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ABSTRACT: Multiple quantum well (MQW) II-nitride diodes show  Source
selectable functionalities of light-emitting and light-detecting behaviors,
enabling direct touchless device-to-device communication. Here, we
propose and demonstrate a touchless input/output (I/O) interface
using a single MQW IIl-nitride diode. By integrating an MQW III-
nitride diode with a memory via a control circuit, optical signals are
converted into electrical ones to be written into a memory, and ~~—

consequently, electrical information is read out from the memory to be Terminal
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translated into optical signals for visible light communication (VLC).
The MQW II-nitride diode can not only lead to a touchless “writing” action but also offer a “reading” process through light. Such
touchless I/O interface would provide new forms of interactivity for device-to-device communication technologies.

B INTRODUCTION

With increasing applications using large datasets, there are
higher demands placed on storage methods and storage costs.
Especially in interactive interfaces, touchless input/output (I/
O) interface is an emerging technology.l_3 Tang et al’t
demonstrated the storage of deterministic single photons
emitted from a quantum dot in polarization-maintaining solid-
state quantum memory. Nakadai et al.” reported a photonics—
electronics integration solution that realizes the electrical
control of a coupled ultrahigh-quality-factor nanocavity system
on a silicon chip. Yang et al.’ realized the storage of photon
states in a single nuclear spin. Furthermore, multiple quantum
well (MQW) IlI-nitride diodes are dual-functional devices that
provide a new type of solution for this application. Wang et al.”
proposed a monolithic multicomponent system on a III-
nitride-on-silicon platform. Park et al.® demonstrated 2000 ppi
MLED displays with monolithicallZ integrated thin-film
transistor pixel circuits. Farrell et al.” realized a hot-carrier-
based thermophotonic solar cell. Luo et al.'’ reported a
miniaturized optical airflow sensor based on a gallium nitride
(GaN) chip with a flexible polydimethylsiloxane (PDMS)
membrane. These studies are associated with multifunctional
devices that can perform tasks such as energy storage,
communication, and sensing. An increasing number of studies
are exploring the potential of MQW Ill-nitride diodes.'' ™"
There are few storage interfaces that achieve great function and
low cost.'” ™" The development of next-generation memory
urgently needs to overcome the constraints of electrical
transmission and realize a faster and less interference
transmission scheme, and in this regard, the touchless optical
I/O interface is a new scheme.””” Oh et al.*” reported a
double heterojunction nanorod device that can be used for
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simultaneous light emission and detection. Using a dual-
functional perovskite diode, Shan et al.>® proposed a
bidirectional optical link between two identical devices. Studies
have shown that MQW Ill-nitride diodes that can not only be
used as traditional LED display lighting but also detect light
and modulate light.”*~*’ An optical link that uses two identical
MQW II-nitride diodes separately acts as the transmitter and
the receiver to allow full-duplex communication,” and the
bandwidth of this transmission mode is sufficient for video
transmission.”’ When these diodes are integrated on a large
scale, next-generation smart screens can be realized.”” Studies
have shown such designs to exhibit sufficient potential in data
communication, but there are few studies on data storage.B_36
Here, we develop a touchless I/O interface by using the
selectable functionalities of the light-emitting and light-
detecting behaviors of MQW IIl-nitride diodes. All data
communication is achieved using a single MQW III-nitride
diode, and the transmission sequence and rate are soft-defined.
This I/O solution offers a cheaper and simpler noncontact
channel, which offers value in specific scenarios that require
avoiding electromagnetic interference and include higher data
security demands. In addition, it mitigates the risks associated
with loose or worn contact cables.
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Figure 1. (a) Schematic diagram of the touchless I/O interface; (b) exploded schematic illustration of the MQW IlI-nitride diode; (c) cross-
sectional SEM image of the MQW Ill-nitride diode; (d) two kinds of circuit packages for MQW Ill-nitride diodes; (e) optical microscope picture

of the MQW III-nitride diode.

B DESIGN AND FABRICATION

The touchless I/O interface is schematically illustrated in
Figure la. Both transceiver]l and transceiver2 are identical
MQW IlI-nitride diodes, which can act as the transmitter and
the receiver, respectively. Process I shows a touchless “writing”
action. Transceiverl sends optical signals to be stored, and
transceiver2 captures light and converts it into an electrical
signal, thereby storing it in the memory. During “reading”
process 1I, data information from memory is encoded into the
electrical signals to pulse the light emitted by transceiver2,
which is wirelessly transmitted to transceiverl. This directly
leads to a touchless "reading” process. Figure 1b shows an
exploded schematic illustration of the MQW III-nitride diode.

All MQW II-nitride diodes are manufactured on a commercial
4-inch III-nitride-on-sapphire platform using standard wafer
processes from Changelight Co., Ltd. The wafers are also from
the company. First, a mesa region is defined by photo-
lithography and inductively coupled plasma (ICP) etching with
a depth of 1.4 um to expose the n-doped GaN surface. Then,
the epitaxial film is removed by deep ICP etching, and a 230-
nm-thick transparent indium tin oxide (ITO) current spread-
ing layer is deposited by sputtering. After heat treatment, the
ITO layer is etched, and Ni/Al/Ti/Pt/Ti/Pt/Au/Ti/Pt/Ti
metal stacks are deposited on the n-doped GaN and ITO
surfaces. Finally, the sapphire substrate is cleaned and polished
down to 200 um, and the diodes are diced by ultraviolet
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Figure 2. (a) Current—voltage (I-V) curve of the QW diode; (b) detection spectrum of the MQW Ill-nitride diode; (c) electroluminescence
spectrum of the MQW Ill-nitride diode; (d) circuit-time curve of the MQW Ill-nitride diode when there are different external excitations.

nanosecond laser micromachining. Figure 1c shows the cross-
sectional scanning electron microscope (SEM) image of the
MQW IlI-nitride diode. As shown in Figure 1d, the diode is
finally wire-bonded to a printed circuit board (PCB). Figure le
shows an optical microscope picture of the MQW Ill-nitride
diode. The diode has a thickness of approximately 220 ym, a
length of approximately 5.5 mm, a width of approximately 4
mm, and a weight of 105 mg. The four corners of the diode are
n-electrodes, from which gold wires are arbitrarily drawn and
connected to the PCB to form the ground terminal. In the
center of the diode, two p-electrodes are deposited, from which
gold wires are drawn and connected to the PCB to form the
power supply terminal. We analyze the physical properties of
this diode and use it to build a touchless I/O interface.

We characterize the open voltage of the diode by using an
Alignet B1500A semiconductor measurement device. Figure 2a
shows a typical I-V curve of the diode, which shows that the
open voltage of the diode is 1.92 V. When used as a
transmitter, we add a voltage of more than 2 V to the MQW
III-nitride diode, and when used as a receiver, we ensure that
the voltage of the MQW Ill-nitride diode is below 1.9 V. To
ensure the best reception performance of the MQW IlI-nitride
diode when acting as a receiver, we experimentally analyze the
selectable functionalities of light-emitting and light-detecting
behaviors. When an MQW IlI-nitride diode acts as a receiver,
it can absorb external photons, thereby releasing electron—hole
pairs to convert optical signals into electrical signals. We used
the OrieliQE-200B measurement device to test the detection
spectrum when the bias voltage was =2, 0, 1, and 1.5 V and
thus showed that its responsivity decreases with increasing
voltage, as shown in Figure 2b. We used the Ocean Optics

HR4000 spectrometer to test its electroluminescence spectra,
as shown in Figure 2c. When the MQW IIl-nitride diode is
used as a transmitter, as the injection current increases from 5
to 30 mA, the light output of the diode increases so that
electricity and information are converted into light and
emitted. When the driving current is 5 mA, the main peak is
located at 533.65 nm. As the driving current increases to 30
mA, the main peak is slightly skewed to the left, near $32.26
nm. Therefore, combined with Figure 2b,c, we clearly confirm
that the emitting spectrum and detection spectrum of this
MQW diode have both emission and detection functions
within [480, 550 nm].

Therefore, we supply the diode with bias voltages of 0, 1,
1.9, and 2 V, conditions in which the device functions as an
optical receiver. Externally, the same diode is used as the
transmitter and excited with a frequency of 2 Hz, peak-time
value and bias voltage of 2 V to emit light and stimulate the
receiver, and the response waveform of the receiver is
observed, as shown in Figure 2d. When a bias voltage of 0 V
is applied to the receiver, the detection response is the most
sensitive, and the photocurrent offset is approximately 15 pA.
With increasing voltage, the sensitivity gradually decreases.
The diode emits light at a forward voltage of 2 V. At this
condition, the diode has a very weak detection ability and its
signal is mixed with considerable clutter. At a bias voltage of 2
V, the current variation in its detection signal is merely 2.5 yA.
The underlying cause of this phenomenon lies in the intricate
balance between the device’s light emission and detection
processes. Light emission entails a larger direct current
component, which consequently makes it more susceptible
for the photoelectric current to be “submerged” within the
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Figure 3. System block diagram of the touchless I/O interface.
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Figure 4. (a) Transmitter—receiver performance of the MQW Ill-nitride diode at different communication rates; (b) bit error analysis of the MQW
III-nitride diode when transmitting bit stream; (c) using the touchless I/O interface to store and read pictures; (d) storage and reading of audio by

the touchless I/O interface.

direct current voltage. As depicted in Figure 2b, it is evident
that as the applied voltage on the device increases, its detection
capability weakens. Therefore, with the amplification of voltage
across the device’s terminals, the amplitude of the light-
generated current change diminishes.

B RESULTS AND DISCUSSION

Based on the above testing, the hardware foundation of the
touchless I/O interface is established. Combined with certain
peripheral circuits and software, the new storage method can
be realized. The block diagram of the entire system is shown in
Figure 3. This specifically shows a concept of automatic
spontaneous adaptive optical I/O. Both “writing” and “read-
ing” processes are realized by using wireless light communi-
cation, which leads to a “touchless” I/O interface. When the
system works normally, it is divided into a “writing” process
and a "reading” process. In the "writing” procedure, the host
can send the byte stream, picture or audio data source
accordingly, through microprocessor unit cross-clock process-

35339

ing, modulation, encoding, and then it is sent to the driver
circuit. The TXI signal coming from the driver circuit drives
transceiver 1 (output) to emit light, and after passing through
the spatial channel, it is received by transceiver 2 (input) and
then generates the RX1 signal. After transmission amplifica-
tion, two-stage amplification, filtering, and comparison, the
photocurrent is sent to the microprocessor on the storage side
for synchronization, decoding, demodulation, and storage.
During the reading process, the microprocessor at the storage
side modulated and coded the stored data and drove the TX2
signal from transceiver2 (output) to emit light through the
driver circuit. After passing through the spatial channel,
transceiverl (input) acts as the receiver to receive data and
generate the RX2 signal. After undergoing the same receiving
process as described above, the data are restored and displayed
in the terminal host. Our touchless optical I/O interface has
various potential application scenarios. For example, a
touchless shared user terminal that communicates with each
other via light is highly required to eliminate the need for
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manual operation to reduce the risk of cross-contamination
due to contact with handwritten terminals.

Figure 4a shows the communication waveform of a pair of
MQW IlI-nitride diodes at communication rates of 1 kbps and
1 Mbps. A key requirement for faster communication is to
decrease the device size. Smaller diodes can be modulated
faster and have lower power consumption; however, their
communication distance is limited. We can achieve a higher
response bandwidth by reducing the size and thickness of the
diode, thereby reducing the RC time constant of the diode.
The waveform spikes after the speed increases, but the
demodulation condition is still satisfied after the comparator
and other circuits are finished processing. To enrich the test
data of the byte stream transmission, we test its bit error rate
(BER) at different distances and different transmission rates,
send the data stream of 100,000 bits every 20 times, and
calculate the average BER, which is calculated according to eq
1. The results are shown in Figure 4b. It is evident that at a bit
rate of 0.1 Mbps and a distance of 10 cm, the BER remains
below 0.01%. Similarly, at a bit rate of 0.5 Mbps and the same
distance, the BER remains below 0.04%, increasing as the
distance grows. As the bit rate is further increased to 1 Mbps,
the BER rises to 0.06%. These levels of BER are acceptable for
signal transmission. However, at a bit rate of 2 Mbps or a
distance of 20 cm, the BER sharply increases, rendering the
signal unable to be accurately transmitted. The system can
achieve low BER under the condition of satisfying a certain
distance and a certain rate, which are related to the
transmission power, transmission distance, receiving cutoff
bandwidth of the device, and quantum efficiency of the device.
Equation 1 is given as follows:

Er = Ne _ Netw + Ny
N; N; (1)

where N, is the total number of error bits, N; is the total
number of sent bits, N, is the total number of error bits in
the storage process, and N, is the total number of error bits
in the reading process.

Figure 4c illustrates the results of storing pictures by the
touchless storage system: selecting our test photos as the test
images to be stored, the original pictures are I, and the restored
pictures are II. The data show that the pictures are correctly
restored. Although some white noise is introduced through the
spatial channel, certain image processing means can be added
in the later stage to fully restore the image. Figure 4d shows the
storage of an 11-second audio file, where S is the source voice
waveform and D is the destination voice waveform. The results
show that audio can also be stored and restored in this fashion.
We conducted system testing under different environmental
conditions, and the optimal operating temperature of the
system primarily depends on the diode chip. The optimal
range is approximately —20 to 65 °C and the overall system
power is approximately 1.5 W. Throughout the 72 h testing
period, the system’s communication remained stable.

Compared to other existing I/O interface technologies,
optical communication interfaces exhibit irreplaceability in
specific application scenarios. These include environments
with stringent electromagnetic interference requirements,
hazardous areas with flammable materials or chemicals,
situations demanding wireless communication, and cases
requiring area isolation. The detailed comparisons are
presented in Table 1.

Table 1. Compared with Existing I/O Interface
Technologies

1/0O interface USB ethernet bluetooth VLC
high data rate/reliability O O

strong EMI resistance O
noncontact operation O O
low power consumption O O O o

While optical communication inherently possesses strong
resistance to electromagnetic interference, how to ensure the
system’s immunity to electromagnetic interference (EMI)
remains a critical consideration. We can employ the following
means to shield against electromagnetic interference as
effectively as possible: (a) directional fixture of MQW diode:
ensuring a fixed orientation for the MQW diode, which allows
light signals to transmit only in the intended direction, thereby
reducing electromagnetic interference from other directions.
(b) Internal filters: integrating filters within the device to
minimize the ingress of external electromagnetic signals. (c)
Effective signal processing and error correction coding:
implementing robust signal processing and error correction
coding to enhance the system’s immunity to interference. (d)
Structural design considerations: incorporating shielding
measures into the structural design, including well-placed
ground connections and electromagnetic shielding structures.
(e) Additional measures: these include selecting shielding
materials, positioning the device away from sources of
interference, and implementing optical isolation during light
communication. The implementation of these measures should
be tailored to the specific requirements of the system setup.

B CONCLUSIONS

In summary, the selectable functionalities of MQW III-nitride
diodes enable new forms of information and energy conversion
between photons and electrons, allowing one device to
transmit and receive information at the same time. By
integrating with programmed circuits, MQW IlI-nitride diodes
introduce new feasible routes toward touchless I/O interfaces.
The user terminals communicate with each other via light and
thus provide noncontact reader/writer interfaces. We therefore
intend that multifunctional III-nitride technology will contrib-
ute to the upcoming proliferation of Internet of Things
applications.
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