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SINGLE PHOTON 
AVALANCHES DIODES

Twenty years ago the detection of single photons was little 
more than a scientific curiosity reserved to a few specialists. 
Today it is a flourishing field with an ecosystem that extends 
from university laboratories to large semiconductor 
manufacturers. This change of paradigm has been 
stimulated by the emergence of critical applications that 
rely on single photon detection, and by technical progresses 
in the detector field. The single photon avalanche diode has 
unquestionably played a major role in this process. 
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Light sensors like pin pho-
todiodes, CCDs, or CMOS 
image sensors generate 
a signal with an ampli-
tude proportional to the 
amount of light hitting the 
detector. While this signal 

can eventually be converted in a digital 
form for easiness of elaboration, they are 
natively analog detectors. Single photon 
detectors are radically different, as they 
generate a standard pulse for each pho-
ton hitting the detector. The information 
about the light intensity is not encoded in 
the pulse-amplitude but can be obtained 
by counting the number of pulses in a 
short amount of time. 
In the first part of this article, we will 
provide a few examples to illustrate 
why photon counting has become so 
important in many fields, ranging from 
fundamental science to consumer elec-
tronics. Then we will focus on a specific 

type of detector, the single-photon ava-
lanche diode or SPAD, that has become 
very popular thanks to its combinations 
of remarkable performance, affordabi-
lity, and easiness of use. We will review 
its working principle, its performance 
metrics, the materials, and we will brie-
fly compare it with other single-pho-
ton detectors.

WHY COUNTING SINGLE PHOTONS?
The capability of detecting single pho-
tons has opened the way to a multitude 
of exciting new applications that would 
not have been possible with analog de-
tectors. While the measurement of faint 
optical signals may appear the most ob-
vious domain of application, there are 
other and even more important fields in 
which these detectors are essential. The 
emerging fields of optical quantum in-
formation processing and quantum sen-
sing rely on the quantum properties of a 

photon to enhance data communication, 
processing, and sensing. For example, 
quantum key distribution (QKD) exploits 
the impossibility of cloning the quantum 
state of a photon to detect the presence 
of an eavesdropper; ghost imaging takes 
advantage of the correlation between 
entangled photons to image a scene by 
measuring photons which have never in-
teracted with the scene itself. All these 
applications require to take decisions 
depending for example on which path a 
photon has taken, in which timeslot it has 
arrived, or whatever two photons have 
arrived at the same time or not. The ca-
pability of signaling the arrival of a single 
photon is therefore crucial.
Single photon detectors not only excel in 
this task, but most of them can also do 
it with an excellent temporal precision, 
down to a few tens of picoseconds. This 
property is widely exploited for the re-
construction of ultrafast optical 
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Figure 1: Fluorescence lifetime 
measured by time-correlated single-
photon counting (TCSPC). The sample 
is excited by a pulsed laser and the 
delay between the excitation pulse and 
the emitted photon is measured by a 
precision clock. By repeating multiple 
times, it is possible to build a histogram 
of the delays that reproduces the shape 
of the optical signal.

signals. A typical example is the mea-
surement of the fluorescence emitted by 
a sample when excited by a short (ps or 
fs) laser pulse (Figure 1). If the intensity 
is low enough (either intrinsically or be-
cause it has been purposely attenuated) 
the quantization of the light will result in 
(at most) one photon reaching the detec-
tor at a random time, with a probability 
distribution that follows the shape of the 
optical signal. Therefore, by repeating 
the experiment multiple times, it will be 
possible to build a histogram of the arri-
val times that reproduces the shape of the 
signal with tens-of-ps details. This tech-
nique is known as time-correlated single 
photon counting (TCSPC). Attaining the 
same level of detail with conventional 
techniques is incredibly challenging as 
it would require an entire acquisition 
chain (detector, amplifiers, analog-to-di-
gital converters, etc.) operating at tens 
of gigahertz. 
The temporal precision of single-photon 
detectors is exploited in a multitude of 
applications, like LiDAR. In this case the 
3D features of a scene are reconstructed 
by measuring the time it takes for a laser 
pulse to travel from the source to the sce-
ne and back to the detector.

SINGLE PHOTON 
AVALANCHE DIODES
PRINCIPLE OF OPERATION
Photodiodes are light sensors that rely 
on a semiconductor material to convert 
a photon flux in an electric current. 
When absorbed in the semiconductor, 
a photon generates two carriers of op-
posite charge, an electron and a hole. 
In a common photodiode, the carriers 
are accelerated in opposite direction by 

electrodes is again proportional to the 
number of incident photons, although 
a factor M larger than in a conventional 
photodiode. In this case the detector is 
referred to as an APD or avalanche photo-
diode. On the contrary, if the electric field 
is so high as to create more than one pair 
per iteration, the multiplication process 
diverges and the current at the electro-
des increases exponentially (until some 
saturation phenomena occurs). This al-
lows to easily detect the absorption of a 
single photon and the detector is called 
single-photon avalanche diode or SPAD. 
Once this self-sustained avalanche mul-
tiplication has been triggered in a SPAD, 
the absorption of an additional photon 
does not significantly change the current 
flowing in it, so the detector is effectively 
blind. To be able to detect additional 
photons, the SPAD must be coupled 
with a quenching circuit that turns the 
avalanche off and resets the initial ope-
rating conditions.

PERFORMANCE METRICS
When selecting a SPAD, there are many 
performance metrics to look at. Many of 
these metrics are in trade-off with each 
other (see Figure 3 for some examples), 
and the relative importance of each of 

an electric field and are collected at the 
electrodes, resulting in a current propor-
tional to the number of incident photons 
(Figure 2, top). When moving along the 
detector, the carriers are accelerated by 
the electric field and, once in a while, 
they release the acquired energy by col-
liding with the semiconductor reticle. 
Usually, this process has no significant 
effect on the photodiode behavior; but, 
if the electric field is increased, the ener-
gy acquired by the carriers can become 
high enough to induce ionization, i.e. to 
break the bonds in the reticle and create 
another electron-hole pair (Figure 2, bot-
tom). This process increases the num-
ber of circulating carriers and tends to 
self-sustain. In fact, as the two carriers 
move in opposite directions, one will 
be travelling toward the edge of the de-
vice while the other will head toward its 
center where it can generate additional 
pairs. The new carriers are in turn ac-
celerated, generate further pairs, and 
so on.
If the average number of pairs created 
in each iteration is lower than one, the 
process comes to an end after some itera-
tions; the electric current recorded at the 

Figure 2: In analog photodiodes (top) 
each photon generates a pair of carriers, 
which are collected at the electrodes. In 
SPADs (bottom) a single photon starts an 
avalanche process resulting in a self-
sustained current.
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them strictly depends on the applica-
tions. So, in single photon detection there 
is (still) not a one-size-fit-all solution.
Size of the Active Area. The active area, i.e. 
the part of the SPAD which is photo-sen-
sitive, may extend laterally from a few 
microns to a few hundreds of microns. 
Diameters ranging from 20 – 100 µm 
are usually preferred to collect the light 
from a microscope. Larger diameters 
may be needed when the light scattered 
by the sample cannot easily be focused 
on the SPAD, as it happens for example 
in two-photon microscopy and diffuse 
optical tomography. By contrast, smal-
ler diameters are preferred when the 
light comes from a single-mode fiber or 
when SPADs are arranged in large arrays 
to build an image sensor.  
Photo Detection Efficiency (PDE). A 
photon impinging on a SPAD may go 
undetected either because it is not ab-
sorbed in the semiconductor material 
or because the photogenerated carriers 
fail to trigger an avalanche. This can 
be quantified by looking at the photon 
detection efficiency (PDE), which re-
presents the probability that a photon 
impinging on the detector active area 
successfully triggers an avalanche. The 
PDE is especially important when the 

number of available photons is limited. 
An example is the single molecule ana-
lysis, where a freely diffusing molecule 
spends only a limited amount of time 
in the focus of a confocal microscope. 
Even more critical are those applica-
tions in which coincidences must be 
measured. In fact, the coincidence of 
n photon-events is properly recorded 
only if all the n SPADs involved succeed 
in detecting the corresponding photon. 
The probability of success scales the-
refore with (PDE)n.
Dark Count Rate (DCR). In a semi-
conductor, an electron-hole pair can 
occasionally be generated by pheno-
mena different from a photon absorp-
tion. For example, impurity atoms 
favor the thermal breaking of the bonds 
that keep an electron tied to the reticle, 
leading to the formation of a pair. Such 
pairs are as effective in triggering an 
avalanche as those that have been pho-
togenerated. That means that a SPAD 
can fire even in dark, and the average 
number of events recorded in absence 
of light is called dark count rate (DCR). 
While the DCR can be assessed and 
subtracted from the measurement, its 
statistical fluctuations remain and may 
hide the useful signal. The lower 

Figure 3: By 
changing the 
operating 
conditions 
or the design 
parameters, it 
is possible to 
improve some 
performance 
metrics at 
the expenses 
of others.
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is the DCR, the lower are also its fluc-
tuations. A low DCR value is especially 
important whenever faint light signals 
must be acquired.  
Afterpulsing Probability (AP). During an 
avalanche, a large number of carriers 
flows through the device. If one of them 
is trapped in a defect and is released 
at a later time, it may trigger an addi-
tional avalanche known as afterpulse. 
Afterpulsing is especially deleterious 
where a SPAD is used to measure tem-
poral correlations. An example is fluores-
cence correlation spectroscopy (FCS), 
where the autocorrelation in the light 
emitted by a small number of molecules 
is used to assess molecule properties like 
the diffusion coefficients.
Dead Time. The detector is inevitably 
blind for the time it takes to quench 
the avalanche and reset the initial ope-
rating conditions. In addition to this, 
the detector is intentionally kept off 
for a time sufficient to release most 
of the carriers trapped in the previous 

that, although very convenient, the 
FWHM does not provide a complete 
description of the phenomenon and the 
whole temporal response must be ins-
pected to identify the presence of slow 
components with an amplitude that 
falls below the half maximum. Timing 

avalanche without re-triggering a new 
one. The overall time for which the SPAD 
remains blind is called dead time. The 
dead time limits the minimum time-dis-
tance at which two photons can be de-
tected. Short dead times are thus needed 
to operate the detector with high pho-
ton fluxes or to measure short inter-
val correlations.
Timing Jitter. Ideally, the delay between 
a photon absorption and the genera-
tion of the corresponding output pulse 
should be perfectly constant. However, 
the randomness of the impact ioniza-
tion process introduces fluctuations in 
the way the avalanche-current grows 
after a photon absorption, resulting in 
slightly different delays each time the 
detector is triggered. The statistical 
distribution of the photon detection 
delays is called temporal response. 
The broadening of this curve is usually 
called timing jitter and it is quantified 
by providing the full width at half maxi-
mum (FWHM). It must be remarked 

Table 1: Single-pixel detection modules based on silicon SPADs.

Figure 4: An example of an array  
of 8 × 8 SPADs.
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jitter and temporal response are impor-
tant parameters when the photon arri-
val time must be measured with high 
accuracy. Examples are fluorescence 
lifetime imaging (FLIM) and Förster 
resonant energy transfer (FRET) mea-
surements, where subtle variations in 
the fluorescence lifetime are used to 
assess changes in a molecule confor-
mation or in its environment.
When SPADs are arranged in an array 
(Figure 4), there are additional metrics 
that may become relevant.  
Fill Factor (FF). The active area of a 
SPAD is typically surrounded by struc-
tures which are essential for the pro-
per operation of the detector, but that 
are not capable of detecting photons. 
Also, electronic circuits needed to ope-
rate the detector and acquire the data 
are frequently integrated next to each 
SPAD. Consequently, only a fraction of 
the pixel is photosensitive. The ratio 
of the photosensitive area to the entire 
pixel area is called fill factor (FF). The 
FF is particularly important in those ap-
plications where the SPAD array is flood 
illuminated, like flash-LiDAR, because 
it results in a fraction 1-FF of photons 
being lost. A low FF can be partially 
mitigated by using micro-lenses, either 
integrated on the detector chip or added 
externally. It must be noted that, in the 
SPAD-array community, it has become 
quite common to indicate the efficien-
cy of a single SPAD as photon detection 
probability (PDP), and to use the term 
PDE to indicate the product of the PDP 
times the FF. 
Optical crosstalk. A small number of pho-
tons may be emitted by a SPAD during an 
avalanche because of the large number 
of energetic carriers that flow through 
the device. Occasionally, one of these 
photons can be reabsorbed in a nearby 
detector and trigger an avalanche. Such 
a correlated event is called optical cross-
talk. Optical crosstalk is especially detri-
mental when infrequent coincidences 
must be measured by using pixels within 
the same array. This is for example the 
case in quantum enhanced microsco-
py, where entangled photons are used 
to increase the spatial resolution of an 
optical microscope.

MATERIALS
Silicon is by far the most popular material 
to fabricate SPADs. Silicon SPADs can be 
operated at room temperature with low 
DCR or can be slightly cooled (e.g. -5°C) 
to decrease further the noise. They can 
detect photons from about 400 to 1000 
nm, with a typical peak-PDE around 50% 
in the green. To extend the sensitivity at 
longer wavelengths, other semiconduc-
tors must be used. Up-to-now the best 
results have been attained by absorbing 
the infrared photons in an InGaAs layer 
and by multiplying the carriers in InP. 
To mitigate the higher DCR, InGaAs/InP 
SPADs are typically operated at much 
lower temperature (e.g. -50°C). However, 
this worsens the afterpulsing problem 
that intrinsically plagues these devices. 
Absorption in germanium, combined 
with multiplication in silicon, is being 
explored as an alternative to reduce the 
afterpulsing problem and improve the 
integrability. Despite significant pro-
gresses have been made in the last few 
years, improvements are still necessary 
to make SiGe SPADs a viable alternative.

COMPARISON  
WITH OTHER DETECTORS
SPADs are not the only single-photon de-
tectors available. The detection of single 
photons has been possible since the 
1930’s, thanks to Photomultipliers Tubes 
(PMTs). In PMTs, an electron is emitted 
when a photon is absorbed in the photoca-
thode. The photoelectron is accelerated to 
generate other electrons by hitting a me-
tal target. These are in turn accelerated 
to generate other electrons and so on, 
until a large electric pulse is obtained. To 
work properly, the entire structure must 
be enclosed in a vacuum tube. Compared 
to SPADs, PMTs are bulky, cannot form 
large arrays, and attain a significantly 
lower detection efficiency, especially at 
red and near infrared wavelengths. By 
contrast, PMTs can achieve low DCR even 
on centimeter-size active areas.
An alternative approach to detect a single 
photon is to flow a current in a supercon-
ductive wire. If the wire is only a few tens-
of-nanometer-wide, the absorption of the 
photon can break the superconductivity, 
which results in a voltage pulse. 
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Superconducting nanowire single 
photon detectors (SNSPDs) attain 
exceptional performance in terms 
of PDE, that can extend from deep-
UV to mid-IR, DCR, and timing jitter. 
However, SNSPDs must be operated 
at temperatures between 1 and 4 K. 
Whether the improved performance 
justify the significative increase in 
cost, complexity and size of the sys-
tem depends on the specific appli-
cations. For example, fundamental 
science experiments have widely 

adopted SNSPDs while biological, in-
dustrial, and consumer applications 
favour SPADs.

CONCLUSION
In the last twenty years SPADs have 
moved from the lab to the market. 
While the majority of commercial 
products are single-pixel detec-
tors manufactured in silicon (see 
Table 1) or, to a smaller extent, in 
InGaAs/InP (see Table 2), arrays of 
silicon SPADs have recently started 

to populate the market (see Table 3).
For the coming years, a significant in-
crease in the number and in the per-
formance of the available products is 
foreseeable. LiDAR for autonomous 
driving is leading the development of 
large arrays of SPADs with photon-ti-
ming capabilities. Quantum informa-
tion processing requires detectors 
with astonishing performance. Safety 
and security applications are pushing 
for an extension of the detection 
spectrum toward the infrared.  

Table 2: Single-pixel detection modules based on InGaAs/InP SPADs. These modules are highly configurable, with specific performance 
that depends on operating conditions. Please see the manufacturer datasheet for further details. 

Table 3: Detection modules based on silicon SPADs arrays. Please refer to the manufacturer datasheet for more details on performance 
and operating modes.




