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I. INTRODUCTION

THE need to detect single-molecules arises in multiple
fields [1]–[3]. In basic science, elucidating the steady-state

characteristics of heterogeneous mixtures or studying intrinsi-
cally stochastic molecular mechanisms is best done observing
one molecule at a time and reproducing this observation on a
statistically significant number of molecules. This allows sam-
pling the complete distribution of configurations characterizing
the static or dynamic distribution of the system’s properties.
Single-molecule detection is also the only way to detect rare
events or rare species in a mixture. This capability is of direct
relevance to the field of ultrasensitive detection of pathogens,
biomarkers or chemicals, due to its ultimate sensitivity.

Single-molecule detection can be achieved using different
physical effects, but optical means in particular have the advan-
tage of allowing non-destructive detection and being usable with
different sample states (gaseous, liquid, solid) and experimental
arrangements (flow, diffusion, surface immobilization).

Single-molecule fluorescence spectroscopy (SMFS) refers to
a now wide-spread set of techniques having in common deal-
ing with the usually very weak fluorescence signal emitted by
individual fluorophores [4]–[6]. Fluorophores can be intrinsic
molecular moieties or external labels chemically attached to
the target species. Several types of spectroscopic signatures can
be used to distinguish different molecular species. Most can be
measured at the single-molecule level: fluorescence emission in-
tensity, spectrum, polarization (or polarization anisotropy), life-
time, energy transfer, etc., can all be extracted from individual
molecule bursts, although data analysis can also be performed at
the level of many such molecule bursts (or subpopulation level)
rather than at the true single-molecule level.

A number of reviews have been published over the past few
years describing the various fields of applications of this general
approach and the typical setups employed in these experiments
[7]–[9]. We will therefore limit ourselves to a very basic presen-
tation of SMFS. In particular, we will emphasize the constraints
imposed by current detector technologies, a topic that has been
recently addressed in a broader context in [10]. We will then
present our work on new silicon single-photon avalanche diodes
(SPADs) and SPAD arrays, which meet many of the detector re-
quirements for SMFS.

Detecting a single-molecule by optical means requires that the
number of photons emitted by that molecule is large enough so
that the signal-to-noise ratio (SNR) is significantly larger than 1.
Additionally, it is important to be able to separate successive or
nearby molecules.



This second separability criterion depends on the details of
each experiment [4]. Detector characteristics play an important
role in this respect, as we will discuss in Section VII.

The first detectability condition has several facets, which have
been discussed in detail in [10]. From a detector point of view,
it requires high sensitivity and low readout noise, and in the
case of interest in this article, reviewed in the next section,
high temporal resolution. These goals are best achieved with a
photon-counting detector.

Photon-counting detectors exploit an internal amplification
mechanism, which, in response to single-photons, generates
macroscopic electrical signals that are much larger than the
circuit noise. In addition to this beneficial characteristic, they
also provide the possibility to not only count the number of
photons, but measure their individual arrival time. This al-
lows studying intensity fluctuations at very short as well as
longer time scales. In the case of pulsed excitation with fem-
tosecond (fs) to picosecond (ps) laser pulses, the best photon-
counting detectors and associated time-correlated single-photon
counting (TCSPC) techniques give access to the time elapsed
since excitation of the fluorophore with ps resolution. This
latter information is of particular interest when studying the
environment of a fluorophore, as the presence of additional
non-radiative relaxation channels reduces the measured fluores-
cence lifetime. To keep this discussion short, we will not review
this important aspect of fluorescence spectroscopy and refer the
interested reader to an extensive literature on fluorescence life-
time measurements [11], [12]. However, from a detector point of
view, these measurements require instrument response function
(IRF) in the sub-ns range.

Photon-counting and TCSPC techniques were originally de-
veloped using photomultiplier tubes (PMT), which are vac-
uum tube detectors with high internal gain. PMTs have been
produced industrially with sophisticated technologies since the
1960. Commercially available devices can provide remarkable
performance, with maximum count rates of millions of counts
per second (MHz). Amongst their advantages, the most signif-
icant and distinct is their wide sensitive area (�cm2), which in
some cases greatly simplifies the design of the optical system.
Micro-channel plate (MCP) PMTs also offer very narrow IRF
with width in the ps range. However, PMTs suffer from low
photon detection efficiencies (PDE), especially in the red and
near-infrared wavelength region: conventional multialkali pho-
tocathodes have quantum efficiencies that typically fall from
�20% at 400 nm to less than 1% at 800 nm. GaAsP photocath-
odes reach a peak quantum efficiency of 45% at 500 nm, but
they are almost insensitive to wavelengths longer than 720 nm.
GaAs photocathodes provide a relatively flat quantum efficiency
of about 25% between 500 and 850 nm [11], [13].

Semiconductor-based detectors represent a valuable alterna-
tive to PMTs. Besides the well-known advantages of solid state
versus vacuum tube devices (small size, ruggedness, low power
dissipation, low supply voltage, high reliability, better ability
to handle large photon flux without irreversible damage, etc.),
semiconductor detectors provide inherently higher quantum ef-
ficiency, particularly in the red and near-infrared spectral regions
[11].

Avalanche multiplication of carriers in reverse-biased p-n
junctions is used in ordinary avalanche photodiodes (APDs)

to obtain internal amplification in the detector similar to that
in PMTs. However, in an ordinary APD the multiplication of
both holes and electrons causes an inherent positive feedback,
which produces strong fluctuations in the avalanche gain. In the
best case, the achievable gain is limited to a few hundreds, as
opposed to a gain of �106 easily reached by PMTs. Such a gain
is not sufficient to detect single-photons because the resulting
single-photon signal is of the same order of magnitude as the
electronic circuit noise.

Yet the positive feedback can be exploited to detect single-
photons by giving up the linear relationship between input (pho-
tons) and output signals in a different kind of avalanche diodes.
In these single-photon avalanche diodes (SPADs), the device
is biased above the breakdown level and the photodiode is no
longer a ‘detector with amplifier inside’, but is instead a ‘detector
with flip-flop inside’. The ‘flip-flop’ is set when a single-photon
is absorbed and the photo-generated carrier succeeds in trigger-
ing the avalanche process. An electronic circuit associated to the
detector (quenching circuit) then senses the avalanche current
pulse, produces a standard high level output pulse, drives down
the bias voltage to quench the avalanche and finally resets it to
the operating level. Compared to PMTs, SPADs provide higher
photon detection efficiencies (see Section IV) but smaller sen-
sitive areas (�5 to 500 μm diameter), which might make optics
alignment more challenging in some cases (see Section II). In-
deed, in SMFS applications, the image of the emission spot
needs to be aligned onto the SPAD active area, which becomes
increasingly difficult as the size of the active area is reduced,
due to the finite precision of standard micrometer translation
stages used for alignment purpose.

Before discussing detector requirements in detail, Section II
will briefly examine the technique and data analysis used in
standard solution-based SMFS. Section III then discusses the
sensitivity limit in single-molecule burst analysis. Section IV
analyzes key detector parameters such as detection efficiency,
dark count rate, afterpulsing probability and timing jitter.
Sectio V then reviews available SPAD technologies and
Section VI compares the performance of two state-of-the-art
SPAD detectors in single-spot SMFS experiments. Section VII
will then report new SPAD array detectors for diffusing
molecules measurements in multispot geometries, which over-
come throughput limitations of single-spot geometry. We con-
clude this article with a brief overview of future prospects for
the field.

II. SOLUTION-BASED SINGLE-MOLECULE

FLUORESCENCE SPECTROSCOPY

SMFS can be performed on immobilized or freely diffusing
molecules. The detectors discussed in this article were targeted
to the latter approach. Since detailed presentation of this kind of
experiments can be found in reviews [1]–[3], [7]–[10], [14], we
limit ourselves to a few basic concepts needed for understanding
detector performance targets.

A simple way to facilitate the detection of freely diffusing flu-
orescent molecules is by ensuring that the only region in which
molecules are excited is small enough and the concentration of
molecules sufficiently low that there is at most one molecule
in it at any given time. One way of achieving this is to use



Fig. 1. (a) Single-molecule burst detection requires at most one molecule
at any given time in the excitation volume Vx . The resulting signal consists
of brief bursts corresponding to the transit of a single-molecule through the
excitation volume. (b) The FCS regime is characterized by a larger concentration
of �1 or more molecules in the excitation volume Vx at any time. This larger
concentration prevents identifying single-molecule bursts in the signal time
trace, which looks like a noisy, fluctuating signal.

a fixed point-like excitation geometry, where single-molecules
stochastically diffuse in and out of the excitation region. The
transit duration through the excitation volume, τD , depends
on the lateral dimension of the region, R, and the molecule’s
diffusion coefficient D:

τD ∼ R2

4D
. (1)

Typical values for single molecule in aqueous solutions are
of the order of 100 μs to 1 ms. The mean separation between
molecular transits, τR , is given by the inverse of the transit
frequency, which depends linearly on R and D as well as on
sample concentration C. The ratio τD /τR is simply equal to
the average number N of molecules within the excitation region,
which thus clearly needs to be small compared to 1 in order to
allow separating successive molecules [15].

A variety of microscopy approaches can been used to achieve
this condition [5], [6], [16]–[19]. The simplest consists in tightly
focusing an expanded and collimated laser beam into the sample
using a high numerical aperture lens. For instance, a diffraction-
limited excitation volume of a fraction of femtoliter (1 fl =
10−15 L = 1 μm3) can easily be achieved in a standard confocal
microscope. The corresponding single-molecule concentration
regime is of the order of 100 pM (picomolar) or less.

A. Single Burst Detection and Analysis

With the appropriate setup, distinct photon bursts can be
detected as individual molecules transit across the excita-
tion/detection volume [Fig. 1(a)]. For diffusing molecules, burst
duration depends on molecule size, solvent viscosity and excita-
tion volume. Typical values range from a few tens of microsec-
onds to a few milliseconds, with an approximately exponential
distribution of burst durations [20]. Burst intensity (or burst
size), i.e., the total number of detected photons during the tran-
sit of a single-molecule through the excitation volume, depends

on excitation power, absorption cross section and fluorescence
quantum yield of the molecule as well as the total detection effi-
ciency [20]. Burst sizes can reach up to a few hundred photons,
but as for burst durations, their typical distribution is quasi-
exponential, resulting in a large fraction of bursts having few
dozen photons or less [20]. Since small bursts have small SNR,
they increase the variance of quantities computed by averag-
ing data from many single-molecule bursts [21], [22] and are
generally rejected.

Single-molecule burst detection can be used to perform
more than mere photon-counting when combined with vari-
ous spectroscopic techniques. For instance, the conformation of
a molecule (protein, nucleic acid, etc.) or the respective loca-
tion of two interacting molecules can be studied by monitoring
the distance between two dyes attached to specific sites of the
molecule(s) using the phenomenon of fluorescence resonant en-
ergy transfer (FRET) [8], [23], [24]: when the two dyes have
overlapping absorption and emission spectra and are in close
proximity, intermolecular non-radiative energy transfer can oc-
cur by dipole-dipole interaction, with an efficiency varying with
the inverse of the 6th power of the distance between the two dyes
[12], [25]. This phenomenon has been extensively used in bulk
in the past, but its use at the single-molecule level has exploded
since its first demonstration on surface-immobilized molecules
[26] and on freely-diffusing molecules in solution [27].

In standard single-molecule FRET (smFRET) experiments,
doubly-labeled molecules or molecular complexes are excited
by a single laser exciting the donor dye. The fluorescence signals
from the donor and acceptor dyes are collected simultaneously in
their respective emission spectral band by two separate detectors
[27]. After identification of individual bursts, the donor and
acceptor signals (ID and IA ) resulting from donor excitation,
corrected for background and other contaminating signals, are
used to compute the FRET efficiency E:

E =
IA

IA + γID
, (2)

where γ is a correction factor, typically close to 1, accounting
for the different quantum yield and detection efficiency of both
fluorophores [28]. Although a rich and fascinating topic, its
discussion would distract us from our main topic. We refer
the interested reader to a recent introductory discussion in the
context of detector development [14] as well as specialized and
review articles [29]–[41]. We will briefly return to smFRET in
Section VII, when discussing experimental results with SPAD
arrays.

B. Fluorescence Correlation Spectroscopy (FCS)

A related experimental regime, illustrated in Fig. 1(b), is
encountered when the excitation volume contains one or more
molecules on average at any time. In a confocal microscope,
this situation corresponds to sample concentration larger than
1 nanomolar (1 nM). In this regime, individual molecule bursts
cannot be distinguished anymore and are replaced by a highly
fluctuating signal I(t) centered on an average value <I>.

Analysis of the autocorrelation function (ACF) of these fluc-
tuations (δI(t) = I(t) − 〈I〉) [42], [43] can yield physical as
well as photochemical information (molecule size and concen-
tration, blinking or binding/unbinding rates) about the diffusing



molecules. They can also give access to the microsecond time
scale, intermediate between the nanosecond time scale acces-
sible by TCSPC measurements and the typical single-molecule
burst duration, of the order of 1 ms.

FCS techniques have the advantage of simplicity due to
the existence of plug-and-play hardware correlators and well-
established data analysis methods. They are also capable of
detecting populations of molecules with sufficiently different
sizes, the ACF of a mixture being a weighted sum of the ACFs
of each population [42], [43]. We will not address this topic
here.

III. SIGNAL-TO-BACKGROUND AND SIGNAL-TO-NOISE RATIOS

IN SINGLE-MOLECULE BURST ANALYSIS

Single-molecule fluorescence experiments represent a very
particular case of low-light level situation: the single-molecule
signal is low (a few hundred photons at most), brief (a few
millisecond or less), and sparse (a burst every few tens of mil-
lisecond). In this regime, it is important to carefully examine
all possible sources of background and noise, as well as their
respective contributions to the SNR and SBR. There are two
main sources of background counts: the sample and the detec-
tor. Whereas the user can try to reduce sample background, it is
never totally absent. On the detector side, there are two sources
of background signal: dark count and afterpulsing, whose origin
and characteristics will be discussed in the next section. As both
SNR and SBR play an important role in signal detection and data
analysis, it is useful to examine all components of the recorded
detector counts and their influence on the SNR and SBR, before
discussing how the latter affect single-molecule experiments.

A. Signals

Counts recorded by a photon-counting detector during a
single-molecule burst can have different sources:

1) The detector spontaneously generates dark counts, which
can be characterized by a temperature- and excess bias
voltage-dependent count rate nD (see Section IV). Given
a duration τ , the average number of dark counts, ND , is:

ND = nD τ. (3)

2) A single-molecule may have a variable emission rate de-
pending on a number of optical and photophysical pa-
rameters, which will mainly depend on its location with
respect to the center of the excitation spot. Far away from
the spot, the collected single-molecule photon rate nS

P (t)
is negligible, while it can reach several 100 kHz at the cen-
ter of a focused laser beam in a confocal microscope [see
Fig. 2(a) for examples of typical single-molecule bursts].
The rate varies stochastically due to diffusion and other
possible phenomena such as conformational fluctuations,
photophysics, etc., resulting in a total number NS of de-
tected single-molecule photons during a burst:

NS = η

∫ stop

start
nS

P (t) dt = η n̄S
P τ, (4)

where η is the average detector PDE in the wavelength
range selected by the optics in front of the detector, n̄S

P

Fig. 2. (a) 100 ms segment of a single-molecule time trace (black, bin: 1 ms)
corresponding to a 30 pM solution of ATTO550-labeled dsDNA molecules.
The detector used was one of the SPAD of the 8-SPAD linear array discussed
in the text. Incident 532 nm laser power on the LCOS spatial light modulator:
320 mW. The gray boxes identify bursts detected according to the algorithm
discussed in the text. Notice the very low background rate visible in between
the bursts and the large count rate of single-molecules diffusing through the
excitation/detection volume. (b) Histogram of SNR (gray, filled histogram) and
SBR (black) corresponding to the time trace shown in part in (a).

the average photon rate impinging on the detector during
the burst, and τ the burst duration, both depending on the
burst under consideration.

Note that the definition of the beginning and end of a
burst is not a trivial task and is to some extent arbitrary.
We will get back to this issue in a later paragraph and
simply assume for the time being that bursts have already
been identified, each one being characterized by its own
specific duration τi and total detected counts.

3) In addition to signal coming from single-molecules dif-
fusing through the excitation volume, photons emitted
by out-of-focus molecules, impurities or scattering pro-
cesses contribute an average background photon rate, nB

P ,
incident on the detector. The resulting average number
of background counts during a single-molecule burst of
duration τ is therefore:

NB = η nB
P τ. (5)

4) Finally, detector afterpulsing (discussed in Section IV)
will add an average fraction ε (� 1) to the total number



of counts, irrespective of their origin:

NA = ε (NS + ND + NB ) . (6)

Formally, we can clump together the dark count, sample back-
ground and afterpulsing rates into a single total background rate
nB

T :

nB
T = nD + ηnB

P + nA , (7)

where nA = NA/τ . This rate turns out to be the only one of
practical interest in experiments (see next section).

The total number of counts during a burst, N, is the sum of
these four quantities NS , ND , NB and NA :

N = NS + ND + NB + NA = (1 + ε) (NS + ND + NB ) .
(8)

There is obviously no possibility to experimentally identify
the source of a particular count (signal, sample background,
dark count or afterpulsing). We can nonetheless formally define
the SBR and SNR for each burst as follows.

B. Signal-to-Background Ratio

In single-molecule measurements, the only relevant SBR is
that measured for individual bursts. Due to the stochastic nature
of diffusion (as well as other possible dynamics), each burst has
a different duration and photon count, therefore a potentially
wide range of SBR is expected, as illustrated in Fig. 2(b). For a
given burst, the theoretical SBR is simply given by:

SBR =
NS

ND + NB + NA
, (9)

which can be rewritten as:

SBR =
SBR0

(1 + ε) (1 + α) + ε SBR0
, (10)

where we have introduced the burst signal-to-background ratio
before detection (a characteristic of the sample and optical setup
only), SBR0 :

SBR0 =
n̄S

P

nB
P

, (11)

and dark count rate to detected background rate ratio:

α =
nD

ηnB
P

. (12)

SBR0 is the best signal-to-background that can be expected
from the burst under consideration, given the sample back-
ground and average burst emission rate. A typical experimen-
tal distribution of SBR for single-molecule bursts is shown in
Fig. 2(b), with a peak at SBR�15 and some bursts exhibiting
SBR > 30.

From Eq. (10), it is clear that for typical values of ε of the
order of 1% or less and SBR0 < 10, the SBR depends very
little on the afterpulsing probability, but is potentially sensitive
to values of α of the order of 1. Since α (Eq. (12)) depends on
detector parameters (dark count rate, nD , and PDE, η) as well
as sample parameters, we will discuss their respective influence
on SBR when reviewing detector parameters in Section IV.

These theoretical definitions cannot be used directly in exper-
imental measurements, due to the unknown source of individual

counts, therefore a practical definition needs to be provided. The
total experimental background rate nB

T ,exp can be estimated by
considering interburst regions. The experimental burst SBR can
then be computed from the total number of recorded counts in
the burst, N, its duration τ and the afterpulsing probability, ε,
as:

SBRexp =

(
1 + ε

N

nB
T ,expτ

)−1(
N

nB
T ,expτ

− 1

)
∼ N

nB
T ,expτ

− 1.

(13)

C. Signal-to-Noise Ratio

In single-molecule burst measurements, like for the SBR, the
relevant SNR is computed at the single-burst level and thus
only involves counts collected during the burst duration. Since
all the underlying processes are Poisson processes (the single-
molecule signal itself being an inhomogeneous Poisson pro-
cess), the noise, defined as the root-mean-square of the total
counts, is given by:

noise = N 1/2 = (1 + ε)1/2 (NS + ND + NB )1/2 , (14)

and the SNR by:

SNR = NS (1 + ε)−1/2 (ND + NS + NB )−1/2 . (15)

We obtain the standard relationship between SNR and SBR:

SNR =

√
ηnS

P τ√
1 + SBR−1

. (16)

Eliminating τ from this expression, we can rewrite it as:

SNR = SNR0

(
η

1 + ε
× 1 + SBR0

1 + α + SBR0

1/2

, (17)

where we have introduced the signal-to-noise before detection,
SNR0 :

SNR0 =
(

n̄S
P τ

1 + SBR−1
0

1/2

. (18)

These apparently unwieldy expressions have the advantage
of separating sample plus experimental setup properties (SBR0
and SNR0) from detector characteristics (η, ε), with the addi-
tion of α (Eq. (12)), the ratio of detector dark counts to detected
sample background counts. We will use these expressions when
discussing detector characteristics, in order to study their influ-
ence on SBR and SNR at the end of Section IV.

D. Single-Molecule Burst Detection

The importance of SBR and SNR in single-molecule exper-
iments is twofold. On one hand, a good SBR facilitates iden-
tification of bursts. On the other hand, the relative uncertainty
(standard deviation to mean ratio) of single-burst observables
such as the FRET efficiency ratio (Eq. (2)) in a two-color ex-
periment, decreases for large SNR. Since SNR increases with
increasing SBR (Eq. (16)), large SBR and SNR are highly de-
sirable.

It is beyond the scope of this article to discuss in detail the
influence of SNR and SBR on burst detection and analysis.



Fig. 3. Probability that the observed SBR calculated over n photons cor-
responds to background. To guarantee that the observed SBR is not due to
background (i.e., that it is due to a single-molecule burst), a smaller SBR needs
to be observed when a larger number of photons are used for the estimation.

The following is a brief summary of the main results of the
literature, which the interested reader is invited to consult for
details.

The definition of a single-molecule burst is to some extent
arbitrary [44]. A molecule entering and exiting the excitation
volume and reentering it again after a few ms could indeed be
considered as two bursts or as a single one, depending on the
intended purpose of the analysis [45]. If the molecule is ex-
pected to change state over a time scale longer than the average
burst duration, fusing two consecutive bursts emanating from
the same molecule in different states could provide a confusing
observable. On the other hand, if no such change is expected, it
might be advantageous to sum the signal of the two consecutive
bursts in order to increase the signal NS [as done for the first
burst in Fig. 2(a)]. In doing so, the SBR would decrease com-
pared to the largest SBR of the original bursts, but the overall
SNR would in general increase.

A common burst definition criterion consists of looking for
regions of the stream of detector counts exhibiting a local count
rate significantly larger than the average total background rate
nB

T , where the local count rate rn (ti) around count i (with
time coordinate ti) is estimated using a number n = 2p + 1 of
consecutive counts [20], [14]:

rn (ti) = n/ (ti+p − ti−p) . (19)

The criterion for the observed rate to not be due to background
photons only (and therefore to be most likely due to a burst),
can be expressed as an implicit condition on the minimum local
signal-to-background ratio (see supporting information of [14]
for details):

SBRn = rn nB
T − 1. (20)

This relation is represented on Fig. 3 for different values of
n as a function of the local SBR, SBRn . For instance, if n = 11
photons are used (plain curve), a SBR larger than 2 is sufficient
to ensure that the counts are due to a single-molecule burst
(background probability <3.10−3). With n = 5 (small dashed
curve), this threshold would be increased to 4 to ensure this with
a confidence level of 99%. In other words, relatively modest
local SBR are needed to be able to unambiguously identify
single-molecule bursts.

E. Single-Molecule Burst Analysis

The precise influence of SNR and SBR on single-burst data
analysis will depend on the type of observable studied and can
become rapidly complex. In the case of FRET efficiency, which
involves counts from (at least) two different spectral channels
(Eq. (2)), the problem is compounded by the existence of two
distinct sets of count rates, and sample as well as detector pa-
rameters. However, the exact dependence of the observable on
single-molecule burst SNR and SBR is not critical, because
single-molecule data analysis is always performed on large num-
bers of single-molecule signals. In other words, single-molecule
bursts are accumulated over time and their individual observable
values are histogrammed. Consequently, we are interested in the
distribution of SNR and SBR values [Fig. 2(b)] rather than in a
particular molecule’s SNR and SBR.

Since the overall variance of the observable distribution will
obviously be improved if the SNR (and/or SBR) of all bursts
is improved, we will later examine which detector parameters
can be optimized to globally improve the SNR or SBR of most
molecules.

IV. KEY DETECTOR PARAMETERS

According to Eq. (17), given a SNR and a SBR before de-
tection equal to SNR0 and SBR0 , the ideal photon detector for
SMFS applications would feature 100% photon detection effi-
ciency (η = 1), zero dark count rate (α = 0, see Eq. (12)) and
no afterpulsing (ε = 0). Though such requirements cannot be
strictly fulfilled, they can be fairly well approached by good
SPAD devices coupled to suitably designed quenching circuits
[46]. PDE, dark count rate and afterpulsing are however not
strictly independent and any “tweak” aimed at improving one
will generally affect the others. Understanding their origin and
which parameters control their behavior is therefore key to opti-
mizing them simultaneously for single-molecule applications. A
complete overview of the key performance parameters is given
in the following.

A. Photon Detection Efficiency

The PDE is the probability with which an incident photon trig-
gers an avalanche (true detection event). Besides the physical
phenomena that determine the performance of semiconductor
photodiodes in general (reflection, absorption, etc.), other phys-
ical effects have key importance in SPADs. For a photon to
be detected, not only it must be absorbed in the detector’s ac-
tive volume and generate a primary electron-hole pair. It is also
necessary that the primary electron-hole pair succeeds in trig-
gering an avalanche. The avalanche triggering probability, ηat ,
depends on both the device structure and the excess bias voltage
(or overvoltage) VE , i.e., the difference between the reverse bias
voltage and the breakdown voltage [46], [47]. Theoretical and
experimental studies [48], [49] have shown that this probability
first increases linearly with low VE and then tends to saturate at
high VE .

Fig. 4 shows the PDE as a function of wavelength for several
SPAD detectors manufactured with different technologies (see
Section V). Fig. 5 (dots) shows the typical dependence on excess
bias voltage of the PDE of one of the SPAD devices developed



Fig. 4. Photon detection efficiencies (PDE) of SPAD detectors manufactured
with different technologies. The PDE of a state-of-the art Hybrid Photodetector
[145] is shown for comparison. Curves were provided by the manufacturers. τ -
SPAD: SPAD module sold by PicoQuant GmbH, based on a thick reach-through
SPAD manufactured by Laser Components. SPCM-AQR: thick reach-through
SPAD manufactured by Excelitas Technologies. RE-SPAD: red-enhanced epi-
taxial SPAD developed by Politecnico di Milano. MPD: Former version of the
epitaxial thin SPAD manufactured by MPD. CMOS: 32×32 CMOS SPAD array
prototype developed by Politecnico di Milano (now available from MPD). HPD:
Hybrid Photo Detector prototype manufactured by Hamamatsu Photonics based
on a GaAsP photocathode. Commercial devices including this type of modules
are now available from different vendors.

Fig. 5. PDE at 550 nm wavelength ( �) and DCR (�) as a function of the
excess bias voltage for a 50 μm diameter SPAD fabricated in a custom epitaxial
technology [50] and operated at room temperature.

by our group [50], for which the photon detection efficiency, η,
at 550 nm can be modeled as:

η = η∞

(
1 − e−

V E
V C , (21)

with η∞ = 0.694 and VC = 4.23 V.

B. Dark Count Rate

The dark count rate (DCR) is defined as the number of
avalanche pulses per unit time that occur in the absence of inci-
dent photons. In SPAD devices operating at room temperature
or below, the dark count rate is dominated by thermal genera-
tion of carriers and by trap-assisted and band-to-band tunneling
processes in the depletion layer [51].

The total generation rate G per unit volume is given by:

G = Gtrap + Gbbt , (22)

where Gtrap is the contribution of transitions via localized deep
energy levels (also called traps), including the conventional
Shockley-Read-Hall thermal generation. Gbbt is the band-to-
band tunneling contribution [51]–[53]. It has been shown the-
oretically and demonstrated experimentally that Gbbt becomes
the dominant contribution only for electric field amplitudes
higher than 7·105 V/cm [52], [53]. This contribution can be
made negligible by properly reducing the peak electric field
within the active area of the SPAD device [50]. In this condi-
tion, the total generation rate per unit volume is given by:

G ≈ Gtrap = NT
en ep

en + ep
, (23)

where NT is the volume density of deep levels, en and ep are the
electron and hole emission rates, respectively. Both the quality
of the starting material and the technological processes used in
the device fabrication have a strong impact on NT and there-
fore on the generation rate G. Transition metal impurities are
the most common source of deep levels. Metal contamination
may occur during silicon handling, high-temperature heat treat-
ments or ion implantations. Unintentional contaminants as Fe,
Cu, Ti or Ni are usually found in silicon in concentrations
of �1011–1012 cm−3 [54]. In addition, the generation rate is
strongly enhanced by the electric field acting on deep levels
[52], [53], [55], [56]. Three different mechanisms cause the in-
crease of emission rates en and ep under the application of an
electric field: the Poole–Frenkel effect (this effect is present only
when the deep impurity level behaves like a Coulombic well,
i.e., the emission of electrons or holes ionizes the impurity), the
phonon-assisted tunneling, and the direct tunneling from deep
levels into conduction or valence bands. As a consequence,
even trace levels of metal impurities that would be normally un-
detectable with state-of-the-art analytical techniques might im-
pair the DCR performance of SPAD detectors, due to the inher-
ently high electric field within the depletion layer (�105 V/cm).
Under the simplifying hypothesis of one type of trap, the
DCR, nD expected from a SPAD can be calculated as follows
[57]:

nD =
ni

τg,0
Γeff Aw =

ni

τg,eff
Aw, (24)

where Γeff is an effective field enhancement factor that may
range from tens to thousands depending on the electric field
strength and on the trap type and spatial distribution [57];
ni = 1.45 1010 cm−3 is the intrinsic carrier concentration at
room temperature; A is the junction area, w is the depletion re-
gion width; and τg,0 is the low-field generation lifetime (tens of
millisecond in high quality silicon wafers [58]). Equation (24)
shows that manufacturing SPADs with low DCR and fairly wide
area requires a high quality fabrication technology, leading to a
consistent reduction of impurity concentration (i.e., a substantial
increase of τg,0) with respect to standard high-quality silicon.
In addition, the electric field profile within the depletion region
must be properly designed for ensuring a low value of Γeff and
negligible band-to-band tunneling effects. This reduces the de-
tector noise at room temperature and makes detector cooling
more effective in reducing the DCR [50].

Fig. 5 (squares) shows the DCR of a 50 μm diameter SPAD
fabricated in a custom epitaxial technology [50] as a function of
the excess bias voltage, VE . The DCR curve can be qualitatively



modeled as:

nD = n0
D

(
e

V E
V D − 1 , (25)

with n0
D = 1.75 Hz, VD = 4.64 V.

However, it is worth noting that not only the DCR, but also
the DCR dependence on temperature and excess bias voltage
may vary considerably in SPAD devices manufactured with the
same process. This is due to a combination of different factors,
namely: i) the spatially-variable electric field profile, ii) the dif-
ferent types of deep levels and their random spatial distribution
within the depleted region; iii) the dependence of the emission
rate on the electric field strength and on the temperature. There-
fore the validity of Eq. (25) is not general, but limited to a
specific SPAD sample.

C. Afterpulsing

Deep levels located at intermediate energies between mid-gap
and band edge may act as carrier traps. During each avalanche
pulse carriers can be trapped in these levels and subsequently
released with a statistically fluctuating delay, whose mean value
depends on the deep levels actually involved. The released car-
rier can re-trigger the avalanche, thereby generating correlated
afterpulses [46], [59].

The probability of detecting an afterpulse in the time inter-
val between t and t + Δt after an avalanche current pulse is
Pa(t)Δt, where Pa(t) is the afterpulsing probability density.
SPADs typically exhibit a multi-exponential afterpulsing prob-
ability density with longest decay lifetimes in the microsecond
range [59]. The total probability, ε, of observing an afterpulse
after the triggering of an avalanche can be calculated as follows:

ε =
∫ +∞

0
Pa(t)dt. (26)

The afterpulsing effect introduces a positive feedback loop
that can significantly increase the total dark count rate, un-
less the overall probability of generating an afterpulse is small.
Since the population of traps is far from saturation [59], [60], the
afterpulsing linearly increases with the charge that flows during
the avalanche pulse. Afterpulsing can be effectively reduced by
limiting the avalanche charge (hence the trapped charge) through
the use of mixed passive-active quenching circuits with minimal
parasitic capacitance added to the SPAD terminals [46].

If the trapped charge cannot be reduced to a sufficiently low
level, a feature of the quenching circuit can be exploited to
reduce the afterpulsing rate to negligible, or at least acceptable
level [46]. After an avalanche, by deliberately maintaining the
voltage at the quenching level during a so-called hold-off time,
Tho the carriers that are released during this period are prevented
from retriggering the device. In this case, the total afterpulsing
probability is given by:

ε =
∫ +∞

Th o

Pa(t)dt. (27)

At room temperature, a hold-off time ranging from few tens
to few hundreds ns is usually sufficient to reduce the total af-
terpulsing probability to 1% or lower. However, this approach
is less effective for SPADs operating at cryogenic temperatures,
since the trap-release process becomes slower [59], making the

required hold-off time much longer and seriously limiting the
dynamic range in photon-counting measurements.

Although the exact dependence of the total afterpulsing
probability on the excess bias voltage is quite complex, to a
first approximation it can be qualitatively modeled by a linear
relationship:

ε = β VE , (28)

with β � 2×10−3 (at Tho = 50 ns) for the SPAD device whose
DCR and PDE characteristics are represented in Fig. 5.

D. Timing Jitter

Picosecond resolution may be needed for time-correlated sin-
gle photon counting measurements, in which each photon is
timed with respect to the exciting laser pulse or other detected
photons [11]. In SPAD detectors, the onset of the avalanche
pulse is correlated with the arrival time of the photon that
generates the primary electron-hole pair. Due to various physi-
cal effects, the delay of the instant at which the onset is sensed
with respect to the true arrival time of the photon is not constant,
but subject to statistical fluctuations whose amplitude depends
on several factors, the main ones being the excess bias voltage,
the device structure and the device area [61]. The timing jitter is
usually quoted as the full-width at half maximum (FWHM) of
the photon detection time distribution or Instrumental Response
Function [11], [62].

SPAD devices with thick depleted region (20–30 μm) typi-
cally have significant timing jitter of 200–600 ps FWHM, which
is however adequate for most time-resolved single-molecule
experiments. SPADs with thin depleted region (1–2 μm) have
much narrower timing jitter, which can reach a few tens of ps
FWHM. This performance is comparable with that of the best
micro-channel plate (MCP) PMTs [11], and it may be useful in
demanding applications such as photon antibunching measure-
ments [63] or very short lifetime measurements as encountered
in electron transfer processes [64].

E. SPAD Parameter Optimization for SMFS

As a final remark, it is worth noting that in SPADs, PDE,
DCR and afterpulsing probability all increase with the excess
bias voltage VE , albeit at vastly different rates. The question
therefore arises whether VE can be optimized to improve the
SNR or SBR of single-molecule measurements. This question
can be addressed by combining the results of this section (Eqs.
(21), (25), and (28) with those of Section III ((10) and (17)).

The dependence of the ratio SNR/SNR0 on VE , using the
numerical parameters introduced in the previous paragraphs,
is shown in Fig. 6(a) for different sample signal-to-background
ratio before detection SBR0 and different incident sample back-
ground rate nB

P . The SBR0 values are taken from the distribution
shown in Fig. 2, while the sample background rates are typical
of single-molecule fluorescence experiments.

For each set of sample parameter (SBR0 , nB
P ), there is clearly

an optimum excess bias voltage VE maximizing SNR/SNR0 .
This optimal voltage is represented in Fig. 6(b) as a function
of nB

P for different values of SBR0 . Note that because of dark
counts and afterpulsing, the optimal SNR is lower than the
sample SNR0 . For low incident sample background rate nB

P

(typically when nB
P < n0

D ), the SNR is significantly degraded



Fig. 6. (a) Dependence of the detected SNR to sample SNR0 ratio as a function of excess bias voltage VE for different incident sample background rates nB
P ,

when the incident sample SBR0 = 3 (plain curves) or for different SBR0 when nB
P = 1 kHz (black curves, different styles). (b) Dependence of the relative

VE -optimized SNR on incident sample background rates (plain curves, left axis) and corresponding optimal excess bias voltage (dashed curves, right axis) for the
typical detected SBR to sample SBR0 ratios.

compared to SNR0 . For larger nB
P , the optimal SNR approaches

the sample SNR0 because the DCR at the optimal VE becomes
negligible. As expected, the optimal SNR/SNR0 ratio increases
with SBR0 .

In order to avoid any confusion, it is worth stating that these
trends do not imply that a large sample background rate is ben-
eficial! For a given incident signal, a larger sample background
rate will always decrease SBR0 (Eq. (11)) and SNR0 , every-
thing else being equal. However, a large sample background rate
renders the detector dark count rate negligible in comparison,
therefore allowing an increase of VE to be used in order to get
as close as possible to the sample SNR0 .

Importantly, Fig. 6 shows that, for a given sample nB
P , the

optimal excess voltage depends on the incident burst signal-to-
background ratio, SBR0 . Since experimentally, a distribution
of such values is expected [Eq. (11), Fig. 2(b)], no excess bias
voltage can in principle optimize the SNR of all bursts. Luckily,
SNR is not too sensitive to the exact value of the excess bias
voltage, making such an optimization a realistic goal.

For instance, if a typical incident background rate of nB
P =

1 kHz is observed, an excess bias voltage VE ∼ 9 V optimizes
the SNR for bursts such that SBR0 = 10 [Fig. 6(b)]. Fig. 6(a)
shows that the resulting SNR/SNR0 is in fact close to optimal
for a large range of SBR0 (1 < SBR0 < 30) representative of
most of the observed bursts. However, since SBR is a decreasing
function of VE , any adjustment aimed at increasing SNR may
also reduce SBR and thus slightly affect the bursts detected
using the criterion of Eq. (20). A trade-off between these two
effects will obviously be needed, whose discussion goes beyond
the scope of this article.

The previous analysis shows that, in the case of single-
molecule burst fluorescence, adjusting the excess bias voltage of
the detector after estimation of the sample background rate nB

P
and typical burst SBR0 might be advantageous in some cases,
and can be straightforwardly adapted to different experimental
criteria.

V. AVAILABLE SPAD TECHNOLOGIES

Silicon SPADs have been extensively investigated and are
now well developed. Considerable progress has been achieved

in SPAD design and fabrication techniques, and devices with
good characteristics are commercially available for applications
across the visible spectral range, up to 1 μm. The SPAD devices
reported to date can be grouped in three categories, depending
on their fabrication technology:

1) non-planar SPADs fabricated in a custom technology;
2) planar SPADs fabricated in a custom technology;
3) SPADs fabricated in standard complementary metal-

oxide-semiconductor (CMOS) technologies.
Their features and performance will be reviewed in the fol-

lowing sections.

A. Non-Planar SPAD Devices Fabricated
in a Custom Technology

The SlikTM device devised by R. J. McIntyre and P. Webb at
the former RCA Optoelectronics (now Excelitas Technologies
Corporation), are employed to produce highly successful single-
photon counting modules (SPCM-AQR) [47], [65]. The device
represents a remarkable evolution of the previous reach-through
avalanche diode structure pioneered by the same team [66], [67].
It is built in special ultra-pure high-resistivity silicon wafers
with a dedicated technological process; various device features
and technological process steps are proprietary and covered by
patents [68], [69]. The active area of the detector is fairly wide
(diameter about 180 μm). The breakdown voltage is high and
strongly varies from sample to sample over a wide range from
250 to 500 V. Thanks to the thick depletion layer (20–30 μm),
the PDE is very high in the visible region and fairly good in
the NIR up to about 1 μm. The typical value is significantly
higher than 50% over the entire range from 540 to 800 nm
(see Fig. 4) [65]. Notwithstanding the remarkable volume of
the depletion layer, the DCR is very low, ranging from a few
ten to a few thousand Hz at –15 °C silicon chip temperature.
The afterpulsing probability is also strongly reduced, typically
well below 1%. The timing performance is modest: the IRF has
a relatively broad peak with about 450 ps FWHM with count
rate-dependent walk [63]. However, a significant improvement
in the timing performance can be gained by focusing the light
at the center of the active area and by using the current pick-up
circuit discussed in [70].



Devices similar to the SlikTM have been recently devel-
oped by Laser Components Inc., USA. First generation devices
have been exploited in commercially available τ -SPAD photon-
counting modules (PicoQuant GmbH, Germany) [71], [72]. A
second generation of these devices, having similar PDE but
larger active area (500 μm diameter) and reasonably low timing
jitter of about 200 ps FWHM [73], [74], are available in the
id-120 photon counting modules (ID Quantique SA, Geneva,
Switzerland) [75].

The SlikTM devices have very good performance, but also a
number of practical drawbacks. Due to the high breakdown volt-
age, the power dissipation during the avalanche is high, from 5
to 10 W, and very effective cooling of the detector under normal
operating conditions is mandatory (with Peltier stages, or other
means) [47]. The special fabrication technology is inherently
complex, the production yield of good devices, low, and the
cost, high. The devices are delicate and degradable, and inte-
grating multiple detectors, or associated circuitry, is out of the
question.

B. Planar SPADs Fabricated in a Custom Technology

During the past three decades, a number of custom planar
technologies have been developed for fabricating SPAD devices
with optimized performance [76]–[82]. A definite advantage of
these technologies is their inherent suitability for the fabrication
of SPAD arrays.

Continued improvement of the planar epitaxial technology
described in [77] made it possible to reliably fabricate SPAD
devices with large active-area diameters (up to 500 μm), pro-
viding an excellent compromise between breakdown voltage
(typically around 30 V), PDE (50% peak at 550 nm, declining
to 25% at 730 nm, and 12% at 850 nm wavelength), DCR (from
a few Hz to a few kHz at −15 °C for SPAD diameters ranging
from 50 μm to 500 μm), total afterpulsing probability (about
1% at −15 °C), and timing jitter (better than 40 ps FWHM).
These custom SPAD devices are now exploited in commer-
cially available photon detection modules from Micro Photon
Devices [83].

New developments in planar-epitaxial SPAD technology are
mainly concerned with the improvement of the PDE in the red
wavelength range (600 to 900 nm), either by incorporating a
resonant cavity in the device structure [84] or by increasing the
thickness of the absorption region [85]. The latter approach re-
sulted in a red-enhanced (RE) SPAD device having a separate
absorption and multiplication structure. This structure provides
a thick (about 10 μm) absorption region with low electric field
(hence no multiplication and negligible field-enhanced carrier
generation) and a shallow multiplication region with a peaked
electric field profile (devised to enhance the avalanche triggering
probability and to reduce the photon timing jitter). The electric
field profile in the two regions was designed to achieve the op-
timal trade-off between operating voltage, avalanche triggering
probability (thus PDE), DCR, and timing jitter. Experimental
measurements on 50 μm RE-SPAD devices showed a signifi-
cantly improved PDE in the red region, reaching 40% at 800 nm
wavelength (i.e., a factor 2.5 higher than the PDE of standard
planar SPADs) and 60% at 550 nm wavelength. The devices
exhibit a remarkably low DCR less than 1 kHz at room temper-

ature, decreasing to a few ten Hz at 5 °C. Although the active
volume of RE-SPADs is considerably larger than that of stan-
dard SPADs due to the increased thickness of the absorption
layer, the DCR of the two detectors is comparable at room tem-
perature. The thicker absorption region of the RE-SPAD does
not significantly contribute to the DCR, since the low electric
field practically rules out field-enhanced generation of carriers.
The dominant contribution to the DCR comes from the high-
field multiplication region, whose design remained substantially
unchanged. A timing jitter of 93 ps FWHM was obtained at room
temperature, which is larger than the typical figure of standard
SPADs (30–50 ps). This is due to the increased thickness of the
absorption and drift region, resulting in increased transit times
for photo-generated electrons of about 10 ps/μm at the satura-
tion speed of 107 cm/s. Since photons are absorbed randomly in
the drift region, a timing jitter of about 100 ps FWHM can be
attributed to the 10 μm thick absorption region. Total afterpuls-
ing probability lower than 1.5% was measured over the entire
temperature range of operation.

C. SPADs Fabricated in Standard CMOS Technologies

Planar Si-SPADs with remarkable performance can nowadays
also be developed by fab-less laboratories, relying on industrial
microelectronic fabrication services of silicon foundries offering
advanced CMOS technologies. Photon-counting modules based
on SPAD devices fabricated in standard CMOS technologies are
commercially available from SensL [86] and IdQuantique [87].
Monolithic integration of SPAD devices and CMOS circuits
offers manifest advantages, from the availability of a fully sup-
ported, mature and reliable technology at reasonably low cost,
to the possibility of developing complete systems on chip with
a high degree of complexity. The mandatory requirement for
SPAD integration is that a suitable subset of fabrication steps
can be specified within a complex CMOS process flow and used
to build a planar p-n junction free from edge effects.

A number of small-area SPADs were obtained by independent
research groups first using a 0.8 μm high-voltage CMOS tech-
nology (HV-CMOS) [88]–[90] and then a 0.35 μm HV-CMOS
technology [91]–[94]. These 0.35 μm HV-CMOS SPADs ex-
hibit a moderate DCR (�1 kHz for a 20 μm detector) and a
maximum PDE of 35% at 450 nm wavelength when biased 4 V
above breakdown (Fig. 4). The PDE however drops to �20%
at 600 nm and it is small (<5%) at 800 nm [92]. An intrinsic
limitation of HV-CMOS SPAD devices comes from their “in-
verted” structure. Namely, the active p+n junction is formed
between an n-well (e.g., a standard high-voltage PMOS well),
and a shallow p+ implantation (e.g., a PMOS source/drain re-
gion). In this device geometry, visible and near-infrared photons
are mainly absorbed in the n-well region, thus generating holes
that act as avalanche triggering carrier. In silicon, holes have
a lower avalanche triggering probability compared to electrons
[49], leading to a reduced PDE.

CMOS technology with deep submicron (DSM) resolution is
mandatory for the fabrication of dense SPAD arrays with large
numbers of pixels, adequate fill-factor (i.e., the active-to-total
area ratio of a single pixel), and smart pixels which include
integrated electronics. However, a challenging basic issue must
be faced: the inherent features of DSM CMOS technologies,



namely the relentless trend toward higher doping levels, lower
thermal budget, and thinner p- and n-well layers, conflict with
SPAD detector performance. The smaller depth of carrier-
collection layers limits the PDE, and the high electric fields
arising from higher doping result in strongly enhanced DCRs
due to band-to-band and trap-assisted tunneling effects. In ad-
dition, the reduced thermal budget and the lack of external get-
tering processes [95] also have adverse effects on afterpulsing.

Several SPAD structures in DSM CMOS technologies have
been demonstrated in recent years [96]–[100]. Richardson et al.
[101] recently introduced three SPAD structures based on a
novel retrograde buried n-well guard ring, capable of scaling
from 32 to 2 μm in diameter. A remarkable DCR of �100 Hz
for an 8 μm diameter SPAD devices was achieved at room tem-
perature with 0.8 V excess bias, a maximum PDE of 25% at
560 nm, and negligible afterpulsing. SPAD devices have been
demonstrated in 90 nm CMOS technologies, but with signif-
icantly lower performance [102]. A notable exception is the
90 nm SPAD device reported by Webster et al. [103], where
the deep n-well/p-epi junction is used as the active junction,
achieving a peak PDE of 44% at 690 nm and better than 20% at
850 nm. Timing jitter as low as 50 ps FWHM was demonstrated,
although the timing distribution was affected by a relatively long
diffusion tail.

The integration of SPAD devices and associated electronics
in submicron and deep-submicron CMOS technologies paved
the way for the fabrication of large SPAD arrays. Several array
detectors have been reported so far [89], [93], [94], [104]–[109]
with steadily increasing pixel numbers, and more and more
complex “in-pixel” integrated electronics and efficient readout
architectures. Guerrieri et al. [109] designed and fabricated a
high-speed single-photon camera based on a monolithic array
of 32 × 32 smart pixels fabricated in a 0.35 μm HV-CMOS
technology. Each pixel (100 μm × 100 μm) is a completely
independent photon-counting channel that includes a 20 μm
diameter SPAD, analog sensing and avalanche quenching elec-
tronics, digital processing for counting the incoming photons,
and memory and buffer stages for global shutter readout with
no dead-time. Better than 35% peak PDE is attained at 450 nm,
decreasing to 8% at 800 nm, with DCR in the range of 1 kHz
for more than 75% of the SPADs. The 32 × 32 SPAD array
can operate up to 100 000 frames/s with a dynamic range of 8
bits for counting. Noteworthy results have been obtained with
this detector in multi-channel FCS experiments [14]. However,
due in part to its limited sensitivity, detection of single-molecule
bursts turned out to be impossible [14].

A remarkable, fully-parallel SPAD array of 32 × 32 pixels
was recently developed in a 130 nm CMOS technology, ca-
pable of simultaneously evaluating the photon time-of-arrival
with a time-bin width of 119 ps and a 10 bit range [110]. The
array exploits 8 μm low-noise SPAD devices, having a median
DCR of �100 Hz and a peak PDE of 25% at 460 nm. Each
channel operates independently, and contributes to an overall
data rate from the chip of up to 10 Gb/s in time-correlated
operation mode. The fill-factor does not exceed 2%. To miti-
gate this limitation, an array of microlenses based on a design
described in [111] was used. This SPAD array was success-
fully used in wide-field fluorescence-lifetime imaging (FLIM)
[12] experiments in the blue/green wavelength range [110]. A

32 × 32 SPAD array [108] was used in combination with a
custom selective plane illumination microscope (SPIM) [112]
for performing FCS measurements [113], [114]. However, no
true single-molecule experiments have been reported so far with
these advanced SPAD array detectors, likely due in part to their
limited sensitivity.

VI. SPAD DETECTORS FOR SINGLE-POINT GEOMETRY

SINGLE-MOLECULE EXPERIMENTS

Although early single-molecule fluorescence experiments
were performed using PMTs [115], [116], the introduction
of SPADs for single-point geometry single-molecule detection
[117]–[119] and FCS [120], [121] significantly improved the
detection efficiency in the visible range and replaced high-
voltage, bulky detectors by more compact, robust and simpler
devices, permitting a rapid development of the field. Nowadays,
SlikTM SPAD (available in the SPCM-AQR modules by Exceli-
tas) and RE-SPAD (to be commercialized by MPD) offer the
best sensitivity. We compared these two devices in smFRET
experiments on freely-diffusing molecules using a single-spot
confocal geometry with either continuous-wave lasers (for
intensity-based FRET measurements using a μs-ALEX ap-
proach [28], [31]) or pulsed lasers (for lifetime-based measure-
ments using a ns-ALEX approach [32]). The samples consisted
of a common 40 base-pair (bp) long double-stranded DNA (ds-
DNA) backbone doubly-labeled with the donor (ATTO 550) on
one strand and the acceptor (ATTO 647N) on the other strand at
different bp distances in order to cover a wide range of FRET ef-
ficiencies [122]. For intensity-based measurements (μs-ALEX),
we have verified that, provided the size of the emission point-
spread function (PSF) is matched to the sensitive area of the
detectors, the detected count rates scale according to the mea-
sured PDE. This requirement is not very demanding, consider-
ing the relatively large size of the RE-SPAD (50 μm diameter,
compared to �200 μm diameter for the SlikTM SPAD). The
burst size distributions reflected the �15% difference in PDE at
670 nm in favor of the SPCM-AQR. However, this difference
turned out to have a negligible impact on the measured FRET ef-
ficiency E and on the shot-noise broadening of FRET histograms
[122].

For time-resolved measurements, the much narrower IRF of
the RE-SPADs (�90 ps FWHM compared to 330 ps FWHM for
the SPCM-AQR) did not provide any significant advantage in
the range of FRET values studied [122]. However, we were able
to verify that for very short fluorescence lifetimes such as that of
Erythrosin B (95 ps in aqueous buffer), the narrow IRF of RE-
SPADs is essential for accurate extraction of the correct decay
constant. This characteristic could be critical for lifetime-based
FRET measurements at large E-values (i.e., short lifetimes) or
photoinduced electron-transfer measurements [64], [123].

The single-point excitation/single-point detection design re-
sults in highly sensitive detection but requires in general long
acquisition times (typically tens of minutes per data point) in
order for sufficient statistics to be accumulated. This confines
SMFS to niche fundamental research and in general limits its
application to equilibrium state studies such as conformational
fluctuations occurring at time scales much shorter or longer
than the diffusion time and, with some additional efforts, at



intermediate time scales [22], [44]. However, fast irreversible
reactions cannot be studied by this approach, as they are over
before enough single-molecule bursts have been acquired. In
other words, only reactions with time scale significantly longer
than the minimum duration of a measurement (a few minutes or
more) can be conveniently studied in single-point detection ge-
ometry (see for instance [124], [125]). Furthermore, long acqui-
sition time poses significant throughput constraints for clinical
or biopharmaceutical applications. For instance, rapid response
to bacterial infection is critical for vital prognosis; therefore,
reducing the time needed for pathogen nucleic acid detection
by one order of magnitude or more would have immediate clin-
ical impact. Similarly, being able to quantify large numbers of
rare disease biomarkers in multiplexed single-molecule detec-
tion assays using minute sample amount would help simplify
early diagnosis and treatment of diseases.

A solution to this problem is to acquire the same kind of
data from several distinct locations in the same sample and
pool the data together in order to obtain the same statistics in
a shorter amount of time. In principle wide field observation
of immobilized molecules using total internal reflection (TIR)
microscopy could represent a solution [126]. However, (i) ad-
ditional chemistry is required to bind molecules to a substrate,
(ii) there is potential interference of the substrate with the at-
tached molecules and (iii) the temporal resolution of cameras is
limited. In practice, the best approach consists of multiplexing
data acquisition in solution, by simultaneously observing the
same sample at different locations (or observing several sam-
ples simultaneously) using an array of SPAD detectors. How-
ever, such an approach requires fundamental efforts in several
fields including excitation and collection optics, detector tech-
nology and data analysis, which can only be achieved through
a collaborative effort between research groups with different
expertise.

The next section describes our approach for high-throughput
SMFS resulting from the collaboration between our research
groups. Preliminary results illustrating the tremendous potential
of this technology will be presented as well.

VII. NEW DETECTORS FOR SINGLE DIFFUSING MOLECULES

MEASUREMENTS IN MULTISPOT GEOMETRIES

Parallelization is the simplest way to address the throughput
limitations of point-like detection. This problem was in fact ini-
tially encountered in fast confocal imaging and has received a
number of technical solutions in the past. Single-molecule de-
tection brings some peculiarities that make some of these solu-
tions inadequate. Parallelization is challenging because it needs
appropriate technology to: (i) create high-quality multispot exci-
tation patterns; (ii) detect the corresponding signals in parallel;
(iii) acquire this high-throughput data stream and process the
data efficiently. Parallel data acquisition and processing can be
suitably addressed by exploiting field programmable gate arrays
(FPGA) to implement real-time data reduction algorithms and
strategies. Multispot excitation and detection raise several tech-
nical challenges. We will therefore briefly discuss these points,
before presenting some results recently obtained with multipixel
(i.e., array) detectors.

Fig. 7. Multispot excitation and detection geometry requirements. On the
excitation side, spots need to be separated by at least the PSF dimension d. On
the detection side, the detector pitch L needs to match that of the spot times
the magnification, L = Ml, while the relation between detector and spot size
depends on the specific application.

A. Multispot Excitation

Multiple diffraction-limited excitation spots can be obtained
using different approaches, among which cascaded beamsplit-
ters [127], microlens arrays [128], digital micromirror devices
[129], diffractive optics element [130], spatial light modulators
[131] or zero-mode waveguides (ZMWG) [18] are a few proven
solutions. A first practical requirement is that each spot is suffi-
ciently far away from its neighbors to avoid cross-excitation and
detection of the same molecule by adjacent spots. A simple rule
of thumb to avoid this problem is to ensure that the inter-spot
distance, l, is at least a few time its diameter, d (Fig. 7) [132].

The spot size itself is defined based on the excitation PSF,
which to first approximation can be modeled as a 3-D Gaussian
slightly elongated along the optical axis. Noting σX Y ∼ 0.21
λ/NA the PSF’s standard deviation in the focal plane (d ∼ 2 ×
FWHM � λ/NA), the separation criterion can be expressed as
l > d ∼ 5σX Y . In practice larger separation may be needed to
reduce cross-talk.

B. Signal Detection Parallelization and Detector Alignment

Detectors used in multispot experiments need to be able to
collect light from each single spot, with minimum contamina-
tion from other spots emission. This can be achieved by using
detectors with distinct sensitive elements (or pixels) associated
with each individual spot. In this case, the detector’s geometry
should reflect that of the excitation spots, scaled up by the optical
magnification, M. In particular, the detector pitch, L (distance
between the center of sensitive areas collecting signal from
nearest-neighbor spots), divided by the optical magnification,
M, needs to match the spot separation, l. Since the minimum
spot size d is fixed by the focusing optics (NA) and excita-
tion/emission wavelength (λ), this previous constraint also fixes
the ratio between the diameter of the sensitive area of the detec-
tor, S and the size of the spot image, Md. This ratio, σ = S/Md,
can be interpreted as the detector size in image PSF unit or as
a reduced detector size. This is an important parameter in both
single-molecule burst detection and FCS applications, for which
the optimal values are different, but also of the order of one. In
other words, d being fixed by the excitation optics and sample
characteristics (wavelength), choosing the spot separation fixes



the pitch to size ratio (or aspect ratio, α = L/S) of the detector.
The magnification M can then be adjusted to ensure that the
optimal reduced detector size δ is used.

Obviously, the condition l > d results in L > S, which means
that the fill-factor of an ideal detector for single-molecule spec-
troscopy, π/4α2 < 1, a requirement that distinguishes these ap-
plications from traditional imaging applications, for which a
fill-factor as close to 1 as possible is generally sought.

Once the optimal parameters needed to match excitation
spot size and pitch to detector geometry have been selected, a
few more challenging steps are needed to ensure that single-
molecule signals will be efficiently collected. In particular,
aligning all excitation volumes with their respective detector
pixels happens to be a non-trivial task, as anyone having aligned
a single-spot single-molecule setup will easily understand. With
detector pixel sizes in the range of 10 to 100 μm, a task that is rel-
atively easy to accomplish at the single pixel level with standard
micrometer-resolution translation stages is rendered more chal-
lenging by the introduction of one or more additional degrees
of freedom for multipixel detectors, corresponding to the orien-
tations of the detector and its pitch. This additional alignment
complexity can be easily solved using a programmable pattern
generator allowing complete control on the position, scale and
orientation of the excitation pattern. A liquid crystal on sili-
con spatial light modulator (LCOS SLM) used in a direct space
pattern generation mode (rather than a Fourier space or holo-
graphic approach as commonly used) makes it straightforward
to either interactively or automatically orient and shift, as well
as adjust the pitch of simple patterns, as we and others have
recently demonstrated with 1D and 2D patterns [131], [133],
[134]. However, the alignment of more than one multipixel de-
tector to a common excitation pattern, as needed for multicolor
detection used in smFRET experiments, remains challenging.

C. Multipixel Detectors

A cornerstone for building a high-throughput and high-
performance SMFS setup is provided by a fully-parallel mono-
lithic array of SPAD detectors. We exploited the custom planar
epitaxial technology described in [50] to fabricate both linear
and 2-D arrays. The key advantage of this technology is the
availability of a highly doped isolation region that completely
surrounds the detector. As a result, each SPAD pixel is elec-
trically isolated from other pixels fabricated on the same chip
and, even more important, the direct component of the optical
crosstalk between adjacent pixels is reduced to less than 2%
[135], [136]. The adopted technology provides a rather thin de-
pletion region (�1 μm), resulting in a good PDE in the green
region of the visible spectrum. Work is ongoing to incorporate
the red-enhanced technology in SPAD arrays [137], in order to
improve the sensitivity at longer wavelengths.

1) 8-Pixel SPAD Array: The detector is comprised of eight
individual SPADs (diameter S = 50 μm, pitch L = 250 μm)
[138]. Their PDE is identical to that of single-SPAD detectors
manufactured by Micro Photon Devices (MPD, Fig. 4) and
peaks at 550 nm (PDE �50%), reaching �45% at 580 nm,
the emission peak of Rhodamine 6G (R6G) and ATTO 550
(Atto-Tec Gmbh, Germany), and only �30% at 700 nm, the
emission peak of ATTO 647N, dyes used in the experiments

Fig. 8. Schematic representation of the multispot setup. After laser beam
expansion, 8 separate spots are formed by a programmable LCOS-SLM, rec-
ollimated and directed into an inverted microscope, where a water-immersion
objective lens refocuses the spots into the sample. A 300 μm diameter pindot
was used to block the fraction of unmodulated light reflected off the LCOS.
The 8–spot emission signal is focused by the microscope tube lens and relayed
by a multi-camera port system to two 8-pixel SPAD modules, after spectral
separation.

described below. TTL signals generated by each SPAD upon
photon detection were routed to a reconfigurable multichannel
counting board (PXI-7813R, National Instruments), which was
programmed to provide a time-stamp with 12.5 ns resolution
for each pulse. Data were asynchronously streamed to a host
PC using a communication bridge (PXI-PCI 8330, NI), saved to
disk and processed in real-time (time trace binning) or off-line
(ACF calculation, FRET histogram).

We first successfully demonstrated parallel FCS measure-
ments from 8 quasi-diffraction-limited spots separated by
�5 μm using a sample of R6G molecules diluted in various
concentration of sucrose in aqueous buffer [131], [139]. During
the course of FCS experiments, study of a much less concen-
trated sample of R6G (100 pM) yielded intensity time traces
exhibiting clear single-molecule bursts [131].

We therefore moved on to single-molecule FRET experiments
using first a single 8-SPAD array (one half of which was ded-
icated to a different color) for 4-spot measurements [133] and
then two 8-SPAD arrays to collect donor and acceptor photons
emitted from 8 spots [140]. In these experiments, a 532 nm
pulsed laser (IC-532–1000 ps, High Q Laser GmbH, Rankweil,
Austria, P > 1.5 W) and a programmable LCOS-SLM (model
X10468-01, Hamamatsu, Bridgewater, NJ, USA) with relay op-
tics, were used to generate a linear array of diffraction-limited
spots with software-adjustable pitch and orientation (see Fig. 8)
[140]. The fluorescence emission generated by molecules diffus-
ing through the 8 excitation spots was relayed by a multi-camera
port system (Tricam, Cairn Research, Kent, U.K.) to two 8-pixel
SPAD modules, after spectral separation. Each module was in-
dividually aligned so that each pixel’s active-area received the
emission signal from one of the conjugated excitation spot. We



Fig. 9. FRET histograms for the 7 bp sample (a) and the 27 bp sample (b). Each plot corresponds to one channel of the multispot system. A Gaussian fit (grey
line) of the FRET population and the fitted peak position (red dashed lines) are shown with the estimated FRET efficiency for each channel indicated in a text box.
Histograms for the donor-only sample are shown in light gray for comparison with the FRET histograms for the 27 bp sample.

developed an iterative and semi-automated strategy for precise
alignment of the linear arrays using a concentrated (100 nM)
Cy3B solution with significant signal in both channels [140].

We demonstrated the capabilities of this system by study-
ing the same FRET samples already investigated by using red-
enhanced SPAD detectors in single-point geometry (see Section
VI). In order to cover a wide range of FRET efficiencies [28], we
prepared 40 bp long dsDNA samples having a common “upper”
strand labeled with the acceptor dye (ATTO 647N) attached to
the 5’ end, whereas the donor dye (ATTO 550) was attached on
the complementary strand at five different positions, resulting
in a donor-acceptor separation of 7, 12, 17, 22 and 27 bp. Fur-
thermore, for comparison with the low FRET samples, a donor-
only sample using an unlabeled upper strand was prepared. It
is worth noting that compared to the single-point experiments
performed with RE-SPADs (see Section VI), multi-spot exper-
iments are more challenging since the PDE of the 8× 1 SPAD
array is significantly lower in the far red region of the spectrum
(Fig. 4). Therefore the low FRET efficiency molecules emitting
less red (acceptor) photons than donor photons are expected to
be difficult to distinguish from donor-only molecules. Fig. 9(a)
reports FRET efficiency histograms (one for each channel) for
samples having a donor-acceptor separation of 7 and 27 bp,
respectively the highest and the lowest FRET samples of the
series. In the 7 bp sample, we observed both a FRET population
peak and a donor-only peak (centered on E = 0). The donor-only
population was not present for the 27 bp sample and the FRET
histograms only showed a low-FRET peak. To demonstrate this
point, we also reported in Fig. 9(b) the measured histograms
for the donor-only sample (light grey), which showed peaks
exactly centered on the E = 0 value. The low-FRET peaks of
the 27 bp sample were thus clearly separated from the donor-
only peaks. Therefore, although we expected a lower sensitivity
on the multi-spot system for low-FRET samples, these results
demonstrated that FRET efficiencies as low as 0.1 could clearly
be identified.

These experiments illustrate some potential applications of
these (and future larger) arrays. For instance, higher throughput
measurement on a single sample can be achieved by averaging
the fitted parameters of measurements performed at n distinct
spots in parallel. In this case, the standard deviations of the fit-
ted parameters are reduced by a factor 1/

√
n. Alternatively, a

single measurement could be performed in n samples in paral-
lel. Although this is an exciting prospect for high-throughput
screening applications, one needs to keep in mind that it re-
quires the samples to be located at a distance l � αd from
one another in the object plane. For d � 0.5 μm and a typical
detector aspect ratio α � 10, this represents a 5 μm distance,
within reach of current microfluidic technology, but challenging
[141].

Ongoing improvements of the setup include increasing the
number of excitation spots as new SPAD arrays with more
pixels become available as well as implementing an ALEX
excitation scheme in order to be able to perform measurements
on lower FRET samples as well as distinguish between singly-
and doubly-labeled species.

2) 48-Pixel SPAD Array: Fig. 10(a) illustrates the micropho-
tograph of the SPAD array including 48 pixels arranged in 4 rows
of 12 detectors. By using one or more of these arrays combined
with commercially available camera multiport modules (e.g.,
OptoSplit III or TriCam, Cairn Research, UK), we can envi-
sion several detection geometries suitable for high-throughput
2- or 3-color smFRET/ALEX measurements [41], illustrated in
Fig. 10(b)–(d): 2-color, 2 × 24 channels [1 detector, Fig. 10(b)];
3-color, 3 × 16 channels [1 detector, Fig. 10(c)]; 3-color, 3× 48
channels [3 detectors, Fig. 10(d)]. In the latter case, the to-
tal number of channels to be monitored simultaneously is 144,
which is well within the capability of the PXI-7813R counting
board (160 channels, 20 million signals per second or MS/s). In-
deed, the average SMFS count rate per channel is rarely larger
than 100 kHz, which amounts to a maximum required data
(time-stamp) throughput of �14.4 MS/s.



Fig. 10. (a) Microphotograph of the 48-pixel SPAD array including 50 μm-
diameter SPAD pixels with a pitch of 500 μm. The chip size is 6.5 mm× 2.4 mm.
(b)–(d) Example of possible use of 1 to 3 detectors in 2 to 3-color experiments.
(b) 2-color, 2 × 24 channels (1 detector); (c) 3-color, 3 × 16 channels
(1 detector); (d) 3-color, 3 × 48 channels (3 detectors).

Two array formats were fabricated at the IMM-CNR sili-
con facility: i) 50 μm-diameter SPAD pixel with 500 μm pitch
and, ii) 25 μm-diameter SPAD pixel with 250 μm pitch [142].
While a smaller diameter is a definite advantage in terms of de-
tector noise, a larger diameter allows for an easier mechanical
alignment of the detector. However matching the pitch of the
excitation spots with the larger pitch of such a detector requires
a larger expansion of the light beam into the optical path and is
thus more prone to optical aberrations. This can in turn result in
a reduction of the collection efficiency [14]. The two different
structures have been designed to further investigate the trade-off
between these phenomena.

For each SPAD pixel, the anode is connected to a bonding pad
and made available for the connection to an external integrated
AQC (iAQC) [142], [143] by means of wire bonding. In contrast,
each cathode is connected to a common supply voltage by means
of an integrated resistor of about 2 kΩ, which is used to limit the
current flowing through the detector during the avalanche pulse.
This, in turn, reduces the afterpulsing probability to about 1%
and the optical crosstalk probability between adjacent pixels to
less than 2%.

We designed new iAQCs by using a highly-scaled, 0.18 μm
high-voltage CMOS technology, in order to reduce area occu-
pancy, power dissipation and dead time. Two iAQC arrays each
one including 32 elements were placed at the opposite sides of
the SPAD array to reduce the size and wiring complexity of the
printed circuit board.

To easily integrate the detector into the multispot single-
molecule setup, we developed a compact module for parallel
single photon-counting (see Fig. 11). The SPAD array and the
two iAQC chips (see Fig 11, zoom) are housed into a hermeti-
cally sealable chamber separated from the remaining part of the
module [142]. Sealing in a dry atmosphere makes it possible
to mount the SPAD array on a double-stage Peltier and to cool
the detector down to temperatures of about −20 °C, thereby re-
ducing the dark count rate of SPAD devices and increasing the
sensitivity of the instrument. A C-mount thread at the top of the
detector chamber allows for a simple and reliable connection to
the single-molecule optical setup.

Fig. 11. Picture of the 48-pixel SPAD array module. The SPAD array wire
bonded to two integrated AQCs is visible in the zoom. After [142] reproduced
with permission from the Society of Photo-Optical Instrumentation Engineers
(SPIE).

All the electronic circuitry needed for a proper operation
of the detection system is housed outside the sealed cham-
ber. An onboard FPGA (Xilinx Spartan 6, model SLX150)
is used to synchronize the 48 channels, time-stamp each de-
tected count with a time resolution of 10 ns and send this in-
formation to a remote PC at sufficiently high rate to avoid data
loss. Since the nominal detection rate is around 50–100 kHz
per channel and the time-stamping counter is 32-bit wide
(where 8 bits are used to identify the triggered detector) the
FPGA must be able to drive the USB connection to a rate of
20 MByte/s.

Preliminary measurements on the prototype module showed
that the PDE was comparable to that of the 8-pixel SPAD array.
The DCR was assessed by operating the 25 μm-diameter SPAD
array at room temperature and the 50 μm-diameter SPAD array
at −15 °C. For the 25 μm-diameter SPAD array, more than
90% of the devices have a DCR lower than 1 kHz, with just a
pixel having a DCR slightly higher than 7 kHz. For the 50 μm
diameter SPAD array, about 90% of the devices have a DCR
lower than 1 kHz, whereas the worst pixel has a fairly low DCR
of about 2.5 kHz.

Work is currently ongoing to incorporate the red-enhanced
technology in a SPAD array, which is not straightforward. In-
deed the increased thickness of the active region needed to
improve the detection efficiency at the longer wavelengths,
prevents from using the “junction isolation” process used in
the standard epitaxial technology to electrically isolate SPAD
pixels [137]. We addressed this limitation by replacing the
classical junction isolation with a dielectric isolation obtained
by etching deep trenches into the silicon substrate and refill-
ing them with silicon dioxide and poly-silicon. Besides pro-
viding the desired isolation, this structure is also compact,
easy to fabricate and suitable for further developments of the
detectors.

VIII. CONCLUSIONS AND PERSPECTIVES

The future progress of silicon SPADs will be mainly driven
by user demands for detector performance, which naturally set
requirements for the device design and fabrication technology.

Single-molecule detection is a demanding application requir-
ing a combination of high PDE and low DCR. It is prob-
able that such high-end applications will continue to rely
on SPAD devices fabricated with dedicated technologies. Fu-
ture developments in these technologies will likely focus on



improving the PDE in the red region of the spectrum. For ex-
ample, a combination of red-enhanced [85] and resonant-cavity-
enhanced [84] technologies might be used to develop frequency-
selective SPAD devices with unprecedented PDE at a desired
wavelength.

There is further room for improvement as far as SPAD ar-
rays are concerned. Work is ongoing in multiple directions to
increase the pixel number, extend the spectral sensitivity and im-
prove the photon-performance [137]. However, if on one hand
the custom planar technology has proven to be very promising
in term of sensitivity, on the other hand the number of SPAD
pixels which can be included in an array is limited to about one
hundred. Above that limit, the array design, implementation
and exploitation would become cost-prohibitive, overly com-
plex and in the end, of little use to the everyday single-molecule
biophysicist.

A substantial increase in the pixel number can be achieved by
resorting to more complex and sophisticated technologies, such
as advanced multi-wafers and three-dimensional technologies,
which make the integration of custom SPAD arrays with high
performance CMOS electronics for quenching/timing onto a
single device possible. Aull et al. [144] reported a fully parallel
laser radar imager based on a 64× 64 custom SPAD array cou-
pled to high-speed SOI CMOS circuits by using 3-D integration
techniques.

On the other hand, CMOS integration has enabled progres-
sively smaller feature sizes, to the point where it is now pos-
sible to envision extremely large imaging systems based on
SPADs. Standard CMOS technologies will definitely outper-
form custom SPAD technology in all applications requiring
a large number (>1000) of small pixels with good fill-factor
(>10%) and integrated electronics. Future research activity in
this area will be aimed at the development of denser arrays
with larger formats (>106 pixels) by exploiting sub-100 nm
CMOS technologies [102]. It appears likely that large CMOS
SPAD arrays of the type discussed here but with improved sen-
sitivity [103], coupled to microlens arrays [110] or designed to
achieve fill factors close to 100% by alternative architectures,
will play an important role in time-resolved photon-counting
imaging.

Single-molecule spectroscopy raises a number of interesting
challenges from a detector point of view. We have presented our
current efforts to take advantage of custom silicon technologies
to increase the throughput and information content achievable in
these experiments. Clearly, a lot more needs to be done to reach
optimal performance. What we have learned from our efforts is
that a dialog between detector developers and single-molecule
experimentalists is essential to optimize detector design and
performance, and inversely, knowing the existing potential of
detector technologies, suggests new types of experiments or
data analysis approaches.

At the same time, it is clear that many of the requirements
of single-molecule imaging and spectroscopy overlap with a
large number of other low-light level applications and therefore
ideal detectors for our purposes will certainly be used in many
others. The potential benefits of these technologies for biomedi-
cal, biopharmaceutical and biodetection applications in general
will hopefully motivate more research and development of these
novel detectors, as well as funding for this type of activities.
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[8] X. Michalet, S. Weiss, and M. Jäger, “Single-molecule fluorescence
studies of protein folding and conformational dynamics,” Chem. Rev.,
vol. 106, no. 5, pp. 1785–1813, May 2006.

[9] R. Roy, S. Hohng, and T. Ha, “A practical guide to single-molecule
FRET,” Nature Methods, vol. 5, no. 6, pp. 507–516, Jun. 2008.

[10] X. Michalet, O. H. W. Siegmund, J. V. Vallerga, P. Jelinsky, J. E. Millaud,
and S. Weiss “Detectors for single-molecule fluorescence imaging and
spectroscopy,” J. Mod. Opt., vol. 54, no. 2/3, pp. 239–281, Jan. 2007.

[11] W. Becker, Advanced Time-Correlated Single Photon Counting Tech-
niques. Berlin, Germany: Springer, 2005.

[12] J. R. Lakowicz, Principles of Fluorescence Spectroscopy, 3rd ed. New
York, NY, USA: Plenum, 2006.

[13] (2012). “Photocathode technology”, Application note, Hama-
matsu Photonics. [Online]. Available: https://www.hamamatsu.com/us/
en/technology/innovation/photocathode/index.html

[14] X. Michalet, R. A. Colyer, G. Scalia, A. Ingargiola, R. Lin, J. E. Millaud,
S. Weiss, O. H. W. Siegmund, A. S. Tremsin, J. V. Vallerga, A. Cheng,
M. Levi, D. Aharoni, K. Arisaka, F. Villa, F. Guerrieri, F. Panzeri, I.
Rech, A. Gulinatti, F. Zappa, M. Ghioni, and S. Cova, “Development
of new photon-counting detectors for single-molecule fluorescence mi-
croscopy,” Phil. Trans. R. Soc., B, vol. 368, no. 1611, pp. 20120035-1–
20120035-22, Dec. 2012.

[15] M. Eigen and R. Rigler, “Sorting single molecules. Applications to di-
agnostics and evolutionary biotechnology,” Proc. Nat. Acad. Sci. USA,
vol. 91, pp. 5740–5747, Jun. 1994.

[16] R. Kasper, B. Harke, C. Forthmann, P. Tinnefeld, S. W. Hell, and M.
Sauer, “Single-molecule STED microscopy with photostable organic
fluorophores,” Small, vol. 6, no. 13, pp. 1379–1384, Jul. 2010.

[17] C. Eggeling, C. Ringemann, R. Medda, G. Schwarzmann K. Sandhoff,
S. Polyakova, V. N. Belov, B. Hein, C. von Middendorff, A. Schöle, and
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