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Abstract—InAs/InP(100) quantum dot (QD) waveguide
photodetectors are presented in this paper. The devices are
fabricated using the layer stack of semiconductor optical
amplifiers (SOAs) and are compatible with the active-passive
integration technology. The characterization and simulation on
the devices have shown good potential to be used in a
monolithically integrated swept-source optical coherence
tomography (SS-OCT) system in 1.6 to 1.8 pm wavelength range.
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l. INTRODUCTION

The swept-source optical coherence tomography (SS-OCT)
in 1.6 to 1.8 um wavelength range is of great interest in
medical imaging. The swept-source scheme provides higher
sensitivity [1] while the long wavelength offers deeper imaging
depth [2]. Two main components are required to open up OCT
imaging in an SS-OCT system in this long wavelength range.
The first is a swept laser source. In previous work [3], we have
developed an experimental monolithically integrated tunable
laser around the 1.7 pm wavelength region using
INAs/INP(100) guantum dots (QDs) as its optical amplifiers.
The feasibility of this laser had been demonstrated in a free-
space Michelson interferometer setup. A suitable photodetector
is thus the second main component that is essential to realize
the potential for OCT imaging in the 1.6 to 1.8 um range. Such
detectors are not readily available commercially. In this paper
we present InAs/InP(100) QD waveguide photodetectors which
meet all the requirements for application in an SS-OCT system
in the 1.6 to 1.8 um wavelength range. The main advantage is
that the presented photodetectors can be monolithically
integrated with our swept laser and other components.

Il.  DEVICES AND MEASUREMENTS

The QD waveguide photodetectors are realized by applying
a reverse-bias voltage on a shallowly etched ridge waveguide
QD semiconductor optical amplifier (QD-SOA). The QD-SOA
structure is fabricated using a technology that is fully
compatible with the active-passive optical integration scheme
at our research institute [4]. As can be seen in Fig. 1, the layer
stack of the QD photodetector is identical to that of the QD-
SOAs which were used in our swept laser. This opens up a way
of further integration of all active and passive components in a

SS-OCT system. The fabricated two chips (with different total
lengths) consist of 26 devices each with different device
lengths.

S04 Isolation

polyimide planarization

Figure 1. The cross-section structure of the QD-SOA section and isolation
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Figure 2. (a) The responsivities of 32 devices with different lengths at a
wavelength of 1640 nm. (b) The spectral responses of a 960 um-long device
under different reverse-bias voltages for TE polarization.

Several properties of the photodetectors have been
measured to demonstrate the feasibility of their use in the
monolithically integrated SS-OCT system in 1.6 to 1.8 um
wavelength range. The measurements on the dark current lead
to a conclusion that a sufficiently low dark current (< 30 nA)
can be achieved by choosing the appropriate device length (<
1000 pm) and bias voltage (< 3 V). The responsivities as a
function of length of the waveguide and bias voltages have also
been measured as shown in Fig. 2(a). It is clear from the figure
that the responsivity increases with the device length and after
reaching a certain length (around 950 pum), almost all the
photons are absorbed. It also can be seen that the responsivity
of the QD photodetector can reach as high as 0.7 A/W which is
more than sufficient for the SS-OCT application. The measured
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spectral response of a device with a 960 um length is shown in
Fig. 2(b). It is clear in Fig. 2(a) and (b) that the responsivity of
the photodetector increases dramatically with the reverse-bias
voltage. The device shows a flat response over a whole 300 nm
wavelength range which well satisfies the requirement for the
SS-OCT application in 1.6 to 1.8 pm wavelength range.

The electrical signal bandwidth of the photodetectors is
determined by measuring the photocurrents under a modulated
optical input. The measurement is performed on several
devices with different lengths and under several bias voltages.
For a device with a length of 200 um and a bias voltage of 2 V,
the 3 dB bandwidth can reach 83 MHz, which is adequate for
the OCT application.

I1l.  SIMULATIONS

A modified rate equation model based of a QD-SOA model
[4] is applied for the simulation of photodetection with current
extraction. An equivalent circuit model is used to analyze the
factors that limit the bandwidth of the devices.

Since we used identical QD active material and layer stack
for the photodetector as for QD-SOA, the QD rate equation
model and several of the parameters used in [4] were slightly
modified to simulate the behavior of the photo-absorption of
the QDs. The major modification from [4] is the change from
current injection to current extraction. Another modification is
that the multiple photon groups used for representing different
wavelength components in the gain spectra is reduced to only
one photon group which represents a single wavelength as in
the measurements. The advantage of this modified model is
that only one major parameter (carrier extraction rate from
wetting layer to SCH layer) is adjusted to match the simulation
with the measured data for one particular value of the reverse-
bias voltage while all the other parameters for QD-SOA keep
unchanged.

Simulations on the length-dependent responsivities are
shown in Fig. 2(a) in dashed curves. As can be seen in the
figure, the simulation results match very well with the
measured data. Simulations for the spectral behavior of the
photodetectors are also performed as shown in Fig. 2(b) in red
curves. It can be seen in the figure that for wavelengths longer
than 1.6 um, the simulation matches well with the measured
spectrum. But for the shorter wavelengths below 1.6 pm, there
is a clear deviation between simulation and measurement. The
absorption coefficient of the QDs in the shorter wavelength
region is underestimated. One of the reasons can be the
exclusion of contributions from higher-order excited states in
the QDs. Such states would not show up in the ASE spectra in
forward bias, but can play a role in absorption. Another reason
which is more probable is the exclusion of contribution from
the wetting layer. The energy level of the WL corresponds to a
wavelength of 1.47 um [4] and is indicated as a blue line in
Fig. 2(b). This wavelength locates in the wavelength region
where a clear deviation occurs.

The QD waveguide photodetectors can also be modeled
using an equivalent circuit method [5]. The theoretical 3 dB

bandwidth can be calculated by translating the photodetectors
and connecting electronics into the equivalent circuit. By
matching the simulated 3 dB bandwidth with the measured one,
the value of probe pad capacitance C, and the voltage
dependency of junction capacitance C,y of the diode can be
determined as shown in Fig. 3. As C, does not change as
voltage, it keeps a relatively high value (as high as 46 pF). This
is mainly due to the large area of the metal contact used in our
devices. It can also be seen that there is a significant
improvement on Cq4 as the bias voltage increases. It is mainly
due to the expansion of the depletion region as the voltage
increases.
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Figure 3. The determined values of C,q and C, under different reverse-bias
voltages. The error bars indicate the variability of Cg when the %5 % relative
deviation of the bandwidth values used in the calculation is considered.

IV. CONCLUSION

In this paper we have presented the QD waveguide
photodetectors and have shown them to meet all requirements
for application in SS-OCT in the 1.6 to 1.8 um wavelength
range. Both rate equation model and equivalent circuit model
have well explained the behaviors of the photodetectors. The
devices have shown good potential to be used in a
monolithically integrated long-wavelength SS-OCT system.
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