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ABSTRACT

Single-photon avalanche diode (SPAD) detectors are of significant interest for numerous applications, including light
detection and ranging (LIDAR), and quantum technologies such as quantum-key distribution and quantum information
processing. Here we present a record low noise-equivalent-power (NEP) for Ge-on-Si SPADs using a pseudo-planar
design, showing high detection efficiency in the short-wave infrared; a spectral region which is key for quantum
technologies and hugely beneficial for LIDAR. These devices can leverage the benefits of Si avalanche layers, with
lower afterpulsing compared to InGaAs/InP, and reduced cost due to Si foundry compatibility. By scaling the SPAD
pixels down to 26pum diameter, a step change in performance has been demonstrated, with significantly reduced dark
count rates (DCRs), and low jitter (134ps). Ge-on-Si SPADs were fabricated using photolithography techniques and
characterised using time-correlated single-photon counting. The DCR reaches as low as kilocount/s at 100K for excess
bias up to ~5%. This reduction in DCR enables higher temperature operation; e.g. the DCR of a 26um diameter pixel
at 150 K is approximately equivalent to a 100 pm diameter pixel at 77 K (100s of kilocounts/s). These low values of
DCR, coupled with the relatively temperature independent single photon detection efficiencies (SPDE) of ~29% (at
1310nm wavelength) leads to a record low NEP of 7.7x107'"WHz "2, This is approximately 2 orders of magnitude
lower than previous similarly sized mesa-geometry Ge-on-Si SPADs. This technology can potentially offer a low-
cost, Si foundry compatible SPAD operating at short-wave infrared wavelengths, with potential applications in
quantum technologies and autonomous vehicle LIDAR.
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1. INTRODUCTION

Single-photon avalanche diode (SPAD) detectors are semiconductor devices capable of detecting the arrival of single
photons with picosecond timing precision. Sibased CMOS SPADs are becoming ubiquitous with billions of time-of-flight
chips sold in smartphones globally for proximity detection , camera auto-focus assist and 3D LIDAR imaging. This CMOS
technology, however, is limited to absorption at wavelengths in the near-infrared (NIR) below 1000 nm, and is therefore
best suited for short-range LIDAR applications where low laser powers can be used that are compliant with eye-safety
regulations. Moving to the short-wave infrared (SWIR) offers numerous benefits for LIDAR systems [1]; significantly
higher laser powers can be used whilst remaining eye-safe (IEC-60825-1 Standard), solar background radiation is lower
than the NIR [2], and there is high atmospheric transmission [3]. The combination of these advantages means that LIDAR
systems can operate at long-range in a variety of weather conditions, which are key needs of applications such as
autonomous vehicle LIDAR and military range-finding [4,5]. Furthermore, operation at telecoms wavelengths in the SWIR
enables SPADs to be used for a range of quantum communication and information processing applications [6], by detecting
single photons sent in free-space or via optical fibre [7,8]. The current SPAD technology capable of SWIR operation is
based on InGaAs/InP SPAD detectors which have expensive fabrication processes, and also suffer from effects such as
high afterpulsing, which can severely limit the data acquisition rate of these devices [9]. Here we present results from
technology based on the Ge-on-Si material platform, which can operate in the SWIR but using Si foundry compatible
growth and processing [10—13], giving it the potential for low-cost at mass-volume production. We demonstrate that a
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pseudo-planar device design can substantially improve the sensitivity of Ge-on-Si SPADs compared to simple mesa etched
designs [14,15], yielding a step-change in performance, with 26 um diameter devices showing record low noise-equivalent
powers [16].

2. SPAD DESIGN

Ge-on-Si SPADs use a separate absorption and multiplication design, whereby the photon is absorbed in the Ge layer,
before the photo-generated electron drifts to the i-Si multiplication layer where it undergoes gain via impact ionization,
producing a macroscopic current pulse that can be detected readily with external read-out electronics. A charge sheet layer
is used to mediate the electric field between the two layers when the structure is under reverse bias, ensuring the Si
avalanche region is above avalanche breakdown and a moderate electric-field is present in the Ge that is below breakdown
but sufficient for electrons to drift into the Si. All previous Ge-on-Si SPADs used an in-situ doped charge sheet layer,
combined with a mesa etch to define the pixel location [17,18]. Mesa designs can lead to high electric fields at the etched
sidewall, where there is significant defect densities that act as generation-recombination centers, also increasing the
likelihood of preferential edge breakdown due to electric-field hotspots. We have used a pseudo-planar design [14], as
shown in Fig. 1, which uses an implanted charge sheet layer, and a local top contact to define the active area of the pixel
away from etched sidewalls. Here, we scale the technology to a 26 um diameter charge sheet, with an optical access area
of 13 um diamater, demonstrating significant improvement in noise-equivalent power (NEP) and jitter compared to all
previous Ge-on-Si SPAD:s.

Mesa Pseudo-
Planar

i-Ge Absorber i-Ge Absorber

. |
p-Si charge sheet (in-situ doped) p-Si charge sheet (implanted)

i-Si Avalanche i-Si Avalanche

n++Si Substrate n++Si Substrate

Figure 1a) Schematic of mesa etched Ge-on-Si SPAD with in-situ doped charge sheet layer. b) Schematic of pseudo-planar Ge-on-Si
SPAD with implanted charge sheet and local top contact layer.

3. WAFER GROWTH

SPAD wafers are fabricated starting with 200 mm n+-Si doped wafers. An avalanche layer is grown at IQE Si with a
thickness of 1.5 um, ensuring a high triggering probability for injected electrons from the Ge absorber. Subsequently,
wafers are patterned by photolithography to open windows in a photo-resist layer, to determine the position of charge sheet
regions. Charge sheets are subsequently implanted using Boron, at an energy of 10 keV and a dose of 3e12 ¢cm™ before
wafers are cleaned and the dopants are activated in a Rapid Thermal Anneal tool at 900°C for 30s. Subsequently, a 1 um
i-Ge absorber layer and 50 nm p-Ge top contact layer is grown at IQE using the double temperature growth technique [19]
before the wafer is diced into 1 cm? chips for processing.
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4. SPAD FABRICATION

" " ‘ 13 um optical access
” ",.

26 um device

100 pum device

Figure 2: Optical microscope image of a) 100 um diameter charge sheet device and b) a 26 um diameter charge sheet device.
The images show the metal bond-pad region for wire bonding to a chip carrier. The diameters of the optical openings are shown.

As discussed previously, the devices require a local top contact layer to define the active area of the device in conjunction
with the locally doped charge sheet. The top contact p+ layer is patterned by photolithography and etched by ~75 nm in
an RIE tool using a fluorine-based chemistry [20] which has demonstrated low electrical damage in silicon devices with
sub-10 nm widths [21]. Subsequently, a second ‘buffer’ etch is carried out to electrically isolate the devices laterally, at a
distance of 10 um from the circumference of the implanted charge sheet. Devices are subsequently passivated with a GeOa
layer and capped by SixNy to prevent the water soluble oxide being damaged by the atmosphere [22]. The thickness of the
SixNy layer is designed to act as an anti-reflection coating for the 1310 nm wavelength. The devices are subsequently
planarized with a patternable oxide (hydrogen silsesquioxane) before via holes are defined, and metal contacts and
bondpads are deposited with a metal evaporation tool. The GeO2 oxide passivation process has been previously
demonstrated to have low frequency dispersion in Capacitance-Voltage measurements and shown to enhance
photoluminescence intensity of Ge micro-crystals [23]. Figure 2 shows optical microscope images of the completed
devices. The SPAD chips are subsequently wire-bonded to a chip-carrier to enable characterization in an optical cryostat.

5. CHARACTERIZATION

Ge-on-Si SPADs are characterized in a gated mode, where an AC voltage is superimposed on a fixed DC bias, to bias the
devices above breakdown, making them sensitive to single photons. The characterization setup is shown in Fig 3a) and
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Figure 3a) A schematic diagram of the characterization setup. b) The timing histogram recorded by the photon counting card
electronics of a 26 um diameter SPAD under illumination at 1310 nm, operated at 100 K and an excess bias of 5.5 %.
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described in further detail in [14]. Devices are mounted in an optical cryostat and illuminated with a pulsed laser with a
< 50 ps pulse duration, where the laser pulse is incident in synchronization with the electrical gate. Attenuating the laser
pulse to contain <0.01 photons per pulse ensures that there is a statistically negligible probability of a pulse containing >
1 photon, which is key for achieving an accurate single photon detection efficiency (SPDE). The SPAD trigger events
during the gate are logged using a time-correlated single-photon counting card, and a histogram is generated with and
without optical illumination in order to determine the single photon detection efficiency (SPDE) and the dark-count rate
(DCR) respectively. Figure 3b) shows a timing histogram with and incident pulsed laser (1310 nm wavelength). These
measurements were taken with an electric detector gate length of 50 ns.

6. RESULTS

6.1 Single Photon Detection Efficiency & Dark Count Rate

The SPDE and DCR are subsequently calculated for a range of excess biases, which is the percentage above the SPAD
breakdown voltage. Figure 4 shows DCR and SPDE at various temperatures for both the 100 pm and 26 pm diameter
devices. Figure 4a) & b) shows the DCR for 100 um and 26 um diameter devices respectively in the temperature range of
77 to 175 K. As expected, there is a strong temperature dependence due to the Shockley-Read-Hall generation that likely
dominates the dark counts. Scaling the diameter to 26 um has a significant effect on reducing DCR, reaching values below
1 kilocounts/s at low temperature and low excess bias. The lower DCR enables use at higher operation temperatures, which
were measurable up to 175 K. Compared to the 100 pum diameter device there is a significant improvement for comparable
temperatures, which is expected due to the reduction in the absolute number of generation-recombination centers in the
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Figure 4: The dark count rate for a) 100 um and b) 26 um diameter pseudo-planar SPADs. c¢) The single-photon detection
efficiency for c) 100 um diameter devices and d) 26 um diameter devices.

smaller pixel. For example, the DCR of a 26 um diameter device at 150 K is comparable to the DCR of a 100 pm diameter
device at 77 K. Further scaling the technology is a feasible means to increasing the operation temperature, with the ultimate
goal of operating at temperatures compatible with Peltier coolers.

The SPDE, as a function of excess bias, for the 100 pm and 26 um diameter devices are shown in Fig. 4 ¢) & d) respectively.
The 26 um diameter devices reach as high as 29% at 1310 nm operated at ~7.5% excess bias. This is slightly less than the
100 um diameter devices, which reached an SPDE of 38% at 1310 nm. It is thought that this discrepancy may be due to a
spatially non-uniform triggering efficiency across the active area of the 26 um diameter pixel, meaning that the SPDE
would appear to reduce when the illuminating laser spot is comparable to the optical active area of the pixel. These results
are particularly encouraging, because at these operation temperatures, it is estimated that only approximately 50 % of
photons are absorbed in the 1 um thick Ge absorber. In contrast to mesa technology, both devices show substantial
improvements compared to 4% SPDE of a 25 um mesa-etched diameter pixel. The increased SPDE compared to
comparable mesa etched technology is likely because a more uniform electric-field in the pseudo-planar structure reduces
edge breakdown, meaning that the photogenerated carriers are multiplied efficiently in the active area of the pixel. In
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contrast, in the mesa design, the device breakdown may have been dominated by edge effects, meaning the central region
of the device where photogenerated carriers are predominantly collected would be at a lower electric field where
multiplication is less efficient. In previous work, the afterpulsing of a pseudo-planar 100 pm diameter device was shown
to be around 20 % that of a commercial InGaAs/InP device when operated in identical conditions [14]. Afterpulsing has
yet to be measured on 26 pum devices however reducing the diameter is likely to further reduce afterpulsing which is
encouraging for high repetition rate applications.

6.2 Jitter

Scaling the SPAD pixel diameters has further benefits beyond reducing the DCR. The jitter, defined as the full-width half
maximum of the timing histogram under illumination, is seen to reduce to a minimum of 134 &+ 10 ps at 100 K compared
to the 310 ps measured on previous 100 pm diameter devices. The jitter is seen to increase to 204 + 10 ps at 165 K. This
is an indication of the temporal uncertainty on a measurement, and in turn on distance in a LIDAR system. A lower jitter
reduces the required acquisition time in a LIDAR measurement for an equivalent signal-to-noise ratio. As shown in
Fig. 5a), the jitter is a strong function of the excess bias, due to the fact that the avalanche build-up variance is a contributing
factor. Alljitter measurements shown here were taken in an optical cryostat with non-optimized cabling, and it is expected
that the jitter will reduce with improved packaging.
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Figure 5: a) The measured jitter of a 26 um diameter pseudo-planar SPAD as a function of excess bias for a range of temperatures.
b) The noise-equivalent powers for a range of Ge based SPADs as a function of the temperature.

6.3 Noise-Equivalent Power

The improvement in device sensitivity is clearly demonstrated when examining the noise-equivalent-power, which for a

SPAD is defined as NEP = s:;E V2DCR, where h is Planck's constant and v is the frequency of operation. The NEP for a

range of devices measured at 1310 nm wavelength [14,16—18,24] are demonstrated in Fig. 5b). Comparing the pseudo-
planar 26 um diameter device to a comparable 25 um mesa diameter device demonstrates there is over a 2 order of
magnitude reduction in NEP, reaching as low as 7.7 x 107" WHz ' at 100 K. The pseudo-planar technology demonstrates
significantly lower NEP than waveguide geometry devices [18] despite having a Ge absorber area increase of ~ 30 times.
This is testament to the fact that the pseudo-planar design has caused a step-change in performance and highlights that all
previous mesa demonstrations likely suffered from a high sidewall interaction and from electric field non-uniformities that
are highly detrimental to SPAD performance. These results, however, need to be compared to the state-of-the-art
InGaAs/InP SPADs which demonstrate NEPs of 5 x 1077 WHz "2 at 230 K with 1550 nm wavelength operation [Micro
Photon Devices Srl. PDM-IR 25 um diameter InGaAs/InP SPAD datasheet] indicating that further optimization is required
to achieve comparable performance to the best III-V SPADs in the SWIR.

6.4 Light Detecton and Ranging performance

The performance of the 26 pm diameter pixels for LIDAR and ranging was evaluated using the LIDAR equation. The full
assumptions for the model are described in [25], but it assumes conservative estimates of optical system losses of 10 dB,
and 10% reflectivity from a Lambertian reflector (i.e. the target). Figure 6 shows the required laser power for ranging as a
function of distance, for a variety of integration times. This was modelled using the measured SPDEs of 15 % and 9 % for
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1310 nm and 1450 nm wavelength respectively, using an excess bias of 2.5 % and operated at 125 K. The DCR for this
device was 2.6 kilocounts/s. The results demonstrate that with the measured device metrics (SPDE, DCR, jitter), kilometer
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Figure 6: The average laser power required to image a target as a function of the object distance for a range of integration
times, using a 26 um diameter SPAD operated at a) 1310 nm and b) 1450 nm.

range-finding is achievable with eye-safe laser powers, in the absence of atmospheric obscurants. It can be observed that
per pixel acquisition times as low as 1 ms are feasible at 1310 nm wavelength, with an object distance of 1 km, while
remaining eye safe. The averaging time at 1450 nm wavelength increases slightly for a given distance in this case due to
the reduction of SPDE at 1450 nm, due to the SPAD operating close to the direct band-gap band-edge of Ge. For imaging
applications, there is potential to reduce the total acquisition time by using partial information about the target, and
subsequently reconstructing the profiles using algorithms such as the Restoration of Depth and Intensity using Total
Variation (RDI-TV) algorithm and the Manifold Point Process (ManiPoP) algorithm [26,27]. On a per-pixel basis, there
are further means of reducing acquisition times further is by enhancing the absorption and extension to longer wavelengths,
which is discussed in the following section.

7. FUTURE WORK

The pseudo-planar results to date have shown SPDEs at wavelengths < 1550 nm. Further work is required to extend the
operation wavelength further into the SWIR. In particular, for eye-safe LIDAR, operation at wavelengths beyond 1400 nm
is important so as to extend beyond the retinal hazard window, enabling higher laser powers and ultimately allowing for
longer range measurements. For military range-finding, wavelengths of 1535 nm are often used for long-range
measurements due to a combination of eye-safety and atmospheric transmission [28]. For many quantum applications,
operation at 1550 nm is a key target wavelength for compatibility with telecoms systems. Currently, one limiting factor is
the operation temperature, and the temperature dependence of the Ge bandgap. Optimizing the technology to reduce DCR
(e.g. with scaling) will enable higher temperature operation and correspondingly the absorption will red-shift to longer
wavelengths. Absorption can further be increased by increasing the thickness of the avalanche layer, with absorber
thicknesses of approximately 2-3 pm being feasible with current epitaxial growth techniques [29]. Modelling demonstrates
that operation at ~240 K with a 2 pm thick absorber would enable absorption of > 25 % of photons at 1550 nm. This could
further be improved by moving to back-side illuminated wafers, with a top-side reflector such that incoming photons go
through an optical double pass of the absorber layer. This has the advantage of doubling the optical pathlength while
maintaining the same device volume to keep DCR to a minimum.

A longer-term goal is to include small fractions of Sn in the absorber layer; Sn alloying modifies the Ge bandstructure and
red-shifts absorption [30], however a low temperature growth is required to enable Sn incorporation [31], which can lead
to additional defect states that could be detrimental to DCR. Tensile strain is another means by which absorption can be
extended, having a similar effect to Sn alloying. High levels of strain by SixNy stressor layers are transferable to nano-
features or undercut cavities [32—34], however this approach is not readably applicable to feature sizes more than several
microns. This technique may however be applicable to waveguide geometry devices for quantum applications on SOI
material.
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8. CONCLUSION

A record low NEP of 7.7 x 1077 WHz "2 has been demonstrated with pseudo-planar Ge-on-Si SPADs with 26 pm
diameter charge sheet regions. This has resulted in a step-change in performance from 100 pm diameter pixels, and has
shown a 2 order-of-magnitude reduction in NEP compared to 25 pm diameter mesa devices reported previously. Scaling
the pixel technology has enabled single-photon counting up to 175 K, and has reduced the temporal jitter down to 134 +
10 ps. Single photon detection efficiencies were found to reach up to ~29 % with 1 um thick absorbers, showing there is
scope to improve this significantly with thicker absorber layers and by further scaling the technology to reduce DCR.
These developments show that there is real promise for Ge-on-Si technology as a low-cost, low afterpulsing, alternative to
InGaAs/InP for SPADS operating in the SWIR, for imaging and quantum applications.
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