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ABSTRACT: Integrated transceivers with electro-optic modula-
tion characteristics are valuable for free-space optical communica-
tions and sensing. We propose an AllnGaAs multiple quantum well
(MQW) transceiver with electro-optic modulation characteristics
over a broad spectral range. Two identical AllnGaAs MQW diodes

on a single wafer are used to transmit and receive optical signals (" const
and provide obvious electro-optic modulation for broad-spectrum
light. The photocurrent modulation ratio reaches 13.9 and 11.3 for
white light and 1550 nm infrared light, respectively, with varying
bias voltages. The transceiver can identify environmental changes
and forward electrical signals with different frequencies in the form
of superimposed optical signals.
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spectrum

B INTRODUCTION

Transceiver modules for optical communication applications
. .. 1-3 . .
have been used widely in industry. ~~ A transceiver module is

Akie et al. proposed a tapered coupler-based electro-optic
modulator composed of GeSn/SiGeSn MQWs on a Ge-on-Si
platform for mid-infrared-integrated optical active device

composed of independent transmitters, receivers, functional
circuits, optical interfaces, and other structural components.*™°
To enable miniaturization of optical communication equip-
ment, it is necessary to develop integrated transceivers.”® The
study of integrated transceivers is also driven by the various
applications of these devices, which include sensing, the
Internet of Things, and military devices.”™'" As a new type of
free-space optical communication, the modulating retrore-
flector (MRR) communication technique used in the military
field has attracted interest for use in the development of a
transceiver with an electro-optic modulation function in the
near-infrared range.'””'* Because of the coexistence of near-
infrared optical signal emission and detection capabilities in
multiple quantum wells (MQWs), InP-based materials with
AlInGaAs MQWs represent a promising material choice for the
design of a transceiver with near-infrared electro-optic
modulation characteristics.">~"” The transceiver made of
MQWs can significantly reduce the cost and size for terminal
devices of optical communication and sensing networks.
Because the transceiver made of MQW:s has the potential to
achieve multifunction of optical signal emitting/detection and
modulation on an ultrasmall wafer with MQWs, it provides an
approach to perform a variety of optoelectronic functions on a
single terminal.

Some remarkable research into the electro-optic modulation
characteristics of MQWs has been reported that focused on
light source power modulators, optical switching, optical
interconnections, and other on-chip optical applications.lg_20

© 2021 The Authors. Published by
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applications.”’ Sadiq et al. investigated the electro-optic
properties of ramped asymmetric AllnGaAs MQWs for use
in refractive index modulation.”” Chaisakul et al. reported a
high-speed Ge/SiGe MQW-based electroabsorption wave-
guide modulator for use in energy-efficient optical inter-
connections.'® The previous work on the electro-optic
modulation characteristics of MQWSs mentioned above is
mainly concerned with their applications as optical inter-
connections and optical switching devices in photonic chips in
the infrared range.'®'”*"** The above impressive work makes
an in-depth analysis of the mechanism of MQW electro-optic
modulation and increases the operating frequency of the
devices to GHz. As a comparison, this paper attempts to
extend the electro-optic modulation range of AllnGaAs MQWs
devices to a wider spectral range covering visible light and
study the application potential of AllnGaAs MQW:s devices as
an independent transceiver in optical communication and
sensing.

Based on the coexistence of luminescence and detection
properties in MQWs, integrated photonic chips with a light
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Figure 1. (a) Working mechanism of the AllnGaAs MQW transceiver with electro-optic modulation characteristics. (b) Cross section of the InP-

based wafer structure with AllnGaAs MQWs.
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Figure 2. (a) Measured [—V curves of the AllnGaAs MQW transceiver. (b) Electroluminescence characteristics of the AllnGaAs MQW transceiver.

source, a waveguide, and a photodetector have been realized
on GaN-based wafers with MQWs for full-duplex communi-
cation in the visible range in our previous work.”*>° We also
proposed a monolithic photonic chip with multifunction light
emission/detection and electro-optic modulation capabilities
in the near-infrared range.”” In this work, we further study an
AllnGaAs MQW transceiver with electro-optic modulation
characteristics for free-space optical communication and
sensing applications over a broad spectral range. Two identical
AllnGaAs MQW diodes are prepared to perform light
emission/detection/modulation on a single wafer. The
AllnGaAs MQW transceiver shows excellent electrical
characteristics when acting as both the transmitter and
receiver. The device also realizes a clear electro-optic
modulation performance for broad-spectrum light. We perform
an electro-optically modulated optical communication experi-
ment using the designed transceiver for self-transmission and
self-reception operations based on asymmetric optical links,
and the transceiver is able to detect the modulation of the
optical signal caused by environmental changes and electrical
signals simultaneously.

The schematic in Figure la illustrates the working
mechanism of the AllnGaAs MQW transceiver with electro-
optic modulation characteristics. The most important part of
the AllnGaAs MQW transceiver is the MQW structure with its
different energy bands. The optical absorption of MQWs is
affected by the electric field generated by the reverse bias
voltage based on the quantum confinement Stark effect.”®

23615

When the reverse bias voltage increases, the electronic state
moves toward a lower energy and the hole state moves toward
a higher energy under the built-in polarized electric field. The
energy band of the MQWs is tilted, which leads to a change in
the optical absorptivity. The energy movement caused by the
built-in polarized electric field is given by eq 1.

)

Here, AE is the energy shift value, e is the electron quantity, F
is the built-in electric field strength, m,* is the effective mass
of the carrier, L is the width of the quantum well, and 7 is the
Planck constant. All of the parameters except the Planck
constant belong to the characteristics of multiple quantum well
materials, and the characteristics of multiple quantum well
materials strongly affect the electro-optic modulation effect of
the transceiver. The active area of the transceiver will also
affect the electro-optic modulation effect. The larger the active
area, the more light is collected and modulated. The AllnGaAs
MQW transceiver is realized on a commercial InP-based wafer
(Cengol Corporation, Beijing, China), as shown in Figure 1b.
The substrate is composed of InP with a thickness of 350 um.
The epitaxial layer consists of ~800-nm-thick InP, ~100-nm-
thick InAlAs, ~50-nm-thick InAlGaAs, ~150-nm-thick MQWs
(five pairs of AllnGaAs MQWs), ~50-nm-thick InAlGaAs,
~50-nm-thick InAlAs, ~50-nm-thick InP, ~16-nm-thick
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Figure 3. (a) Photocurrent characteristics of the AllnGaAs MQW transceiver as a function of reverse bias voltage. (b) Spectrum of a white light
source. (c) Schematic illustration of the transmission electro-optic modulation test experimental setup. (d) Modulated spectra obtained for 1550
nm infrared light under different reverse bias voltages on the AllnGaAs MQW transceiver.

InPGaAs, ~1500-nm-thick InP, ~50-nm-thick InPGaAs, and
~150-nm-thick InGaAs layers.

B RESULTS AND DISCUSSION

The optoelectrical characteristics of the AllnGaAs MQW
transceiver for light transmission are measured using a probe
station connected to a semiconductor device parameter
analyzer (Agilent, B1SO0A). Figure 2a shows the current—
voltage (I-V) curves of the AllnGaAs MQW transceiver. The
turn-on voltage is approximately 0.5 V. The current increases

4.5_ OV
] —V
S
404 [ —2v
1 — 3V
351
30 L —
525 o
=1 T ]
8 20-
£
1.0- ‘
057  — N —
0.0 I | J - | -
00 05 10 15 20 25 30
Time (s)

Figure 4. Photocurrent signals of the AllnGaAs MQW transceiver
varying with square wave white light signals at 1 Hz under different
reverse bias voltages.
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rapidly when the turn-on voltage is exceeded, and the current
reaches 100 mA (i.e., the saturation value of the semiconductor
device parameter analyzer) at a voltage of 1.3 V. The current
between the p-electrodes of the two AllnGaAs MQW
transceivers is approximately O pA. The two devices have
been electrically isolated completely, and the devices thus work
independently. The electroluminescence (EL) characteristics
of the AllnGaAs MQW transceiver are measured using a
collimating mirror and a near-infrared spectrometer (Fuhan
Optics, NIR 1700) in the vertical direction, as shown in Figure
2b. A dominant EL peak is observed at 1514 nm. Because the
current affects the light intensity, the peak light intensity at 10
mA is 9.48 times stronger than that at 2 mA. The device has
excellent electrical characteristics, and the transmitted light
intensity is strongly modulated by the current. These results
demonstrate that the device is highly suitable for use as a
transmitter in optical communications.

Under the application of a negative voltage, the AllnGaAs
MQW transceiver operates as a receiver, and its photocurrent
is measured by irradiating the device using both white light and
a 1550 nm infrared light source (Keysight, 81960A). There are
two peaks in the white light spectrum in Figure 3b, which are
464 and 582 nm. As shown in Figure 3a, the photocurrent
varies with the reverse bias voltage. When the reverse bias
voltage increases from 4.55 to 0 V, the photocurrent obtained
for white light decreases from 5.43 to 0.39 uA, and the
modulation ratio is approximately 13.9. When the reverse bias
voltage increases from 4.22 to 0 V, the photocurrent obtained
for 1550 nm infrared light decreases from 30.8 to 2.73 uA, and
the modulation ratio is approximately 11.3. The AllnGaAs
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Figure S. (a) Schematic of the experimental setup for electro-optically modulated optical communication with self-transmitting and self-receiving
operations based on asymmetric optical links for the AllnGaAs MQW transceiver. (b) Variation of the receiver photocurrent with square wave
forward voltage at 1 Hz applied to the transmitter under different forward voltages. (c) Variation of the receiver photocurrent with square wave
forward voltage at 1 Hz applied to the transmitter under different reverse bias voltages. (d) Photocurrent superimposed signals for forward voltages
at different frequencies and a 0.5 Hz mechanical shutter with a 0.5 duty cycle. (e) Photocurrent superimposed signals for forward voltages at
different frequencies and a 1 Hz mechanical shutter with a 0.8 duty cycle.

MQW transceiver thus shows an obvious electro-optic
modulation performance for broad-spectrum light. The
absorption coefficient of 1550 nm infrared is larger than that
of white light. The variation of the absorption coeflicient of
1550 nm infrared is also greater caused by electro-optic
modulation. We built a transmission test experiment setup to
enable further characterization of the electro-optic modulation
characteristics of the AllnGaAs MQW transceiver, as illustrated
in Figure 3¢, in which 1550 nm infrared light is coupled into
the optical fiber and then irradiates the top surface of the
transceiver in a normal incidence mode. The reverse bias
voltage applied to the AllnGaAs MQW transceiver is
controlled using an external dc power supply. Because the

23617

InP substrate is transparent to infrared light, the modulated
light can be captured using an optical fiber with a transmission
mode. Finally, the modulated light is coupled into the near-
infrared spectrometer. As shown in Figure 3d, the peak
intensity of the infrared light decreases from 22725 to 20257.8
au when the bias voltage is increased from 0 to 4 V. The
modulation ratio of the 1550 nm light intensity is thus
approximately 12.2%. The modulation effect when charac-
terized using the light intensity is not as obvious as that
obtained based on the photocurrent. This difference can be
attributed to the fact that the spot size of the infrared light is
larger than the active area of the transceiver, which means that
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Figure 6. Optical microscope image of two AllnGaAs MQW transceivers.

most of the infrared light passes through the transceiver during
the transmission test without being modulated.

To characterize the electro-optic modulation effect of the
AllnGaAs MQW transceiver on white light, we illuminate the
transceiver with a white light signal with a square wave pattern
at 1 Hz and test its photocurrent. Figure 4 shows the variation
of the photocurrent of the AllnGaAs MQW transceiver with
the optical signal at 1 Hz at different reverse bias voltages. The
photocurrent of the AllnGaAs MQW transceiver is also a
square wave signal at 1 Hz and shows a good response to the
square wave white light signal. The photocurrent at higher
values of the square waves increases from 0.24 to 4.22 uA
when the bias voltage increases from 0 to 4 V. The
photocurrent modulation ratio for the high and low values of
the square wave signal decreases from 97.6 to 1.55 when the
bias voltage increases from 0 to 4 V. Although the
photocurrent is higher at 4 V for the amplitude modulated
optical communication signal, the device shows better
modulation characteristics at 0 V.

Finally, we performed the electro-optically modulated
optical communication experiment with self-transmitting and
self-receiving operations based on asymmetric optical links for
the AllnGaAs MQW transceiver, as shown in Figure 5a. The
two transceivers work separately as a transmitter and a receiver.
We load the electrical signal onto the transmitter, and the
electrical signal is then converted into an optical signal in the
infrared range. The infrared light emitted by the transmitter
reaches the silver mirror. This infrared light is then reflected
back and is captured by the receiver and converted from an
optical signal into a photocurrent. The mechanical shutter also
modulates the reflected light. The infrared light is modulated
by both the electrical signal and the mechanical shutter in the
asymmetric optical links and thus forms the superimposed
signal. Figure Sb shows the results obtained when the receiver
is operated at a reverse bias voltage of 0 V, and forward
voltages from 0.9 to 1.1 V are applied to the transmitter. The
infrared light is modulated by the mechanical shutter at 0.5 Hz.
The modulation amplitude of the photocurrent is enhanced
from 10.4 to 19.6 nA. Figure Sc shows the results obtained
when the transmitter operates at a forward voltage of 1 V and
reverse bias voltages from 0 to 4 V are applied to the receiver.

The modulation by the mechanical shutter is the same as that
used in the case of Figure S. The modulation amplitude of the
photocurrent is increased from 14.5 to 20.7 nA. However,
when the reverse bias voltage decreases, the modulation
waveform of the photocurrent becomes unstable. These results
demonstrate that these transceivers can be used with
appropriate electrical parameters to emit and receive
modulated light and thus detect environmental changes in
the form of the operation of the mechanical shutter. A forward
voltage (square wave with peak-to-peak voltage Vpp of 1 mV
and offset voltage Voffset of 1 V) at different frequencies (2—6
Hz) is then applied to the transmitter. The frequency of
mechanical shutter operation is 0.5 Hz, and the duty cycle is
0.5. The superimposed optical signal modulated by both the
forward voltage and the mechanical shutter is then captured by
the receiver and converted into a photocurrent, with results as
shown in Figure S5d. In the results shown in Figure Se, the
forward voltage parameters remain unchanged. The mechan-
ical shutter frequency increases to 1 Hz and the duty cycle is
0.8. These results demonstrate that the AllnGaAs MQW
transceiver is able to detect the modulation of the external
optical signal by environmental changes while also transmitting
modulated light. Additionally, the transceiver can identify both
the environmental changes and the electrical signal from the
same beam of reflected light.

B CONCLUSIONS

A transceiver with electro-optic modulation characteristics for
optical communication and sensing applications is realized on
an InP-based wafer with AllnGaAs MQWs. The energy band
of the MQWs is tilted by varying the bias voltage applied to the
transceiver, which leads to the device’s electro-optic modu-
lation characteristics. When the transceiver operates as a
transmitter, a dominant electroluminescence peak is observed
at 1514 nm, and the peak light intensity at 10 mA is 9.48 times
stronger than the peak observed at 2 mA. The transmitted light
intensity is modulated strongly by the current. When the
transceiver operates as a receiver, it shows obvious electro-
optic modulation characteristics for broad-spectrum light. The
photocurrent modulation ratios are 13.9 and 11.3 for white
light and 1550 nm infrared light, respectively, with varying
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reverse bias voltages. The modulated spectrum for 1550 nm
light indicates that the modulation ratio of the light intensity is
approximately 12.2% in the transmission mode. Finally, we
performed an electro-optically modulated optical communica-
tion experiment with self-transmitting and self-receiving
operations based on the use of asymmetric optical links for
the transceiver. The transceiver identifies both environmental
changes and forward electrical signals with different
frequencies in the form of superimposed signals. This work
provides a promising approach for the development of
transceivers for use in optical modulating retroreflector
(MRR) communication, environmental sensing, movement
monitoring, and other applications.

B EXPERIMENTAL SECTION

The fabrication process of the transceiver is described below.
The mesa regions are patterned by photolithography and are
then transferred to the InP-based wafer via inductively coupled
plasma (ICP) etching for III—V materials to expose the N-type
layer. Then, p/n electrodes with Ti (50 nm)/Pt (50 nm)/Au
(400 nm) structures are formed by electron beam evaporation
and lift-off processes. Figure 6 shows an optical microscope
image of two AllnGaAs MQW devices. Two identical
AllnGaAs MQW devices are prepared for light emission/
detection/modulation operations. The active area of the
AllnGaAs MQW transceiver is a circular region with a
diameter of 6 mm. The p/n electrodes are shaped using 150-
pum-wide rings with four pads. The devices are connected to a
printed circuit board via lead wires on the pads.
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