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ABSTRACT: In a III-nitride multiple quantum well (MQW) diode biased with a
forward voltage, electrons recombine with holes inside the MQW region to emit
light; meanwhile, the MQW diode utilizes the photoelectric effect to sense light
when higher-energy photons hit the device to displace electrons in the diode. Both
the injected electrons and the liberated electrons are gathered inside the diode,
thereby giving rise to a simultaneous emission-detection phenomenon. The 4 × 4
MQW diodes could translate optical signals into electrical ones for image
construction in the wavelength range from 320 to 440 nm. This technology will
change the role of MQW diode-based displays since it can simultaneously transmit
and receive optical signals, which is of crucial importance to the accelerating trend
of multifunctional, intelligent displays using MQW diode technology.

■ INTRODUCTION
The development of communication technology and materials
science has heralded the era of the Internet of Things, which
has also led to a level of diversity in modern display
technology. Choi et al.1 reported a fully operational 46-in.
smart textile lighting/display system, Han et al.2 demonstrated
a simulation for a diffractive liquid crystal smart window for
privacy applications, and Wakunami et al.3 showed a
projection-type holographic three-dimensional display in
which a digitally designed holographic optical element and a
digital holographic projection technique were combined. Meng
et al.4 demonstrated the integration of large-area MoS2 thin-
film transistors (TFTs) with nitride light-emitting diodes
(LEDs) and demonstrated high-resolution displays. Jeong et
al.5 demonstrated textile-based organic electroluminescence
displays (OLEDs). In addition, photoelectric display and
detection methods have been developed and applied in
increasing numbers. Gong et al.6 discussed the future research
directions of laser techniques in Micro-LED displays. Mikulics
et al.7 reported a device that can decrease energy consumption
and increase computational operation speed. Hu et al.8

analyzed a high-performance conical nanostructured GaN-
based photodetector. Mikulics et al.9 also researched the Nano-
LED-driven phase change evolution of layered chalcogenides.
Zhu et al.10 discussed and summarized the recent two-
dimensional materials. These studies involve biology, materials
science, electronics, chemistry, and other disciplines, and an
increasing number of studies are leading the development of
modern display technology to a new stage.11−14 However,
there is seldom a way to give consideration to the advantages
of both cost and versatility, which is a pain point and a blind
spot for the current development of smart displays.15,16 The
development of the next generation of intelligent displays
urgently requires dual-function devices.17,18 Oh et al.19

reported a double heterojunction nanorod device that can be
used for simultaneous light emission and detection. Using a
bifunctional perovskite diode, Shan et al.20 proposed a
bidirectional optical link between two identical devices.
Some studies have shown that MQW diodes can not only be
used for lighting and displays in the traditional sense but can
also be used for the modulation and perception of light, which
is termed the simultaneous emission-detection phenomen-
on.21−25 Based on this phenomenon, we have confirmed that
the communication performance of such diodes meets the
requirements of duplex video transmission,26 and after large-
scale integration, optical signals containing on−off information
can be scanned and detected.27 With the advent of the era of
high-speed communication, optical communication technol-
ogy, a supplementary means of communication, has also made
great progress.28−35 The information exchange in this work is
based on light, so it is suitable for the experimental scheme of
traditional optical communication. In terms of hardware, we
can carry out dual-function simultaneous driving of the
emission and detection mode.36−39 In terms of software, we
can explore the signal restoration algorithm.40−42 However,
these findings fall short of the next generation of smart screens
because the binarization of detection values leads to a
quantization order for imaging grayscale that is too small,
which is a problem that we have not discussed previously.
Shorter-wavelength light photons hit the MQW diode to

create a photocurrent, which depends on the power of the
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incident light. In fact, in this study, we quantized the value
detected by the MQW diode with multiresolution to achieve
multiscale character restoration and verified the experiment
from both optical and electrical aspects. In addition, we tested
the bandwidth of the array chip via 16-QAM modulation
simulation43 and confirmed that it retains a multimetric
detection capability during high-speed optical communication.
Finally, a prototype of the next-generation smart screen was
formed, and its imaging ability was tested at the pixel level
through an optical mold combined with the optical system,
confirming that it shows potential for simultaneous display-
imaging operation in practical scenarios. This work is
enlightening for the realization of the next generation of
smart screens and provides a new means for security
monitoring, which is of great significance for the development
of wireless optical communications in the future.44,45

■ DESIGN AND FABRICATION
The MQW diode was excited by light, thus generating a
reverse photocurrent. We quantized and encoded this
photocurrent to the signal processing unit for processing. As
shown in Figure 1a, we used 405 nm violet light as the external
light source to stimulate a row of blue MQW diodes. The blue
MQW diode at the center of the violet spot clearly reached the
maximum optical power. Experimental measurements showed
that i4 > i3 ≈ i5 > i2 ≈ i6 > i1 ≈ i7, demonstrating that the
position and intensity of external light can be encoded at
multiple scales.
The selected MQW diode was characterized based on its

morphology and data. Figure 1b shows a hierarchical structure
diagram of the selected MQW diode in this paper, in which the
p-electrode is connected to the positive electrode of the circuit,
and the n-electrode is connected to the ground point of the

circuit. Figure 1c shows a scanning electron microscope (SEM)
view of the MQW diode. The sapphire substrate of the device
is about 200 μm, while in the epitaxial layer, the n-GaN is
about 5 μm and the rest is about 1.5 μm, and the total of the
device is about 6.5 μm. Figure 1d shows an optical microscope
image of a single MQW diode. Around the diode are n-GaN
metal electrodes, forming a square-like shape with sides of
about 100 μm. The metal electrodes of p-GaN/ITO are
distributed over the entire surface of the device, forming an
area of about 980 μm × 940 μm. The marks are the parts in
contact with the external signal. Figure 1e shows an optical
microscope picture of the MQW diode arrays, with a scale of 4
× 4 pixels and an overall shape of 11.68 mm square. As shown
in the figure, gold wires were drawn from the p- and n-
electrodes of the chip and connected to the pads on the
printed circuit board (PCB) to form a common cathode
structure. This array chip was used as the core chip to build the
multiresolution smart screen system studied in this paper.
Before building the system, we need to discuss its feasibility.

First, the external 405 nm light source was tested, and its
optical power was recorded at different positions and different
driving currents. To explain the data more comprehensively,
we tested the optical power under different conditions, as
shown in Table 1.

Figure 1. (a) Four hundred and five nanometer violet light was used as an external light source to stimulate a row of blue MQW diodes, and the
difference in photocurrent generated by chips at different positions is compared. (b) A hierarchical structure diagram of the MQW diode. (c) SEM
view of the MQW diode. (d) Optical microscope image of a single MQW diode. (e) Optical microscope image of the MQW diode arrays.

Table 1. Values on PM100D When λ = 405 nm

current distance 60 mm 40 mm 20 mm 0 mm

0 mA 0 mW 0 mW 0 mW 0 mW
20 mA 2.4 mW 13.6 mW 20.1 mW 31.4 mW
40 mA 18.4 mW 25.5 mW 39.8 mW 45.5 mW
60 mA 38.3 mW 49.0 mW 52.0 mW 56.2 mW
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We characterized the coexistence of emission and detection
for MQW diodes from the perspective of electricity. Therefore,
we used a Keithley 2636b digital original table to scan the I−V
characteristics of the chip, and the scanning curve is shown by
the blue line in Figure 2. With increasing voltage from − 2 to

3.2 V, the MQW diode turned on near 2.68 V, and the current
sharply increased. For a voltage of less than 2.68 V, the data
shown in Table 1 were used for reference to irradiate the
MQW diode to be tested with violet light sources of different
powers. Figure 2(I) shows the I−V curve measured under the
irradiation of external violet light sources with different optical
powers. When the optical power was 0 mW, that is, in the
absence of external interference, the dark current was ∼1 ×
10−7 mA. At an optical power of 13.6 mW, the current was a
superposition of the dark current and photocurrent, with a
magnitude of ∼10−5 mA. As the power of the external light
source gradually increased, the current also gradually increased.
For an external violet light source power of 52 mW, the circuit
current reached 10−4 mA. This finding confirms that the
detection effect was achieved when the MQW diode was
turned off and could be quantified according to the optical
power. At the on voltage for the chip, we used the light source
with the same power to irradiate the MQW diode to be
measured, and the results are shown in Figure 2. Because the
change in photocurrent was very small compared with the
driving current, we added a resistance of 1 kΩ to convert the
current signal into a voltage signal for clear observation. When

the external violet light source was not turned on (0 mW), the
voltage of the blue light diode chip to be tested remained
unchanged at 2.7 V. When the power of the external violet
light source was gradually increased to 13.6, 25.5, 39.8, and
52.0 mW, the voltage gradually increased to 2.81, 2.88, 2.93,
and 2.94 V. This finding confirms the coexistence of emission
and detection. Furthermore, the excited photocurrent also
increased with increasing external excitation, and the added
value could be quantized after signal processing. This finding
confirms that MQW diode arrays can be used to realize a
multifunctional smart screen for simultaneous light detection
and display.
To explore the essence of the coexistence phenomenon for

emission and detection using MQW diodes, we used a
semiconductor device analyzer B1500A to characterize the
optical characteristics of the diode. The electroluminescence
(EL) spectra for the blue MQW diode to be measured and the
external purple light source are plotted as a function of the
injection current in Figure 3a. For a distance of 60 mm and a
driving current of 20 mA, the luminous intensity was slightly
stronger than that of the chip to be tested due to the focusing
of the external light source, and the dominant spectral peak
was observed at a wavelength of 404.45 nm. The blue light
MQW diode to be tested could be used as the emitter. When
the external driving voltage was less than 2.68, 2.7, 2.8, and 2.9
V, respectively, the chip converted electric energy and
information into optical information for transmission. This
behavior corresponds to a never-on-on process for the chip,
and its luminous intensity gradually increases. The dominant
peak occurred at a wavelength of 451.57 nm. Conversely,
MQW diodes absorb photons and release electron−hole pairs
to transcribe photons into electrons. We tested the detection
spectrum for the MQW diode, set the bias voltage to − 2, 0, 2,
2.6, and 2.7 V, respectively, and observed the response curve
for the chip. The results are shown in Figure 3b. The response
of the diode was clearly observed to gradually decrease with
increasing bias voltage. At a driving voltage of 2.7 V for the
MQW diode, the device was in the on state, and its detection
spectrum overlapped with the emission spectrum of the
external violet light source by ∼10 nm, which confirms that the
simultaneous emission and detection scheme was possible
from an optical point of view. In order to test the efficiency of
the diode device, we tested its external quantum efficiency
(EQE) of detection at different voltages. The results are shown
in Figure 3c. When the diode is off, the maximum efficiency is
obtained near 328 nm, and when the voltage is near the

Figure 2. I−V curve measured under the irradiation of external violet
light sources with different optical powers.

Figure 3. (a) Electroluminescence spectrum curve of the MQW diode under different bias voltages and the spectrum curve of external excitation
light. (b) Optical explanation of the MQW diode with the capability of simultaneous emission and detection. (c) EQE of the MQW diode.
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opening voltage, the maximum efficiency is obtained near 336
nm; the efficiency decreases as the voltage increases.
Therefore, imaging can be accomplished with different gray

levels based on MQW diode arrays. To explore the limit value
for the chip and determine the speed range for smart screen
scanning, we also tested the communication performance of
the chip. We tested its frequency response with an ENA
network analyzer E5080A, as shown in Figure 4a. The 3 dB
bandwidth of this MQW diode is 12.25 MHz, so it meets the
refresh speed required for most screen resolutions. We used
MATLAB to perform 16-QAM modulation for the light source
and used the MQW diode to receive the signal and then send it
to the demodulation module. The constellation is shown in
Figure 4a. A large Euclidean distance is clearly observed
between different symbols, which indicates easy demodulation
and good communication performance. When applied to the
system, we used a signal generator to generate a 1 Mbps
pseudorandom binary sequence (PRBS) waveform, which was
loaded onto the violet light source for transmission. At the
receiving end, the MQW diode under different bias voltages
was used as the receiver to test the communication eye
diagram for the signal. Consequently, when the MQW diode
was turned off, that is, when no voltage was applied, eyes were
clearly observed in the diagram, as shown in Figure 4b.
Therefore, the decision threshold was easily determined. When
the MQW diode was just turned on, that is, at a bias voltage of

2.7 V, the eyes in the eye diagram became distorted. This
behavior is attributed to the interference of the direct current
(DC) signal, which constitutes a large part of the photocurrent
signal generated by the stimulation of the embedded chip. The
signal could still be demodulated and quantized by using a
suitable processing circuit.

■ RESULTS AND DISCUSSION
Therefore, we built the circuit and system shown in Figure 5a
to generate a primary prototype for the next generation of
smart screens. The 4 × 4 MQW diode arrays shown in the
figure are the core part. It can be used as a transmitter to send
out blue light at a wavelength of ∼450 nm, which intuitively
shows the lighting display mode for the array. It can also be
used as a receiver to receive external violet light at a
wavelength of ∼405 nm. Transmission and reception can be
performed simultaneously. For the external violet light source,
the optical signal at position I can exist without image or
character information. After passing through the optical mold,
the light source was encoded to generate the optical signal with
character information at position II. This optical mold is
shown in Figure 5b, which can be customized according to
user needs. For the transmission path, the upper computer
informs the microprocessor of the content to be displayed, and
the microprocessor controls the driving circuit through the
input/output port. Specifically, the microprocessor controls the

Figure 4. (a) Frequency response of the MQW chip. (b) Turn the MQW diode on and off, send a 1 Mbps PRBS signal, and observe its receiving
eye diagram.

Figure 5. (a) Circuit block diagram of the system. (b) Optical molds used in this work. (c) Drive signal of the MQW diode arrays. (d) Signal
analysis of different pixel units in the MQW diode arrays when receiving external light source stimulation.
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positive channel metal oxide semiconductor (PMOS) of the
positive electrode and the negative channel metal oxide
semiconductor (NMOS) of the negative electrode of the
array chip through a multiplexer to scan the array chip and
display the corresponding patterns. Figure 5c shows the array
chip drive signal at III. Since 16 channels were used in this
study in scanning mode, the drive signal arrived every 16 time
slots and turned on the MOS transistor once. For the receiving
path, the array chip converted the violet light signal carrying
the character information into a photocurrent signal after
receiving it. Then, a signal that could be received and
recognized by the microprocessor was generated through a
multiplexer, a transimpedance amplifier, and a diode amplifier.
Figure 5d shows this signal, corresponding to IV in Figure 5a.
At this time, the 1st, 3rd, 4th, 7th, 8th, 11th, 15th, and 16th
diodes were excited to generate received signals with different
amplitudes. Then, the microprocessor performed filtering,
sampling, quantization, and corresponding coding according to
the user’s requirements for resolution. V in Figure 5a
corresponds to this process. After encoding, the signal was
sent to the upper computer or TFT screen module to display
the imaging results. This process is the workflow for the entire
system. Based on the above design, the core work for the next
generation of smart screens is complete.
Part 1 in Visualization 1 shows the system composition. We

conducted two tests on the system to verify its feasibility as a
next-generation smart display screen.
Test 1: We used different optical powers to stimulate the

array chip, observe its quantized value, and display an image on
the user interface according to this value. The test results are
shown in Figure 6a, and part 2 in Visualization 1 shows a
recording of the specific test process. The value under dark
field conditions was recorded here as the reference value for
each reading. We can subtract the value excited by the external
light source from this reference value as the basis for final
quantification. If this value is divided into five gray levels based
on the quantization values 25/30/35/40 (source: 5 V,
quantization: 210), the array chip can be used to distinguish
between excitation sources at different positions and different
powers and perform correct imaging.
Test 2: We selected the optical mold with symbol

information to encode the excitation source signal and then
stimulated the array chip with the excitation source to observe

the imaging results. The test results are shown in Figure 6b,
and part 3 in Visualization 1 shows a recording of the specific
test process. The array chip can also be used to correctly image
the initial characters.

■ CONCLUSIONS
We confirmed that MQW diode arrays can be used as a core
device for the next generation of smart screens, and they can
be used as a display and a camera at the same time.
Nevertheless, the implementation remains subject to some
shortcomings; specifically, the scheme lacks the imaging of the
three primary RGB colors. However, we can design MQW
diodes with red, green, and blue primary colors by exploiting
the coexistence of emission and detection. Bragg mirrors of
corresponding wavelengths can be plated onto the chips to
achieve optical filtering of the corresponding wavelengths.
Finally, we can use the system to detect signals and form color
images. In short, we propose a prototype for the next
generation of smart screens that is based on MQW diode
emission and detecting coexisting physical phenomena and has
advantages in terms of multiresolution, scalability, and cost. In
the era of the Internet of Things, this system provides great
inspiration and has practical value, especially for intelligent
display and confidential monitoring.
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