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Abstract

A balanced photodetector (BPD) is an essential part of a Light Detection and Ranging (LiDAR) coherent
receiver. By measuring the frequency difference between a local oscillator (LO) and reflected light from a
target, one can derive target’s distance and speed simultaneously. Here, we present a particle swarm
optimization algorithm able to optimize an integrated waveguide PD geometry achieving high responsivity
and low dark current, operating at 1550 nm. A high responsivity allow to measure weak signals while a
low dark current allow to easily reach the shot noise regime of the BPD without need for high power laser
or amplification. The calculations are done using two models : an electronic equivalent circuit used to
analyze the transfer function of the BPD and an analytical one allowing to simulate the dark current for a
given layer stack. The optimization is achieved by simulating bandwidth, responsivity and dark current for
multiple length, width, core thickness and p doping spacing form optical core and selecting the parameters
combination that matches the best the targeted metrics. The optimized parameters are then obtained for a
2.1 micron wide, 80.9 micron long photodiode with a 518 nm thick core, leading to a simulated responsivity
of 1.10 A/W, a 18.1 GHz 3dB electrical bandwidth and a dark current as low as 136nA4 at -5V.

Introduction

Light Detection and Ranging (LiDAR) is using light to determine the range and speed of
a target. In the recent years, frequency modulated continuous wave (FMCW) LiDAR as
attracted researcher interest because of its low laser power need, noise removal capability
and simultaneous range and velocity measurement. Those advantages are provided by the
use of a coherent receiver based on balanced photodiode (BPD), by measuring only the
coherent beating between laser’s and reflected light from a target.

To realize long range measurement, a highly sensitive receiver is needed, thus requiring
a low dark current and highly responsive balanced photodiode. On the other hand, FMCW
LiDAR system are quite complex and require multiple active component such as laser,
amplifier, modulator and photodiode. The InP generic platform, based on InP/InGaAsP
waveguide [1] is providing those components into a monolithic photonic integrated
circuit (PIC) platform.

Figure 1 : schematic cross section of active and passive building block of the InP generic platform [1].



Here, we present a workflow enabling the optimization of a PD in the InP generic
platform, achieving high responsivity and low dark current by using particle swarm
optimization (PSO). This optimization rely on two different model : the first one is an
equivalent electrical circuit model of a photodiode previously explain in detailed by Nag
et al in [2]. The second, based on an analytical model, is used to calculate the dark current
for a given layer stack and photodiode geometry.
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Figure 2 : waveguide structure used for the optimization with input variables varying during PSO
optimization. From [2]. The absorbing region is based on undoped multiple quantum well (MWQ). The p
and n offset are the distance between this MOW region and the p or n doped InP layer, space by an InGaAsP
quaternary layer with a wavelength centered at 1250nm (Q1.25) in order to avoid optical absorption.

I — Dark current modelling

In a standard photodiode, there are four main sources of dark current : diffusion current
(laifr), generation-recombination (Igr), band to band tunneling (Ivw) and trap assisted
tunneling (Itat) which can be each described analytically as [3] :
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Where n; is the intrinsic carrier density of the active region, Eg it’s effective band gap, q,
ks, h and T are respectively the electron charge, the Boltzmann constant, the reduced
Planck constant and the temperature in Kelvin. A define the cross section area of the
device and W it’s depletion width. NA and ND are the p- and n-type doping
concentrations of the contact layers, pe, te and ph, th are the mobility and lifetime of
electrons and holes, respectively. V is the bias voltage, Vbi is the built-in potential, F is
the electric field in the undoped region, tGr is the generation-combination lifetime,
assumed to be 1 ns for the simulation. m¢" is the electron effective mass in absorbing
medium, Nt is the activated trap density, Et is trap energy location, measured from the
valence band edge, and M? is a matrix element associated with trap potential, assumed to
be 1x102% eV?ecm? for zinc blende material [4].



Results

To use the equations shown previously, a fitting based on experimental data is realized to
get Er, Nt and n; values which are respectively obtained as 0.695 eV, 2.9 x 10! cm? and
4.1 x 10'? cm®. Those value are coherent with the one reported in [3]. Specifically, Nong
Li et al [3] were assuming that this high E; compared to the active medium bandgap of
0.8 eV could come from the p dopant diffusion which is also a known issue in the InP
generic platform with zinc diffusion.
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Figure 3 : experimental and fitted dark current of a 20 um long, 2 um wide photodiode.

This high E; is assumed to be the main reason of the dominance of the trap assisted
tunneling dark current in this type of photodiode after a -4 V reverse bias.

Once those values are obtained, it is possible to run the PSO algorithm presented in [2].
However, here the figure of merit is targeting a given minimum responsivity while having
the lowest dark current possible, depending on the input values given (see Table 1 below).
The algorithm will then simulate a first population, take the best result and restrict the
new population range around this optimum. Once the optimization converged, it return
the optimized PD geometry.

Table 1 : input and optimized parameters

parameter Searching range Optimized returned value
Wep [1.50 - 10.00] pm 2.13 pm
Lep [10.0 - 100.0] pm 80.9 pm
dact [450 - 550] nm 518 nm
p-offset [10 - 350] nm 148 nm

Then, the steady state responsivity Rpc of the optimized PD can be derived as [2] :

Rpc = i x e~ nlnlpp % o=@pTplrp % (1 _ e—aQW(l)FQWLPD) (5)
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Where w is the angular frequency of light, anpow are the absorption values of the n, p
and quantum well layers respectively , I'np,ow are the n, p and quantum well confinement
factor of the mode in the PD and Lpp is the optimized length of the photodiode.



The quantum well absorption has been measured experimentally from a multi section
SOA measurement [5] and is inserted into the equation (5), while the confinement factors
are deduced by solving the Maxwell’s equations.
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Figure 4 : responsivity of the optimized PD for different wavelength and voltage.

Finally, from the optimization result, it is shown that the PD should have a responsivity
of 1.1 A/W at a bias voltage and wavelength of -3.2 V and 1550 nm while the dark current
should only be of 136 nA at -5 V. Moreover, a 3dB electrical bandwidth at 1550 nm and
a reverse bias of -3.2 V is calculated as 18.1 GHz, providing enough bandwidth for
LiDAR requirements.

Conclusion

Here, we have demonstrated the use of an equivalent electrical model combined with an
analytical material model in order to simulate both the responsivity and dark current of a
photodiode. This model, by only using the geometry of a photodiode, is able to provide a
tradeoff between high responsivity and low dark current. By using the InP generic layer
stack, the resulting PD geometry is a 80.9 pm long, 2.13 pym wide, 518 nm thick core
with a p-offset spacing between absorbing medium and p doped layer of 148 nm. This
geometry can provide a responsivity and a 3dB bandwidth of 1.1 A/W 18.1 GHz at 1550
nm wavelength and -3.2 V reverse bias, while having a dark current of 136 nA at-5 V.
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