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Abstract. Suitable optoelectronic integration platforms enable the realization of numerous application systems
at the chip scale and are highly anticipated in the rapidly growing market. We report a GaN-on-silicon-based
photonic integration platform and demonstrate a photonic integrated chip comprising a light source, modulator,
photodiode (PD), waveguide, and Y-branch splitter based on this platform. The light source, modulator, and PD
adopt the same multiple quantum wells (MQWs) diode structure without encountering incompatibility problems
faced in other photonic integration approaches. The waveguide-structure MQW electro-absorption modulator
has obvious indirect light modulation capability, and its absorption coefficient changes with the applied bias
voltage. The results successfully validate the data transmission and processing using near-ultraviolet light with
peak emission wavelength of 386 nm. The proposed complete active–passive approach that has simple
fabrication and low cost provides new prospects for next-generation photonic integration.
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1 Introduction
Photonic integration enables the realization of numerous appli-
cations at the chip scale and provides advantages of reduced
size, cost, and power.1–3 Photonic integrated chips are used in
various applications, including telecommunication data com-
munication, atomic clocks, quantum communication, informa-
tion processing, high-resolution spectroscopy, positioning, and
navigation.4–10 InP-based photonics integration11–13 and mono-
lithic silicon photonics14–16 are the two major integration tech-
nologies in photonics, and they each have their own unique
strengths and weaknesses. InP-based photonics integration is
recognized as a reliable and complete active–passive platform,
but its yield and substrate size are severely limited. Furthermore,
the excellent passive performance, temperature-insensitive
modulator, and CMOS-compatible fabrication make monolithic
silicon photonics suitable for large-scale optic-electronic inte-
gration. However, the lack of light source severely limits the
development of silicon photonics.17

The emerging GaN-on-silicon platform has the potential to
realize photonic integration owing to the excellent photoelectric
and electrical performance of GaN-based materials.18–25 Similar
to the InP-based approach, photonics integration based on a
GaN-on-silicon platform can provide complete active–passive
optical devices. Due to the availability of large-sized silicon wa-
fers and good substrate thermal conductivity, low cost and high
power density can be expected. Furthermore, high-performance
electronic devices26–30 can be fabricated on a GaN-on-silicon
platform to monolithically integrate with the photonic inte-
grated circuit (PIC) to yield an optoelectronic integrated chip.
Moreover, PICs based on a GaN-on-silicon platform can extend
the light wavelength from ultraviolet to the near-infrared to meet
the requirement of visible light applications, which is impos-
sible using InP-based photonics integration and monolithic
silicon photonics.31–33

Despite the presence of an inevitable Stokes shift, the emis-
sion and absorption spectra of the GaN-based multiple quantum
wells (MQWs) action region overlap.34,35 Using this overlap,
the light source and photodiode (PD) can be realized using the
same MQW diode structure on the GaN-on-silicon platform.
Combining the GaN passive components with the MQW diodes
on a single chip, numerous PICs based on the GaN-on-silicon
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platform with various functions have been reported,36–39 which
are simple, compact, and flexible compared to other III–V in-
tegration schemes. Furthermore, an interesting phenomenon
is observed: the GaN-based MQW structure functions as an
electro-absorption modulator40,41 with low power dissipation,
compact structure, and relative low driving voltage.42–45

Therefore, herein we propose a PIC chip including a light
source, modulator, PD, waveguide, and Y-branch splitter based
on the GaN-on-silicon platform, wherein all the active compo-
nents adopt the same MQW diode structure. The adoption of
multifunction MQW completely overcomes the compatibility
problem of different optical active devices and considerably re-
duces fabrication complexity. The proposed multichannel on-
chip system has indirect light modulation capability, which is
verified from various perspectives. Section 2 describes the de-
tailed structure and fabrication of the PIC chip. The measure-
ment results are presented in Sec. 3.

2 Structure and Fabrication
Figure 1 displays the schematic diagram of the proposed pho-
tonic integrated chip. Using two monitors, two light sources,
two modulators, a receiver, a Y-branch splitter, and wave-
guides that are monolithically integrated on a single chip, a
compact signal processing and data transmission system is
constructed based on the GaN-on-silicon platform. The mod-
ulators and light sources are in the waveguide configuration,
and all the active devices are based on the near-ultraviolet
InGaN/AlGaN MQW diodes in which the p-contact electrodes
are connected to the p-GaN contact layers. As silicon absorbs
the light, the adopted waveguide configuration prevents the
negative influence of the silicon substrate on the light trans-
mission. Since the near-ultraviolet InGaN/AlGaN MQW struc-
ture has multiple functions (light emission, light modulation,
and light detection) and can realize almost all the optical–elec-
trical and electro-optical conversions required for typical sig-
nal processing and data transmission system, the proposed
approach of photonic integration has the advantages of simple
fabrication, low cost, and high reliability. The inset in the top

left corner of Fig. 1 displays the cross-sectional diagram of
the MQW structure. An SiO2 isolation layer is covered on
the top of the p-contact GaN layer and etched with openings
for metal contact. The MQW layers are inserted in the middle
of the two waveguide layers, which limits the light transmis-
sion and processing in the on-chip waveguide and improves
the device performance. The Y-branch splitter has two ex-
tended branches, and each directly connects a modulator
and a light source in a consistent waveguide structure to maxi-
mize the amount of light coupled in the waveguide. The wave-
guide structure is schematically depicted in the bottom right
corner of Fig. 1 and comprises high refractive index layers
sandwiched in between two AlGaN cladding layers. Due to
the separated p-contact GaN layers, the modulator and light
source have electrically isolated anodes and common cathodes.
An MQW diode is placed near each light source to monitor the
output power of the light source. The monitors can also be used
to stabilize the light source intensity using a feedback control
loop. The light source and monitor are isolated by a narrow slot
on the waveguide with a distance of 10 μm. An MQW PD as
receiver is placed near the combined port of the Y-branch split-
ter to receive the transmitted light signal and is also isolated
with the splitter using a narrow slot.

The proposed PIC chip can realize the simple functions of
data transmission and signal processing. It includes various
common active components that are used in photonic circuits
and can be easily expanded to more sophisticated large-scale
systems. Under constant current injection, the light source emits
light and provides a carrier for the photonic integrated system.
Moreover, the nearby MQW diode acts as a real-time monitor.
Data are loaded onto the carrier through the MQW electro-ab-
sorption modulator, thereby converting the electrical signal into
an optical signal. The optical signal is transmitted by the passive
waveguide devices; then it reaches the receiver and is converted
into an electrical signal. As a result, data transmission using
light is completely realized based on the integrated chip.
Furthermore, by applying two modulation signals on the mod-
ulators on the two branches, the Y-branch splitter or combiner
can perform simple processing or computation of the two optical

Fig. 1 Schematic diagram of the proposed photonic integrated chip.
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signals. The composite signals can be extracted from the
receiver output.

The proposed PIC chip is designed based on the GaN-on-
silicon platform using III-nitride epitaxial layers grown by metal
organic chemical vapor deposition on a <111> silicon substrate
with 5.08 cm in diameter. To manage the lattice mismatch
between silicon and epilayers, an AlGaN buffer layer is
grown first, followed by a GaN layer. Then a high-quality
GaN-based MQW PN structure is deposited, wherein the
In0.02Ga0.98N∕Al0.08Ga0.92N MQW layer with a thickness of
52 nm is sandwiched by GaN waveguide layers and cladding
layers. The detailed epilayer structures are shown in the inset
in the top left corner of Fig. 1. Both InGaN/AlGaN MQW di-
odes and the optical waveguide can be easily implemented on
this GaN-on-silicon wafer. The fabrication of the PIC prototype
is only realized via four photolithography processes. First, the
p-GaN contact region is defined using inductively coupled plasma
reactive ion etching (ICP-RIE) with a mixture of HCL∕BCl3.
Next, a deep ICP-RIE is performed to pattern the MQW diode
and waveguide devices with partial n-contact layer exposed.
Then a 100-nm-thick SiO2 thin film that is used for isolation
is deposited via plasma enhanced chemical vapor deposition
and patterned via wet etching. Finally, the PIC chip fabrication
is completed after the formation of Ni/Au metal electrodes and
separated from the 5.08 cm diameter wafer by saw dicing for the
convenience of measurement. The detailed fabrication flow can
refer to Fig. S1 in the Supplementary Material.

Figure 2(a) displays the scanning electron microscopy
(SEM) photograph of the fabricated PIC chip. For the conven-
ience of description, the MQW modulator and light source on
the upper branch are denoted as M1 and L1, respectively.
Similarly, the MQW modulator and light source on the low
branch are denoted as M2 and L2, respectively. As shown in
Fig. 2(b), the distance of the slot is 10 μm and sufficient light
can be coupled through the slots for detection. The distance of
the slot can be reduced to submicrometer level by focused ion
beam etching. Figure 2(c) exhibits the cross-sectional SEM im-
age of the modulator with a waveguide width of 50 μm. In the
enlarged image of the waveguide edge shown in Fig. 2(d), two

inclined sidewalls of the epilayers can be clearly seen, which
correspond to the two ICP-RIE processes and are beneficial
for the coverage of SiO2 film and metal. The metal and epilayers
are separated by the SiO2 film at the edge region and are in di-
rect contact in the central region of the waveguide. Figures 2(e)
and 2(f) indicate the obvious stratification of the epilayers and
demonstrate that the MQW is sandwiched by the GaN wave-
guide layers. The MQW includes four well layers in bright col-
ors and five barrier layers in dark colors. Furthermore, a strip in
dark color is clearly present on the top of the upper waveguide
layer, corresponding to the p-doped AlGaN EBL that is used to
block the electron overflow into the p-side.

3 Measurement and Results
To validate the effectiveness of the electrical isolation of differ-
ent MQW diodes, the leakage currents between the p-contact
electrodes are measured, as shown in Fig. 3(a). The modulator
is ideally isolated with the receiver and monitor by the narrow
slots considering that the leakage current is <1 nA. Since M1
and L1 are just separated by a disconnected p-GaN contact layer
on the upper branch of the waveguide, the isolation resistance is
about 3.78 MΩ, but it is sufficient as the tiny leakage current on
the μA level has almost no influence on the state of the light
source when the applied working current is larger than several
mA. Figure S2(a) in the Supplementary Material displays the
results of remaining leakage currents between the p-contact
electrodes. Figure 3(b) displays the IV and CV characteristics
of the active devices in the PIC chip. The results show that
the active devices have typical diode characteristics and have
similar turn-on voltage near 4 V. The difference in the IV curves
stems from the device size and fabrication errors. For example,
the IV curve of L1 almost coincides with that of M1 because
they have the same shape. The IV results of other MQW diodes
can refer to Fig. S2(b) in the Supplementary Material. These
fabrication errors are within the typical variations of our GaN-
on-silicon platform process. The capacitance of the receiver in-
creases when the voltage is first applied and then decreases to a
negative value. The decrease is caused by the radiative recom-
bination of injected carriers in the quantum well. The CV curves

Fig. 2 Images of the fabricated photonic integrated chip. (a) SEM image of the complete chip;
(b) enlarged SEM image of the slot between the receiver and Y-branch waveguide; (c) SEM
cross-sectional image of the modulator; (d) enlarged SEM image of the modulator edge; (e) en-
larged SEM image of the top epilayers; and (f) cross-sectional scanning transmission electron
microscope image of the top epilayers.
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of the light source and modulator are similar and are shown in
Fig. S2(c) in the Supplementary Material. Figure 3(c) exhibits
the photoluminescence (PL) spectra of the MQW diode. This
figure shows that the PL intensity curves have two peak values.
The long peak wavelength is ∼394 nm, which corresponds to
the absorption of the InGaN/AlGaN MQW. The short peak
wavelength, near 366 nm, stems from the absorption of GaN.
For the electroluminescence (EL) spectrum shown in Fig. 3(d),
the peak wavelength is about 386 nm, which has a small blue-
shift compared to the PL spectrum due to the change of the en-
ergy band caused by the current injection. The 28-nm overlap
between the photocurrent absorption spectrum (RS) and EL
spectra indicates that the MQW diode can act as a PD for
detecting the optical power emitted from the light-emitting
diode of the same MQW structure. The tests are performed
in a dark environment to avoid the influence of external light.
However, it is also found that the normal environmental light
does not have much influence on the measurement results.
The reason may be due to the waveguide structure that limits
the light transmission. If much higher precision is required in
the practical applications, a package with a light shield can
be adopted. The EL intensity under different injection currents
and RS under different applied bias voltages are provided in
Figs. S2(d) and S2(e) in the Supplementary Material, respec-
tively. Based on the RS results, the response intensity increases
with the reverse bias voltage, but the wavelength shift is not ob-
vious. Therefore, in contrast to the Ge/SiGe MQW with strong
quantum-confined Stark effect, the InGaN/AlGaN MQW diode
used as the modulator is mainly based on the change of absorp-
tion amplitude. Figure 3(e) exhibits the detected photocurrent of

the receiver and monitor1 versus the injection currents on L1.
The ratio of the two currents is ∼21 and quite stable. From the
photocurrent ratio, the waveguide transmission loss is deter-
mined to be −13 dB. Figure 3(f) and Fig. S2(f) in the
Supplementary Material display the currents of the receiver
and monitor1 versus the voltage under different applied currents
on L1. Under dark condition at room temperature, the leakage
currents of both PDs are extremely low (∼40 pA). When L1 is
turned on by applying current, the photocurrents of the receiver
and monitor1 obviously change and increase with the applied
current. Moreover, due to shorter distance between L1 and
monitor1 than that between L1 and the receiver, the photocur-
rent of monitor1 is larger than that of the receiver under the
same bias conditions. When L2 is turned on, the receiver and
monitor2 present similar photocurrent responses, as shown in
Figs. S2(g)–S2(i) in the Supplementary Material, respectively.
The results indicate the effectiveness of the MQW diode for
light-power detection.

Figure 4(a) displays the detected photocurrent of the receiver
versus the bias voltage on M1 under different injection currents
on L1. Clearly, the absolute value of the receiver photocurrent
decreases with increasing reverse bias voltage on M1. The de-
tected photocurrent of the receiver reflects the light power after
modulation. The results indicate that a larger reverse bias volt-
age on M1 results in more light absorption of the modulator due
to the absorption coefficient change. Subsequently, less light
will reach to the receiver and induce a smaller photocurrent.
Therefore, the photocurrent change of the receiver reflects dis-
tinctive modulation effect. Assuming that the photocurrent has a
linear relation with the received light power, the extinction ratio

Fig. 3 (a) Leakage currents between the p-contact electrodes; (b) IV characteristics of MQW
diodes and CV characteristics of the receiver; (c) PL spectra of the MQW diode; (d) RS and
EL spectra of the MQW diode; (e) detected photocurrent of the receiver and monitor1 versus
the injection currents on L1; (f) detected photocurrent of the receiver under different applied
currents on L1.
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of the modulator with the bias voltage from 0 to −15 V is cal-
culated to be 30%, according to the curve under 30 mA current
on L1, as shown in Fig. S3(b) in the Supplementary Material.
Since the sensitivity of the receiver is small, larger injection
currents on the L1 lead to larger detected current changes
and benefits for signal processing. In contrast, the detected cur-
rent of monitor1 does not change with the bias voltage on M1,
signifying that the light source works steadily without the in-
terference of the modulation signal. The test with M2 and L2
on the lower branch affords similar modulation characteristics,
as shown in Figs. S3(a) and S3(c) in the Supplementary
Material. The deviation between the results of the two
branches stems from the fabrication errors but does not influ-
ence the system function. To validate the effectiveness of
modulation, a square signal with a frequency of 20 Hz and
Vpp of 4 V (−4 to −8 V) is applied on M1, and the detected
currents of receiver and monitor1 are measured, as shown in
Fig. 4(b). The results show that the receiver receives the square
signal and the monitor current remains constant. Hence, the
test system demonstrates no significant cross talk, and the iso-
lation between the light source and modulator on the same
waveguide through the p-contact layer separation is sufficient

for system performance. When a 20 mA current is injected on
L2 and a square signal of 1 Hz frequency is applied on M2, a
flickering spot can be seen clearly on the low branch (see
Video 1). Figure 4(c) displays the photocurrent waveform
of the receiver under different injection currents when a square
signal (20 Hz) is applied on M1. The received waveform is
coincident with the input square wave, and the response am-
plitude increases with the injection current on L1. Moreover,
two modulation signals with different frequencies (20 and
200 Hz) are simultaneously applied on the modulators.
Figure 4(d) exhibits the waveform of the receiver. The injec-
tion currents on the two light sources are different for discrimi-
nating signals from different channels. Thus we can infer that
the two signals with different frequencies can be simultane-
ously transmitted using light through the PIC chip. The re-
ceived waveforms of the receiver under other frequencies
are presented in Figs. S3(d)–S3(g) in the Supplementary
Material. The reproducibility and stability of the PIC chip
are evaluated via cyclic tests at a modulation frequency of
1 Hz on M1. As shown in Fig. 4(e), the detected photocurrent
of the receiver is highly stable over 2000 cycles, and the photo-
current waveforms in different periods are consistent.

Fig. 4 (a) Detected photocurrent versus the bias voltage on M1; (b) detected photocurrent of
receiver and monitor1 when a square signal is applied on M1; (c) photocurrent waveform of
the receiver under different injection currents on L1; (d) received waveform of the receiver when
two modulation signals with different frequencies (20 and 200 Hz) are simultaneously applied on
the modulators. Inset displays the PIC chip in the working state (Video 1, MPEG, 9.1 MB [URL:
https://doi.org/10.1117/1.APN.2.4.046003.s1). (e) Detected photocurrent of the receiver at a
modulation frequency of 1 Hz on M1 over 2000 circles. The injected current on L1 is 20 mA,
and the modulation voltage ranges from −8 to −4 V.
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Utilizing the two branches structure, the PIC chip can per-
form simple processing or computation of two signals using
light. Figure 5(a) presents the combined signal detected by
the receiver with an incident signal of varying duty cycles ap-
plied on M1. The duty cycle of another signal applied on M2 is
fixed at 50% and the frequency of both signals (from −4 to
−8 V) is fixed at 100 Hz. The injection currents of L1 and
L2 are 20 and 16.8 mA, respectively, and the bias voltage on
the receiver is −4 V. Figure 5(b) shows the combined signal
detected by the receiver with the two incident signals in different
phases. The results denote that the superposition of two signals
is successfully realized using light without interference to the
electric circuit. Moreover, the relation of the two incident sig-
nals can be inferred through the combined signal detected by
the receiver. Using the proposed integration scheme, more
sophisticated and powerful PIC chips could potentially be built
for optical computing and data transmission. By injecting a
20 mA constant current on L1, the pseudo-random binary
sequence (PRBS) data stream (Vpp of 4 V with a Voffset of−6 V) is indirectly loaded onto the light carrier through
M1 and reverted to an electrical signal through the receiver.
The receiver signal is then sent to the oscilloscope for charac-
terization. The maximum data transmission rate through
indirect modulation using MQW electro-absorption modulator
is ∼10 kbps; its eye diagram is shown in Fig. 5(c). Because
M1 and receiver are under reversed bias with extremely low
power consumption, the total power consumption is mainly de-
termined by the light source (about 142 mW). To analyze the

limiting factor for the indirect modulation, the PRBS data trans-
mission using direct on–off keying modulation through the light
source is tested, and the rate can reach 40 Mbps, as shown in
Fig. 5(d). The data transmission rate through indirect modula-
tion is likely limited by the modulation amplitude but not by the
bandwidth of the receiver. Furthermore, using direct and indirect
modulations at a single light path, two types of data can be trans-
mitted simultaneously, or one of the modulations can encrypt
data transmission of another modulation signal.

4 Conclusion
In this study, we proposed a complete active–passive photonic
integration scheme based on the GaN-on-silicon platform and
realized a PIC comprising a light source, modulator, PD, wave-
guide, and Y-branch splitter. All the active devices are based on
the same near-ultraviolet InGaN/AlGaN MQW structure, which
is a distinguishing feature from other photonic integration ap-
proaches and considerably reduces the fabrication complexity
and cost. The effectiveness of the integrated components and
system performance were validated via the measurement.
Additionally, the data transmission and processing using light
were successfully demonstrated. With the improvement of
III-nitride etching accuracy in the future, the proposed integra-
tion scheme provides a potential competitive solution for next-
generation photonic integration, especially for the sensing field,
for which the requirement of integration density is not very high.

Fig. 5 Combined signals detected by the receiver with (a) an incident signals with varying duty
cycles on M1; (b) the incident two signals in different phases. Eye diagram using (c) indirect
modulation at a data transmission rate of 10 kbps and (d) direct modulation at a data transmission
rate of 40 Mbps.
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