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Abstract 

Two methods for integrating InGaAs/InP single-photon avalanche diodes (SPADs) heterogeneously with 
an ultra-low loss silicon nitride (Si3N4) passive waveguide platform are compared. The first approach uses 
grating couplers to couple light into the SPAD. To prevent propagation losses caused by stray absorption, 
an SiO2 and benzocyclobutene (BCB) layer with a minimum total thickness of 1.0 μm is required between 
the Si3N4 and SPAD layer stack. The second approach uses an intermediate layer to first couple the light 
from the Si3N4 into the intermediate layer, and then evanescently couple the light into the SPAD. Both these 
integration methods provide a pathway to compact, high-performance and scalable receiver systems for 
quantum photonic integrated circuits (QPICs) operating at the telecommunication wavelengths of around 
1550 nm. 

Introduction 
Advancements in quantum computation technology form a risk for data security as they 
have the potential to crack the mathematical problems used for classical data encryption, 
unlike super computers. Quantum key distribution (QKD) is a method that relies on the 
principles of quantum mechanics to encrypt and decrypt messages, which cannot be 
broken by quantum computation. Single photon creators, manipulators and detectors are 
the fundamental building blocks for QKD. Integrating these components into quantum 
photonic integrated circuits (QPICs) would reduce the cost, increase efficiency and 
scalability of the system. Furthermore, QPICs operating at the telecommunication 
wavelengths of around 1550nm, i.e., the C-band, can be compatible with the existing 
optical fiber networks.  
For the detection of single photons in the receiver chip, single-photon avalanche diodes 
(SPADs) have the advantage of relatively high operation temperatures (about 230 K) over 
superconducting nanowire single photon detectors (SNSPDs) that require cryogenic 
cooling (at less than 4 K). InGaAs/InP SPAD is a promising contender for on-chip single 
photon detection because of their high detection efficiency (> 25 %), low jitter (< 100 ps) 
and low dark count rate (< 10 kcps) at the telecommunication wavelength [1]. Moreover, 
heterogeneously integrating InGaAs/InP SPADs with an ultra-low loss silicon nitride 
(Si3N4) passive waveguide platform allows for low-loss processing on the receiver chip, 
and good opportunities for fiber-coupling [2]. However, to the best of our knowledge, 
InGaAs/InP SPADs have not been heterogeneously integrated with waveguides. To 
couple the light into the photodetector either a vertical approach using grating couplers 
or an evanescent approach using tapers can be used [3]. In this paper, these two methods 
for heterogeneously integrating InGaAs/InP SPADs with a Si3N4 platform are compared, 
namely vertical coupling via grating couplers and evanescent coupling via an 
intermediate layer. 

Vertical coupling 



First of all, there are two viable ways to confine the high electric field in the SPAD needed 
for the multiplication of the charge carriers and thus the creation of an avalanche, namely 
double zinc diffusion and multi-mesa based. Overall double zinc diffusion has been 
proved to be better than a multi-mesa approach[1][4], however recently a novel triple-
mesa SPAD has been proposed with comparable performance parameters [5]. For wafer 
bonding, zinc diffusion requires alignment bonding of the diffused region on top of the 
grating coupler, in contrary to the multi-mesa approach. To solve this problem, one could 
think of zinc diffusion after bonding. But, the high temperature needed for zinc diffusion 
results in dislocations in the crystal lattice that cause thermal strain between the direct 
bonded InP wafer and Si wafer [6]. 
 
Secondly, the electric field should be confined far away from the side walls to reduce the 
dark count rate (DCR). Etching causes dangling bonds and defects to form at the side 
walls allowing charge carriers to diffuse from the side walls to the high electric field 
region resulting in dark counts. The long minority carrier diffusion lengths are dependent 
on the quality of the semiconductor and the temperature [7][8]. Ideally, the sidewalls 
should be infinitely far away from the high electric field region, so that it behaves like a 
planar device and the side walls do not influence the performance. However, this would 
leave no room for making contacts, and lead to a lower integration density. Therefore, 
passivation of the side walls is crucial for reducing the dark counts. 
 
Thirdly, the photons must be absorbed only in the region where the 
electric field is high. Otherwise, the absorbed photons cannot trigger 
an avalanche and are lost. To this aim, a grating coupling has to direct 
the photons towards the high electric field region of the SPAD, as 
shown in Figure 1. Alternatively, the light can be evanescently 
coupled from Si3N4 into an InP membrane, and then a grating coupler 
in the InP membrane can be used. For the InP membrane approach, a 
loss of < 3 dB per coupler was demonstrated [9].  
 
Because of the refractive index difference between Si3N4 (~2.0) and III/V (~3.5) light 
gets absorbed by the detector layer from the Si3N4 waveguide before reaching the grating 
coupler, when the SiO2 + BCB is not thick enough. To determine the required thickness 
of SiO2 + BCB, 2D FDTD is used to sweep its thickness from 100 nm up to 1000 nm and 
the intensity of the optical field through the waveguide is simulated from 10 μm up to 100 
μm, as can be seen in Figure 2(a,b). It can be seen in Figure 2(c) that the ideal thickness 
of the SiO2 + BCB layer should be >1 μm  to prevent the photons from getting absorbed. 

Figure 1. An InGaAs/InP SPAD integrated 
with a Si3N4 waveguide and grating coupler 



Evanescent coupling 
Evanescent coupling has two advantages over the vertical coupling approach. Firstly, it 
eliminates the need for a grating coupler. Secondly, photons can be absorbed over a longer 
distance, increasing the absorption efficiency of the SPAD, since the typical InGaAs 
thickness for an InGaAs/InP SPAD is ~1 μm. To realize this, a taper can be made into an 
InP membrane that is bonded on top of the Si3N4 waveguides. However, a challenge arises 
at the stage of coupling from InP membrane into the detector absorption region. Ideally, 
the light should only be coupled into the InGaAs layer in the region where high electric 
field is concentrated. Outside this region, the absorbed photons will not trigger any 
avalanche, and therefore the device efficiency will drop. However, the refractive index of 
the InGaAs layer is much higher than that of the InP membrane waveguide. Thus, as soon 
as the light reaches the detector mesa containing the InGaAs layer, it starts quickly 
radiating upwards. This is illustrated by simulation. Figure 3(a) shows the setup in 
Lumerical EME solver. Figure 3(b) shows the optical field in the device mesa. It is clear 
that most of the light is scattered around the structure and is not absorbed in the InGaAs 
region.  If the absorption region is tapered, the light will couple slowly, however it will 
still mostly get absorbed before the region with high E-field. 

 
To solve this problem, an intermediate layer with a high refractive index value can be 
used [10], as shown in Figure 4. The advantage of having an intermediate high refractive 
index waveguiding layer is that the light will propagate through this layer even when the 
SPAD layers are introduced on the top. This prevents absorption of the light before the 
high electric field region is reached. Another taper can be made in the intermediate layer, 
far away from the sidewalls, so that the light can get coupled and absorbed in the InGaAs 
layer directly under the high electric field region. 

Figure 3. Evanescent coupling with the SPAD layer stack and an InP waveguiding layer (a) Scheme of the simulation setup. 
The input light is assumed to be fully coupled into the waveguide, formed by passive InP and n-InP contact layer. The 
waveguide with is 2 μm. (b) The side view of the optical field distribution inside the simulation region. 



Conclusion 
Both the vertical and evanescent coupling approach would be suitable for the 
heterogeneous integration of InGaAs/InP SPADs with a Si3N4 platform. For the approach 
using grating couplers the thickness of the SiO2 + BCB layers should be at least 1 μm to 
prevent the light from getting prematurely absorbed in the SPAD layer stack. The 
evanescent coupling approach is expected to have a higher single photon detection 
efficiency than the vertical coupling approach, since it eliminates the need for a grating 
coupler that introduces losses and it can absorb photons over a longer distance increasing 
the absorption efficiency. However, this comes at the cost of a more sophisticated taper 
design and more complex fabrication process. 
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