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Abstract:
wafer-level technique. Because the InGaN/GaN multiple-quantum-well diodes (MQWDs) can achieve light emission

We propose and fabricate a monolithic optical interconnect on a GaN-on-silicon platform using a

and detection simultaneously, the emitter and collector sharing identical MQW structure are produced using the
same process. Suspended waveguides interconnect the emitter with the collector to form in-plane light coupling.
Monolithic optical interconnect chip integrates the emitter, waveguide, base, and collector into a multi-component
system with a common base. Output states superposition and 1 x 2 in-plane light communication are experimentally
demonstrated. The proposed monolithic optical interconnect opens a promising way toward the diverse applications
from in-plane visible light communication to light-induced artificial synaptic devices, intelligent display, on-chip
imaging, and optical sensing.

Key words: Homogeneous integration; Multiple-quantum-well diode; Visible light interconnection; Coexistence of

light emission and photodetection
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1 Introduction

A light-induced transistor can be formed by
combining a light-emitting diode (LED) and a pho-
todiode with a common n-contact as the base on
the same substrate. The light emitted from the
LED can be collected by the closely coupled pho-
todiode (van Zeghbroeck et al., 1989; Feng et al.,
2004; Zhang et al., 2014; Cai et al., 2016a). The
light-induced transistor is similar to a bipolar tran-
sistor except that photons rather than electrons are
used to transmit signals. There are six escape cones
for a planar LED (Schubert et al., 2005). Two of
these cones are out-of-plane, and the remaining four
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are in-plane. The in-plane escape cones can be con-
sidered as waveguides to guide the emitted light with
controllable propagation directions. Therefore, data
transport simultaneously occurs when the emitted
light of a planar LED is modulated. Correspond-
ingly, there are six incoming interfaces for a planar
photodiode. A variety of possible output combina-
tions can be achieved by integrating different light-
induced transistors with a common base and collec-
tor, in which every emitter can be adopted as an in-
dependent transmitter. The electron-to-photon con-
version is realized at the emitter, the collector com-
pletes the photon-to-electron conversion, and data
transport is achieved through light coupling rather
than across short electrical wires (Sato et al., 2015;
Sun et al., 2015), and this is promising for managing
the heating effect in high-density microchips.

Among the semiconductors used in present-day
optoelectronic devices, GaN-based materials have si-
multaneously the selectable functionalities of light
emission, transmission, and photodetection (Jhou
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et al., 2005; Brubaker et al., 2013; Tchernycheva
et al., 2014). GaN-based LEDs and photodiodes can
be fabricated using the same technology (Jiang et al.,
2014; Li et al., 2015; Cai et al., 2016b). Over time,
advancements in the epitaxial growth of GaN have
enabled high-quality p-n junction GaN-based multi-
ple quantum wells (MQWs) to be deposited on silicon
substrates (Krost and Dadgar, 2002; Trivifio et al.,
2015). The GaN-on-silicon platform can meet the
requirements for mass production of the monolithic
optoelectronic integration, which combines different
optoelectronic elements on the same chip. The de-
vice limitations caused by the thick epitaxial films
can be overcome using the mature silicon removal
process and back-wafer etching of a suspended mem-
brane (Li et al., 2014), creating improved perfor-
mance for integrated optoelectronic devices (Noda
and Fujita, 2009; Wierer et al., 2009). Furthermore,
the light emitted by a GaN-based emitter can be con-
trolled by tuning the indium or aluminum contents
in GaN-based MQWs (Kuykendall et al., 2007; Qian
et al., 2008; Chen et al., 2011).

In the present paper, we report the realization of
a monolithic integration of the emitter, waveguide,
and photodiode on a single chip, which is fabricated
using a wafer-level technique. The integrated device
originates from a combination of two light-induced
transistors, in which suspended waveguides are used
for light coupling. The light from the emitter rather
than electrons is transported through the waveguide
to the collector, which leads to an induced photocur-
rent. The possible output combinations are investi-
gated for potential on-chip optical interconnect using
visible light.

2 Fabrication of the integrated device

The proposed optoelectronic device consists of
emitter and collector, such that the fabrication tech-
nology for creating this device is identical to that
for creating the LED and photodiode. A wafer-level
technique is developed to manufacture the mono-
lithic integrated device on a 2-inch GaN-on-silicon
platform (Bai et al., 2016; Wang et al., 2016; Yuan
et al., 2016), which is composed of a 220-nm-thick
p-GaN layer, a 250-nm-thick InGaN/GaN MQW, a
3.2-pum-thick n-GaN layer, a 400-nm-thick undoped
GaN layer, a 900-nm-thick Al(Ga)N buffer layer, and
a 200-pum-thick silicon substrate. The top layer is
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first defined and etched down to n-GaN to form
a mesa by inductively coupled plasma reactive ion
etching (ICP-RIE) with Cly and BCl3 hybrid gases
at flow rates of 10 and 25 sccm, respectively. Using
the lift-off technique, 20 nm Ni/180 nm Au bilayers
are evaporated onto the surface of the p-GaN and
n-GaN layers, and p- and n-contacts are formed af-
ter annealing at 500°C in a Ny atmosphere for 5
min. The waveguides are then patterned and etched
with a depth of 3.6 um by ICP-RIE. The top device
structures are protected by a photoresist, and then
the silicon substrate is spin-coated with a photoresist
and patterned by backside alignment photolithogra-
phy. Both silicon removal and back-side thinning of
the suspended membrane are conducted to obtain
membrane-type optoelectronic devices on a 3-pum-
thick suspended membrane.

The schematic of the suspended optoelectronic
device is illustrated in Fig. la. One n-electrode
is shared by devices A, B, and C. Sharing the
n-electrode is beneficial to the miniaturization of
the integrated device, which is crucial to further
high-density microchips. The p-electrodes with a
diameter of 70 um are fabricated on the mesa in
the suspended-membrane region. Three suspended
waveguides that are 80-pum long, 3-pum high, and 10-
pum wide are used for device connections. The com-
mon n-contact serves as the base. Device C acting
as the photodiode is the common collector when de-
vice A or B (or both) is (are) used as the emitter(s).
On the other hand, device C' operating under LED
mode becomes the common emitter when device A or
B (or both) is (are) used as the collector(s). When
the LEDs are turned on, photons are transported
through the waveguides and absorbed in the pho-
todiode, inducing photocurrent. Fig. 1b presents
the light emission images when device A operating
under LED mode is injected with a current of 800
ptA and device B is off. The p-electrode region is
dark because the thick metal contact suppresses the
light emission. Fig. 1lc presents the light emission
images for both devices A and B under LED op-
eration with the same injection current of 800 pA.
For a suspended device, the emitted light could be
confined and guided as waveguide modes due to the
large index contrast between GaN and air (Sekiya
et al., 2015; Shokhovets et al., 2015). The guided
light propagates inside the suspended membrane and
enters the air at the mesa and isolation trench facets.
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Fig. 1 Schematic of the proposed optoelectronic de-
vices (a), light emission image when device A is under
emitter operation and device B is off (b), and light
emission image when both devices A and B are under
emitter operation at 800 pA (c) (References to color
refer to the online version of this figure)

3 Experimental results and discussion

The typical current-voltage performance of the
suspended emitter is measured using an Agilent
B1500A semiconductor device analyzer. Fig. 2a
shows the measured current-voltage (I-V) plot of the
suspended emitter and it indicates that the turn-
on voltage is approximately 2.5 V. The inset of
Fig. 2a presents the measured log-scaled electrolumi-
nescence (EL) plots for the suspended emitter. As
shown in the inset, since the light emission intensity
is modulated by the injection current of the emitter
(Vudié et al., 2010; McKendry et al., 2012; Liao et al.,
2014), the emission increases as the injection current

Fig. 2 Measured current-voltage (I- V') plot of device
C (a) with the inset showing the EL spectra mea-
sured at different injection current levels, and the
frequency-dependent capacitance-voltage (C-V) plot
of device C operating under photodiode mode (b)
(References to color refer to the online version of this
figure)

increases from 200 pA to 1 mA, and the dominant EL
peak is measured at 454.6 nm at the injection current
of 1 mA. Fig. 2b shows the capacitance-voltage (C-
V') behavior of device C at different frequencies from
50 to 250 kHz. The photodiode can be considered to
be a parallel-plate capacitor when the bias voltage is
lower than the turn-on voltage. Therefore, as a p-n
junction diode, the width of the depletion region de-
creases as the bias voltage increases from —2 to 2 V,
leading to an improved capacitance. The frequency
dependence of the capacitance is clearly observed.
In the bias range of 50 to 250 kHz, the measured
capacitance decreases as the frequency increases.
The proposed device can be treated as a pho-
tonic integrated circuit composed of two emitters, a
common collector, a common base, and suspended
waveguides for light coupling to create two light-
induced transistors with a common base region for
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on-chip optical interconnect. When the emitters are
operating, the guided light propagates along the sus-
pended waveguides and is detected by the photo-
diode. Fig. 3 shows the induced photocurrent of
the photodiode measured with the bias voltage in
the range of —4 to 2 V. Fig. 3a show the induced
photocurrent of the photodiode when the injection
currents are applied to emitter A at levels ranging
from 0 to 800 pA and when the injection current
of emitter B is 0 pA. Because the light intensity is
modulated by the injection current of the emitters,
more light power is transported to the photodiode
through the suspended waveguides with an increased
injection current of the emitter, leading to an in-
creased photocurrent. An increased photocurrent is
observed with an increasing bias voltage of the pho-
todiode from —4 to 2 V, which is consistent with the
bias-voltage-dependent capacitance. Figs. 3b and 3¢
illustrate that, at the bias voltage of —4 V and when
the injection current of emitter A is 0 wA, the initial
photocurrents of the photodiode are clearly observed
at —16 and —25 nA, when the injection current levels
of emitter B are 200 and 400 pA, respectively. Fur-
thermore, in Figs. 3a-3c, as the injection current of
emitter B is increased from 0 to 400 pA, emitter B
is under operation mode and provides a stable sup-
ply of photons, indicating that there will be an ini-
tial induced photocurrent when emitter A operates.
Fig. 3d shows the measured photocurrent when the
injection current of emitter A is 600 wA and the in-
jection current levels of emitter B are increased from
0 to 800 pA. Fig. 3 indicates that the photons from
different emitters can be accumulated.

To experimentally demonstrate that the pro-
posed device works for on-chip optical interconnect,
we need to confirm that the device can have four pos-
sible output combinations; namely, both emitters are
turned off, emitter A operates with encoded output
and emitter B is off, emitter A is off and emitter B
is turn on for encoded output, and both emitters op-
erate synchronously to output signals. As shown in
Fig. 4a, both emitters are directly driven by an Ag-
ilent 33522A arbitrary waveform generator to mod-
ulate the emitted light, and the collector detects the
guided light and completes photon-to-electron con-
version. The bias voltage of collector C' is 0 V, and
the received electric signals are characterized using
an Agilent DSO9254 A oscilloscope without an ampli-
fier and filtering process. The two emitters are driven
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Fig. 3 Measured current-voltage (I- V') curves of the
photodiode versus the injection current levels of emit-
ter A ranging from 0 to 800 pA when the injection
currents of emitter B are 0 pA (a), 200 pA (b), and
400 pA (c), and I-V curves of the photodiode versus
the injection current of emitter B when the injection
current of emitter A is 600 pA (d)
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Fig. 4 Schematic of on-chip optical interconnect (a),
the received signal when emitter A operates and emit-
ter B is off (b), the received signal when emitter A is
off and emitter B is turned on (c), and the received
signal when both emitters operate synchronously (d)
(References to color refer to the online version of this
figure)

at different modulation frequencies to differentiate
various output states of the proposed device. When
emitter B is turned off, emitter A is driven at 3.5 V
to modulate the emitted light as a square wave signal
at 100 kHz with a 12.5% duty cycle. Fig. 4b shows

the received electric signals at the collector. Then,
emitter B is driven at 2.7 V to modulate the emitted
light as a square wave at 200 kHz with a 25% duty
cycle while emitter A is turned off. Fig. 4c shows
the electric signals received at the collector. Be-
cause the modulation frequency is different, the two
output signals can be clearly distinguished. Fig. 4d
shows the electric signals received by photodiode C
when both emitters operate synchronously to mod-
ulate the emitted light.
separable states into a superposition of states via

The device can transform

the emitted light. Furthermore, there is no output
signal when both emitters are turned off. The ex-
perimental results indeed demonstrate that the in-
tegrated optoelectronic device is operating properly
to achieve the four output combinations for on-chip
optical interconnect using visible light.

The proposed device can be used as two collec-
common base when
device C operates under LED mode, and devices A
and B are considered as two photodiodes. Fig. ba
shows the measured photocurrent of collector A with
the bias voltage in the range of —4 to 2 V when the

tors, a common emitter, and a

injection current is applied to emitter C at levels
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Fig. 5 The measured photocurrent of collector A
when emitter C is injected with the current levels
ranging from O to 800 pA (a), and the received signals
for 1 X 2 in-plane data transport (b)
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ranging from 0 to 800 pA. The induced photocur-
rent is increased with an increasing injection current
of emitter C. Fig. 5b illustrates the received signals
when emitter C' is driven at 3.0 V to modulate the
emitted light as a 12-MHz sinusoid. The experimen-
tal results demonstrate that the proposed device can
realize the 1 X 2 in-plane data transport using visible
light.

4 Conclusions

In summary, a wafer-level technique is devel-
oped for the realization of the on-chip photonic in-
tegration of an emitter, waveguide, and photodiode
on a single chip. The proposed optoelectronic device
consists of two emitters, a common collector, and a
common base, and suspended waveguides are used
for light coupling. The experimental results con-
firm that the integrated optoelectronic device can
simultaneously obtain light emission, transmission,
and photodetection, which potentially benefits many
important applicational scenarios, such as advanced
microscopy (Dai, 2017), real-time spectrometry (Cao
et al., 2016), and visible light communication (Yang
et al., 2017). Separable states are transferred into a
superposition of states via photons rather than elec-
trons, and the device operates properly to achieve
the combination of four output states when the pro-
posed optoelectronic device is treated as two emit-
ters, a common collector, and a common base. The
1 x 2 data transport can be achieved when the de-
vice is used as two collectors, a common emitter,
and a common base. The techniques developed in
our experiments will be of significant importance for
on-chip optical interconnect using visible light.
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