperature rises and faster cooling
reported to be ~ 1 mW/mm2 31.
rates than the SU-8 probe, thereby effectively reducing the localized heat
To estimate the power consumption of the optrode, the instantaneous
accumulation. This is demonstrated in the following study, where the
input current of the μLED was obtained by measuring the voltage drop
LEDs were powered by continuous pulse trains.
across a 10 ohm resistor in series with the μLED while being driven by
We monitored device temperature versus time after the LED was
1 Hz, 10% duty cycle pulses at different voltages. The voltage across the
switched on, and defined the steady-state temperature as the temperature
μLED was measured directly and the power consumption was as plotted
at t = 1 minute, when the maximum temperature along the LED was no
in Fig. 5b (green). The corresponding normalized power consumptions
longer cranking up. Figure 7c shows the instantaneous changes in the
were 3.47 mW, 6.38 mW and 26.82 mW at the applied voltage of 3.2 V,
tip temperatures and the steady-state temperature variations of the SU-8
3.4 V and 3.6 V with 1 Hz and 100 ms duration, respectively. Figure 5c shows
and PCD optrodes for six repetitive heating ‘On’/‘Off ’ cycles. Close-up
the light scattering profile of the μLED when the optrode was inserted into
views of the data for PCD were plotted in Fig. 7d,e. The maximum
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Figure 6 Heat distribution of the SU-8 and PCD probes with 3.4 V, 1 Hz and 100 ms duration pulses from
(a,b) the high-resolution infrared camera and (c,d) the FEM simulation in COMSOL® (enlarged tip areas
are shown in dash squares).

temperature variations of the SU-8
probe with input voltages of 3.0 V, 3.2 V
and 3.4 V were 2.4°C, 4.0°C and 5.5°C
relative to environment temperature
during the first duty cycle (100 ms),
continued to increase to 3.7°C, 6.8°C
and 8.7°C within the first 7 seconds,
and then stabilized at 3.6°C, 7.3°C and
11.8°C. On the contrary, the temperature variation of the PCD probe with
input voltages of 3.0 V, 3.2 V and 3.4 V
were 0.3°C, 0.4°C and 0.5°C for during
the first duty cycle, continued ramping
up to 0.5°C, 0.6°C and 0.9°C within the
first 7 seconds and then stabilized at
0.5°C, 1.0°C and 1.3°C. The maximum
increase of transient temperature is
around 1.0°C for the PCD optrode,
which satisfies the safety requirement
for implantable electronics32. The settled temperature variations for PCD
probe were higher than the initial
variations by less than 1°C for all three
applied voltages. For the SU-8 probe,
the settled temperature variation with
applied voltage of 3.0 V and 3.2 V were
similar to the initial readings. However,
the settled temperature variation with
the applied voltage of 3.4 V was nearly
6.0°C higher than the initial variation.

In-vivo optical neuromodulation
and recording
Figure 8 shows the experimental setup of the acute animal studies and the layout of a dual-shank optrode. During the optical stimulation, the μLED on the left side of
the probe was driven by repetitive pulses with frequency
of 1 Hz, pulse width of 10 ms and amplitudes of 2.9 V,
3.2 V, 3.4 V and 3.6 V. Light-evoked neural responses
were recorded from three functioning electrodes (Channels 2–4) and post-processed using MATLAB®. Figure
9a shows the neural signals recorded from Channel 2
with different applied voltages after applying a band-pass
filter (60–3,000 Hz). Light-evoked action potentials were
observed when the optical stimuli were switched from
‘On’ to ‘Off ’ with the high input voltage of 3.6 V, whereas
no action potential was observed with 3.2 V and 3.4 V
inputs. This is because the input voltages of 3.2 V and
3.4 V of the μLED may not be sufficient to evoke any
action potentials, considering the tissue scattering and
adsorption of LED light. Figure 9b shows the action
potentials recorded from different channels with 40
trails aligned and stacked, when the applied voltage
of LED was 3.6 V. Higher-level photocurrent artifact
signals were observed at Ch4, because Ch4 is closer to
the μLED than Ch2 and Ch3.

Figure 7 Cooling curves of the probes after activating μLED for 60 seconds with different
inputs of (a) an SU-8 probe and (b) a PCD probe. (c) Instantaneous and steady-state
temperature variations of the SU-8 probe and the PCD probe. (d) and (e) shows close-up
views of instantaneous temperature variations of the diamond probe in (c).
20
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CONCLUSION
In this paper, we designed, fabricated, and characterized
a PCD-based, hybrid optoelectronic neural-interfacing
probe, which is capable of optical stimulation and simultaneous recording of neural activity. The experimental
and simulation results show that the application of the
PCD heat spreader can keep the temperature variations

TECHNOLOGY l VOLUME 4 • NUMBER 1 • MARCH 2016
© World Scientific Publishing Co./Imperial College Press

3/29/2016 3:27:57 PM

INVITED ARTICLE
depth and any tissue injury induced by the insertion of the PCD probe
will be examined carefully in the future.
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Figure 8 (a) In-vivo testing setup. (b) Probe schematic shows the location
of 4 recording channels.
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