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ABSTRACT: A monolithic photonic chip with multifunctional light
emission/detection and electro-optic modulation capabilities in the near-
infrared range is proposed and realized on an InP-based wafer. Two identical
AllnGaAs multiple quantum well (MQW) diodes operating independently as
light emission/detection devices are fabricated using a two-step etching
process on a single wafer and connected via a straight waveguide. The
photocurrent induced in the MQW diode for the detection process is
generated by the infrared light emitted by the MQW diode during the

emission process and transmitted via the straight waveguide. The MQW

diode has an electro-optic modulation characteristic, and its spectral responsivity exhibits a blueshift with an increasingly negative
bias voltage under external infrared laser excitation. An on-chip communication test is conducted to study the potential applications
of the proposed monolithic photonic chip for transmission of optical signals in the near-infrared range.

B INTRODUCTION

As the performance requirements for optoelectronic systems
become increasingly high, the integration of multiple optical
components to replace the conventional copper interconnects
in single-function photonic chips is being researched in
depth.'~ Monolithic photonic chips composed of different
types of optical components integrated on a single wafer have
multiple functions, including light emission, fhotodetection,
optical transmission, and optical modulation.” ® The mono-
lithic photonic chips intended for operation in the near-
infrared range (1550 nm) have a wide range of potential
applications in many fields, including optical communications,
laser radar, and three-dimensional sensors.””® Because
commercial optical communication operates at 1550 and
1310 nm, compared with visible and ultraviolet light chips,
infrared photonic chips are more easily compatible with
commercial systems. However, infrared chips have their own
limitations. Because the parameters such as carrier lifetime and
carrier recombination efficiency of Ill-nitride materials for
visible and ultraviolet light chips are better than that of InP and
GaAs materials for infrared light chips, infrared chips cannot
compete with visible and ultraviolet light chips in terms of
communication transmission rate and modulation bandwidth.

Passive monolithic photonic chips for 1550 nm operation
have been developed from single passive optical components
into monolithic photonic chips with mature functions based on
the silicon-on-insulator (SOI) material system over recent
decades.'”™"* The first directional waveguide couplers on SOI
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wafers with excess insertion losses of 1.9 dB for the 1550 nm
wavelength were developed in the 1990s."* A fully integrated
photonic network-on-chip circuit with wavelength-division
multiplexing transceivers has recently been realized on an
SOI wafer."” However, the indirect band gap of silicon means
that the SOI wafer is unable to generate the required light
emission and cannot be used to form the active optical
components.'® Therefore, the functionality of photonic chips
on SOI wafers is generally incomplete. The light emission and
detection functions for the entire photonic system must be
realized using an off-chip equipment for photonic chips on SOI
wafers. An external light source is usually coupled into the
photonic chip via an optical fiber and the processed optical
signal is then coupled from the photonic chip into photo-
detectors.'”'® A monolithic photonic chip with complete
functionality typically incorporates light sources and photo-
detectors based on III—V materials or germanium, and the SOI
wafer is mostly used to form passive devices and modulators."’
For example, Roelkens et al. demonstrated an InP/InGaAsP
layer structure with III—V laser emission and photodetection
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for 1550 nm wavelength operation integrated on SOI
waveguide circuits.””*' Inoue et al. reported the direct
modulation characteristics of a membrane-distributed feedback
laser for 1550 nm operation bonded on a Si substrate.””
Although the research study noted above developed the active
optical components on SOI wafers, complex bonding processes
using polymers were inevitably introduced during the process
of integrating the InP/InGaAsP epitaxial layer onto the SOI
wafer. The possibility of fabricating a monolithic photonic chip
operating in the near-infrared range based on InP-based
materials with multiple quantum wells (MQWs) using a simple
process is therefore attracting interest. Because MQWs offer
both photoelectric and electro-optical conversion properties,
InP-based materials with MQWs represent a promising choice
for multifunction monolithic photonic chips in the near-
infrared range.””**

In this paper, we present a monolithic photonic chip on an
InP-based wafer capable of multifunction light emission/
detection and electro-optic modulation operations in the near-
infrared range. Two identical AllnGaAs MQW diodes prepared
on an InP-based wafer using a two-step etching process are
connected via a straight waveguide, completely electrically
isolated, and act independently as active optical devices. We
investigate the photoelectric characteristics of the MQW diode
for use in detection. The induced photocurrent is generated
using the infrared light emitted by the MQW diode for
emission and is then transmitted via the straight waveguide
that connects the two MQW diodes. The MQW diode also has
an electro-optic modulation characteristic. The spectral
responsivity of the MQW diode for detection exhibits a
blueshift with an increasing negative bias voltage when under
excitation by an external infrared laser. Finally, we conduct an
on-chip communication testing to study the potential
application of the monolithic photonic chip for optical signal
transmission in the near-infrared range.

The schematic shown in Figure la indicates the working
mechanism of the AllnGaAs MQW-integrated device with its
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p-type

n-type

InP substrate

Figure 1. (a) Schematic of the AllnGaAs MQW-integrated device
with multifunction near-infrared light emission and detection
capability. (b) Cross-sectional schematic of the composition and
thickness of the structure on the InP-based wafer.

multifunction near-infrared light emission and detection
capability. The near-infrared light emission/detection func-
tions are implemented on the two identical AllnGaAs MQW
diodes. An MQW diode loaded using a positive bias operates
in transmit mode and emits light in the infrared range. In
contrast, the other MQW diode is loaded using a negative bias
that causes it to operate in the receive mode and it absorbs the
infrared photons transmitted via the waveguide connecting the
two MQW diodes. Finally, the absorbed infrared photons
generate electron—hole pairs in the MQWSs, which lead to a
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change in the internal electric voltage across the p—n junction.
The AllnGaAs MQW-integrated device with the multifunction
near-infrared light emission and detection capability is realized
on a commercial InP-based wafer (Cengol Corporation,
Beijing, China) using a double etching process. The
composition and thickness of the structure on the InP-based
wafer is shown in Figure 1b. The homogeneous epitaxial wafer
substrate is composed of InP with a thickness of 350 ym. The
epitaxial layers consist 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 InPGaAs,
~1500 nm thick InP, ~50 nm thick InPGaAs, and ~150 nm-
thick InGaAs layers.

The fabrication process of the AllnGaAs MQW-integrated
device is described as follows. The active areas of the two light
emitting/detecting diodes and the straight waveguide connect-
ing the two MQW diodes are patterned using photo-
lithography and transferred to the InP-based wafer using
inductively coupled plasma (ICP) etching for the II-V
materials to expose the n-type layer. The gap for electrical
isolation between the waveguide and the diodes is then
patterned using photolithography and the p-type layer, and the
MQWs of the gap area are removed by ICP etching of the III—
V materials. The p and n electrodes with Ti (50 nm)/Pt (50
nm)/Au (400 nm) structures are formed using electron beam
evaporation and lift-off processes.

B RESULTS AND DISCUSSION

Figure 2a shows an optical microscopy image of the AllnGaAs
MQW-integrated device with the multifunction near-infrared
light emission and detection capability. The two identical
AllnGaAs MQW diodes for the light emission/detection
applications are connected using a straight waveguide to realize
the transmission of the near-infrared light signals. The straight
waveguide is 15 pm wide and 1000 ym long. Two tapered
structures are located between the waveguides and the MQW
diodes to couple light in and out of the MQW diodes. One end
of each tapered structure has the same width (15 ym) as the
straight waveguide and the other end of the tapered structure
has a width of 30 gm. The gap between the MQW diodes and
the straight waveguide for electrical isolation is shown in
Figure 2b. According to the atomic force microscopy
measurement data for the cross-sectional dimensions of the
straight waveguide, as shown in Figure 2¢, the width of the
straight waveguide is 15 ym, as per the design value, and the
height of the waveguide is 2.2 ym. The top and side walls of
the straight waveguide are very smooth, and the sidewall angle
is approximately 60°.

The electrical characteristics of the AllnGaAs MQW-
integrated device were measured using a probe station
connected to a semiconductor device parameter analyzer
(Agilent, B1S00A). Figure 3a shows the current—voltage (I—
V) curves of the AllnGaAs MQW-integrated device. The turn-
on voltage of a single MQW diode is approximately 0.87 V.
The current of the MQW diode increases rapidly when the
turn-on voltage is exceeded, and the current reaches 100 mA
(the saturation value of the semiconductor device parameter
analyzer) at a voltage of 1.5 V. The current between the p-
electrodes of the two AllnGaAs MQW diodes varies from —12
to 8 nA, as shown in the inset of Figure 3a. The two MQW
diodes are completely electrically isolated by the gap and can
thus be regarded as independent devices. The capacitance—
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Figure 2. (a) Optical microscopy image of AllnGaAs MQW integrated device; (b) magnified image of the gap between the MQW diode and the
straight waveguide; (c) cross-sectional height profile of the straight waveguide.
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Figure 3. Electrical performance of the AllnGaAs MQW-integrated device. (a) Measured I—V curves of the AllnGaAs MQW-integrated device. (b)

Measured C—V curves of a single MQW diode.

voltage (C—V) curves of a single MQW diode shown in Figure
3b can be divided into two distinct regions. When the MQW
diode is turned off in the negative voltage range, the
capacitance remains at 0 nF. When the MQW diode is turned
on at 0.87 V, the capacitance is a differential effect of the
charge with respect to the forward voltage. As the forward
voltage increases continuously, the radiative recombination
exceeds the carrier diffusion, which leads to a negative variation
of the injected carriers. The capacitance turns to a negative
value according to the negative differential value of the charge.
The capacitance is also modulated strongly by the frequency of
the AC signal load on the MQW diode. As the AC signal
frequency increases, the carriers from sub-band gap defects
cannot follow the change of the AC signal. Then, the carriers
will be trapped at the sub-band gap due to finite inertia.
According to the Bansal—Datta-model, the carrier consump-
tion at higher AC signal frequency reduces the absolute value
of negative junction capacitance.

The electroluminescence (EL) characteristics of the MQW
diode were measured using a collimating mirror and a near-
infrared spectrometer (Fuhan Optics, NIR 1700), with results,
as shown in Figure 4a. A dominant EL peak is observed at
1512 nm. Because the current has a serious effect on the light
output power of the MQW diode, the ratio between the peaks
of the light output power at the currents of 10 and 2 mA is
approximately 4.14. The MQW diode under a negative voltage
bias operates as a photodetector in the near-infrared range, and
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its spectral responsivity is measured by irradiating the MQW
diode using a near-infrared laser source (Keysight, 81960A).
As shown in Figure 4b, the MQW diode shows obvious
electro-optic modulation characteristics. The spectral respon-
sivity varies with the negative bias voltage applied to the MQW
diode for detection. When the negative bias voltage increases
from —4 to 0 V, the dominant peak of the spectral responsivity
shows a blueshift from 1541 to 1511 nm and the responsivity
also presents an upward trend. The electro-optic modulation
characteristics broaden the potential application range of the
AlInGaAs MQW diode as a modulator in many fields including
modulating retro-reflector communication, on-chip optical
communications, and broad-spectrum infrared detectors.”*>°
The normalized induced photocurrent of the MQW diode for
detection shown in Figure 4c varies with the current applied to
the MQW diode for an emission over the range from 2 to 10
mA. The MQW diode for emission converts the electronic
signal into a modulated infrared light signal. The waveguide
then transmits this light signal to the MQW diode for
detection, which converts the received light signal into an
electrical signal in the form of photocurrent. The power of the
received light signal is modulated strongly by the current of the
MQW diode for emission. When the current of the MQW
diode for emission is under 10 mA, the photocurrent of the
MQW diode for detection is approximately 613.2 nA, which is
almost 5.2 times the value of the 117.9 nA photocurrent
obtained at the 2 mA diode current. We also compared the EL
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Figure 4. (a) EL characteristics of the MQW diode for emission vs current; (b) spectral responsivity of the MQW diode for detection as a function
of the negative bias voltage; (c) induced photocurrent in the MQW diode for detection as a function of the current applied to the MQW diode for
emission; and (d) EL integral intensity and induced photocurrent vs current characteristics.

integral intensity of the MQW diode for emission and the
induced photocurrent of the MQW diode for detection versus
the current of the MQW diode for emission to analyze the
optical transmission stability of the straight waveguide, as
shown in Figure 4d. When the current increases from 2 to 10
mA, the EL integral intensity and the induced photocurrent
both increase linearly with the same slope. The straight
waveguide can thus transmit near the infrared light with stable
proportions between the two MQW diodes at different
currents. The output light intensity can be modulated linearly
using the value of the current. The integrated device thus
presents a linear electro-optic modulation characteristic.

An on-chip communication test was also conducted to
analyze the potential for application of the integrated device to
optical communication. The transmit signal was loaded on the
MQW diode for emission using an arbitrary waveform
generator (Agilent, 33522A) with a 50 kbps random binary
sequence. The offset voltage of the transmit signal was 1.2 V,
and the voltage amplitude of the transmit signal was 20 mV.
The light signal received was captured using the MQW diode
for detection, which was connected via the straight waveguide,
and the received light signal was then converted into an
electrical signal. The transmitted signal and the received signal
are shown in Figure S5a and demonstrate that the signal
waveform is well preserved. The reverse voltage applied to the
MQW diode for detection was 0 V. The open eye diagrams at
50 kbps for on-chip communication were clearly observed, as
shown in Figure 5b. The capacitance of MQW diodes is a
differential effect of charge with respect to forward voltage.
The radiative recombination exceeds carrier diffusion as the
forward voltage is increased, which leads to remarkable light
emission as well as a negative variation of the injected carriers.
The modulation bandwidth and transmission speed of the
MQW diodes have a negative correlation with the RC time
constant and the lower RC time constant is always
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Figure S. (a) Transmitted signal loaded on the MQW diode for
emission with 50 kbps random binary sequence and received signal
captured by the MQW diode for detection. (b) Eye diagrams
measured at 50 kbps.

accompanied by the lower junction capacitance of MQW
diodes. Hence, the absolute value of the negative junction
capacitance of the MQW diodes is relatively high, as shown in
Figure 3b, and could be the reason for the limited transmission
speed of the integrated device in our study. As a result of the
inevitable leakage current, the parasitic capacitance caused by
the InP substrate under the MQW diodes may also increase
the total capacitance. In future studies, we will focus on
improving the transmission speed of the integrated device by
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reducing the RC time constant of the MQW diodes by device
structure optimization and other methods.

In conclusion, an AllnGaAs MQW-integrated device with
multifunctional near-infrared light emission and detection has
been realized on an InP-based wafer using a double etching
process. One MQW diode is loaded using a positive bias
voltage and operates in the transmit mode, emitting infrared
light. The other MQW diode is loaded with a negative bias
voltage, operates in the receive mode, and absorbs the infrared
light transmitted via the straight waveguide that connects the
two MQW diodes. A dominant EL characteristic peak of the
MQW diode for emission is observed at 1512 nm. Ata =3V
bias voltage for the MQW diode for detection, the photo-
current realized at a current of 10 mA for the MQW diode for
emission is approximately 613.2 nA, which is almost 5.2 times
the 117.9 nA photocurrent obtained at a current of 2 mA for
the MQW diode for emission. When the current increases
from 2 to 10 mA, the EL integral intensity and the induced
photocurrent both present linear increasing characteristics with
the same slope. The straight waveguide realizes stable optical
transmission between the two MQW diodes at different
currents. In addition, the spectral responsivity varies with the
negative bias voltage applied to the MQW diode for detection
and the integrated device shows electro-optic modulation
characteristics. When the negative bias voltage increases from
—4 to 0 V, the dominant peak of the spectral responsivity
shows a blueshift from 1541 to 1511 nm and the responsivity
also experiences an upward trend. An experimental on-chip
communication test was also performed, and it provided a
feasible approach to the development of integrated devices
with multiple functionalities for a diverse range of applications.
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