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ABSTRACT: Integrated Sensing and Communication (ISAC) involves incor-
porating wireless sensing capabilities into communication systems. The
integration of ISAC affords improvements in the performance of the
communication system, as well as the ability to perform high-precision motion
detection, positioning, imaging, and other related functions. Therefore, it is highly
valuable to develop an ISAC terminal device that has a high degree of integration
and energy efficiency. Here, we propose an ISAC chip that utilizes the coexistence
of luminescence and detection properties of III-nitride multiple quantum wells for
motion detection and visible light communication. The ISAC chip includes both
a transmitter and a receiver of visible light and is fabricated on a sapphire wafer
with InGaN/GaN multiple quantum wells. A rotating mirror is used as the object
for motion detection and modulates the light signal emitted by the transmitter in
a reflected light path. The variation period of the photocurrent curve generated by
the modulated light signal is consistent with the rotation period of the mirror. We
also investigate the performance of this chip as a transmitter and transceiver terminal of visible light communication systems. The
results of the study provide a promising approach for the integration of motion sensing and visible light communication.

■ INTRODUCTION
Integrated Sensing and Communication (ISAC) is a
technology that enables the integration of sensing and
communication functionalities within a single transmission,
device, and ultimately a unified network infrastructure.1 The
communication band of ISAC extends to higher frequencies,
such as terahertz and visible light, which overlaps with the
sensing band. This advancement has led to numerous
applications in various fields, including Internet of Vehicles,
smart cities/homes, and military communications.2,3 These
applications have a strong demand for high-precision motion
detection and positioning capabilities, making ISAC an ideal
solution to address these needs.

Motion detection technology has a broad range of potential
application, including security system, IoT (internet of things),
elderly care, autopilot systems, and smart cities, among
others.4−6 Currently, motion detection technologies such as
PIR (passive infrared), optical camera, LIDAR (light detection
and ranging), and microwave are widely used.7−9 These
technologies have their own advantages and limitations, thus
highlighting the need to pursue the development of accurate
and reliable new motion detection technologies in the future.
One promising area of research is the use of visible light signals
for motion detection, which utilizes the physical principles
similar to those of LIDAR but employs vehicle LED (light-

emitting diode) headlamps instead of laser sources.10 Some
researchers have already developed visible light motion
detection systems for vehicle speed estimation and indoor
positioning by using the LED headlamps and the indoor
lighting as light sources.11−13 However, these systems still face
critical challenges due to the need to set up a separate network
of light sources and photodetectors, including issues related to
large size, high cost, and limited application scenarios.
Therefore, further research is necessary to overcome these
challenges and advance the development of visible light motion
detection technology.

Monolithic III-nitride photonic chips with MQWs offer
desirable properties such as detection and communications in
the visible range.14−16 Because of the coexistence of visible
light emission and detection in III-nitride MQWs, it makes
them a suitable material choice for developing integrated
optical sensing devices that are low-cost and consume less
power.17−20 Li et al. have demonstrated a monolithic LED-PD
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(photodiode) chip with III-nitride MQWs to monitor the PPG
(photoplethysmographic) signal variations for heart pulse
without relying on external PD.21 Zhong et al. utilized GaN
with a honeycomb nanonetwork structure epitaxially grown on
Si wafer for capacitive H2 gas sensors.22 Zhang et al. fabricated
a membrane light-emitting diode sensor utilizing the piezo-
electric signals for real-time flow rate detection.23 We have also
proposed an integrated photonics chip with micro-LED and
free-standing bended waveguide based on InGaN/GaN
MQWs to change the propagation direction of light and
achieve visible light communication (VLC) with high speed.24

In this paper, we proposed an ISAC chip for motion
detection and VLC based on the coexistence of luminescence
and detection properties of III-nitride multiple quantum wells.
The chip is designed for motion detection and VLC
applications and features a transmitter and receiver on a
sapphire wafer with InGaN/GaN MQWs. To enable motion
detection, the light emitting from the transmitter is modulated
by a rotating mirror, which serves as the motion detection
object. As the modulated light is reflected back to the receiver,
we can monitor the rotating speeds of the mirror by detecting
the photocurrent of the receiver. In addition to motion
detection, we also evaluate the VLC performance of the
photonics chip. The stable communication performance
ensures that the chip can process and transmit the signals
collected by motion detection. The work presents in this paper
a promising approach for integrating motion sensing and VLC,
opening up new possibilities for future applications. It can also
enable the micro LED array devices for lighting and display
with motion sensing capabilities. The motion sensing signals
can then be loaded into the micro LED devices through a
photocurrent carrier waveform and transmitted via VLC. The
chip in this paper can be used in some scenarios where
composite functional terminals are needed, such as smart
lighting, intelligent vehicle, and IoT. Moreover, the relatively
small loss of green light in the underwater transmission
provides unique opportunities for using this photonics chip in
the field of underwater ISAC applications.25

The III-nitride diodes of the photonics chip with four
transmitters in the corner and a receiver in the center is
presented in Figure 1. The green light emitted from the
transmitter is modulated by the motion of a target object and
reflected back to the receiver. By monitoring the variation of
the photocurrent in the receiver, we can detect the motion of
the target object with high accuracy and precision.

■ MATERIALS AND METHODS
The epitaxial films are grown by metal−organic chemical vapor
deposition (MOCVD) on a 4-inch sapphire substrate. The
epitaxial films consist of 1.4 μm n-GaN, 500 nm InGaN/GaN
MQWs, and 350 nm p-GaN. The active regions are defined by
photolithography, followed by ICP (inductively coupled
plasma) etching. A deep ICP etching is performed to achieve
complete electrical isolation between diodes. A 230 nm
transparent ITO (indium tin oxide) current spreading layer
is deposited by sputtering, followed by rapid thermal annealing
in N2. The ITO layer is etched by ICP to expose n-GaN
regions. The Ni/Al/Ti/Pt/Ti/Pt/Au/Ti/Pt/Ti metal films as
p/n electrodes are deposited on n-GaN and ITO by e-beam
evaporation, followed by a lift-off process. Then, a 1000 nm-
thick SiO2 layer is deposited by PECVD (plasma-enhanced
chemical vapor deposition). The bonding pad is defined by
photolithography, and Ni/Al/Ti/Pt/Ti/Pt/Au metal films are
deposited by e-beam evaporation, followed by a lift-off process.
The sapphire substrate is thinned to 200 μm. The DBR
(distributed Bragg reflection) layers with 2 μm thickness
consist of pairs of 13 pairs of periodically arranged SiO2 layer
and TiO2 layer. To achieve high reflectivity at the target
wavelength, the DBR has an inhomogeneous thickness
distribution of the SiO2/TiO2 pair. The thickness of the
SiO2 layer is 40−90 nm, and the thickness of the TiO2 layer is
30−120 nm. The chips are finally diced by ultraviolet
nanosecond laser micromachining and connected to the PCB
(printed circuit board).

■ RESULTS AND DISCUSSION
Figure 2a shows the optical microscope image of the
monolithic III-nitride photonics chip for motion detection.

One receiver and two transmitters are separately wire-bonded
on the PCB for further testing. As shown in Figure 2b, the
emitting/receiving region is etched into a square with a length
of 240 μm. The DBR layer on the bottom of the sapphire
substrate in Figure 2c is an array of columnar structures with a
period of 3 μm and a diameter of 2.5 μm.

The I−V (current−voltage) characteristic of the trans-
mitter/receiver is illustrated in Figure 3a and was characterized
using an Agilent B1500A semiconductor device analyzer with a

Figure 1. Schematic of a monolithic III-nitride photonics chip for
motion detection.

Figure 2. Optical microscope image of a monolithic III-nitride
photonics chip for motion detection. (a) Photonics chip connected to
the PCB. (b) Magnified image of the emitting/receiving region. (c)
Magnified image of the DBR.
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saturation current of 100 mA. The transmitter’s turn-on
voltage is 2.3 V, and it reaches a 100 mA saturation current at
3.7 V. By examining the linear region of the I−V curve, a
dynamic resistance of 12.86 Ω was extracted. The transmitter
emits green light with a broad spectrum due to the
complicated recombination of confined carriers inside the
MQWs. Additionally, the high-energy photons generated by
the receiver may be absorbed to liberate electron−hole pairs.
In Figure 3b, the C−V (capacitance−voltage) characteristics
demonstrate the negative capacitance behavior of the trans-
mitter under an AC (alternating current) signal with different
frequencies (1−50 kHz). The junction capacitance value is
positive under negative bias voltage, decreases, and then drops
down to a negative value after reaching the turn-on voltage
with increasing positive bias voltage. To improve the response
speed of the transmitter, reducing of the RC (resistor
capacitance) time constant is recommended. Lower RC time
constants are always accompanied by a lower absolute value of
negative junction capacitance. The absolute value of negative
junction capacitance increases at a lower AC signal frequency
and a higher positive bias voltage. At the 1 V bias voltage, the
absolute value of negative junction capacitance for 1, 10, and
50 kHz AC signals were 309, 224.7, and 75.1 nF, respectively.
The emitted light of the transmitter was collected by an optical
fiber and coupled into an Ocean Optics USB4000
spectrometer for characterization. Figure 3c shows the EL
(electroluminescence) spectra of the transmitter versus
injection currents. The dominant spectral peak is 521.4 nm
in the green range, and the FWHM (full width at half
maximum) is 28.9 nm. Using the Oriel IQE-200B (Newport
Corp) system as shown in the pink line in Figure 3c, the
spectral responsivity of the receiver was measured by
illumination with monochromatic light. The responsivity
decreases as the wavelength increases. The spectral overlap
refers to the range of wavelengths where the emitted light from
the transmitter can be modulated and converted into
photocurrent in the MQWs of the receiver. The spectral
overlap is the range between 490 and 536 nm, which spans at
46 nm. The spectral overlap ensures the realization of optical
monitoring using the monolithic III-nitride photonics chip

with two diodes as transmitter/receiver. As the current
increased from 10 to 300 mA, we observed a shift in the
peak wavelength of the EL spectrum from 521.4 to 523.8 nm,
as illustrated in Figure 3d. Despite the red shift of 2.4 nm
caused by the Joule heating effect, the EL spectrum still
overlaps with the spectral responsivity at higher currents.

Figure 4a illustrates the motion detection test setup for the
monolithic III-nitride photonics chip, shown in Figure 4. A

rotation motor with variable speed is installed at the bottom of
the silver mirror, at the end of the reflected light path. The
transmitter was subjected to a bias voltage of 2.8 V, while the
rotation speeds of the motor were set to 28, 70, and 100 rpm.
As the rotating mirror modulates the reflected light signal, it
causes the change of the photocurrent of the receiver, resulting
in a variation period consistent with the rotation period of the
mirror, as depicted in Figure 4b. Therefore, the photonics chip
can detect motion by sensing changes of photocurrent.
Additionally, we explored the effect of transmitter bias voltage
on the variation amplitude of the receiver’s photocurrent, as
shown in Figure 4c. At 70 rpm of rotation motor, increasing
the bias voltage from 2.6 to 3 V resulted in the corresponding
variation amplitude of photocurrent changing from 3 to 9 nA.
In the linear dynamic range of the transmitter, higher bias
voltage corresponded to greater emitting light signal intensity
and better motion monitoring performance.

Figure 5a shows the results of a free-space VLC test
conducted to investigate the transmission speed of the
monolithic III-nitride photonics chip used as a transmitter.
To load the transmission signal onto the transmitter, an
arbitrary waveform generator (Keysight 81160A) was
employed, which generated a 24 Mbps random binary
sequence. An aspheric condenser lens was placed to capture
the optical signal that was then sent to an avalanche
photodiode (Hamamatsu C12702-12) to amplify the received
light signal to electrical signal. The transmission and receiving
signals were characterized by an Agilent DSO9254A digital

Figure 3. (a) I−V curve of the transmitter/receiver on the monolithic
III-nitride photonics chip. (b) C−V curve of the transmitter/receiver.
(c) EL spectra of the transmitter and spectral responsivity of the
receiver. (d) Normalized EL spectra of the transmitter with 10−300
mA currents.

Figure 4. (a) Schematic of the motion detection test setup for the
monolithic III-nitride photonics chip. (b) Photocurrent for motion
detection of the mirror with different rotational speed and the
transmitter with 2.8 V bias. (c) Photocurrent for motion detection of
the mirror with 70 rpm rotational speed and the transmitter with
different bias voltages.
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storage oscilloscope, as illustrated in Figure 5b, and the signal
waveform at 24 Mbps remained well-preserved during
transmission. In addition, the 3 dB modulation bandwidth of
the transmitter at 10 mA current is presented in Figure 5c, and
it achieved 28.2 MHz (as tested by a vector network analyzer,
Keysight E5080A). These results demonstrate that the
monolithic III-nitride photonics chip as a transmitter has the
capability to achieve high-speed transmission in optical
communication in the green band. The 3 dB modulation
bandwidth can be estimated by26

=f RC2 / (1)

To increase the 3 dB modulation bandwidth, one can reduce
the active region’s area and decrease the capacitance, where R
represents the series resistance and C represents the diode
capacitance. However, it is important to note that excessively
small active regions may negatively impact the diode’s lighting
and detection performance. Additionally, the minority carrier
lifetime is a significant factor that limits the 3 dB modulation
bandwidth, in addition to the RC constant. In future work, we
anticipate enhancing the 3 dB modulation bandwidth by
utilizing multiple quantum wells with shorter carrier lifetimes.

Figure 6a displays the utilization of diodes in the monolithic
III-nitride photonics chip as the transmitter and receiver,
respectively, in VLC testing. The light signal travels to the
receiver on the same chip via the reflected light path using a
silver mirror. The receiver operates on zero bias. The
oscilloscope characterizes the transmission and receiving
signal, as presented in Figure 6b, with the signal waveform
remaining intact throughout transmission. The open eye
diagram at 26 kbps is illustrated in Figure 6c. With the ability
to emit and detect visible light signals simultaneously, the
monolithic III-nitride photonics chip can construct an efficient
VLC system.

In conclusion, an ISAC chip for motion detection and VLC
has been developed using sapphire wafer with epitaxial films
consisting of InGaN/GaN MQWs. Based on the coexistence of
luminescence and detection properties in InGaN/GaN
MQWs, the diodes on the photonics chip can emit and

receive visible light signals in the green band. The EL of the
transmitter and responsivity spectra of the receiver overlap by
46 nm. The transmitter emits green light that is modulated by
a rotating mirror and then reflected back to the receiver on the
same chip. The rotation speed of the mirror is monitored by
detecting the photocurrent of the receiver. The variation
period of the photocurrent is consistent with the rotation
speed of the mirror, which is set at either 28, 70, or 100 rpm.
We study the effect of transmitter bias voltage on the variation
amplitude of photocurrent of the receiver. The effect of
transmitter bias voltage on the variation amplitude of the
photocurrent of the receiver was studied, with the bias voltage
increased from 2.6 to 3 V. Results indicate that the variation
amplitude of photocurrent increases from 3 to 9 nA at a
rotation speed of 70 rpm. The VLC performance of the
photonics chip was also investigated, with transmission speeds
reaching 24 Mbps as a transmitter and 26 kbps as a transceiver.
The stable communication performance of the photonics chip
ensures reliable processing and transmission of signals
collected by motion detection. This work offers a promising
solution for low-cost, low-power consumption, and high-
integration applications of the photonics chip based on III-
nitride MQWs in ISAC fields.
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