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After a brief review of the physics of photon detection in single photon avalanche diode (SPAD) devices, in this
paper we will outline the principle of operation of a model we developed with the aim of calculating both photon
detection efficiency (PDE) and temporal response (TR) of these detectors. Then we will apply the model to the
devices currently available in order to critically analyze some experimental results. We will show in particular
how the use of the model allows us to gain a better understanding of the influence of each device parameter in
determining both the PDE and the TR. Finally we will discuss some modifications that can be applied to the
device structure in order to overcome such limitations. Their effectiveness in improving both the PDE and the TR
will be investigated by means of the aforementioned model. The aim is to provide the reader with an insight of
which performances can be expected in the next few years if a strong development of the SPAD structure is
pursued.

Keywords: single photon avalanche diode (SPAD); photon counting; photon timing; photon detection efficiency;
TCSPC; quantum efficiency

1. Introduction

In the last few years, silicon single photon avalanche

diodes (SPADs) have gained wide acceptance as an

alternative to photomultiplier tubes (PMTs) in many

photon counting and photon timing applications

thanks to their remarkable performance [1–6].

In particular, low dark count rate devices are available

with diameters ranging from 50 to 200 mm, and a very

good timing resolution of about 35 ps FWHM can be

achieved even with the larger detectors, and photon

detection efficiency (PDE) is higher than the one

usually achievable with PMTs [7,8].
However, current available devices still suffer some

limitations. The main issue is related to the PDE at

long wavelengths (800 nm5 �5 1000 nm); many

applications would greatly benefit if it could be further

improved. On the other hand, other applications, such

as label-free analysis of proteins, would equally benefit

from an improvement in the PDE at short wavelengths

(400 nm5 �5 500 nm).
Another limitation is related to the presence of a

slow component in the temporal response of the

detector. The latter is commonly known as diffusion

tail since it is due to the diffusion of the carriers photo-

generated into the neutral regions of the device. While

some applications are almost unaffected by this aspect,

others are strongly influenced even by a small ampli-

tude tail. For example in quantum key distribution

(QKD), the diffusion tail reduces the attainable

quantum bit error rate (QBER) while in fluorescence

lifetime imaging (FLIM) it can make it difficult to

assess the time constants of the multi-exponential

fluorescence decays. Both the issues can be addressed

by suitable modifications of the detector structure;

however, the complexity of the problem requires a deep

understanding of the phenomena involved and the

availability of tools that can help device designers in

the optimization task. To this aim we developed a

physically based model aimed at calculating the PDE

and the temporal response of a SPAD with a given

structure. Validation of the model has been carried out

by comparing simulations and experimental results of a

few generations of detectors previously fabricated in

our laboratory.
After a brief review of the physics of photon

detection in SPAD devices, we will outline the principle

of operation of the model developed along with the

main assumptions made. Then we will apply the model

to the devices currently available in order critically to

analyse some experimental results. Based on the results
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obtained we will discuss some modifications that can
be applied to the device structure in order to overcome
such limitations. Their effectiveness in improving both
the PDE and the temporal response will be investigated
by means of the aforementioned model.

2. Principle of operation and real structures

In principle, a SPAD is simply a semiconductor p–n
junction reverse biased above the breakdown voltage,
in a metastable state in which no current flows through
the device. When a photon is absorbed into the space
charge region, it generates an electron-hole pair. The
high electric field present in that region accelerates the
carriers that can in turn gain enough energy to create
other pairs through impact ionization. Since the
applied voltage is above the breakdown value, the
multiplication process is self-sustained and a
macroscopic current is generated allowing for the
detection of the photon.

In practice, real SPADs require a more sophisti-
cated structure than a simple pn junction [9]. As an
example, Figure 1 sketches the typical structure of a
SPAD designed in our laboratory (thin SPAD). The
device is fabricated starting from an n-type wafer, on
which has been grown a p-type double epitaxial layer.
The cathode region is obtained by diffusing an n-type
layer (shallow n) into the p� epitaxy. In order to
prevent edge breakdown, so-called virtual guard rings
are implemented: instead of increasing edge break-
down value through an n-type guard ring, the break-
down voltage is reduced only in central region of the
device by performing a local pþ implantation (enrich-
ment). A heavily doped p-type region (sinker) is built

under the anode metallization in order to make the
contact ohmic. The sinker, in combination with the pþ

epitaxy (buried layer), helps also to reduce the resis-
tance seen by the current flowing from the cathode to
the anode. Another heavily doped region is built all
around the device (isolation). Since that region is n-
type and since it extends vertically to the substrate, by
reverse biasing the anode-substrate junction it is
possible electrically to insulate the SPAD from any
other device on the chip. Actually, the n-type substrate
has also a very important role in improving the device
temporal behavior as will be clarified at the end of
the next section. A more detailed description of the
structure as long as of its advantages can be found
in [10].

While the structure depicted in Figure 1 is quite
common, other configurations are certainly possible.
For example, commercial SPAD made available from
Perkin Elmer Optoelectronics [11] are based on a back-
illuminated reach-through structure [12] (thick SPAD).
Anyhow, all the work described in the remaining part
of this article is specifically targeted to the structure of
Figure 1, despite the fact that a large part of it can be
easily extended to other structures.

3. Photon detection physics

The physical processes that lead to the detection of a
photon in a SPAD are well understood and fully
reported in the literature. They will be briefly
reviewed in this section with a special focus on the
structure described in the previous section. Given a
generic single-photon detector, it is possible to
define PDE as the probability that a photon

Figure 1. Vertical cross-section of a typical thin double epitaxial SPAD. The main regions of the detector are clearly visible in the
figure. (The color version of this figure is included in the online version of the journal.)
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impinging onto the device active area is effectively

detected. In order to be detected, a photon must be

absorbed into the active region. Furthermore, either

the photogenerated electron or the hole must reach the

high field region and must trigger the avalanche.

Therefore, the PDE is a combination of the efficiencies

of photons absorption and avalanche initiation.
To gain a better insight into the detection process,

it is possible to consider the simplified one-dimensional

case shown in Figure 2. In particular, Figure 2(a)

represents the central region of the structure depicted

in Figure 1, while Figure 2(b) is a simplified sketch of

the corresponding electric field. For the sake of photon

detection efficiency calculation, four different regions

can be identified: the substrate, the multiplying space

charge region and the two neutral regions at the two

sides of the space charge layer itself.
Only a fraction T of the photons impinging onto

the detector area enters into the device, while the

fraction R¼ 1�T is back-reflected due to the discon-

tinuity into the refraction index. Photons that suc-

ceeded in entering into the device are absorbed in one

of the four layers of Figure 2, with a probability that

depends on the absorption coefficient.
If the photon is absorbed into the space charge

region, a pair of photo-generated carriers are promptly

separated and accelerated by the electric field.

However, owing to the randomness of impact

ionization process, this does not guarantee that a

self-sustained avalanche is triggered even if the applied

voltage is above the breakdown level. This pheno-

menon can be described through a triggering efficiency

�trig (x) defined as the probability that an electron-hole

pair generated in x, triggers a self-sustained avalanche.

�trig depends not only on the position x, but also on the

electric field profile and consequently on the applied

voltage.
In case a photon is absorbed into the lower neutral

region (p-type), the photo-generated hole thermalizes

with the other majority carriers, while the electron

diffuses randomly through the region owing to the

absence of a strong electric field. During its random

walk it can recombine with a hole or it can reach the

substrate. Since the electron is lost, in both the cases

the avalanche is not triggered. Conversely, if the

electron reaches the multiplying space charge region,

it is accelerated toward the high field zone and it can

trigger an avalanche. Therefore, the probability that

the photon herein absorbed is detected, is the product

of the probability that the electron reaches the space

charge region, the so-called electron collection effi-

ciency �n-collect(x), times the triggering efficiency

�trig(xp). A similar situation occurs if a photon is

absorbed into the upper neutral region (n-type). The

only difference is that now the minority carrier is a hole

instead of an electron and that it will be lost if it

recombines with an electron into the neutral region

volume or at the interface with the silicon dioxide.
Finally, if the photon is absorbed into the substrate

(n-type) it will be not detected since there is no way for

the minority hole to initiate an avalanche in the active

region.
In such application as the time correlated single

photon counting (TCSPC), it is mandatory not only to

Figure 2. Cross-section of the active region of a thin SPAD (a) with a qualitative electric field profile for the multiplying space
charge region (b). (The color version of this figure is included in the online version of the journal.)
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detect photons but also to detect their arrival time with

high accuracy. Since the triggering of the avalanche is

synchronous with the photon absorption, SPADs are

particularly suited for this kind of measurements.
Figure 3 reports the statistical distribution of the

time of avalanche detection as measured in a conven-

tional setup [13]; although the photon hits the detector

always at the same instant, nevertheless the detection

time is affected by a certain jitter that limits the

temporal resolution of the detector when employed in

TCSPC measurement. The shape of that curve is once

again determined by the phenomena discussed in the

first part of this paragraph.
Actually if a photon is absorbed into the depletion

region, the avalanche process starts almost immedi-

ately. Photons absorbed in space charge region are

therefore responsible of the part of the curve referred

as peak in Figure 3. Note that even in this case a certain

amount of jitter is present, due mainly to the following

phenomena [14,15]:

. the time needed for the carrier to reach the

high field region depends on the absorption

position (transit time dispersion);
. every time that the avalanche is triggered, the

current grows in a different way due to the

randomness of the impact ionization process.

Provided that a suitable current pick-up circuit is

used [16,17], this contribution can be as low as a few

tens of picoseconds with thin SPADs represented in
Figure 1, independently of the active area diameter [8].

A photon absorbed into one of the two neutral
regions gives rise to a completely different behavior.
The minority carrier can randomly move through the
neutral region for a relatively long time before it finally
triggers the avalanche. These photons are therefore
responsible of the part of the curve referred as diffusion
tail in Figure 3 and the time of avalanche detection is
spread on a time interval of few nanoseconds.

Let us consider for example the case of a photon
absorbed into the lower neutral region. Defined
F(x; t) dt as the probability that an electron generated
in x reaches the upper space charge region at the time
interval between t and tþdt, then the tail component
given by the photon absorbed into the lower neutral
region is given by:

plower neutral regionðtÞ ¼T

ðx0p
xp

e��x �� �Fðx; tÞ ��trigðxpÞ �dx

" #
:

ð1Þ

Since the integral in time of F(x, t) is exactly
�n-collect(x), by integrating (1) in time, one obtains the
part of the PDE associated to the lower neutral region.
In this regards the PDE calculation can be considered
as a special case of the calculation of the detector
temporal response.

4. Model description and validation

In order to design devices with better performances, we
introduced a model capable of calculating the PDE
and the TR of a SPAD. In particular the purpose of
the model is two fold. On one hand, it must be able to
forecast the detector performances at design time, thus
avoiding the need of fabrication test structure for
optimization. On the other hand, it should make it
possible to investigate the behavior of the detector with
the aim of understanding what are the limitations to its
performance and how to operate to overcome them.
These requirements led us to develop a physically
based model, i.e. a model capable of describing the
physical phenomena that are involved in photon
detection process in a way that is physically correct.
In particular three tasks are sequentially performed: as
a first step, the electron-hole generation profile along
the device is calculated according to the silicon
absorption coefficient at the considered wavelength;
successively, the temporal evolution of the carriers’
distribution along the device is calculated by solving
drift-diffusion equations; finally, the avalanche trig-
gering probability is calculated as a function of the
photon absorption point.

Figure 3. Typical temporal response of a double epitaxial
SPAD. The main peak and the diffusion tail are clearly
visible. (The color version of this figure is included in the
online version of the journal.)
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In this paragraph we will not go into the details of
the model; we will simply outline its principle of
operation and we will discuss some of the assumptions
made. Then we will report some comparison between
simulations and experimental results in order to show
how the developed model is really capable of reprodu-
cing PDE and TR of actual devices. A detailed
description of the model along with a complete
validation against experimental results can be
found in [18].

The starting point for the calculation of both the
PDE and the TR is the evaluation of the photon
absorption distribution along the device. In particular,
the fraction of the photons that enters the device at the
entrance interface is calculated by using standard
theory of transmission/reflection at multi-dielectric
interfaces [19]; similarly the absorption profile inside
the device is evaluated, as function of the wavelength,
by using values of the silicon absorption coefficients
reported in literature [20]. This allows us to obtain the
concentration of photo-generated carriers as a function
of the position, both in the depleted and in neutral
regions.

In the neutral regions, the attained position-
dependent concentration is used as initial condition
for the solution of drift diffusion equations [21]; in
effect they provide the temporal evolution of minority
carriers’ concentration, from which it is straightfor-
ward to obtain the carrier flux F at the edges between
neutral and depleted regions.

Our modeling of transport in neutral regions
deserves some considerations. First of all, we neglected
volume recombination in both upper and lower neutral
regions. This because minority carriers lifetime is
orders of magnitude larger than the time that carriers
spend in those regions before exiting owing to diffusion
[18]. For the same reasons, in the upper neutral region,
we neglected the recombination at the oxide interface
as well. Based on these assumptions, a minority carrier
generated inside the upper neutral region, sooner or
later will reach the space charge region; consequently
the carriers collection efficiency for this region is
always unitary. However, the solution of the drift
diffusion equations is still needed, since it allows us to
calculate the distribution of the delays with which the
carriers reach the depleted region. The situation is
different for the carriers generated in the lower neutral
region; although they do not recombine, nevertheless
they can get lost at the interface with the substrate,
leading to a less than 100% collection efficiency.

Concerning the last step for the evaluation of PDE
and TR, triggering efficiency can be calculate by using
well known equations introduced by Oldham et al. [22].
By solving these equations it is possible to obtain
Pbe(x) and Pbh(x), respectively, the probability that an

electron or a hole generated in x, triggers a

self-sustained avalanche. The overall avalanche prob-

ability, also know as triggering efficiency, can therefore

be calculated as:

�TrigðxÞ ¼ PbeðxÞ þ PbhðxÞ � PbeðxÞ � PbhðxÞ ð2Þ

where the last term is needed in order to prevents to

accounts twice for the avalanches triggered both by an

electron and by a hole. A thorough knowledge of the

impact ionization coefficients for electrons and holes,

namely �e and �h, is of the utmost importance for the

solution of Oldham’s equations. Since their value

strongly depends on the electric field, Poisson equation
is preliminary solved by using a commercial device

simulator.
Actually, the presence in our devices of thin

multiplication regions requires to explicitly account

for the effects of dead space, i.e. the distance that a

carrier must travel in order to acquire an energy high

enough to ionize. As a consequence, the ionization

coefficient becomes a non-local property [23]; in
particular we used the model introduced by Okuto

and Crowell [24]. However, in this case, Oldham’s

equations are not applicable anymore and must be

replaced by more general relations introduced by

McIntyre [25].
The modeling of the statistical phenomena involved

in avalanche build-up and propagation processes

deserves a few considerations as well. The complexity
of these phenomena as well as the fact that they are not

fully understood yet [26,27], has prevented their

physically correct modeling. However, their effect has

been included in the model based on the following

approach. As suggested by measurements, we sup-

posed that the combination of build-up and avalanche

propagation affects avalanche detection with a random

delay, characterized by a Gaussian distribution having
a width of about 30 ps FWHM. Therefore, delay

distributions previously calculated have been convo-

luted with such a distribution in order to simulate the

effect of the statistics of avalanche growth. This

approach makes it possible to reproduce accurately

the device TR, but of course does not allow to study

the effects of the structure on these phenomena. As

opposite, transit time dispersion has been correctly
modelled by calculating for each carrier the delay it

takes to reach the multiplication region as a function of

the starting position.
In order to validate our model, we applied it

on a few families of devices already available in

our laboratory and compared simulations with exper-

imental results. For example Figure 4 reports the PDE

as function of the wavelength for a device belonging to
production lot S62. Both measurement and simulation
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have been carried out at an overvoltage of 5V. The
agreement between simulations and experimental
results along the entire spectrum is remarkable.
Similar results have been obtained also at other
overvoltages (ranging from 2 to 8V) and with devices
belonging to other families. As another example,
Figure 5 reports a comparison between calculated
and measured temporal response, evaluated at a
wavelength of 520 nm, for a device belonging to lot
S44. Once again a good agreement between the two
curves has been obtained.

5. Current available devices: a critical analysis of

the performances

The aim of this section is critically to analyze currently
available devices in order to identify the phenomena
that limit their PDE and TR performance. In this
respect, the model described in the previous section
constitutes a valuable tool since it makes it possible to
separate the effect of every single phenomena involved
in the photon detection process and to investigate how
each of them affects the overall result. Conversely, it is
more difficult to achieve the same kind of information
without using a physical model since PDE and TR are
determined by the superposition of many effects, and
individual contributions such avalanche probability or
carriers collection efficiency cannot be easily measured.

As an example, in this section we will refer to
devices belonging to production lot S62 [28]. They are
typical double epitaxial devices with the structure
represented in Figure 1; they are characterized by a
breakdown voltage VBD of about 35V, and by a dark
count rate of about 1000 count/s for a device with
50 mm diameter active area, operated at room temper-
ature. The thicknesses of the upper neutral region, of
the space charge region and of the lower neutral region
are approximately xSUP¼ 0.8mm, xZCS¼ 1.8 mm,
xINF¼ 2.4 mm. If not otherwise stated, the devices are
operated at an overvoltage VOV¼ 5V. Both simula-
tions and measurements have been carried out at room
temperature; however, modifications to PDE and TR
are negligible when the device is moderately cooled
(e.g. down to �20�C) [29].

5.1. Photon detection efficiency

Figure 4 reports the PDE measured as a function of the
wavelength for a device belonging to lot S62. The PDE
rapidly decreases as long as the wavelength increases
above 700–800 nm. This behavior is certainly expected
and is due to the strong reduction in silicon absorption
coefficient at long wavelengths. However, the PDE
reduces considerably also at short wavelengths where
the silicon is a good absorber; moreover the peak value
of the PDE, attained at a wavelength of about 550 nm,
is considerably lower than in other silicon detectors
such as APDs or CCDs.

This behavior can be understood on the basis of the
four physical phenomena underlying the photon
detection process, namely: transmission of the light at
the entrance interface, absorption into the active
layers, collection of the photo-generated carriers and
avalanche triggering. Figures 6, 7 and 8 report the
behavior of some relevant quantities useful to interpret
the data of Figure 4. In particular, Figure 6 shows the
fraction T of the photons transmitted at the device
entrance interface as a function of the wavelength.
Figure 7 reports once again as a function of the
wavelength, the probability that a photon entered into
the device is absorbed in one of its layers. In particular
blue, green and red curves represent the probability
that the photon is absorbed respectively in the upper
neutral region, in the space charge region or in the
lower neutral region, while the black curve is the sum
of the three terms. Finally, Figure 8 reports the hole
and the electron avalanche probability, namely Pbh

and Pbe, as a function of the depth.
At short wavelengths (400–450 nm), the absorption

length in silicon is short (100–500 nm) if compared
with the device thickness and therefore the
absorption efficiency is 100%, as confirmed by black

Figure 4. Comparison between calculated and measured
photon detection efficiency. Both simulation and measure-
ment have been carried out at an overvoltage of 5V.
(The color version of this figure is included in the online
version of the journal.)

Journal of Modern Optics 215

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
G
h
i
o
n
i
,
]
 
A
t
:
 
1
4
:
1
5
 
1
0
 
M
a
r
c
h
 
2
0
1
1



curve of Figure 7. Moreover, almost all the photons
are absorbed into the upper neutral region (see blue
curve) and the correspondingly photo-generated holes
have to reach the space charge region by diffusion in
order to trigger the avalanche. Following the consid-
erations of Section 4, it is possible to assume that this
transport process takes place with almost 100%
efficiency. Therefore, limitations to PDE come neither
from photon absorption nor from carrier collection.

What really limits PDE is the avalanche triggering
process. In this case the avalanche is initiated by the
holes coming from the upper neutral region that are
known [30] to be considerably less effective than the
electrons. This behavior is confirmed from data of
Figure 8. Note that a remarkable role is played also by
transmission coefficient T; the PDE between 400 and
500 nm would considerably benefit of an improvement
in the performances of antireflection coating.

Figure 5. Comparison between calculated and measured temporal response. Both simulation and measurement have been
carried out at a wavelength of 520 nm. (The color version of this figure is included in the online version of the journal.)

Figure 6. Optical transmission coefficient at the detector
entrance interface. Values have been calculated using
standard theory of reflection at multi-dielectric interfaces.
(The color version of this figure is included in the online
version of the journal.)

Figure 7. Absorption efficiency as a function of the wave-
length. The figure reports the probability that a photon
entered into the device is absorbed in one of its layers. (The
color version of this figure is included in the online version of
the journal.)
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At intermediate wavelengths (450–550 nm) the
absorption efficiency remains almost 100% (black
curve). However, as the wavelength is increased,
the fraction of the photons absorbed into the space
charge region increases with a correspondingly increase
of the effective triggering efficiency. Notably, at
550 nm, where the PDE peaks, a significant fraction
(� 40%) of the photons is still absorbed into the upper
neutral region and therefore experiences low triggering
efficiency. Moreover, most of the photons that
reach the space charge region are absorbed in its first
part where the triggering efficiency is still low. The
combination of these two phenomena set the limita-
tion to the maximum PDE attainable with current
devices.

When the wavelength is increased further, the PDE
starts decreasing. This is due to a combination of many
phenomena. On the one hand, the fraction of photons
absorbed into the upper neutral region decreases
further with a benefit in term of effective triggering
efficiency; on the other, the overall fraction of photon
absorbed into the device decreases owing to the
increase in silicon absorption length; moreover, the
minority electrons generated by the photons absorbed
into the lower neutral region experience a collection
efficiency well below 100%.

5.2. Temporal response

Figure 9 represents the temporal response of a device
belonging to lot S62, calculated at a wavelength of

800 nm, along with the individual contributions
coming from each layer. First of all, let us consider
the contribution due to the photons absorbed into the
space charge region. Since the latter is quite thin
(52 mm) and the field herein present is high enough to
guarantee the saturation of the electrons velocity, then
the dispersion of the transit times is almost negligible.
Therefore, the corresponding contribution assumes
a nearly Gaussian shape determined by the statistical
phenomena associated with the avalanche build-up
and propagation.

Let us consider now the two contributions due to
the neutral regions. At a first sight, one would expect a
lifetime considerably shorter for the contribution
coming from the upper neutral region. Actually it is
well known that, to a first instance, the lifetime is
quadratically related to the thickness of the region [1];
on the other hand the upper neutral region is 3 times
thinner than the lower one. However, this point does
not find a confirmation in Figure 9 which shows that
the two lifetimes are almost identical. This behavior is
due to the combination of other phenomena that
contribute to determine the value of the lifetime. First
of all in the upper neutral region the diffusing minority
carriers are holes and therefore are intrinsically 2.5 to
3 times slower than the electrons. Moreover, the really
high doping level present in that region (in the order of

Figure 9. Temporal response of a standard SPAD calculated
at a wavelength of 800 nm. The figure reports the overall
response as well as the individual contributions owing to
neutral regions and to the space charge region. (The color
version of this figure is included in the online version of the
journal.)

Figure 8. Electron and hole avalanche probability as a
function of the depth. (The color version of this figure is
included in the online version of the journal.)
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1019 cm-3) remarkably contribute in further reducing
the diffusivity of these carriers. Simulation accounts
also for the small electric field owing to the gradient of
the doping concentration. Although it tends to
improve the motion of the holes, its contribution is
largely insufficient to compensate the effect of the high
doping level.

The area subtended by each contribution reflects
the percentage of the photons absorbed into the
corresponding region, apart from the effect of the
collection efficiency and of the avalanche probability.
Therefore, as the wavelength is reduced, the amplitude
of the contribution coming from the lower region
reduces while the one coming from upper
region increases. This trend can be seen for example
in Figure 10 that reports temporal response
contributions calculated at a wavelength of 500 nm.

Figure 11 represents the temporal response of the
same kind of device measured at a wavelength of
420 nm. In this case neither a sharp peak nor a quasi
exponential tail can be distinguished anymore. The
same behaviour is obtained also from the simulation
results reported in Figure 12. However, the decompo-
sition of the overall curve in its elementary components
allows us to understand such a behaviour. The first
peak in the temporal response can be attributed to the
photons absorbed into the depleted region. Since, at
this wavelength, they are only a small fraction of

the overall photons absorbed into the device, the
amplitude of the peak is so small as to make it
barely visible in the overall curve. The second part of
the temporal response is entirely attributable to the

Figure 12. Temporal response of a standard SPAD calculated
at a wavelength of 420 nm. The figure reports the overall
response as well as the individual contributions owing to the
upper neutral region and to the space charge region. The
contribution from the lower neutral region is negligible and
therefore has not been represented here. (The color version of
this figure is included in the online version of the journal.)

Figure 10. Temporal response of a standard SPAD calcu-
lated at a wavelength of 500 nm. The figure reports the
overall response as well as the individual contributions owing
to neutral regions and to the space charge region. (The color
version of this figure is included in the online version of the
journal.)

Figure 11. Temporal response of a SPAD belonging to lot
S62 measured at a wavelength of 420 nm. (The color version
of this figure is included in the online version of the journal.)
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photon absorbed into the upper neutral region.
However, unlike in the previous cases, its behavior is
far from being exponential. A thorough analysis of the
simulation results provided a simple explanation to this
behavior. Owing to the short absorption length,
photons are not uniformly absorbed into the neutral
region; actually most of them are absorbed very close
to the device surface. Therefore, at the very first
beginning, the contribution to the tail comes only from
the small amount of carriers photo-generated close to
the space charge region; as time goes by, the tail
amplitude increases since carriers generated close to
the surface reaches the depleted region; finally the tail
amplitude decreases as the neutral region depletes from
photo-generated carriers.

6. Evaluation of the performances attainable with

future devices

In the previous section main phenomena limiting both
the PDE and the TR of currently available devices
have been investigated as a function of the wavelength.
In this section we will discuss some approaches that
can be adopted in order to overcome these limitations.
The effectiveness of these solutions will be evaluated
with the help of the model described in Section 4. The
aim is to provide the reader with an insight of the
performance that can be expected in the next years if a
strong development of the SPAD structure is pursued.

6.1. Photon detection efficiency at long wavelengths

As pointed out in the previous section, the basic
limitation to the PDE at long wavelengths is the low
absorption efficiency. An obvious approach to over-
come this problem is to increase the overall thickness
of the device active layer. In particular, it is possible to
increase the thickness either of the space charge region
or of the lower neutral region. The latter is certainly
the easier solution to be implemented from a techno-
logical point of view since it does not influences the
field profile inside the device and it only requires to
start the processing from a thicker epitaxial layer [10].
However, this approach presents some remarkable
drawbacks. First of all, the increase of the thickness of
the neutral region results in a longer lifetime of the
diffusion tail and therefore in a worsening of the
temporal response. On the other hand, this solution is
not optimal also for improving the PDE since the
additional photon absorption takes place into the
neutral region where the carrier’s collection efficiency
is well below 100%.

A more effective approach requires therefore to
modify the space charge region. However, stretching

out this region is much more complicated than increas-

ing the thickness of the neutral layer. In effect the

thickness of the depleted region cannot be increased

simply by extending the low-doped region of the

epitaxial wafer on which the device is fabricated. In
this case, we would obtain a device with an electric field

profile remarkably different from that of current

devices. This would adversely affect all those device

characteristics that are strongly influenced by the
electric field profile, i.e. the dark count rate, the

temporal resolution and the avalanche triggering

probability.
We showed [31] that a suitable modification to the

doping profile of the epitaxial wafer makes it possible
to expand the space charge region without modifying

the electric field profile across the junction. In partic-

ular in the structure we proposed it is possible to

distinguish between a multiplication region and a drift

region. The former is a high field region where the
avalanche takes place, while the latter has the sole

purpose of collecting the photo-generated carriers and

accelerate them towards the multiplication region. The

only requirement for the drift region is to have a field
at least of 104V/cm to guarantee the saturation of the

carrier’s velocities and therefore the minimization of

transit time dispersion; on the contrary, the electric

field profile in the multiplication region must be

carefully designed in order to guarantee the best
device performances. In particular we proposed a

modification of the starting epitaxial layer that makes

it possible to obtain a multiplication field nearly

identical to the one of current devices. Since the dark
count rate, avalanche probability and temporal reso-

lution mainly depend on the field in the multiplication

region, this approach should allow to keep them

unvaried while increasing the thickness of the space
charge region. As an example of the results attainable

with this approach, Figure 13 reports the calculated

PDE of a standard device as compared to that of

an extended device having a space charge region

10 mm-thick; a remarkable improvement in detection
efficiency at long wavelengths is achieved, with a PDE

of about 40% at a wavelength of 800 nm.

6.2. Photon detection efficiency at short wavelengths

An increase of the thickness of the depleted region has
a limited effect at the intermediate wavelengths

(500–550 nm). In fact in Section 5 we showed that in

this range the PDE is not limited by absorption

efficiency but by the avalanche probability. Therefore,

a different approach is needed to improve the PDE at
short wavelengths.
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A first possibility is to design a device with a
complementary doping type for each region. This
would lead to a device with a p-type upper neutral
region in which, at short wavelengths, the avalanche
would be initiated by the electrons. On the one hand,
this greatly improves the PDE at short wavelengths,
but at same time it results in a strong reduction of
the PDE at longer ones where the avalanche is
initiated by the holes. Therefore, this solution can be
considered viable only for devices specifically targeted
to operate in the blue region of the spectrum.

A more general approach relies on the reduction of
the thickness of the shallow n region in order to limit
the fraction of the photons herein absorbed. In order
to evaluate the effectiveness of this solution, in
Figure 14 we compared the PDE of three devices
characterized by the same structure (xZCS¼ 10 mm)
but with a different thickness of the upper neutral
region. Red, green and blue curves correspond to a
thickness of 800, 500 and 300 nm, respectively. Even
the latter can be easily obtained in real devices thanks
to modern planar processes; however, this requires a
partial redesign of the device in order to keep unvaried
the electric field profile inside the depleted region.

The improvement attainable by thinning the upper
neutral layer is certainly not negligible; however, the
resulting PDE is still far from being ideal, especially at
the wavelengths below 500 nm. The reason is once
again related to the poor triggering efficiency that
characterizes the first part of the space charge region.

Therefore, if a larger improvement of the PDE at the
short wavelengths is needed, a different approach must
be adopted.

A first option is to engineer the electric field profile
inside the depleted region in order to make the growth
of the triggering efficiency across the junction steeper.
However, a discussion involving the influence of the
electric field profile on the behavior of Pbe and Pbh,
and the trade off that must be faced in the design of
such device is well beyond the scope of this paper.
Some consideration on these topics can be found for
example in [31] and [8].

However, a more promising solution to improve
the PDE at the short wavelengths is to completely
reverse the device structure in order to obtain an
electric field profile like the one depicted in Figure 15.
This configuration is optimal since the avalanche is
mainly initiated by the electrons regardless of the
wavelength. Moreover, at the short to medium wave-
lengths the effective triggering efficiency would be
particularly high, since the carriers are generated far
from the junction where Pbe is close to unity.
Unfortunately, the implementation of such a structure
in a planar silicon technology is quite challenging.

6.3. Temporal response at short wavelengths

As discussed in the previous section, at short wave-
lengths, the SPAD temporal response is strongly

Figure 13. Comparison between the PDE of two different
devices. Blue curve represents a standard device while red
curve corresponds to a detector with an extended space
charge region (thickness of 10 mm). (The color version of this
figure is included in the online version of this journal.)

Figure 14. Comparison between the PDE of three devices
characterized by different values for the thicknesses of the
upper neutral region, respectively of 800, 500 and 300 nm. All
the devices have an extended space charge region of 10 mm.
(The color version of this figure is included in the online
version of the journal.)
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influenced by the diffusion of minority holes in the
upper neutral region. In order to evaluate the improve-
ment that can be obtained by thinning the shallow n
region, we compared the temporal responses of two
devices; the first is a standard one, while the second has
an upper neutral region only 300 nm thick. Figure 16
illustrates the results of the simulation carried out at a
wavelength of 420 nm. The attainable improvement is
significant; in particular the temporal response is again
dominated by a sharp peak while the tail lifetime
strongly reduces.

6.4. Temporal response at long wavelengths

Let’s consider once again the devices characterized by
an extended space charge region. Our aim here is to
investigate the temporal response that is expected from
these detectors. First of all one would expect that the
tail lifetime is unvaried since it depends mainly on the
thicknesses of the neutral regions that are unchanged.
On the other hand, one would expect also a reduction
of the tail amplitude; in effect the extension of the
space charge region reduces the amount of photons
that reaches the lower neutral region and that are
herein absorbed. In order to verify this hypothesis we
calculated the temporal response of these devices.
Figure 17 reports a comparison between the temporal
responses of two devices calculated at a wavelength of
800 nm; one is a standard SPAD, while the other has a
10 mm thick space charge region. A few features can be
observed. First of all, the peak of the extended device is
considerably broadened. The reason is the dispersion

of transit times; in effect, since the carriers travel at a
saturated velocity of about 1 mm/10 ps, the maximum
transit time across a region of 10 mm is about 100 ps.
The corresponding width obtained from simulation
is about 90 ps FWHM. Similarly, the area subtended
by the peak is considerably increased due to the growth

Figure 15. Cross-section of the active region of a thin SPAD with an inverted structure (a) with a qualitative electric field profile
for the multiplying space charge region (b). (The color version of this figure is included in the online version of the journal.)

Figure 16. Temporal response calculated at a wavelength of
420 nm. Both detectors have a standard depleted region, but
are characterized by different thicknesses of the upper neutral
region (800 and 300 nm, respectively). (The color version of
this figure is included in the online version of the journal.)
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of the number of photons absorbed into the depleted

region. Unexpectedly, the amplitude of the diffusion

tail has undergone only a minor decrease. The cause is

a combination of two concurrent phenomena. On the

one hand, the number of the photons absorbed into the

lower neutral region decreases of a factor

� ¼ exp
�
DL=LassÞ ð3Þ

where DL is the increase in the thickness of the

depleted region and Lass is the silicon absorption length

at the considered wavelength. At 800 nm this factor

amount only to 1.6. On the other hand, the increase of

the thickness causes a delay of about 80 ps of the tail

due to the transit time across the space charge region.

In this specific case, the two phenomena compensate

almost perfectly leading to a negligible reduction in the

tail amplitude.
Figure 18 shows the same kind of comparison

for a wavelength of 600 nm. Although more evident,

also in this case the amplitude reduction is quite

limited. In effect, on the one hand, the smaller value of

Lass allows for a stronger reduction in the number of

photons absorbed into the lower neutral region

(D� 20); however, the overall reduction is limited by

the strong contribution due to the upper neutral

region.

We can therefore conclude that while the extension
of the space charge region remarkably improves the
PDE at longer wavelengths, at the same time it has a
limited effect on the slow part of the temporal response
both at longer and short wavelengths.

In order to improve the TR at short to medium
wavelengths, it is mandatory to reduce the thickness of
the upper neutral region. As an example of the
attainable results, Figure 19 shows a comparison
between the TRs, calculate at a wavelength of
600 nm, for two different devices. Both the detectors
have a space charge region of 10 mm, but a different
thickness of the upper neutral region, 800 and 300 nm,
respectively. In the TR of the latter device the
two contributions of the tail are well distinguishable,
being characterized by quite different lifetimes.
The corresponding improvement is remarkable.

In order to improve the temporal response at
longer wavelengths, it would be also required to reduce
the thickness of the lower neutral region. However, this
conflicts with other design requirements; for example
the lower neutral region have to provide a low
resistivity path for the current to be collected at the
anode; this in turn gives some constraints on the
thickness and on the doping of that region. A few
solutions have already been proposed in the past;
for example Spinelli et al. [32] developed a device with
a patterned buried layer such that there is no neutral
layer below the active region. Although this solution

Figure 17. Temporal response calculated at a wavelength
of 800 nm. The blue curve corresponds to a standard
device, while the red curve corresponds to an extended
device, characterized by a 10 mm thick depleted region. (The
color version of this figure is included in the online version of
this journal.)

Figure 18. Temporal response calculated at a wavelength
of 600 nm. The blue curve corresponds to a standard
device, while the red curve corresponds to an extended
device, characterized by a 10 mm thick depleted region. (The
color version of this figure is included in the online version of
this journal.)
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proved to be effective in reducing the slow component
of the tail, it is really critical from a technological point
of view; moreover this approach is suitable only for
devices with small active area diameter (8–10 mm).

In conclusion, the reduction of the diffusion tail at
longer wavelengths is still an open issue; new solutions
have to be devised and thoroughly investigated.

7. Conclusions

In this paper we reported a physically based model that
proved to be useful for the investigation of the
phenomena that limits both the photon detection
efficiency and the temporal response of currently
available SPADs. In particular, we outlined how the
limitations to the PDE at short wavelengths are
basically due to poor triggering efficiency while at
longer wavelengths can be attributed to limited
absorption efficiency.

Subsequently, we discussed some modification that
can be applied to the device structure in order to
overcome these limitations and we verified their
effectiveness by using the propose model. In particular
we found that a suitable increase of the thickness of the
depleted region can greatly improve the PDE at longer
wavelengths (i.e. greater than 600 nm) while it has a
limited effect at the short ones. We demonstrated that

a significant improvement at short wavelengths can be
obtained only through a complete modification to the
device structure since the advantages that can be
obtained by thinning the upper neutral region are
limited. On the contrary, the latter modification
proved to be very effective in improving the device
temporal response at short to medium wavelength if
combined with the extension of the depleted region;
unfortunately the same conclusion does not apply to
higher wavelengths. Therefore, the problem of reduc-
ing the slow component of the temporal response at
wavelengths higher than 600–700 nm is still an
open issue.
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