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Abstract

Objective. This work presents a method to determine the surface temperature of microphotonic
medical implants like LEDs. Our inventive step is to use the photonic emitter (LED) employed
in an implantable device as its own sensor and develop readout circuitry to accurately determine
the surface temperature of the device. Approach. There are two primary classes of applications
where microphotonics could be used in implantable devices; opto-electrophysiology and
fluorescence sensing. In such scenarios, intense light needs to be delivered to the target. As blue
wavelengths are scattered strongly in tissue, such delivery needs to be either via optic fibres, twophoton approaches or through local emitters. In the latter case, as light emitters generate heat,
there is a potential for probe surfaces to exceed the 2 °C regulatory. However, currently, there are
no convenient mechanisms to monitor this in situ. Main results. We present the electronic control
circuit and calibration method to monitor the surface temperature change of implantable optrode.
The efficacy is demonstrated in air, saline, and brain. Significance. This paper, therefore, presents
a method to utilize the light emitting diode as its own temperature sensor.
Keywords: temperature sensor, LED, optical stimulation, optogenetics
(Some figures may appear in colour only in the online journal)

1. Introduction

or their environment. The advent of optogenetic reporters,
such as green fluorescent protein in the 1990s [4], has allowed
imaging of the presence (or lack) of specific cell types. More
recently functional derivatives (e.g. GCaMP-6) [5] allow for
the optogenetic imaging of calcium flows and electrical function. Similarly, the advent of optogenetic membrane channels
has allowed for in situ genetic modification of light sensitivity
in cells. Such optogenetic stimulation can use either channelrhodopsins—light-sensitive cation channels [6], halorhodopsins—light-sensitive ion pumps [7], or melanopsins—light
sensitive G-protein coupled receptor systems [8]. Each has
their own relative advantages. A review of the field has been
written by Barrett et al [9].
What is common to all these approaches is that they require
moderate to high-intensity irradiation [10]. Furthermore, the

Implantable devices are becoming increasingly important in
clinical practice. Biosensors, pacemakers and prosthetics such
as visual prosthesis [1] may all utilise optoelectronics. These
can be classified into two primary applications: opto-electrophysiology [2] and fluorescence sensing [3]. The former
allows control and recording of electrical activity in tissue.
The latter can be used to explore chemical changes in cells
4
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optically active cores in all of these proteins are typically sensitive to UV to green wavelengths. UV is undesirable in vivo,
but even blue and green wavelengths are strongly scattered by
neural tissue [11]. This means there is a requirement for light
delivery in close proximity to the stimulus target. This can be
achieved by one of two methods: Light can be generated at
some distance and then guided to the local position using optical
confinement (e.g. optic fibre or waveguide) until the point of
delivery [12–14]. Alternatively, light can be produced locally
on a penetrating or otherwise implantable device incorporating
a microphotonic element [15–17]. The latter method’s advantage is being able to electronically multiplex multiple outputs
leading to a small cable. Both methods are being explored, and
there are pros and cons for each. In the case of optical delivery
to the target, it can be challenging to multiplex large numbers
of independent signals in a single system. Furthermore, the
light generator will still be implantable and will still generate
heat, albeit perhaps from a domain that can better tolerate
thermal load. In the case of microphotonic generation close to
the target, the key issue is the formation of localized hot spots
close to the biomedical device surface.
It was shown by Stujenske [18] in 2015 that high radiance
light absorption from optic fibre emission can cause localised
tissue heating. If the emission source is microphotonic element, then there is additional potential for heating. McAlinden
et al in 2013 proposed from modelling that there could additionally be a few degrees of temperature rise depending on
how the microphotonic element is driven [17]. The current
literature is not entirely clear on what long-term effects could
result from such temperature increase. In 1989, Lamanna et al
[19] performed acute experiments on anaesthetized rats and
suggested that temperature should not increase more than
1 °C. This threshold has since been used by over 60 other
studies [17, 20]. However, the 1 °C limit is actually a suggestion rather than a rule as they did not see a negative effect on
the transient increase below 5 °C. They also performed their
experiments in tissue which was unnaturally cold (2 °C lower
than the body) due to the anaesthetic. More recently in 2012,
Opie et al [21] looked at ex vivo tissue and determined 38.7 °C
as the threshold at which damage would begin to occur in the
retina. But, perhaps the retina is less prone to thermal damage
than brain tissue due to its various mechanisms to protect
itself from phototoxicity. Perhaps the most conclusive work
was by Matsumi et al [22], who studied the effect of insertion of heated probes into live non-human-primate brain.
They found that thermal damage occurred after 44 °C, and
suggested a thermal limit of 43 °C—i.e. dT  =  6 °C. These
results match the earlier results of Lamanna et al [19]. Fujii
et al [23] come to the same 43 °C conclusion with guinea pig
cortex. However, contrary to this Goldstein et al [24] demonstrated central nervous system neuronal cell death after 60 min
at temperatures as low as 40.5 °C.
The caveat to these studies is that they are acute, with sacrifice and histology a few days after the experiment. There
are very few chronic long-term studies of the effect of raised
temperatures. The key studies are perhaps by Seese et al and
Okazaki et al [25, 26]. which demonstrate that dT  =  +2 °C is
well tolerated in muscle. However, the long-term response to

heat shock proteins and glial response in the CNS has not published. This is a challenge that needs to be explored in more
detail by the biology community.
It is therefore perhaps unsurprising that the regulatory guidance is also limited Directive 93/42/EEC simply states ‘Devices
must be designed and manufactured in such a way as to remove
or minimise as far as is possible: 〈temperature rise〉’. The
American Association of Medical Instrumentation (AAMI) recommend a limit of dT  =  +2 °C, which seems in keeping with
the review above, i.e.  ⩽39 °C. So we work with the conservative limit of 2 °C above ambient as defined by the AAMI.
Given the uncertainties, it would be useful to have a tool
to scientifically explore long-term chronic thermal increases
and or thermal cycling. In particular, how this may result
in inflammatory responses, probe rejection of even genetic
mutation and tumour formation. Furthermore, if such a tool
could be used in situ for neuroprosthetics, it could be used to
optimise optical emission whilst maintaining surface temper
atures below the ΔT  <  2 °C regulatory limit.
On-chip temperature sensors have been used to monitor
human health for diseases diagnosis and treatment to monitor
device temperatures and ensure they are maintained within
desirable limits [27]. The adaptive multi-sensor CMOS
system proposed by Huang et al [28] comprises different
on-chip sensors including a temperature sensor which is
using a pn junction to sense the body temperature. The lowcost CMOS thermal sensor chip for biomedical application
presented by Lee et al is also employing a pn junction as
temperature sensing element [29]. Crepaldi et al proposed
a low power CMOS transistors based thermal sensing element for biomedical application [30]. The downside of using
additional sensors is that they take additional surface space
and need additional address architectures which may present
difficulties to integration. Furthermore, it increases the complexity and thus cost of fabrication [31, 32]. Separate sensors
for temperature sensing may cause a danger that failure in
the sensor may provide inaccurate readings. Perhaps stating
that the temperature rise is limited when the opposite is the
case. In contrast, by utilizing the employed microphotonic
emitter in an implantable device as its own sensor, the continued functionality of the device is intrinsically linked to its
self-diagnosis.
There are a number of different forms of light emissive
structures. However, as the light required for optogenetics is
primarily blue, and must be high radiance, Gallium Nitride
light emitting diodes (LEDs) are the primary technology.
High radiance micro-photonics for neural stimulation have
been successfully demonstrated in planar high radiance arrays
by Soltan et al [33] and Berlinguer-Palmini et al [34]. More
recently implementations in implantable probes have been
demonstrated by Cao et al [15], Wu et al [16] and McAlinden
et al [17].
As the surface temperature of a probe heats up, the junction temperature will also increase. The charge carrier generation in diodes is temperature dependent. As such, if the
junction temperature (which is a function of surface temper
ature) increases, there will be a corresponding change in the
LED carrier generation. In forward bias, the LED current
2
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also supported independently by Shan et al [38]. For implantable systems, the base temperature would be expected to be
310 K (i.e. 37 °C), and will increase during operation. As such,
thermally-assisted multi-step tunnelling will be expected to be
dominant. Such transport is characterised by the tunnelling of
electronics from the valance band of the p-GaN to the conduction band of the n-GaN. The relationship between temperature
and current is typical for diodes, i.e.

exponentially increases with voltage, and thus small changes
in temperature are not perceptible. However, in reverse bias,
currents are dominated by leakage processes across the diode.
In this case, the effect of voltage is still an order of magnitude greater than the effect of temperature change, but if cur
rent can be measured at a very stable voltage, then junction
temperature can be ascertained.
In this work, LED as microphotonic emitter is presented
as its own sensor on medical devices where a readout circuitry is developed to bias and measure the sensory param
eter. Figure 1 shows a single penetrating active opto-electrode
(optrode) and its general construction with inbuilt stimulation,
recording circuits with a control logic unit [35]. Stimulation
sites with micro/mini-LEDs for optical emitting and electrical recording sites with microelectrodes are placed along
the shaft. The main issue here is the localized heating effects
at the device surface caused by the shining LEDs which will
be monitored using the designed temperature sensor. The
proposed sensor utilizes the GaN LED itself as a sensor,
combined with electronics designed using 0.35 µm standard
CMOS technology. The sensor circuits sit close to the LED to
be operating in antiphase with optical stimulation. The proposed sensor is based on LED reverse current as temperature
sensitive parameter (TSP). We have investigated several LEDs
theoretically and experimentally in which their reverse cur
rent is linearly related to LED surface temperature (TS) [36].
Therefore, thermal variation around the reversely biased LED
will change the reverse current. This current variation will be
sensed, converted and amplified to a voltage signal which can
be translated to temperature variations.
The paper structure is as follows: section 2 describes LEDs
as a temperature sensor. The microelectronic structure of the
sensor is explained in section 3. Section 4 provides the exper
imental methodology. The experimental results and discussion are given in section 5, and section 6 concludes the paper.

Ileak ∝ e1/T .

However, there is a further caveat. The studies by Jung
and Shan [37, 38] were for larger LEDs with surface passivation to prevent surface leakage. Such mechanisms are likely
to be more considerable for smaller LEDs. Figures 6(b) and
(d) presented in the results section show nonlinear increases
in reverse current with applied bias. As such, it is important
that any circuit measuring the temperature dependent leakage
current ensures a stable applied bias. Furthermore, the temper
ature dependence of the LED current is effectively dependent
on the temperature quantum well junction. In contrast, from
the perspective of the sensor, it is the temperature of the surface of the probe which is of interest to ensure no negative
biological impact.
Figure 2 (left) shows a simple thermal model of a Gallium
Nitride LED in a typical embodiment on a thermal probe—
e.g. as implemented in figures 4(c) and (d). Typically implantable optrode probes [15–17] have a silicon substrate with
drive lines in a passivation layer (typically silicon dioxide)
with bonded on LEDs and an encapsulation layer on top.
Figure 2 (right) shows a simple thermal model of the
system based on passive diffusion. Thermal generation occurs
due to resistances in both probe and LED and inefficiencies in
light generation. We expect this to be primarily in the Multiple
Quantum Well (MQW) junction of the diode. We can expect
this to traverse the material and eventual the tissue through
passive diffusion with each layer exhibiting both thermal
resistance (RBulk, RLED, REnc, and RTis) and heat capacity
(CBulk, CLED, CEnc, and CTis). There will be additional effects
of light absorption and vascular flows in the tissue.
We believe it is beyond the scope of this paper to accurately
simulate this model. Rather we use it to understand the relationship between the temperature at the surface and that of the
MQW junction. We then calibrate this empirically.

2. LEDs as temperature sensor
The operation of light emitting diodes is temperature dependent
in both forward and reverse bias, as can be seen in figures 6(a)
and (b). Jung et al [37] presented leakage current analysis of
Gallium Nitride light emitting diodes in 2015. They showed
that there were effectively 4 phases in the general conduction
mechanism: Shunt resistance RSh, parasitic diode, main diode,
and sheet resistance RS. These have been presented in the
equivalent circuit diagrams in figures 1(b) and (c), albeit with
a single forward diode. Both the diode and shunt resistance
operations are temperature dependent. However, as the diode
current also varies exponentially with applied bias, any drift in
bias could rapidly provide misleading results. In forward bias,
there is a rapid transition between shunt resistance and diode
limited current. As such, if the shunt resistance is to be utilised
as a sensor, it would be preferable to do so in reverse bias.
The shunt resistance, which is responsible for the leakage
has been presented by Jung [37] as having two primary mech
anisms: variable range hopping (<300 K), and thermallyassisted multi-step tunnelling (>300 K). This description was

3. Microelectronic architecture
A key issue with utilizing the LED as a temperature sensor is
that both the voltage and temperature strongly affects the cur
rent. As such, to make a useful sensor, it is therefore important
that a compact microcircuit can be developed which can sense
the reverse current at a very stable voltage—i.e. stable with
temperature, drift, and power supply fluctuations. An optimal
circuit for achieving this is a second-generation current conveyor (CCII). It can be used to provide a precise bias voltage at
the input (X), while receiving current using the same input terminal [39, 40]. The output of the current conveyor can then be
transmitted to a transconductance amplifier. The subsequent
3
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Figure 1. An illustration of optrode with LED and recording site on the shaft and driving and sensing circuits on the head (a) top view,
(b) cross-section view showing forward biased LED and heat generation, (c) cross-section view showing reverse biased LED in thermal
sensing mode.

Figure 2. The thermal model of the optrode (Left) Physical structure around the LED part of the optrode. Dimensions and materials may
change, e.g. silicon bulk, but the basic structure is common to all optrodes or implants incorporating emissive elements (right) a basic
thermal model utilizing thermal resistances R, and heat capacity C for each of the dominant structures. Heat in occurs at the LED, and the
boundary heat sink of the tissue is 37 °C.

output voltage can then be transferred to an analog to digital
converter for digital transmission and analysis. Figure 3(a)
depicts a block diagram of the developed microelectronic circuits. The CCII receives the bias voltage at the Y terminal from
a digital to analog converter (DAC). It then copies the voltage
at X terminal to bias the LED. In this design, VX follows VY

and the output current follows the input current (i.e. LED’s
reverse current) received at X where the current transfer bandwidth is 130 kHz as illustrated in figure 3(b). A transimpedance amplifier (TIA) was designed to convert and amplify
the output current of CCII with a gain of 5  ×  105 V A−1. The
circuit is robust against the power supply fluctuations as the
4
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Figure 3. (a) Block diagram of the proposed temperature sensor where S1 switches close for light emission and only S2 switches close
for temperature sensing. The bias voltage provided by DAC is transferred to X terminal in CCII which receives the LED current. A TIA
converts and amplifies the current to large voltage signal, (b) the measured frequency response of CCII which shows the bandwidth is
130 kHz, (c) the time response of the pulsing LED with a clock signal of 1 MHz, (d) a timing diagram of the LED bias current including
two phases.

measured PSRR is about 57 dB. Furthermore, the LED was
pulsed with a frequency of 1 MHz to test the LED response.
The LED switching response depicted in figure 3(c) shows
the capability of the LED in fast On/Off switching at 1 MHz
without affecting the time constant in the overall system.
The sensor electronics operate in antiphase with LED
light emission, i.e. the first phase is light emission using
forward biased LED through S1 switches while the intensity is controlled using pulse width modulation (PWM). The
second phase, is temperatures sensing with reverse biased
LED through S2 switches. The functionality of the sensor is
explored by switching the LED from light emission to reverse
mode using a continuous pulse. The generated heat after
pulsing LED inside an isolated dark box was collected using
IR camera as surface temperature. Figure 3(d) shows a timing
diagram for light emission (PW1) and temperature sensing
(PW2) phases.
The specifications of the designed temperature sensing
system are listed in table 1. Temperature sensitivity of the
sensor is related to LED type and its reverse current’s temper
ature dependency. For the given fixed bias voltage (−1.7 V)
on the employed LEDs in the experiments, a temperature sensitivity at about 5 mV °C−1 can be achieved.

Table 1. Design specifications of the sensing system in

Vbias  =  −1.7 V for mini GaN LEDs.
Specification

Value

CMOS technology (µm)
Supply voltage (V)
Power dissipation (Bias  +  CCII  +  TIA) (µW)
Overall gain (V A−1)
Temperature sensitivity (mV °C−1)
Sensitivity floor (°C)
Temperature range (°C)
PSRR (dB)
Circuit Size (Bias  +  CCII  +  TIA) (µm)2

0.35 AMS
5
260
5  ×  105
5–10
0.2
25–65
57 dB
133  ×  64

Gold/Titanium metal tracks were deposited at a thickness of
20/200/20 nm and patterned. The metal tracks had a width of
30 um. The top Titanium on the bond pads was later removed
and the Gold surface exposed. CREE DA2432 mini-LEDs
were bonded on using silver epoxy (RS Pro Silver Vial
Epoxy Conductive Adhesive) with a pick and place machine
(FINEPLACER® lambda from Finetech). The LEDs had a size
of 240  ×  320 (µm)2 and thickness of 140 µm. Transparent
silicone (NuSil MED-1000) was used to dip coat and encapsulate the LEDs. The encapsulated silicone had an average
thickness of 50 µm. Images of the developed probes can be
seen in figure 4.

4. Experimental methodology
In order to test our hypothesis, we have explored the temper
ature dependence of the reverse current on both micro-LEDs
and mini LEDs. The former was custom developed according
to [33, 41] with a 20 µm diameter circular anode surrounding
an 80 µm square cathode. For comparison, we also used CREE
DA2432 mini-LEDs which had dimensions of 240  ×  320 µm.
Exemplar images of these can be seen in figures 6(e) and (f).
We tested the micro-LED directly, but used the miniLED to develop exemplar probes to determine their capability at measuring temperature in systems similar to the final
embodiment. Probes were developed on silicon shafts which
were 4 mm long, 300 µm wide and 200 um thick. Titanium/

4.1. Calibration

Different experimental setups were developed to characterize
the LED in air and water (saline) while connected to the sensor
circuit. The measured data have been used to calibrate the
probe for in vivo tests. Figure 5(a) shows the LED characterization setup inside an isolated dark box to explore the LED’s
reverse current variation versus temperature in air when the
LED is reversely biased. The isolated dark box guaranteed
the measured current was due to the temperature change. The
box was also temperature isolated to ensure the accuracy of
the measured temperature. A hot plate of type VWR355 from
5
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Figure 4. Micrograph of (a) off and (b) on non-encapsulated mini-LED, (c) off and (d) on encapsulated mini-LED mounted on a 4 mm

silicon shank representing a typically penetrating probe for the brain cortex. Each of these probes was mounted on a PCB for handling
(not shown).

Figure 5. Diagram showing (a) the LED thermal characterization and sensor interface experimental setup inside an isolated dark box
equipped with a hotplate. The sensor is connected to a source measure unit (SMU) and controlled using a computer. The temperature
change is captured using an IR Optris PI camera, (b) the calibration setup using an encapsulated LED in water which is heated up using
hotplate (c) the non-human-primate experimental setup in which an optrode with a passivated mini-LED is inserted into brain tissue. The
microcontroller provides all needed control signals for LED driving and thermal sensing. SMU provides the bias voltages/currents and
stores the output of the circuit.

VWR was placed under the LED to change the LED temper
ature in the range of 27 °C–60 °C while the LED temperature
was measured using PI16O48T900 IR camera from Optris.
The camera was set to a frame rate of 120 f s−1 to ensure
the enough accuracy of the readings. The camera and desktop
PC interface was through USB port and controlled through
the Optris software. The sensor circuit was connected to a
source measure unit (SMU) 2615B from Keithley and both the
sensor and SMU were controlled using a computer program.
Furthermore, the LED was pulsed between forward mode
(LED on) and reverse mode (sensing) at room temperature,
and the reverse current variation and surface temperature
change have been measured during the LED reverse mode.
For this experiment, the same setup in figure 5(a) excluding
the hot late was used.
Figure 5(b) shows a diagram of the water experiment
used to achieve the LED current and temperature variation inside water. The hotplate has been used to change the

water temperature while a thermometer of type LO-tox from
Brannan inside the water measured the temperature close to
the LED. The water experiment started with the water at room
temperature. The measured data from the air and water experiments have been used to calibrate the probe to use for thermal
sensing in brain tissue. Figure 5(c) illustrates a diagram of the
setup for non-human primate brain test which is described in
the next section.
A conceptual thermal model for the probe is described
in figure 2 and the experiments to perform a calibration are
described in figures 5(a) and (b). The sensor fundamentally measures temperature dependent junction current ( IJ),
whereas we what is required is surface temperature (TS ). As
such, we have devised two different calibration experiments:
hotplate (figure 5(a)) and warm saline 37 °C  ±  1 °C (figure
5(b). The former can be used to assess surface temper
ature changes from a defined background temperature using
infrared thermal imaging. However, this is only possible in
6
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Figure 6. (a) The absolute current versus voltage in different temperatures for a mini-LED. (b) The absolute reverse current versus absolute
voltage of a mini-LED in different temperatures, (c) the absolute current versus voltage in different temperatures for a micro-LED, (d) the
absolute reverse current versus absolute voltage of a micro-LED in different temperatures, (e) and (f) an illustration of the employed miniLED and micro-LED, (g) absolute reverse current and reverse current density versus temperature for mini-LED and micro-LED when they
are biased using  −1.7 V.

air. In contrast saline experiments can be used to immerse the
probe in a saline medium which is similar to that of nervous
tissue, but we can only measure the bulk temperature.
Mathematically, we can express the relationship between
junction current and junction temperature for both cases: hot
plate (∆IJAir , ∆TJAir ) and hot saline (∆IJWater , ∆TJWater ) in
terms of the change from the baseline as follows:

generated in the junction which then transmits to the surface
according to the model in figure 2, thus creating a gradient.
This can be mathematically expressed as follows:

∆IJAir = αJAir · ∆TJAir
(1)

∆IJAir
αJAir =
.
(5)
∆TJAir

∆IJAir
∆IJAir ∆TJAir
αSAir =
=
·
.
(4)
∆TSAir
∆TSAir ∆TJAir

But from (1):

∆IJWater = αJWater · ∆TJWater .
(2)

So we can state:

Where ∆IJ is the change in junction current with the change
in junction temperature, ∆TJ . αJ is the gradient of the relationship between ∆IJ and ∆TJ in air or water (or saline). However,
we actually need the relationship between the sensed junction
current ∆IJ and changes in surface temperature ∆TS when the
LED is pulsed. The hot plate experiment can provide this by
pulsing the LED to have LED ON in forward bias (illumination) and LED OFF in reverse bias with a fixed overall background temperature. The changes in surface temperature can
be measured through IR imaging simultaneous to changes in
the junction current. This gives the following relationship:

∆TJAir
αSAir = αJAir ·
.
(6)
∆TSAir

As such αSAir respectively comprises of the fundamental LED
relationships αJAir combined with the relationship between
the change in junction temperature in air ∆TJAir with respect
to surface temperature in water, ∆TSAir . Our objective is to
determine the surface temperature in water ∆TSWater from the
junction current in water ∆IJWater:
∆IJWater = αSWater · ∆TSWater .
(7)

If we use the same logic as per (4)–(6) then we can state:


∆TJWater
∆I
=
α
·
· ∆TSWater .
(8)
JWater
JWater
∆TSWater

∆IJAir = αSAir · ∆TSAir .
(3)

Where ∆TSAir is the change in the surface temperature in
air and αSAir is the gradient of the relationship between ∆IJ
and ∆TS in air. In this case, the temperature is not uniform
throughout the probe. i.e. for (1) and (2) above, the probe is
passively heated to a fixed temperature such that the bulk and
surface are the same. In this case, both are heated to a baseline
temperature and then the LED is turned on. The heat is thus

We can achieve the relationship αJWater using the experimental
setup in figure 5(a). However, it is difficult to determine
|∆TJ |Water /|∆TS |Water. Thermal imager can only explore the
surface and cannot see through water. Similarly, thermometers are bulk devices thus they cannot determine localized
7
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Figure 7. Measurement results achieved from the encapsulated LED as (a) junction current change versus junction temperature change in
water and air by using a hotplate to change the temerature (b) junction current change versus surface temperature change in air when the
LED was driven using a 2.5 mA pulse at a base temperature of 27 °C.

hotspots in the submillimeter scale. As such, we can utilize
this relationship for air. The relationship between ΔTSAir
versus ΔTJAir can be extracted using the measured currents
from two different experiments which included LED pulsing
and also hotplate to heat up the reverse biased LED.

Table 2. Extracted regression analysis parameters for the measured

data in figures 7 and 8.

4.2. Testing in non-human primate brain

Experiments were performed in non-human primate (NHP)
brain to test the functionality for potential future clinical
applications. A passivated optrode probe was inserted acutely
into non-human primate (NHP) brain. Thermal recordings
were obtained from non-human primates (macaca mulatta)
as part of terminal experiments being conducted primarily
for other research purposes. All procedures were approved
by the local ethics committee at Newcastle University and
performed under appropriate UK Home Office licenses in
accordance with the Animals (Scientific Procedures) Act
1986. A ketamine/alfentanil infusion (0.1–0.6 mg kg−1 h−1
and 0.2 µg kg−1 min−1 respectively) was used for anaesthesia,
while core body temperature was maintained at 37–38° using
a hot-air blanket (Bair Hugger, 3M). After a craniotomy and
durotomy, LEDs were inserted to a depth of 2–3 mm into prefrontal regions of cortex using a stereotaxic manipulator. A
diagram can be seen in figure 5(c).

Figure

Characteristic

Value

σ

7(a)
7(a)

∆IJAir
∆TJAir

10
3.8

18
3.8

7(b)

∆IJAir
∆TSAir

10.3

2.7

8(a)

∆TSAir
∆TJAir

0.34

0.3

8(b)

∆IJWater
∆TJWater

29.4

3

∆IJWater
∆TJWater

and current dependency of encapsulated and non-encapsulated
LEDs. Also, different experiments are carried out to explore the
LED’s junction and surface temperature relation. Furthermore,
the sensor functionality is shown by conducting an experiment
in non-human primate brain tissue.
We have experimentally explored standard Gallium Nitride
(GaN) LEDs characteristics to achieve the relation between
LED’s reverse current and temperature. Figure 6(a) shows the
I–V characteristics of a mini-LED at different temperatures.
Figure 6(b) shows the absolute reverse current of mini-LED
versus absolute voltage in different temperatures to explore
these three parameters’ relationship. The results show the
current changes exponentially and considerably due to the
bias voltage variations more than the temperature variations.
Therefore, it can be very challenging to determine the LED’s
temperature in reverse bias based on the reverse current. This
means the LED needs to be interrogated at a fixed reverse bias
which does not deviate in time or due to noise. Figure 6(c)
shows the I–V characteristics of a micro-LED at different
temperatures. Figure 6(d) shows the absolute reverse current
of micro-LED versus absolute reverse voltage in different
temperatures. The illustration of mini and micro LEDs are
shown in figures 6(e) and (f).
Figure 6(g) shows the absolute value of reverse current and
current density versus temperature for a mini-LED and microLED when they are reversely biased with  −1.7 V. The current
of the biased LEDs was measured while the temperature was

5. Results and discussion
The proposed temperature sensing sub-system for optogenetics
application utilises the incorporated LED as the primary sensor
for detecting its own surface temperature. The implemented
system clamps a reverse bias voltage with a high degree of
accuracy across LED in order to differentiate between temper
ature variation and voltage variation where the voltage stability
is within  ±5% of a target bias voltage. Temperature change
can be accurately determined despite variations in power
supply noise. A calibration process has been performed using
the current–voltage-temperatures characteristics of the utilised LEDs in reverse bias to attain the surface temperature
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Figure 8. Extracted data for the encapsulated LED showing (a) the relationship between the LED surface and junction temperature change
in air (b) the LED junction current change versus surface temperature change in water.

Figure 9. Measured sensor output current and voltage change versus surface temperature change when the encapsulated LED was driven
using a 7.5 mA pulse.

Figure 10. (a) and (b) Exemplar results for the output current of CCII and surface temperature variation during LED-illumination and

sensing phases, (c) surface temperature versus time during sensing phase when three different pulses with different amplitudes (2 mA,
4 mA and 8 mA) are applied to the LED inserted in monkey’s brain.

rising using hotplate. As can be seen in the results, there is a
good linearity between reverse current and temperature which
shows that the reverse current can be used as a semi-linear
TSP. It’s clear that bigger LEDs will have more current variation for specific temperature change. As noted in the introduction, the reverse leakage profile is very different between
commercial mini-LEDs and custom micro-LEDs. For this
reason, we plot (a)–(d) in absolute current rather than current
density. We believe the reasons for this lie with both differences in structural configuration and surface to bulk ratios.

5.1. Experimental results for encapsulated
and non-encapsulated LEDs

The Hotplate and warm saline experiments were performed
based on the setups in figures 5(a) and (b) to assess the relationship between the junction current IJ and the junction temper
ature TJ in air and Saline. Figure 7(a) shows the junction current
change versus junction temperature change for an encapsulated
LED in air and water where the junction current change is linear
within 15 °C junction temperature variation. On the other hand
the LED pulsing experiment was carried out to achieve the LED
9
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surface temperature in air. Figure 7(b) shows the junction current
change versus surface temperature change for an encapsulated
LED in air which shows a linear relation for 6 °C temperature
change. Values for the gradients are shown in table 2 below.
There was some offsets from zero in our measurements due to
drift in our experimental setup, but the gradients themselves are
repeatable as shown in the multiple scatter plots.
Figure 8(a) shows the relationship between the junction and
surface temperature in air. From figures 7(a), (b) and 8(a), a
relationship between the surface temperature and the junction
current can be derived. This is shown in figure 8(b). The derivation for this has been described above in equations (1)–(8).
The total error is derived from summing the standard errors
from each of the gradient relationships. The extracted regression analysis parameters are summarized on table 2.
Figure 9 shows the CCII output current and also the sensor
output voltage versus ΔTS which is likely linear. For this experiment, a long 7.5 mA pulse is applied to the LED for a few minutes. During pulse-On, the surface temperature increases about
25 °C (from 27 °C to 52 °C) and saturates. In the reverse sensing
phase, the LED is reverse biased, and the temperature starts to
decrease. Consequently, LED reverse current, the CCII output
current and the sensor output voltage change. The change in
LED current for 25 °C temperature variation was conveyed with
unity gain to the CCII output while the LED was biased using
the CCII. The output current was converted and amplified using
TIA to about 200 mV output voltage which gives 8 mV °C−1
temperature sensitivity for the sensor.

which we assume to relate to the optrode bulk, LED, and
encapsulation.
6. Conclusion
An LED-based temperature sensor is designed in standard
0.35 µm CMOS technology to detect the change of temper
ature at the surface of the implanted LEDs in biomedical
applications like optogenetics. This is to prolong the lifespan
of the implants and prevent tissue damage as the increased
heat due to LED shining can damage LED bonding and
neural tissue. To achieve this the designed sensor measures
the LED reverse current as the experimental results for different GaN LEDs show that the LED reverse current can be
employed as a reliable temperature sensitive parameter to
detect the LED junction temperature change. Furthermore,
the employed calibration method enables extracting the LED
surface temperature change in air and water which occurs
after LED illumination, and it’s our interest. Therefore, by
measuring the surface temperature change we can control the
heating issues after LED illumination. The designed CMOS
temperature sensor consists of a second generation current
conveyor to bias the LED, receive and convey the reverse
current to a high gain transconductance amplifier which converts and amplifies the signal. The sensor output signal can be
then digitised and translated into a temperature change. This
proposed method of temperature sensing is area efficient by
eliminating area consuming blocks which are usually used
for temperature sensing in implantable systems. This means
the danger of failure because of the other devices can be
decreased here.

5.2. Experimental results from non-human primate brain

The final experiment was to explore the efficacy of the probe
in a real world scenario close to human neuroprosthetics. The
probe was inserted into non-human primate brain according
to figure 5(c). The LED was driven in two phases—LED illumination, and reverse sensing while the sensor was used to
bias the LED and measured the reverse current (figure 10(a)).
The calibration method was then applied to the measured cur
rent to extract the LED’s surface temperature as shown in
figure 10(b). As can be seen in the sensing phase, the bigger
current is related to higher temperature. This means the LED
bias and the applied pulse will have different current and then
temperature change. To see the effect of pulse amplitude, three
different long pulses with different amplitudes (2 mA, 4 mA
and 8 mA) were applied to the LED, and the output current
was measured during reverse sensing phase. The related surface temperature was extracted for each experiment as shown
in figure 10(c). The results show that the surface temperature
changes after the LED illumination while this generated surface temperature is decreasing during the reverse-sensing
phase. The results also show that the more intense LED radiation results in larger thermal emission which takes a longer
time to cool down.
The thermal decay profile is expected to be exponential according to the passive RC network model described
in figure 2. As such straight lines have been provided in the
centre data of figure 10(c) to show 3 dominant time constants,

Acknowledgment
The authors would also like to thank the Wellcome Trust
(102037/Z/13/Z) and the Engineering and Physical Sciences
Research Council (NS/A000026/1) for funding the CANDO
(www.cando.ac.uk) project.
ORCID iDs
Fahimeh Dehkhoda

https://orcid.org/0000-0002-7399-7169

References
[1] Barret J M, Degenaar P and Sernagor E 2015 Blockade of
pathological retinal ganglion cell hyperactivity improves
optogenetically evoked light responses in rd1 mice
Frontiers Cell. Neurosci. 9
[2] Du J, Blanche T J, Harrison R R, Lester H A and
Masmanidis S C 2001 Multiplexed, high density
electrophysiology with nanofabricated neural probes PLoS
One 6 1–11
[3] Demchenko A P 2009 Introduction to Fluorescence Sensing
(Berlin: Springer)
[4] Heim R, Cubitt A B and Tsien R Y 1995 Improved green
fluorescence Nature 373 663–4
10

F Dehkhoda et al

J. Neural Eng. 15 (2018) 026012

[24] Goldstein L S, Dewhirst M W, Repacholi M and Kheifets L
2003 Summary, conclusions and recommendations: adverse
temperature levels in the human body Int. J. Hyperth.
19 373–84
[25] Seese T M, Harasak H, Saidel G M and Davies C R 1998
Characterization of tissue morphology, angiogenesis, and
temperature in the adaptive response of muscle tissue to
chronic heating Lab. Invest. 78 1553–62
[26] Okazaki Y, Davies C R, Matsuyoshi T, Fukamachi K,
Wika K E and Harasaki H 1997 Heat from an implanted
power source is mainly dissipated by blood perfusion Asaio
J. 43 M585–8
[27] Deng C, Sheng Y, Wang S, Diao S and Qian D 2016 A CMOS
smart temperature sensor with single-point calibration
method for clinical use IEEE Trans. Circuits Syst. II
63 136–40
[28] Huang Y J, Tzeng T H, Lin T W and Huang C W 2014 A
self-powered CMOS reconfigurable multi-sensor IEEE J.
Solid-State Circuits 49 851–66
[29] Lee H Y, Hsu C M and Luo C H 2006 CMOS thermal sensing
system with simplified circuits and high accuracy for
biomedical application circuits and systems Proc. of IEEE
Int. Symp. on Circuits and Systems, ISCAS
[30] Crepaldi P C, Moreno R L and Pimenta T C 2010 Lowvoltage, low-power, high linearity front-end thermal sensing
element Electron. Lett. 46 1271–2
[31] Udrea F, Santra S and Gardner J W 2008 CMOS temperature
sensors—concepts, state of the art and prospects Int.
Semiconductor Conf.
[32] Bianchi R A, Vinci Dos Santos F, Kara J M, Courtois B,
Pressecq F and Siffiet S 1998 CMOS-compatible smart
temperature sensors Microelectron. J. 29 627–36
[33] Soltan A, McGovern B, Drakakis E, Neil M, Maaskant P,
Akhtar M, Lee J S and Degenaar P 2016 High density, high
radiance µLED matrix for optogenetic retinal prostheses
and planar neural stimulation IEEE Trans. Biomed. Circuits
Syst. 11 347–59
[34] Berlinguer-Palmini R et al 2014 Arrays of microLEDs and
astrocytes: biological amplifiers to optogenetically modulate
neuronal networks reducing light requirement PLoS One 9
[35] Dehkhoda F, Soltan A, Ramezani R, Zhao H, Liu Y,
Constandinou T and Degenaar P 2015 Smart optrode for
neural stimulation and sensing IEEE Int. Conf. on Sens. 1–4
[36] Wu B, Lin S, Shih T M, Gao Y, Lu Y, Zhu L, Chen G and
Chen Z 2013 Junction-temperature determination in InGaN
light-emitting diodes using reverse current method IEEE
Trans. Electron Devices 60 241–5
[37] Jung E, Lee J K, Kim M S and Kim H 2015 Leakage current
analysis of GaN-based light-emitting diodes using a
parasitic diode model IEEE Trans. Electron Devices
62 3322–5
[38] Shan Q, Meyaard D S, Dai Q, Cho J, Schubert E F, Son J K
and Sone C 2011 Transport-mechanism analysis of the
reverse leakage current in GaInN light-emitting diodes
Appl. Phys. Lett. 99 253506
[39] Salem S B, Fakhfakh M, Masmoudi D S, Loulou M,
Loumeau P and Masmoudi N 2006 A high performances
CMOS CCII and high frequency application Analog Integr.
Circuits Signal Process. 49 71–8
[40] Alzaher H A, Elwan H and Ismail M 2003 A CMOS fully
balanced second-generation current conveyor IEEE Trans.
Circuits Syst. II 50 278–87
[41] Maaskant P P, Shams H, Akhter M, Henry W, Kappers M J,
Zhu D, Humphreys C J and Corbet B 2013 High-speed
substrate-emitting micro-light-emitting diodes for
applications requiring high radiance Appl. Phys. Express
6 022102

[5] Chen T W et al 2013 Ultrasensitive fluorescent proteins for
imaging neuronal activity Nature 499 295–300
[6] Nagel G, Szellas T, Huhn W, Kateriya N, Adeishvili N and
Berthold P 2003 Channelrhodopsin-2, a directly light-gated
cation-selective membrane channel Proc. Natl Acad. Sci.
USA 100 13940–5
[7] Zhang F et al 2007 Multimodal fast optical interrogation of
neural circuitry Nature 446 633–9
[8] Koizumi A, Tanaka K F K and Yamanaka A 2013 The
manipulation of neural and cellular activities by ectopic
expression of melanopsin Neurosci. Res. 75 3–5
[9] Barrett J, Berlinguer-Palmini R and Degenaar P 2014
Optogenetic approaches to retinal prosthesis Vis. Neurosci.
31 345–54
[10] Pastrana E 2011 Optogenetics: controlling cell function with
light Nat. Methods 8 24–5
[11] Yizhar O, Fenno L E, Davidson T J, Mogri M and
Deisseroth K 2011 Optogenetics in neural systems Neuron
Primier 71 9–34
[12] Sparta D R, Stamatakis A M, Phillips J N, Hovelso N,
Zessen R V and Stuber G D 2012 Construction of
implantable optical fibers for long-term optogenetic
manipulation of neural circuits Nat. Protocols 7 12–23
[13] Schwaerzle M, Elmlinger P and Paul O 2015 Miniaturized
3  ×  3 optical fiber array for optogenetics with integrated
460 nm light sources and flexible electrical interconnection
28th IEEE Int. Conf. on Micro Electro Mechanical Systems
(MEMS)
[14] Wu F, Stark E, Im M, Cho I J, Yoon E S, Buzsaki G,
Wise K D and Yoon E 2013 An implantable neural probe
with monolithically integrated dielectric waveguide and
recording electrodes for optogenetics applications J. Neural
Eng. 10 1–18
[15] Cao H, Gu L, Mohamty S K and Chiao J C 2013 An integrated
µLED optrode for optogenetic stimulation and electrical
recording IEEE Trans. Biomed. Eng. 60 225–9
[16] Wu F, Stark E, Ku P C, Wise K D, Buzsaki G and Yoon E 2015
Monolithically integrated µLEDs on silicon neural probes
for high-resolution optogenetic studies in behaving animals
Neuron 88 1136–48
[17] McAlinden N, Massoubre D, Richardson E, Gu E, Sakata S,
Dawson M D and Mathieson K 2013 Thermal and
optical characterization of micro-LED probes for in vivo
optogenetic neural stimulation Opt. Lett. 38 1–4
[18] Stujenske J M, Spellman T and Gordon J A 2015 Modeling
the spatiotemporal dynamics of light and heat propagation
for in vivo optogenetics Cell Rep. 12 525–34
[19] LaManna J C, McCracken K A, Patil M and Prohaska O J
1989 Stimulus-activated changes in brain tissue temperature
in the anesthetized rat Metabolic Brain Dis. 4 225–37
[20] Kim S, Tathireddy P, Normann R A and Solzbacher F 2007
Stimulus-activated changes in brain-tissue temperature in
the anesthetized rat IEEE Trans. Neural Syst. Rehabil. Eng.
15 493–501
[21] Opie N L, Greferath K A, Vessey K A, Burkitt A N, Meffin H,
Grayden D B and Fletcher E L 2012 Retinal prosthesis
safety: alterations in microglia morphology due to thermal
damage and retinal implant contact Invest. Ophthalmol. Vis.
Sci. 53 7802–12
[22] Matsumi N, MAtsumoto K, Mishima N, Moriyama E,
Furuta T, Nishimoto A and Taguchi K 1994 Thermal
damage threshold of brain tissue-histological study
of heated normal monkey brains Neural Med. Chir.
34 209–15
[23] Fujii T and Ibata Y 1982 Effects of heating on electrical
activities of guinea pig olfactory cortical slices Pflugers
Archiv-Eur. J. Physiol. 392 257–60

11

