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Abstract—Silicon single-photon avalanche diodes (Si-SPADs)
are widely used in lightwave applications such as quantum com-
munication, medical imaging, time-of-flight systems and quantum
optical metrology, due to their sensitivity, accuracy, compactness
and cost-effectiveness. The most important performance metric
depends on its intended application. Each metric has a depen-
dence on operating parameters such as bias voltage and operating
temperature. Some metrics, e.g. detection efficiency and timing
precision, exhibit performance trade-offs with noise. However,
plug-and-play Si-SPADs typically have fixed bias voltage and
operating temperature, which significantly limits user control,
adaptability, and performance. In this study, a recently developed
commercially available free-space Si-SPAD with adjustable bias
voltage, temperature control, an integrated frequency counter
and a large sensing area was evaluated. Key performance
metrics were traceably measured as functions of bias voltage
and temperature, including dark count rate, dead time, timing
precision, afterpulse probability and photon detection efficiency
at 852 nm. Results are benchmarked against existing reports
of other commercially available Si-SPAD detectors. Notable
strengths include low dark count rates (4 to 10 s, a large
sensing area (diameter = 500 4m), and high timing precision (163
to 212 ps), whilst maintaining a detection efficiency greater than
40%. These characteristics make the detector a strong candidate
for deployment across a range of applications, particularly those
operating outside of lab conditions where operational flexibility
is essential.

Index Terms—Single-photon avalanche diodes, Si-SPAD, quan-
tum information, quantum metrology.

I. INTRODUCTION

INGLE-PHOTON avalanche diodes (SPADs) are compact
semiconductor devices capable of detecting individual
photons with high accuracy and efficiency. Their sensitivity
is achieved by reverse biasing a p-n junction above its break-
down voltage (Vpq). In this regime, the depletion region is
extended, and a strong electric field is established. When an
incident photon generates an electron-hole pair in the active
region, the resulting free charge carrier is rapidly accelerated
by the field. With sufficient momentum, the carrier triggers
impact ionisation, creating a charge avalanche which increases
exponentially. Due to this ability to turn the absorption of
a photon into a measurable current, SPADs are widely used
across a range of applications, including biomedical imaging
[1, 2], light detection and ranging (LiDAR) [3, 4], quantum
communication [5, 6], and other quantum technologies such
as quantum random number generation [7]. They also play
a critical role in validating traceability to primary optical
standards in the few-photon regime [8, 9], making them of
significant interest to the field of metrology [10-15].
A SPAD’s performance metrics include dark count rate
(DCR), dead time (7) and recovery time, afterpulse probability

(APP), timing precision or jitter, and detection efficiency (DE)
[16]. Each is influenced to varying degrees by the reverse
bias voltage (Vi) and the operating temperature [17]. A
specific metric may be optimised through adjustment of these
two parameters. However, optimisation of one can lead to
the degradation of another, resulting in performance trade-
offs [18]. For example, increasing Vs enhances the DE
and timing precision, but it also increases the DCR and
APP. Although enhancing DE and timing precision can be
advantageous, in some applications—for example, long-range
quantum key distribution (QKD)—detector noise can be the
primary limiting factor [19]. These points highlight the need
for Vias and thermoelectric temperature (7tgc) control. Cur-
rently, both parameters are fixed during the assembly process
of all packaged plug-and-play Si-SPADs.

The performance of the AD200 Si-SPAD recently developed
by RedWave Labs (RW) has been characterised. It integrates
internally developed electronics with commercially available
Si-SPAD sensors to create user-configurable plug-and-play
detectors with Vs and T'rge control. An internal frequency
counter with a variable time window is included, enhancing
its functionality whilst maintaining a compact footprint. The
commercial sensors which RW integrate with their electronics
are Laser Components’ SAP500-Series avalanche photodiodes
(APDs). These are large area sensors (diameter = 500 pm) re-
ported to have excellent timing precision and enhanced photon
absorption in the near-infrared (NIR) resulting from their back-
illuminated reach-through design [20], but are unavailable
as packaged plug-and-play detectors. These points mark the
AD200 as a versatile tool for a wide range of applications,
including research in the field of quantum communications,
where they have already been successfully deployed [21, 22].

II. PERFORMANCE CHARACTERISATION

The AD200’s performance was characterised at six bias
voltages, Vs = {112 V, 113 V, 114 V, ..., 117 V}, each
tested at three temperature settings: Trgc = {-25°C; -20°C;
-15°C}, yielding 18 distinct operating conditions per metric.
The maximum bias voltage of 117 V was recommended by
RW for this specific device; whereas the temperatures were
selected to enable a fair comparison with similar commercially
available Si-SPADs, which are typically operated at —20°C.
Tuneability of these parameters is enabled by USB connection
and a graphical user interface; alternatively, serial commands
can be used to read and write.

Conventionally, Vs is expressed relative to Vg as over
voltage (Voy), where Vo, = Viias - V. This is because
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Vba provides a clear point of reference at which single-
photon sensitivity is achieved. However, because V4 was
not provided by RW, it was estimated by illuminating the
device with approximately 1000 incident photons per second
whilst scanning Vy;,s and monitoring the detector clicks. It was
assumed that the bias voltage at which detection events began
was equivalent to V4. Although this approach is commonly
used [20, 23], it is inaccurate; furthermore, V4 changes with
temperature. Therefore, each metric is presented as a function
of both Vs and V, to provide a comprehensive overview
of the performance characteristics available to a user.

A. Dark count rate

A dark count is the result of an avalanche which occurred in
the absence of incident light [24]. These discrete events follow
a Poisson distribution and mark the intrinsic noise floor of a
detector. Dark counts can be divided into two contributing
groups [25]: primary contributors are a combination of ther-
mal excitations and band-to-band tunnelling, with the latter
accounting for a smaller fraction [26]; secondary contributors
are afterpulses, which are evaluated in section II-D.

To measure the AD200’s DCR, the device was sealed in a
light-tight enclosure with a cap placed over the sensor. Detec-
tion events were recorded with a FAST ComTec MCS6A, a
time-correlated single-photon counter (TCSPC) with a resolu-
tion of 100 ps and no deadtime. Figure 1(a) illustrates the DCR
probability density, measured with Vi, = 117 V and T'rgc
= -20°C over approximately 24 hours. Included within figure
1(a) is the Poisson distribution corresponding to the arithmetic
mean obtained from the experimental data. A chi-squared test
yielded x? = 0.0006 with 21 degrees of freedom (p ~ 1.000),
indicating excellent agreement with the Poissonian model.

Figures 1(b) & 1(c) display the DCR results as functions
of Vipias and V oy, respectively. Error bars indicate the standard
deviations of events. Previous work on a SAP500 series APD
identified a positive parabolic dependence on V', [20]; how-
ever, parabolas with both positive gradients and y-intercepts
at the origin (V,, = 0, DCR = 0) are not consistent with
these results. The increase in DCR with voltage is marginal,
indicating that dark counts originating from band-to-band
tunneling are negligible [27]. In contrast, cooling the detector
has a significant effect on the noise, suggesting trap-assisted
thermal excitations are the dominant mechanism. Considering
the large area of the sensor, and the correlation between DCR
and depletion region volume [28], the measured DCRs are
notably low, surpassing values previously reported with the
same sensor model [20, 22].

B. Dead time

Dead time (7) refers to the period of time in which the
detector is incapable of producing a measurable output signal
despite the absorption of a photon [24]. It is a result of the
quenching mechanism, used to suppress an avalanche, that
prepares the detector for the next detection. Quenching is
achieved by applying a voltage which temporarily drops V pias
to a value below V4. Because each detector event incurs a
dead time, it imposes a maximum detection rate of 1/7. It also
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Fig. 1. (a) Dark count rate (DCR) probability density recorded with Vi =
117 V and Tgc = -20°C. (b) Mean DCRs as functions of bias voltage and
temperature. (¢) Same data as in (b), but plotted as a function of over voltage.

provides time for carriers trapped by impurities/defects during
an avalanche to be released, which may otherwise initiate a
subsequent avalanche in a process known as afterpulsing. This
presents a trade-off between the maximum achievable count
rate and afterpulsing: most commercially available Si-SPADs
operate with a dead time between 20 and 50 ns. However, dead
times as low as 4 ns have been achieved whilst maintaining an
afterpulse probability less than 2% [29]. Figure 2(a) displays a
histogram of the time between neighboring dark count events.
The minimum time difference, marked by 7, quantifies the
dead time. Figures 2(b) & 2(c) display the results as functions
of Vs and Vo, respectively.

The temperature dependence observed in Figure 2(b) is a
result of the Vg changing with temperature, which becomes
clear when evaluating the data as a function of V,, (Figure
2(c)). The voltage dependence stems from the shorter time
during which the voltage remains below V4 after quenching
(see figure 1 in [30]), thereby reducing the detector’s dead
time. With 7 values ranging between ~ 140 and 165 ns, the
AD200 has a dead time an order of magnitude longer than
most competing devices which will compromise its use in high
detection rate applications.

C. Timing jitter
Timing jitter is the variation in time between the arrival of
a photon and the corresponding output detection signal [24].
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Fig. 2. (a) A histogram of the time between neighbouring dark counts

measured at Vi = 117 V and Ttpe = -20°C, 7 marks the dead time.
(b) Dead times plotted as a function of bias voltage. (¢) Same data as in
(b) but plotted as a function of over voltage. Due to the sparsity of events,
histogram bin widths were increased in (a) for clarity; however, the maximum
resolution of 100 ps was used for data presented in (b) and (c¢). Error bars
are present but not visible, with magnitudes of £ 300 ps.

This variation, or jitter, has two characteristic components,
a peak and a diffusion tail [31]. The peak is correlated to
carriers generated within the depletion region, whereas the
diffusion tail is a result of carriers generated in the neutral
regions which must first migrate to the depletion region before
impact-ionisation can occur. Due to the statistical nature of the
physical processes at work (see [27] for an overview) the full-
width at half-maximum (FWHM) of a Gaussian distribution
is generally used to quantify the jitter; however, it does not
accurately model the diffusion tail.

Detector jitter may be minimised by illuminating the sensor
centrally [32, 33] with a narrow beam waist [34, 35]. There-
fore, to characterise the AD200’s timing-response a centrally
aligned 20 pum beam consisting of weak optical pulses was
used. The pulsed source was a mode-locked Ti:Sapphire laser,
tuned to 852 nm, with 14 ps duration pulses at a repetition
rate of 80 MHz. The laser was attenuated such that each
pulse contained, on average, approximately 0.003 photons,
which corresponded to 10° detector clicks per second. A
Hydra Harp 400 TCSPC was used to correlate detection events
with incident laser pulses with 8 ps resolution; a Gaussian
distribution was fitted to the data to obtain the FWHM. Figure
3(a) displays the detector jitter at Vs = 117 V and T'rpc =
-20°C.
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Fig. 3. (a) Timing response histogram measured at Vg = 117 V and T

= -20°C. (b) Timing response FWHM values plotted as a function of bias
voltage. (¢) Same data as in (b) but plotted against over voltage. Uncertainties
were taken from each Gaussian fit.

Figures 3(b) & 3(c) display the range of tested voltages and
temperatures; all fits had an R-squared value > 0.99. With
jitter values ranging between ~ 160 to 220 ps, the AD200
has a timing precision comparable to or better than competing
detectors (see section III, table I), which may be attributed to
the relatively short conversion region of the sensor. Generally,
reducing the conversion region impacts the quantum efficiency
of the device at longer wavelengths; however, the use of
a rear metal oxide layer behind the p-n junction acts as
a mirror, effectively doubling the photon conversion path,
without increasing the distance a free charge carrier must first
migrate before triggering an avalanche. In turn, this improves
the DE whilst maintaining a respectable timing response [36].
The decrease in jitter with respect to voltage is linked to
a proportional rise in electric field strength, leading to an
increase in the average kinetic energy of avalanching electrons.
This translates into an increase in avalanche propagation
speed, thereby enhancing the timing response [33]. As was
the case with dead time, the apparent temperature dependence
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of Figure 3(b) is predominantly a result of the shifting Vg,
which is apparent from Figure 3(c).

1) Count rate dependence: The correlation between timing
jitter and count rate is widely recognised [37]; it has the
potential to be problematic for applications like time-bin
encoded quantum key distribution (QKD), where both high
detection rates and accurate timing are paramount [38]. Count
rate dependence generally becomes non-negligible for rates
greater than 10° per second and is largely due to the pulse-
processing electronics [37]. For example, the imperfect settling
of Vs between detection events can play a significant role
as the rate increases [36]. To test the AD200’s count rate
dependence, the detector’s jitter was measured as described
above, whilst the device registered 50k cps, 100k cps and 500k
cps with Vy;qs = 117 V and T = -20°C. These three count rates
corresponded to, on average, approximately 0.0014, 0.0028
and 0.014 photons per pulse, respectively. Figure 4 shows the
results with the y-axis scaled logarithmically.
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Fig. 4. The AD200’s timing response characterised at three count rates.

The FWHMs of the fitted Gaussian functions were found to
increase with count rate, with values of 170.0(6) ps, 173.0(6)
ps and 178(1) ps for the 50 kcps, 100 kcps and 500 kcps
rates, respectively. However, it is clear that the FWHM alone
is not a good metric for quantifying the change in response. To
address this, the total duration of each response as well as the
weighting of all events after the Gaussian peak with respect to
those before were evaluated. The total durations in ascending
count rate order were found to be approximately 5.7 ns, 6.7
ns and 10.3 ns. Similarly, the weighting of events after the
peak with respect to those before increased significantly, with
values of approximately 1.18, 1.28 and 1.41. The additional
features present in the diffusion tail of the 500 kcps dataset
are of unknown origin but were verified as a property of
the detector and not the setup by testing other commercially-
available detectors under identical conditions.

D. Afterpulse probability

Once an avalanche is triggered, charge carriers can become
trapped by charged defect states due to imperfections in
the semiconductor. Once the quenching mechanism has reset
the detector, the trapped carriers can be released, potentially

triggering a subsequent avalanche in a process known as
afterpulsing. These correlated events are a source of detector
noise which typically contribute a few percent of the total
clicks in Si-SPADs. The setup used to quantify the AD200’s
APP utilised a time-correlated pulsed laser method, similar
to that described by Dejen et al. [11]. A laser diode with a
centroid wavelength of 852 nm was driven by an arbitrary
waveform generator (AWG) such that optical pulses lasting 4
ns in duration were incident upon the detector at a frequency
of 100 kHz. A relatively low frequency ensures that the
probability of an afterpulse is negligible by the time the next
optical pulse arrives; 4 ns pulses were chosen to minimise
their duration whilst remaining above the laser’s modulation
bandwidth. A FAST ComTec MCS6A TCSPC was used to
correlate detection events with the incident optical pulses
using the AWG’s synchronisation output signal. Figure 5(a)
displays a histogram of the correlated time differences. The
total number of afterpulses per detection (n4,) Was quantified
by the ratio of afterpulse detections to optical detections:

_ Zi:l (Nap.i_B) (1)

Zj:1(N0pticaL j—B) 7
where N,,; is the number of afterpulse events in the ith
bin (black data within figure 5(a)), N opiical; 18 the number of
optical events in the j** bin (red data within figure 5(a)) and B
is the mean background value per bin (blue data within figure
5(a)). However, because n,, contains higher order afterpulses,
a correction is required which takes the form of a geometric
series [11, 39]. Therefore, the APP (Pap) for any given event
is calculated by

Nap

Na
Pap = 2. )

From Figures 5(b) & 5(c), the APP’s dependence on Vi,
can be understood by the flow of charge during an avalanche
(Q): an increase in (Q,, corresponds to an increase in
charge carriers, each with a finite probability of being trapped;
because Qv o< Vi, a linear relationship between the APP
and Vi is expected [40, 41]. Decreasing the temperature
increases the APP due to the lifetime of defect states increasing
as the temperature decreases. It is also clear that reducing the
dead time increases APP, highlighting the trade-off between
maximum detection rate and APP.

Interestingly, a second peak is observed in Figure 5(a) after
the initial steep peak marking the rising edge of the optical
pulses. This feature is not intrinsic to the 4 ns incident
pulses, as confirmed by (a) testing multiple SPADs from other
manufacturers under identical conditions and (b) observing
no change when tilting the detector, ruling out reflections. At
present, the origin of this peak is unknown.

E. Detection efficiency

In most applications, DE is the critical metric. It is de-
fined as the probability of an incident photon producing a
measurable avalanche whilst the device is on and ready to
detect [24]. In the ideal case, a detector’s efficiency would be
unity. However, losses due to reflections, the intrinsic quantum
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Fig. 5. (a) Histogram of detection events correlated with incident optical

pulses. (b) Total APP plotted as a function of bias voltage, and (¢) over
voltage

efficiency of the semiconductor, failed avalanches and other
factors, all contribute to a non-unity DE [18]. To quantify
the DE of the AD200, it was mounted on translation staging
in the National Physical Laboratory’s Sl-traceable detector
calibration facility [42]. A spatial response map was first
measured with a focused 20 ym Gaussian beam produced by
a continuous-wave laser diode operated at 852 nm (Figure
6(a)). The beam was then aligned with the centre of the
sensor, and the detector’s response was recorded with a fixed
incident mean photon number 1 of /= 10° per second for each
temperature and voltage setting. The detection efficiency for
each voltage and temperature, 7y, 1), was then calculated by

Nclicks - Nbg
- (1 = Neicks - T(v,1)

v,y = )(1 —Papvy), 3
where N jicks are the average detection events per second, Npg
are the average number of background events, and Papvr)
and 7y are the measured voltage and temperature dependent
APP and deadtime values, presented in sections II-D & II-B,
respectively. The (1 - Njicks'7(v)) term gives the fraction of
time the detector was ready to detect and therefore corrects
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Fig. 6. (a) Spatial response map normalised to its maximum value; measure-
ments were taken in 12.5 pm steps, with a horizontal position uncertainty
of 0.2 pum (half the encoder resolution) per step and a negligible range
uncertainty of 5 um / 1 m. For the vertical stage (without an encoder), Figure
5 in [12] indicates a step uncertainty below 1.25 pm (half of a 2.5 pum step)
due to the absence of fringe discontinuity; we assume the same 1.25 pm for
the 12.5 pm step, with a negligible range uncertainty of 80 pm / 12 mm. (b)
DE values presented as a function of bias voltage and (c) over voltage.

for photons lost within the deadtime. Results are presented in
Figures 6(b) & 6(c).

The relation between DE and V', can be understood by the
electron/hole ionisation coefficients’ dependence on electric
field strength [43]. The temperature dependence is interesting
to compare: for a given Vi, the DE is shown to increase
with a decrease in temperature; however, given a fixed over
voltage, the opposite relation is true. This change in trend is a
result of Vpg changing with temperature. Given that Vg varies
between devices, even when from the same sensor batch, this
highlights the importance of referencing to V4 rather than
quoting an arbitrary Vs value.
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TABLE I
COMPARISON OF THE AD200 RESULTS WITH OTHER COMMERCIALLY-AVAILABLE SI1-SPADS. DETECTION EFFICIENCY VALUES AT 852 NM WERE
ESTIMATED FROM WAVELENGTH RESPONSE FIGURES AVAILABLE IN THE REFERENCED DATA SHEETS. FOR DETECTORS WITH MULTIPLE SENSOR AREAS
AVAILABLE, THOSE CLOSEST IN DIAMETER TO THE SAP500 ARE PRESENTED.

Detector Active area g / pum | DE @ 852 nm DCR /s~ ! 7/ ns APP / % Jitter (FWHM) / ps
RedWave AD200 500 0.40 to 0.44 4 to 18 140 to 166 0.6 to 1.5 163 to 212 (TTL)
Excelitas SPCM-AQRH [44, 45] 180 0.52 25 to 1500 22 to 42 0.5 225 to 350 (TTL)
Laser Components COUNT-NIR [46] 100 0.54 50 to 500 42 to 48 0.2 1000 (TTL)
MPD PDM [47] 100 0.11 < 25to < 500 71 0.1 to 3.0 | 35 (NIM); < 250 (TTL)
Hamamatsu C16531-100GD [48] 100 0.21 150 Not specified 0.1 Not specified

III. DISCUSSION

The results of the previous section show that the tuneability
of the AD200 enhances the dynamic range of the device. For
example, increasing the bias/over voltage improved both the
DE and timing precision significantly, as shown in figures 6
& 3, respectively. The cost of these gains typically comes
with an increase in noise [18, 20]. However, with measured
DCRs ranging between 4 s and 18 s, low noise was
maintained up to the maximum bias voltage. Considering the
large sensing area of the SAP500 and the volume dependence
of dark counts, DCRs of this magnitude are impressive, which
the manufacturer attributes to its reach-through structure [49].
Similarly, noise originating from afterpulsing was low across
the range of tested parameters; however, this was due to
the detector’s long deadtime effectively suppressing the APP.
Previous work on a SAP500 sensor reported values greater
than 4% with a dead time of 26 ns at T'tgc = -20°C [20].
Therefore, if the AD200’s deadtime was reduced, thereby
improving its maximum detection rate, the trade-off between
DE and noise would be more prominent.

Table I compares the AD200’s measured performance met-
rics with other commonly used commercially-available plug-
and-play Si-SPADs. State-of-the-art performance is apparent
in two areas - DCR and timing precision. The observed DCRs
combined with DE values > 40% at 852 nm will be of
significant interest in the field of long range QKD, where
transmission distance is limited by detector noise [19]. In this
application, operating the AD200 at the minimum temperature
and maximum V,, would be advantageous, as it reduces
the DCR while maintaining high DE, thereby extending the
potential transmission distance. For timing precision, the MPD
detectors clearly outperform the others, but they do so at the
cost of a significantly reduced DE. The AD200 maintains a
respectable DE with a timing precision generally less than 200
ps. This will be of particular interest to applications requiring
precise timing, such as time-of-flight applications as well as
Bell-type measurements which address the locality loophole.
For these applications, it would be beneficial to maximise DE
and timing precision through V,, whilst minimising DCR
via temperature control. Although reducing the operating tem-
perature effectively lowers DCR, it also increases correlated
noise due to afterpulsing. By implementing the AD200, these
trade-offs can be systematically characterised and optimised
for specific applications.

The detector’s spatial response uniformity is also impres-
sive, with other detectors often having a significant slope in
response [14, 50]. This will be useful for free-space appli-

cations where the point of incidence of arriving photons can
change with time. Another field anticipated to benefit from
the observed uniformity is metrology in which a significant
uncertainty contribution arises from uncertainty in an incident
beam’s position relative to the detector’s non-uniform response
[12, 14].

The primary drawback of the AD200 is its relatively long
dead time. Ranging from 140 ns to 166 ns, the detector’s max-
imum detection rate is reduced by a factor of approximately
two to seven compared to those listed in table I.

IV. CONCLUSION

Independent characterisation of RedWave lab’s AD200 Si-
SPAD detector was performed at multiple Vs and Tec
settings. Tuneability of these parameters enables device op-
timisation for a specific application and real-time adjustment.
However, the commonly occurring trade-offs which are de-
pendent on Vy,—specifically, DE and timing precision vs
noise—were found to be minimal as a consequence of the
detectors exceptionally low noise characteristics. Combining
this with the intrinsic characteristics of the SAP500 sensor—
e.g. a spatially uniform large sensing area and high timing
precision—marks the AD200 a promising tool for many ap-
plications. It is particularly well suited for long range QKD,
metrology and free-space applications where the spatial loca-
tion of incident photons may change with time. However, with
a deadtime of approximately 150 ns, the detector is currently
not well-suited for applications requiring high detection rates
and would benefit significantly from a reduction in this value.
This improvement, however, would come at the cost of an
increased after-pulse probability.
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