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A high-performance waveguide photodetector (WPD) integrated with a laser diode (LD) sharing the single InGaN/GaN quantum well active region
is demonstrated on a semipolar GaN substrate. The photocurrent of the integrated WPD is effectively tuned by the emitted optical power from the
LD. The responsivity ranges from 0.018 to 0.051 A/W with increasing reverse bias from 0 to 10V. The WPD shows a large 3 dB modulation
bandwidth of 230 MHz. The integrated device, being used for power monitoring and on-chip communication, paves the way towards the eventual
realization of a Ill-nitride on-chip photonic system. © 2017 The Japan Society of Applied Physics

roup Ill-nitride materials, mainly (In,Ga)N, have
been mostly studied for active devices, including
light-emitting diodes (LEDs),"? superluminescent
diodes (SLDs),>* and laser diodes (LDs),>® in the violet—
blue—green color regime. Those light emitters based on
InGaN/GaN quantum-well (QW) structures have been
used in applications for energy-efficient solid-state lighting
(SSL)’® and high-speed visible light communication
(VLC).>'9 Additionally, the same structure can be config-
ured for passive devices, serving the functionalities of trans-
verse transmission modulators'! and surface photodetectors
(SPDs).'” The combination of both active and passive
components enables the possible on-chip integration of
optoelectronic devices with versatile functionalities.'® How-
ever, the combination of SPDs with surface light emitters,
such as LEDs, is not a cost-effective and mass-producible
approach owing to the fabrication complexity. Hence, the
utilization of edge-emitting laser diodes together with light
modulators or receivers based on the same active region
becomes a promising approach. The major challenge is the
large separation between the absorption and emission peaks,
i.e., the Stokes shift, induced by the strong polarization field
in conventional c-plane-orientated InGaN/GaN QWs.'¥ Our
recent investigation has shown that this can be addressed
by growing active layers on a semipolar GaN substrate, and
the waveguide-modulator-integrated laser diode has been
demonstrated for SSL-VLC applications.!> To achieve an
LD-based on-chip photonic system, it is of great interest
to develop a high-performance waveguide photodetector
(WPD) and investigate its integration with laser diodes. In
this work, a [II-nitride waveguide PD integrated with a laser
diode at 405nm sharing the identical active region on
semipolar (2021) GaN substrate is demonstrated. High
responsivities of 0.018 and 0.051 A/W are measured at
0 and —10V biases, respectively. The WPD shows a large
3dB modulation bandwidth of ~230 MHz, suggesting its
great potential for on-chip power monitoring and communi-
cation applications.
The epitaxial structure of the device contains a highly
Mg-doped p-GaN contact layer, a 600 nm Mg-doped p-GaN
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Fig. 1. (a) Epitaxial layer structure, (b) schematic of the InGaN/GaN
MQW based WPD-LD, and (c) photo of the laser emission from the front
facet of the WPD-LD.

cladding layer, a 120nm Mg-doped p-InGaN separate con-
finement heterostructure (SCH) waveguiding layer, a 16 nm
Mg-doped p-Aly13Gagg:N electron-blocking layer (EBL),
a four-period 3.6nm/7nm Ing;GayoN/GaN multiple-QW
active region, a 120 nm Si-doped n-InGaN SCH waveguid-
ing layer, a 350nm Si-doped n-GaN cladding layer, and a
highly Si-doped n-GaN contact layer, as shown in Fig. 1(a).
It is grown on a semipolar (2021)—orientated free-standing
GaN substrate by metal-organic chemical vapor deposition
(MOCVD). The Pd/Au and Ti/Al/Ni/Au metal stacks are
deposited as p- and n-GaN contacts, respectively.

The fabricated WPD-LD shown in Fig. 1(b) consists of a
90-um-long WPD placed at the rear facet of a 505-um-long
LD, with a separation distance of ~5um. The 2-um-wide
ridge waveguide and the facets are defined by UV photoli-
thography and plasma etching, without facet coating. The
isolation trench is etched by focused ion beam (FIB) milling.
The isolation resistance between the WPD and the LD is
measured to be ~1 M, which is more than five orders of
magnitude higher than the junction series resistance, enabling
the independent operation of the two components.

The LD is characterized using a Keithley 2520 diode laser
testing system with a calibrated Si photodetector and an
integrating sphere for accurate measurements of the optical
power vs current (L-I) characteristics. Figure 1(c) shows
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Fig. 2. (a) Plot of light output power collected from the front facet vs
current injection and voltage vs current injection relations in the LD.
(b) Comparison of LD output power vs current in LD and photocurrent
from the WPD at zero bias vs current in LD.

the laser emission from the front facet. The WPD is biased
using a Keithley 2400 source meter. The frequency response
measurement setup involves an Agilent E8257D analog
signal generator, a set of microwave probes, a bias tee, and an
Agilent DSO5034A oscilloscope. The LD is modulated by
sinusoidal waveform signals at different frequencies, and the
received signals from the WPD are collected and analyzed
using the oscilloscope.

Figure 2(a) shows the light—current—voltage characteristics
of a 405 nm emitting LD under continuous wave (CW) opera-
tion, which is measured at the front facet using a standard
calibrated Si PD at room temperature. The LD shows a
threshold current (/) of 130 mA and a slope efficiency of
~0.4 W/A. Figure 2(b) compares the LD light output power
(collected from the front facet) and the photocurrent from the
WPD at zero bias, which is plotted against the LD injection
current. It can be observed that the WPD current measured
at zero WPD bias is very well correlated with the emitted
optical power by the LD. The onset of significant increase in
WPD current is measured at an LD current of 130 mA, which
matches the threshold current of the LD. With increasing LD
injection current beyond Iy, the LD starts to lase, and thus
more light is received by the WPD, leading to a clear increase
in WPD current. Therefore, the integrated WPD can be
utilized for on-chip power monitoring.

An enhanced optical responsivity is achieved from the
biased WPD as shown in Fig. 3(a). To minimize the heating
effect of the LD, the pulsed current operation of the LD with
a pulse width of 5pus and a duty cycle of 10% was used for
further characterization of the WPD-LD. With an increasing
reverse bias applied to the WPD, the width of the depletion
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Fig. 3. (a) Measured photocurrent in the WPD as a function of injection
current in the LD region under different reverse biases applied to the WPD.
(b) Calculated photocurrent as a function of the received optical power in the
WPD.

junction in the active region increases, resulting in increased
absorption and photocurrent. For instance, at a constant
LD current (I p) of 200mA, the WPD photocurrents (Ipp)
are 63.5, 80.7, 112.3, and 130.4pA, at WPD reverse bias
voltages (Vpp) of 0, 2, 4, and 6V, respectively. Figure 3(b)
presents the WPD current as a function of the received optical
power. The results are derived on the basis of assumptions
that the amounts of light emitted from the uncoated front and
back facets of the LD are identical, and all the light emitted is
received by the WPD. Note also that the reflection of photons
on the facet of the WPD is unavoidable and an enhanced
photocurrent can be expected by depositing an antireflec-
tion (AR) coating on the WPD. In Fig. 3, a clear power-
dependent PD response is observed, where the slope of the
WPD response curves grows with increasing reverse bias.
The enhanced responsivity indicates that the WPD operating
in the photoconductive mode is advantageous for weak signal
detection. The responsivity (R) can be calculated according to
the ratio of Ipp over the incident optical power. The measured
R vs Vpp relation is plotted in Fig. 4. With increasing reverse
bias voltage from 0 to 10V, the R of the WPD increases from
0.018 to 0.051 A/W. With increasing reverse bias applied to
the WPD, which operates in the photoconductive mode, the
numbers of electrons and holes generated from the junction
increase, leading to the enhanced responsivity. Considering
the fact that the WPD and LD share the same active layer
design without the need of epitaxial regrowth, the presented
WPD outperforms other PDs utilizing InGaN/GaN QWs
on c-plane-orientated substrates (0.001-0.01 A/W at 450 nm)
for simultaneous light emission and detection.'>!%!®) The
high responsivity of the WPD is attributed to the enhanced
overlap between the absorption peak of the WPD and the
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Fig. 4. Measured responsivity as a function of the reverse bias in the
waveguide PD.
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Fig. 5. Modulation response of the waveguide photodetector at zero bias.

emission peak of the LD. The enhancement in the overlap
originates from a reduced polarization field in QWs grown
on a semipolar GaN substrate.

The frequency response of the unbiased WPD-LD has
been measured to study the performance of the device for on-
chip communication as shown in Fig. 5. The emitted light
from the LD was modulated by the applied small signal and
received by the WPD at Vpp =0V. Since the modulation
bandwidth of the LD is beyond GHz,'” the measured signal
amplitude decay is thus due to the WPD bandwidth. A 3 dB
bandwidth of ~230MHz is measured, suggesting a signifi-
cantly improved modulation performance compared with
the reported GaN Schottky barrier PDs (5.4 MHz)'® and GaN
p—i—n PDs (1020 MHz).'» The increased cutoff frequency
of the WPD is associated with the reduced device size owing
to the narrow ridge design and the improved responsivity of
the semipolar plane WPDs. The high-speed WPD suggests its
potential as an integrated receiver for on-chip communication
and VLC applications.

In summary, an integrated waveguide photodetector—laser
diode has been designed, fabricated, and demonstrated.
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Sharing the same InGaN/GaN QW structure, the semipolar
plane WPD exhibits a high responsivity of 0.051 A/W at
—10V, 405nm, and a large modulation bandwidth of 230
MHz. As LDs outperform LEDs in terms of efficiency
droop and modulation bandwidth, the LD-based integrated
photonic platform becomes more promising for both SSL
and VLC applications. Therefore, the presented work of
the WPD-LD is an important step towards the eventual
realization of a Ill-nitride on-chip photonic system with
integrated functionalities.
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