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ABSTRACT

Germanium-on-silicon (Ge-on-Si) single photon avalanche diodes (SPADs) operating in the short-wave infrared
(SWIR) have various applications such as long-range eye-safe LIDAR, quantum imaging, and quantum key
distribution. These SPADs offer compatibility with Si foundries and potential cost advantages over existing
InGaAs/InP devices. However, cooling is necessary to reduce dark-count rates (DCR), which limits photon ab-
sorption at 1550 nm wavelength. To address this, we propose integrating a photonic crystal (PC) nano-hole array
structure on the Ge absorber layer. While this technique has shown enhanced responsivity in linear Ge detectors,
its potential in Ge-on-Si SPADs remains unexplored. Our simulations consider temperature dependence and the
impact of electric-field hot-spots on dark count rates. Through these simulations, we have identified means of
enhancing single-photon detection efficiency (SPDE) without adversely affecting DCR. We predict significant
improvements in performance, including at least a 2.5x enhancement in absorption efficiency.
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1. INTRODUCTION

Single Photon Avalanche Diodes (SPADs) are devices designed to precisely measure the arrival of individual
incident photons, typically with sub-ns timing resolution.1 They find extensive use in various applications,
including long range eye-safe LIDAR,2 quantum-key distribution3 (QKD) and fluorescence lifetime imaging.4 For
LIDAR applications, for example, operation within the short-wave infrared (SWIR) wavelengths are preferred
for three main reasons: reduced solar background radiation, resulting in lower ambient light noise and a higher
signal-to-noise ratio (SNR);5 the ability to use higher laser powers, up to ∼20 times compared to near-infrared
(NIR), while maintaining eye safety;6 and improved imaging through atmospheric obscurrants such as smoke
and fog.7–9 SWIR operation is therefore crucial for extending detection range in LIDAR systems and also for
integrating with telecommunication networks in quantum applications such as QKD.

The exploration of Group IV materials for SPADs operating in the SWIR has been a subject of investigation
for several years, and we have previously demonstrated novel pseudo-planar germanium-on-silicon SPADs with
absorption into the SWIR,10–12 which offer these capabilities at potentially significantly lower costs compared to
InGaAs/InP SPADs, which is the state-of-the-art SPAD technology in this wavelength range. This cost reduction
is attributed to compatability with silicon foundries and the ease of integration with CMOS electronics.

We have demonstrated Single Photon Detection Efficiencies (SPDEs) of up to 38% at a wavelength of 1310 nm.
Subsequently, a scaled 26 µm diameter device11 demonstrated a record-low noise-equivalent power of 7.7×10−17

W/Hz0.5, and these devices successfully facilitated LIDAR measurements in laboratory conditions13,14 up to
1450 nm wavelength. Currently, these devices are operated at wavelengths ≤ 1450 nm due to cooling constraints
(≤ 175 K) needed to minimise DCR. At these temperature a blue-shift in absorption causes a reduction in
absorption at 1550 nm, which is the target wavelength of operation. Further to this, it would be desirable to
operate the devices at 225 K or higher so they can be integrated with Peltier coolers for commercial applications
that require compact, low power solutions. Optimizing the technology to reduce DCR will enable this higher
temperature operation and hence increased absorption at 1550 nm, however even at 225 K, less than 10 % of
photons are absorbed in a 1 µm thick Ge absorber layer.
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Increasing SPDE can be achieved through the use of a thicker Ge absorber (≥ 2 µm), but this may results in
an increased DCR due to the increased volume of the narrow bandgap germanium region. The proposed solution
to enhance absorption is to integrate the SPAD structure with an etched Photonic Crystal (PC) structure,
providing a method to overcome the challenges associated with improving SPDE without compromising DCR,
hence balancing the performance requirements.

In recent years, etched nano-hole PC arrays have been utilized to enhance Ge-on-Si photodiode and APD
structures’ absorption15–17 . These arrays provide resonant enhancement to laterally coupled and weakly guided
modes within the Ge absorber layer. Importantly, they allow for a thinner absorption layer, ensuring rapid
photo-carrier collection and maintaining high electrical bandwidths. However, lower internal electric fields and
room temperature operating conditions mean less care needs to be shown for the design of such devices. Geiger
mode devices like SPADs are sensitive to single carriers, and so differences in the leakage current and generation
rate from the inclusion of a PC has the potential for a net negative performance. This is especially important
with the enhanced trap assisted tunnelling (TAT) seen at lower device operating temperatures. The use of
both optical and electrical simulation is therefore required to gain an understanding of the potential trade-offs
between increasing single-photon detection efficiencies and increasing dark-count rates at anticipated operation
temperatures. In the following work, a simulated SPAD layer stack consisting of p++ germanium contact layer,
an intrinsic germanium absober and then an intrinsic silicon avalanche layer on an n++ silicon substrate is used.
Between the two intrinsic layers is a locally implanted charge sheet, with a dose selected to optimise the electric
field in both avalanche and multiplication regions.

2. OPTICAL SIMULATION

(a) (b)

Figure 1. (a) Calculated n & k data for 225 K using Varshni model and Kramers-Kronig transformation (b) An example
of the 3D parameter space searched using the optimisation algorithm

The optical simulation was undertaken using the Lumerical Finite Difference Time Domain (FDTD) 3D
Electromagnetic Simulator. We aimed to assess the increase in absorption power within the intrinsic germanium
absorption layer resulting from the incorporation of a photonic crystal on the SPAD structure. The power
absorbed was determined by analyzing the divergence of the Poynting vector. The Varshni model18 was employed
to account for the blue shift in absorption data measured by ellipsometry, due to the operation at 225 K,
and the corresponding shift in refractive index was factored in through the application of the Kramers-Kronig
transformation.19 Initially, a simulation without an integrated photonic crystal was performed to calculate the
absorbed power in germanium from a broadband Gaussian source (wavelength of 1.2 µm to 1.6 µm) above the
structure. Subsequent simulations were compared to establish the relative absorption enhancement.

Optimization was performed using the constrained optimization by linear approximation (COBYLA)20 al-
gorithm to identify the geometry with maximal optical performance. The parameter space searched by the
algorithm contained 3 variables; radius r, pitch p and etch depth d of the crystal. To expedite the lengthy
simulation process, an infinite crystal lattice was employed initially. Subsequently, promising solutions were
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further scrutinized on a finite 10x10 lattice of holes to validate the enhancement at a size comparable to the
optical window of a device. Figure 1(b) shows the relative enhancement within a 3D plot of the parameter space,
highlighting optimal PC parameters.

3. ELECTRICAL SIMULATION

An electrical simulation was completed using Synopsys Sentaurus to solve the Poisson and carrier continuity
equations to model the electric field profiles within a SPAD. This data was then used to solve McIntyre model21

for avalanche probability along the electric field lines, incorporating the Van Overstraeten and De Man avalanche
coefficients.22 The joint avalanche probability distribution for the entire device was calculated, representing the
probability that a carrier pair generation at any specific location would lead to a self-sustaining avalanche event.

Calculation of the non-photogenerated carrier generation rate made use of a Shockley-Read-Hall (SRH)
model along with the Hurkx Trap Assisted Tunneling (TAT) electric field model.23 Band-to-band tunnelling
was calculated24 but was found to be insignificant for the electric fields present in the device. The DCR was
then calculated by summing the product of the joint avalanche probability and generation rate over the entire
device bulk and external surfaces.25 A pseudo-3D simulation technique was used to fully capture the effect of
the inclusion of the photonic crystal. A 360 degree cylindrical symmetry normally exists on these SPAD devices,
allowing for a 2D simulation, however with the inclusion of the photonic crystal this cylindrical symmetry is
broken. To overcome this, one periodic photonic crystal section was simulated and then substituted into the
cylindrical 2D simulation in the correct pattern to mimic a full 3D simulation.

4. ETCHED PHOTONIC CRYSTAL INTO GE ABSORBER

(a) (b)

(c)

Figure 2. (a) Proposed structure for integrating photonic crystal with Ge absorber. (b) Absorption spectra for finite and
infinite simulation, with reference device included to highlight improvement. (d) 2D cross-section of FDTD simulation
showing lateral mode propagation.
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The first enhancement method investigated was to integrate the photonic crystal directly into the germanium
absorber by etching. The structure can be seen in Figure 2(a). The optimal parameters where determined as
an etch radius of 514 nm, a pitch of 1262 nm, and an etch depth of 1000 nm. This configuration achieved a
3.4x absorption enhancement compared to an unetched reference structure at a wavelength of 1550 nm, resulting
in 29% total absorption. Figure 2(b) and 2(c) illustrate the absorption spectra for the etched structure (finite
and infinite simulations) compared to the reference structure, and the lateral mode propagation through the Ge
absorber respectively. The coupling of power into these lateral modes effectively increases the layer’s thickness,
enhancing overall absorption in the layer stack.

Electrical simulation for the proposed enhancement method exhibits unfavorable outcomes, as the simulation
predicts an increase in DCR for structures featuring etched holes directly within the germanium absorber.
Figure 3(a) depicts a reverse bias-versus-relative DCR plot for the unetched reference structure and structures
with varying etch depth. The blue line represents the normalized DCR for the reference structure, and all other
plots are presented relative to this baseline starting at the breakdown bias of 46 V. It is evident that at increasing
excess biases there is an increase in DCR for the etched devices, with deeper etches result in further diminished
DCR performance. These etches in the active region of the device result in a non-uniform electric field and
consequently lead to the formation of hot spots. This can be seen in the electric field profile of the device shown
in Figure 3(b). Additionally, these etches contribute to an increased sidewall area, which is undesirable due to
the higher density of trap states and defects. This elevated sidewall contribution means there is a greater chance
of generating non-photogenerated carriers, adversely impacting the device performance.

(a) (b) (c)

Figure 3. (a) Reverse bias-versus-relative DCR plot for the unetched reference structure and structures with varying
etch depth. (b) Simulated electric field profile of an etched device (c) Avalanche probability map of an etched device,
highlighting preferential edge breakdown.

Examination of the avalanche probability map (Fig. 3(c)) reveals preferential edge breakdown in the device,
occurring prior to breakdown below the etched photonic crystal. This is due to nonuniform electric field in
the device introduced by the etching of holes in the active area. The preferential edge breakdown implies that
increased etch depths require higher excess bias levels for efficient photon detection. In scenarios where only
the device’s edge has broken down, triggering events solely involve non-photogenerated carriers. In other words,
the avalanche probability becomes non-zero at the edge of the depletion region before the volume beneath the
photonic crystal, containing the majority of absorbed power. Consequently, higher excess biases are needed for
photodetection, resulting in prohibitively high DCR. This restricts device performance, lifespan, and necessitates
the implementation of more complex readout electronics to address these limitations. While the combined
SPDE and DCR are expected to result in an improvement to performance, the method demonstrates heightened
vulnerability to fabrication variations and necessitates the use of elevated excess biases, mandating a more robust
strategy.

5. ETCHED PHOTONIC CRYSTAL INTO AMORPHOUS SILICON LAYER

An alternative strategy was to incorporate a layer of amorphous silicon (α-Si) on top of the germanium absorber
and etch the photonic crystal into this instead. α-Si is silicon foundry compatible, transparent at 1550 nm
wavelengths and results in a high index contrast. An illustration of this structure can be seen in Figure 4(a). As
detailed previously, we determined the optimal parameters of such a structure to be: an etch radius of 553 nm, a
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pitch of 1249 nm, and an etch depth of 900 nm. Preliminary results from the infinite lattice for this configuration
achieved a 3.0x absorption enhancement compared to an unetched reference structure at 1550nm wavelength,
resulting in 26% total absorption. Figure 4(b) and 4(c) illustrate the absorption spectra for the etched structure
compared to the reference structure, and the lateral mode propagation through the Ge absorber respectively.

(a) (b)

(c)

Figure 4. (a) Proposed structure for integrating α-Si photonic crystal with SPAD structure. (b) Absorption spectra for
infinite simulation, with reference device included to highlight improvement. (c) 2D cross-section of FDTD simulation
showing lateral mode propagation.

6. CONCLUSION AND FUTURE WORK

In this paper, the integration of a photonic crystal nano-hole array structure with a Ge-on-Si SPAD aimed at
enhancing single-photon detection efficiency in the SWIR without compromising dark-count rates at elevated
temperatures has been investigated using optical and electrical simulations. Direct integration of the photonic
crystal into the germanium absorber increased absorption efficiency by 3.4x but led to an undesirable rise in
DCR due to non-uniform electric fields and preferential edge breakdown. An alternative approach involved
incorporating a layer of α-Si on top of the germanium absorber and etching the photonic crystal into this.
Preliminary results on an infinite lattice showed a promising 3.0x absorption enhancement without significant
DCR increase.

In the future, a spatial map of absorption will be calculated. This data will then be used alongside the
spatial triggering probability distribution from electrical simulation to calculate SPDE. The calculation of Noise
Equivalent Power will then be completed. NEP is an all-encompassing figure-of-merit that is a function of SPDE
and DCR to comprehensively assess the net impact of the inclusion of the photonic crystal.
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