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Abstract: Over the years, fluorescence microscopy has evolved and has become a necessary element
of life science studies. Microscopy has elucidated biological processes in live cells and organisms, and
also enabled tracking of biomolecules in real time. Development of highly sensitive photodetectors
and light sources, in addition to the evolution of various illumination methods and fluorophores,
has helped microscopy acquire single-molecule fluorescence sensitivity, enabling single-molecule
fluorescence imaging and detection. Low-light photodetectors used in microscopy are classified into
two categories: point photodetectors and wide-field photodetectors. Although point photodetectors,
notably photomultiplier tubes (PMTs), have been commonly used in laser scanning microscopy
(LSM) with a confocal illumination setup, wide-field photodetectors, such as electron-multiplying
charge-coupled devices (EMCCDs) and scientific complementary metal-oxide-semiconductor (sC-
MOS) cameras have been used in fluorescence imaging. This review focuses on the former low-light
point photodetectors and presents their fluorescence microscopy applications and recent progress.
These photodetectors include conventional PMTs, single photon avalanche diodes (SPADs), hybrid
photodetectors (HPDs), in addition to newly emerging photodetectors, such as silicon photomultipli-
ers (SiPMs) (also known as multi-pixel photon counters (MPPCs)) and superconducting nanowire
single photon detectors (SSPDs). In particular, this review shows distinctive features of HPD and
application of HPD to wide-field single-molecule fluorescence detection.

Keywords: low-light photodetectors; fluorescence microscopy; time-resolved fluorescence microscopy;
hybrid photodetector (HPD); single-molecule fluorescence detection

1. Introduction

The development of the light microscope has enabled investigation of the fine struc-
tures of biological specimens under magnification. In recent decades, fluorescence micros-
copy—a form of highly sensitive optical microscopy—has evolved and is a necessary ele-
ment of life science studies [1-3]. Microscopy has elucidated biological processes in vitro
and in vivo, and also enabled tracking of biomolecules in real time. Development of highly
sensitive photodetectors and light sources, in addition to evolution of various illumination
methods and fluorophores, has helped microscopy acquire single-molecule fluorescence sen-
sitivity, enabling single-molecule fluorescence imaging and detection [4-7]. Single-molecule
fluorescence microscopy led to the emergence of super-resolution microscopy [8-10].

Low-light photodetectors used in fluorescence microscopy are classified into two cate-
gories: point photodetectors and wide-field photodetectors [5,11]. Point photodetectors,
notably photomultiplier tubes (PMTs), are most commonly used in laser scanning mi-
croscopy (LSM). The detectors are also used in point-like excitation and detection to study
freely diffusing biomolecules, such as protein molecules and nucleic acids (DNA and RNA)
in solution [11]. Wide-field photodetectors, such as electron-multiplying charge-coupled
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devices (EMCCDs) and scientific complementary metal-oxide-semiconductor (sCMOS)
cameras, are used in wide-field illumination and detection to study surface-immobilized or
slowly-diffusing biomolecules and organelles. These biomolecules and organelles include
protein molecules, nucleic acids, and lipids, and nucleus and mitochondria, respectively.
The two photodetectors are distinct in many aspects. Point photodetectors have high
temporal resolution (high sampling frequency) but have no spatial resolution without
scanning. Wide-field photodetectors, in contrast, have spatial resolution (typically sub-
micrometer precision) but are limited to relatively low frame rates. This review focuses on
low-light point photodetectors and presents their fluorescence microscopy applications
and recent progress.

In fluorescence microscopy, the fluorescence emission can be characterized not only
by intensity and position but also by lifetime [12]. Fluorescence microscopy uses two
fluorescence detection methods: steady-state and time-resolved fluorescence detection.
Time-resolved measurements contain more information than is available from steady-state
measurements. Fluorescence lifetime measurement by time-resolved detection provides
data that is independent of fluorophore concentration and allows us to obtain information
on the local ambient environment around the fluorophore, such as pH, ion concentra-
tions, temperature, and fluorescence resonance energy transfer (FRET) efficiency [13]. The
laser scanning fluorescence microscope, an indispensable imaging device in the biological
sciences, is one of the most widely used fluorescence microscopy. LSM with a confocal
illumination setup provides a base for various fluorescence microscopes using steady-state
and time-resolved fluorescence detection, such as two-photon microscopy and fluorescence
lifetime imaging microscopy (FLIM). This review introduces these point detectors, de-
scribes their operating principles, and compares their specifications. These photodetectors
include conventional PMTs, single photon avalanche diodes (SPADs), hybrid photodetec-
tors (HPDs), in addition to newly emerging multi-pixel photon counters (MPPCs) (also
known as silicon photomultipliers (SiPMs)) and superconducting nanowire single pho-
ton detectors (SSPDs). In particular, this review shows distinctive features of HPD, and
notes the applications of HPD to wide-field single-molecule fluorescence detection and the
development of multi-pixel photodetectors.

2. Fluorescence Microscopy

Fluorescence measurements are characterized by their high sensitivity, up to single-
molecule detection. Because biological samples commonly exhibit low contrast, fluores-
cence microscopy makes good use of fluorescence phenomenon to enhance the contrast.
Fluorescence microscopy acquires data of target biological samples through fluorescence
emissions characterized not only by intensity and position, but also by lifetime. Fluores-
cence microscopy uses the two fluorescence detection methods: steady-state and time-
resolved fluorescence detection. LSM with a confocal illumination setup provides a base
for various fluorescence microscopes using steady-state and time-resolved fluorescence
detection, such as two-photon microscopy and FLIM.

2.1. Fluorescence

Fluorescence is a photophysical phenomenon of the emission of light through the
excitation of a fluorophore from the ground state to an excited electronic state upon the
absorption of light, with the light energy equivalent to the energy gap between the two
states [10,12]. Figure 1 shows a Jablonski diagram that illustrates the electronic energy levels
of a fluorophore and the transitions between them are represented by arrows. Sy, S, and
Sy represent the singlet ground, and first and second excited electronic states, respectively.
The vibrational ground states and higher vibrational states of each electronic state are
illustrated with black and gray lines, respectively. The transition from the ground state to
the excited state by the light absorption occurs in less than 10~1° s. A fluorophore is usually
excited to some higher vibrational level of the excited state. The electron usually rapidly
relaxes to the lowest vibrational level of S;. This process is called internal conversion and
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Excited state

Ground state S

generally occurs within 10712 s. Then, the excited state is relaxed to the ground state in
a few nanoseconds (10~ s), which is accompanied by the radiation of the fluorescence
emission. Because internal conversion is generally complete prior to emission, the last
relaxation step to the ground state accounts for most of the overall process. Thus, the
relaxation time is called the fluorescence lifetime. The wavelength of the fluorescence is
longer than the excitation wavelength because the energy from the absorbed photon is
partially lost via non-radiative decay. This shift in wavelength is called the Stokes shift.
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Figure 1. Jablonski diagram for the electronic energy levels of a fluorophore and the transitions between them.

An electron in the S; state can also flip its spin thus creating the first triplet state Ty,
which is termed intersystem crossing. Transition from T to Sy is forbidden, thus the rate
constants for triplet emission (phosphorescence) are several orders of magnitude smaller
than those for fluorescence, which results in a long-lived dark state called blinking. While
in the Ty state, the fluorophore may experience photobleaching, which is an irreversible
fluorescence switching-off process.

Table 1 shows characteristics of several fluorophores commonly used in fluorescence
microscopy, including dyes, a quantum dot (Qdot) [14-16], and a fluorescent protein [17,18].
Photobleaching can be a representative photostability indicator of a fluorophore and the
higher resistance to photobleaching allows longer or brighter fluorescence observation.

Table 1. Characteristics of fluorophores commonly used in fluorescence microscopy.

Typical .. Molecular .
o Emission . . Resistance to
Fluorophore Excitation Wavelength Extinction Quantum Fluorescence Photoblea-
Wavelength (am) Coefficient Yield Lifetime (ns) Chin
(nm) (M~1em~1) 8
150,000
Cy3 532 570 (550 nm) 0.15 0.2 ++
250,000
Cy5 633 670 (649 nm) 0.28 0.9 ++
2,100,000
Qdot655 532, 633 ~655 (532 nm) 0.44 20 +++
Green
fluorescent 488 507 (458642?21) 0.60 2.3 +
protein (GFP)

The markings +, ++, and +++ indicate “poor,

”ou

moderate,” and “excellent,” respectively. Adapted with permission from [7].

2.2. Laser Scanning Fluorescence Microscopy (LSM)

Laser scanning fluorescence microscopy (LSM) is one of the most widely used forms
of biological fluorescence microscopy. LSM creates fluorescence images by sequentially
recording the fluorescence intensity of each pixel by scanning a focused laser beam across
a specimen using confocal optics to obtain only in-focus fluorescence. LSM with a confocal
illumination setup provides a base for various fluorescence microscopes using steady-
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state and time-resolved fluorescence microscopy. Figure 2 shows schematics of confocal
microscopy and fluorescence microscopy with confocal optics.
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Figure 2. Schematics of confocal microscopy and fluorescence microscopy with confocal optics: (a) confocal microscopy;
(b) two-photon microscopy; (c) fluorescence correlation microscopy (FCS); (d) fluorescence lifetime imaging microscopy (FLIM).

2.3. Confocal Microscopy

Confocal microscopy limits the observed volume to reduce out-of-focus signals. Min-
sky introduced the concept of confocal microscopy [19] and issued an original patent for
a microscope in 1961. In confocal microscopy, two pinholes that are conjugated in the
identical image plane are placed at a focal point in the light path. Light from outside of the
focal plane is not focused on the pinhole(s) and only fluorescence very near to the sample’s
focal point reaches the detector (Figure 2a). Thus, the confocal laser scanning microscopy
enables three dimensional reconstruction of specimens.

2.4. Two-Photon Micriscopy

Two-photon microscopy, which was first reported by the Watt W. Webb group in
1990 [20], makes use of the phenomenon that two photons are absorbed by a fluorophore
simultaneously. The fluorophore can be excited by light with one-half the energy of each
photon or twice the wavelength. The two-photon excitation light is generated by increas-
ing the photon density using a focused high-power femtosecond pulse laser (Figure 2b).
Fluorescence emitted from the focus point is detected by a point detector (commonly a
PMT) and a fluorescence image is acquired by LSM. Two-photon microscopy enables deep
imaging because the microscopy uses near-infrared laser excitation light that exhibits better
tissue penetration and collects the localized fluorescence signal.

2.5. Fluorescence Correlation Spectroscopy (FCS)

Fluorescence correlation spectroscopy (FCS) is also based on confocal optics with a
continuous wave laser(s) and monitors the mobility of molecules, typically translation
diffusion into and out of a small volume (Figure 2c) [12]. FCS analyzes time-dependent
fluorescence intensity fluctuations in a tiny observed volume on the order of femtoliter.

When a fluorophore diffuses (or fluorophores diffuse) into the illuminated volume,
a fluorescence burst is detected due to steady-state fluorescence emission from the fluo-
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rophore(s). If the fluorophore diffuses (or fluorophores diffuse) quickly out of the volume,
the burst duration is short, whereas if the fluorophore diffuses (or fluorophores diffuse)
more slowly the photon burst duration persists for longer. Correlation analysis of the time
series enables the diffusion coefficient of the fluorophore to be determined.

The fluorescence intensity fluctuation depends on the size and number of the molecules
passing through the illuminated volume, which provides information on biomolecular
interaction in vitro and in vivo.

2.6. Fluorescence Lifetime Imaging Microscopy (FLIM)

Fluorescence lifetime imaging microscopy (FLIM) is an advanced tool that maps the
fluorescence lifetime distribution through time-resolved fluorescence detection
(Figure 2d) [21,22]. The fluorescence lifetime can respond to changes in pH, tempera-
ture, and ion concentrations such as calcium concentration. Its capability to offer both
localization of target fluorophores and the fluorophores’ local microenvironment exhibits
its superiority to fluorescence intensity based steady-state imaging because the lifetime of a
fluorophore is mostly independent of its concentration. FLIM can be performed using the
time-domain method in which the sample is excited with a pulse laser, or the frequency-
domain method in which the sample is excited with intensity-modulated light, commonly
sine-wave modulation [12].

3. Single Point Detectors
3.1. Performance Indices
3.1.1. Dark Count

Dark count refers to the tiny flow of electricity in a photodetector operated under a
totally dark condition. This dark current should be minimized. Dark count is caused by
several phenomena that vary with photodetectors. The dark count of PMTs results from
thermionic emission from the photocathode and dynode, and ionization of residual gases
(ion feedback) [23]. The dark count of SPADs and SiPMs results from thermionic emission
from the depletion layer. The dark count of HPDs is negligible due to its high electron
bombardment gain. The dark count of SSPDs, which is low and dependent on the cooling
temperature and bias current [24], results from energy dissipation in the nanowire and the
blackbody radiation at room temperature through the optical fiber [25].

3.1.2. Instrument Response Function

The transit time and its fluctuation are the major determinants of the time response of
a photodetector [23]. The transit time refers to the travel time of the photoelectron. The
full-width half-maximum (FWHM) of the instrument response function is a standard for
the time response. Many detectors exhibit a non-Gaussian instrument response function.
The rise and fall times of a detector are evaluated from the waveform. Transit time spread
(TTS) is the fluctuation of the transit time of the single photoelectron pulse.

3.1.3. Afterpulse

Afterpulses are spurious pulses that may appear subsequent to the input signal [23].
An afterpulse is best characterized by the autocorrelation function of the detected pho-
tons. For vacuum tube-based photodetectors, positive ions generated by the ionization of
residual gases in a detector create afterpulses that appear several hundreds of nanoseconds
to several microseconds later than the input signal. This phenomenon is called ion feed-
back [23]. Among solid-state photodetectors, SPADs and SiPMs experience high afterpulse
noise with high count rate measurements. The afterpulse noise is generated by thermally
released trapped carriers [26]. HPDs and SSPDs are free of afterpulses.

3.1.4. Sensitivity

The sensitivity of a photodetector is largely determined by the quantum efficiency of
the photocathode material. Most photocathodes used in vacuum tube-based photodetectors
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are made of compound semiconductors. GaAsP exhibits the highest quantum efficiency in
the visible region (about 45%). A photocathode (extended red GaAsP) that is more sensitive
to a longer wavelength than GaAsP is available for Hamamatsu Photonic products. Silicon
and group III-V compound semiconductors, such as InGaAs and GaAs, are also used in
solid-state photodetectors. Figure 3 shows the spectral response of these photocathodes.

50
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Figure 3. Spectral response of photocathodes.

These photocathodes are usually used in a vacuum and under the ambient temperature
ranging from room temperature down to 273 K. As the ambient temperature is lowered,
the spectra slightly shift to shorter wavelength due to the bandgap broadening of the
semiconductors. Thus, the spectral response of these photocathodes does not change
significantly in the temperature range.

3.1.5. Active Area

The diameter or surface of the active area of a photodetector determines the observed
area. Confocal optics uses a pinhole in a plane conjugate with the image plane in the
sample—the light from the pinhole is easy to focus on a small point detector, such as a
SPAD [13]. Point photodetectors with a larger active area are often useful because the light
does not need to be focused and they can used to observe a large area without scanning.

3.2. Photomultiplier Tube (PMT)

Photomultiplier tubes (PMTs) are the most widely used point detectors in fluorescence
microscopy. A PMT is a vacuum tube that contains a photocathode, focusing electrodes, an
electron multiplier (dynodes), and an anode (Figure 4) [23]. Incident photons are absorbed
by the photocathode, which ejects primary electrons (~3 eV). The electrons are accelerated
by a high voltage to hit a series of dynodes. Then, additional electrons (5-10 electrons) are
ejected and exponentially amplified. The electron current is then detected by an external
electrical circuit. Typical PMTs have 8-10 dynodes with a cathode-to-anode voltage gap of
~1kV and current gain of 10° to 10.
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Figure 4. Schematic of a photomultiplier tube (PMT).

The main photocathodes used in PMTs are bi-alkali, with spectral response peaks
around 400 nm and range of up to 700 nm. The advent of the GaAsP photocathode
with its spectral response peak around 500 nm invigorated the LSM market because its
spectral response ranges from visible light (500-700 nm) to near infrared light (900 nm).
Laser scanning microscopes with a GaAsP photocathode were released to the market in
the late 2000s. Current laser scanning microscopes incorporate PMTs with these multi-
alkali photocathodes.

PMTs have been the leading low-light point photodetector for some time and, thus,
a large number of power supplies and signal processing circuits for them are available.
However, troubles can arise from unwanted noise generated by residual gas molecules (ion
feedback), and large variation in responsivity and gain caused by difficulty in controlling
metal evaporation to produce photocathodes and secondary electron surfaces. In addition,
single photons can be detected with PMTs, but discrimination of single versus multiple
photons is difficult.

3.3. Single Photon Avalanche Diode (SPAD)

The single photon avalanche diode (SPAD) is a solid-state photodetector composed of
three semiconductor layers, called p-layer, i-layer, and n-layer (Figure 5) [27]. The n-layer
has extra electrons, whereas the p-layer has holes. The average gain for an avalanche pho-
todiode (APD) is around 100, which is insufficient for single-photon detection. Therefore,
SPADs are usually operated in “Geiger-mode,” where an applied bias voltage is greater
than the diode’s breakdown voltage. Then, when a charge is generated by an incident
photon, the charge multiplication (or avalanche) occurs until it saturates corresponding to a
current typically specified by the components. These APDs with a single pixel are referred
to as SPADs, and those with multiple pixels are referred to as silicon photomultipliers
(SiPMs) or multi-pixel photon counters (MPPCs). Although Geiger-mode driven SPADs
are suitable for single photon counting, SPADs suffer several drawbacks. The active area
cannot be increased because fabrication of a large semiconductor surface increases the
number of defects. Geiger-mode driven SPADs have high dark counts due to the Geiger
discharge and high afterpulse noise. The dead time is relatively long (about 50 ns), during
which photon counting is inoperative because the mode needs to be reset for every single
photon detection. To reduce dark counts, SPADs are typically cooled to 210-250 K.
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Figure 5. Schematic of a single photon avalanche diode (SPAD).

3.4. Hybrid Photodetector (HPD)

The hybrid photodetector (HPD) is a hybrid of an avalanche diode (AD) and a pho-
tocathode, both of which are in a vacuum tube (Figure 6) [23,26,28-31]. When light is
incident onto the photocathode, photoelectrons are emitted from the photocathode. The
photoelectrons are then accelerated by a high negative voltage to directly bombard the AD
where electron-hole pairs are generated and the signal is amplified. The amplification is
termed “electron bombardment gain”.

= Signal output

Photan . e - ﬂ-

Fasdadtad

W

Avalanche dicde (AD)

Photocathode
Photocathode — AD reverse

supply voltage bias voltage
~—8kV ; ~0.4 kv

Figure 6. Schematic of a hybrid photodetector (HPD).

In the case of an HPD manufactured by Hamamatsu Photonics, the electron bom-
bardment gain is approximately 1500 with the photocathode supply voltage of —8 kV. The
signals of electron-hole pairs are further amplified to 80-fold (avalanche gain) by applying
a reverse voltage of about 400 V to the avalanche diode. Then, the total gain will therefore

be as much as about 120,000.

3.4.1. Features of HPD

HPDs have significant advantages over PMTs and other low-light photodetectors in
the detection of fluorescence, as discussed below. However, a few disadvantages of HPDs
also exist. The extremely high cathode supply voltage (—8 kV) is difficult to deal with,
which can be problematic when incorporated into systems.
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Low Afterpulse

HPDs have a notable feature of lower afterpulse due to their uncomplicated internal
structure. Therefore, the major cause of afterpulses, i.e., ion feedback, is highly unlikely to occur
in HPDs. Afterpulses evaluated for an HPD and a PMT are shown in Figure 7. This graph
shows the probability at which afterpulses may be generated by a single photoelectron
input. In contrast to the PMT’s multiple afterpulses in a time range from 100 ns to 1 ps, this
HPD exhibited only a small number of afterpulses in the time range.

3.0
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—— PMT
25
—
c
D 20
=
2 / i
g 15
S ol
-— 1.0 M AN A A
IS Aemrbobnel L A agng -
(0]
=
Q o5
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0.0
0.1 1 10 100 1000

Time (us)

Figure 7. Afterpulse noise of PMT and HPD [32]. The data were obtained through detection of single
photons from a continuous wave (CW) light source (wavelength = 470 nm). The cathode supply
voltage and the reverse voltage of HPD were —8 kV and 398 V, respectively.

Comparable low afterpulses have been reportedly achieved solely for superconducting
nanowire single photon detectors (SSPDs). These SSPDs have micrometer order active
areas and must be operated at a liquid helium temperature [25], as discussed in Section 4.2.

High Resolution of Photon Counting

HPDs exhibit better pulse height resolution than PMTs. Gain fluctuation of HPDs
is significantly lower owing to much higher electron bombardment gain (about 1500
at a photocathode supply voltage of —8 kV) than the first dynode gain of an ordinary
photomultiplier tube (typically as low as 5-10). The first gain mostly determines the
signal-to-noise ratio of the electron multiplication, which in turn represents the detector’s
capability to distinguish between one and multiple photons. As a result, HPDs offer high
resolution of photon counting. As shown in Figure 8, signal peaks that correspond to 1, 2,
3, 4, and 5 photoelectrons can be identified in the output pulse height distribution.

High Timing Resolution

Time response characteristics of HPDs are largely determined by the junction capac-
itance of the internal avalanche diode, provided the diameter of the internal avalanche
diode is around or larger than 1 mm. The internal avalanche diode with a diameter of
1 mm and a very low capacitance (4 pF), which is incorporated in the current HPD product,
realizes a fast response. Figure 9a shows the time response waveforms of an HPD and a
PMT. The FWHM for the HPD is 0.6 ns, which is smaller than that for PMT (1.6 ns).



Appl. Sci. 2021, 11, 2773

10 of 20

V]

Normalized output voltage

300
2 photoelectrons
1 photo- 3 photoelectrons
electron
250
4 photoelectrons
£ 200+
c
>
8 5 photoelectrons
O 150+
. |
+
100
50 -

O 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500 4000
Output pulse height (Channel #)
Figure 8. Output height distribution of an HPD [32]. The incident pulsed lights (wavelength =

470 nm) were adjusted to make the photocathode emit three photoelectrons on average. The cathode
supply voltage and the reverse voltage were —8 kV and 380 V, respectively.
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Figure 9. Time response characteristics of an HPD and a PMT [32]: (a) time response waveforms of an HPD and a PMT;
(b) transit time spread (TTS) of an HPD and a PMT. The data were obtained using a pulse laser (wavelength = 405 nm) with
a pulse width of 77 ps. The cathode supply voltage and the reverse voltage of HPD were —8 kV and 390 V, respectively.

The TTS determines the instrument response function of HPD. The following three
factors mainly affect the TTS for HPD: (i) the transit time within the photocathode; (ii) the
variation in the time taken for the photoelectrons to move in the vacuum from the pho-
tocathode to the avalanche diode; and (iii) the electron transit time within the avalanche
diode. The TTS for an alkali photocathode is about 50 ps [31]. The measured raw TTS for a
GaAsP photocathode in an HPD is about 113 ps, which is larger than that for alkali because
the GaAsP layer is thicker than the alkali layer. This raw TTS value included the laser pulse
width (77 ps) and temporal resolution of the measurement system (30 ps), so the net TTS
should be much smaller. Figure 9b shows the time response waveforms of an HPD and a
PMT. The raw TTS for the GaAsP photocathode in a PMT is 300 ps, which is larger than
that of an HPD. These characteristics are very important for time-resolved fluorescence
detection because it contributes to accurate fluorescence lifetime measurement.
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Large Active Area

HPDs have a large effective area of more than several millimeters in diameter, enabling
high photon collection efficiency. The active area of HPDs is comparable with that of PMTs,
which is a marked contrast to SPADs with an effective diameter of only 10 micrometers.

Table 2 lists the characteristics of PMTs, SPADs, and HPDs.

Table 2. Characteristics of point photodetectors [23,27,32].

Single Photon

Photomultiplier . Hybrid
Avalanche Diode
Tube (PMT) (SPAD) Photodetector (HPD)
Afterpulse High High Low

Transit time spread

(TTS) ~300 ps ~300 ps ~100 ps
Diameter of active ~5 mm ~several 100 um ~5 mm

area

Operating ~270K 210-250 K Room temperature
temperature

3.4.2. HPD and Fluorescence Microscopy

The features of HPDs mentioned in Section 3.4.1 show the preeminence of HPDs in
fluorescence microscopy applications, such as LSM, FLIM, and FCS. In practice, HPDs
are incorporated into commercial microscopes and products of Becker & Hickl GmbH
and PicoQuant.

FCS

In FCS, the presence of afterpulses deforms the correlation spectra. To avoid this
issue, the fluorescence signal is commonly divided into two and detected by two detectors,
and the cross-correlation between the two signals is calculated. This procedure is compli-
cated and decreases the signal-to-noise ratio of each acquired datapoint. In contrast, the
afterpulse-free feature of the HPD makes FCS measurement simpler, and a single HPD
provides better data than PMT [13,26]. As shown in Figure 10, the autocorrelation spectrum
acquired by an HPD is of good quality, whereas the spectrum acquired by PMT contains
overlapped afterpulse noise below the 2 us region.
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Figure 10. Autocorrelation data obtained by an HPD and a PMT [32]. The data were acquired using
100 nM Alexa Fluor 532 dye solution.

FLIM

FLIM utilizes time-correlated single photon counting (TCSPC) and acquires higher
temporal resolution data (<ns) than FCS. Figure 11 shows a comparison of fluorescence life-
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time measurement data obtained by an HPD and a PMT. Afterpulses are also problematic
for FLIM. The afterpulse raises the baseline of the PMT data. Consequently, the dynamic
range of PMT is lower by an order of magnitude than that of HPD and seriously interrupts
determination of the decay time constant.

b

HPD

PMT

Figure 11. Fluorescence lifetime measurement data obtained by an HPD (a) and a PMT (b). The data were acquired using
fluorescein dye solution. Adapted with permission from [13].

Compared with SPADs, HPDs can obtain brighter FLIM images due to the larger
active area of the HPD. Figure 12 shows FLIM images acquired by an HPD and a SPAD.
Although the quantum yields of the photodetectors were similar, the image acquired by
the HPD collected twice as many photons as acquired by the PMT.

b

Figure 12. FLIM images acquired by HPD (a) and SPAD (b). Adapted with permission from [13].

3.4.3. Other Types of HPDs

This subsubsection briefly refers to other types of HPDs that were developed by
Hamamatsu Photonics (Table 3) and applications of the HPD to single-molecule fluo-
rescence microscopy. These other types of HPDs are cooled HPD and MPPC (SiPM)-
incorporated HPDs.

Table 3. Other types of HPDs [32-35].

Type of HPD Feature Possible Application
Photocathode-cooled Low thermal noise FCS
MPPC (SiPM)-incorporated Low voltage operation Easy to install into systems

Table 3 lists the characteristics of these HPDs.
The cooled HPD, in which the photocathode is cooled by the Peltier element, reduces
thermal electronic noise from the photocathode to one-tenth that of the non-cooled HPDs
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(Figure 13). This HPD is supposed to be useful for the detection of extremely low light,
including single molecule detection.
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Figure 13. Dependence of dark count rate of the developed cooled HPD on the applied Peltier
current [32]. Application of 1.2 A Peltier current cooled the HPD to about 283 K at an ambient
temperature of 298 K.

The MPPC-incorporated HPD was developed to solve the difficulties of operating the
HPD under high voltages such as 8 kV. The MPPC-incorporated HPD can operate with
a lower voltage that operates PMTs due to the MPPC’s high gain, and is able to detect
single photons. The first prototype of an MPPC (SiPM)-incorporated HPD with a GaAsP
photocathode with a diameter of 3 mm and a 25.4-mm (1-inch) bi-alkali photocathode
type of MPPC (SiPM)-incorporated HPD were developed by Hamamatsu Photonics, and
Barbato et al. evaluated its characteristics [33,34]. As shown in Figure 14, the HPD operates
with lower voltages (photocathode voltage ~—3 kV and MPPC bias voltage ~ +70 V)
than those of the current HPD product that incorporates an AD (photocathode voltage
~—8 kV and avalanche photodiode bias voltage ~+450 V). The low voltage operation
capability facilitates installation of the HPD into various apparatus, including fluorescence
microscopes. Recently, Hamamatsu Photonics developed an HPD with a 50.8-mm (2-inch)
diameter [35].

Multi-pixel photon counter (MPPC) 7]

Photon . P Signal cutput
B L Avalénche multiplication
(Geiger mode)
Photocathode
Photocathode AD reverse

supply voltage bias voltage
~ -3 kV ; ~70V

Figure 14. Schematic of multi-pixel photon counters (MPPC)-incorporated HPD.
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3.4.4. Application of HPDs to Single-Molecule Fluorescence Microscopy

We applied the cooled-photocathode HPD to single-molecule fluorescence microscopy.
We applied the HPD to low-background wide-field single-molecule fluorescence detection
with high temporal resolution as a proof-of-principle demonstration. The fluorescence
collected by an objective was divided into two, each simultaneously detected by HPD
or imaged by EMCCD. The HPD allowed the fluorescence intensity of a mobile single
molecule fluorophore to be determined at higher temporal resolution than conventional
high-sensitivity CCD cameras. Specifically, the cooled-photocathode HPD detected fluores-
cence of a single Qdot while performing two-dimensional diffusion with 0.1 ms temporal
resolution (Figure 15).
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Figure 15. Wide-field sub-millisecond single-molecule fluorescence detection by a cooled HPD [32]: (a) Schematic of the
observed mobile Qdot. The Qdot (Qdot655 streptavidin conjugate) was attached to biotinylated phosphoethanolamine (PE),
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(cap biotinyl), via biotin-streptavidin interaction in a 1,2-dioleoyl-sn-
glycero-3-phosphocholine (DOPC) lipid bilayer formed on a coverslip. The Qdot was excited by a CW laser (wavelength
= 532 nm); (b) Time course of a mobile Qdot fluorescence intensity was obtained by an HPD with a time resolution of
0.1 ms (red). The repeated fluorescence-on and —off are caused by blinking. The intensity profile matches the intensity
simultaneously obtained by EMCCD (blue) with a time resolution of 31.319 ms; (c) Trajectory of the Qdot obtained by
EMCCD. The inset is a fluorescence image of the observed mobile Qdot.

The HPD also enabled wide-field single-molecule fluorescence lifetime measurement
with nanosecond temporal resolution. We succeeded in obtaining time courses of fluores-
cence lifetime of a single Qdot whose fluorescence images were simultaneously monitored

by an EMCCD (Figure 16).
a b c
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Figure 16. Wide-field single-molecule fluorescence lifetime measurement by a cooled HPD: (a) Schematic of the observed
mobile Qdot. Sample preparation for the observation was identical to that described in the caption of Figure 15. The Qdot
was excited by a pulse laser (wavelength = 520 nm); (b) Time courses of the Qdot fluorescence (upper, blue) obtained by an
EMCCD and the lifetime (lower, red) simultaneously obtained by an HPD. The lifetime was obtained by fitting each decay
curve drawn using data accumulated in three seconds with a single-exponential (red); (c) Trajectory of the Qdot obtained by
EMCCD. The inset is a fluorescence image of the observed mobile Qdot.
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A group at Tohoku University incorporated two HPDs into a specially equipped
line confocal optical system in which a slit was used instead of a pinhole to improve the
time resolution of single-molecule FRET study. They achieved FRET observation of single
protein molecules that flowed unidirectionally in a flow cell at a time resolution of 10 pus
and analyzed the high-speed folding process of protein molecules [36].

4. Emerging Point Detectors

This section introduces newly emerging photodetectors that can be used for fluores-
cence microscopy. These photodetectors are silicon photomultipliers (5iPMs) also known
as multi-pixel photon counters (MPPCs) and superconducting nanowire single photon
detectors (SSPDs).

4.1. Silicon Photomultiplier (SiPM)

Silicon photomultipliers (SiPMs), which offer single photon detection capability, are an
emerging photodetector in a variety of industries and biological fluorescence microscopy.
Caccia summarized applications of SiPMs to biophotonics including fluorescence mi-
croscopy [37]. SiPM consist of a SPAD array. The sum of pulses from all SPADs is the SiPM
output. Note that the number of SiPM output is single irrespective of the number of SPADs
in the SiPM. Many photons can be simultaneously detected by the SPADs. Figure 17 shows
a schematic of the operating principle of the SiPMs.

SPAD array detected photon —{— j\

I | 1= -
EEEEEEEE saturated photons J— L N

ignal outpu
DDDDDDDD dark count jL —_—
I I
I no photon
N I | E— —

DDDDDDDD missed photon —

Figure 17. Schematic of the operating principle of silicon photomultipliers (5iPMs): SiPMs consist a
SPAD array and every SPAD acts as an element that generates an all-or-nothing current pulse. When
one or more photons are absorbed, a current pulse is generated. A current pulse is also produced by
the dark count, whereas a current pulse is not generated when photon absorption fails. The output is
the sum of the SPADs. Adapted with permission from [38] © The Optical Society.

SiPMs have several advantages over PMTs, including low fabrication cost, low op-
erating voltage, and extremely high damage thresholds (high durability). In addition,
silicon diodes have high quantum efficiency in the near-infrared region used for deep
tissue imaging. Due to these factors, SiPMs can be better suited for high-speed imaging.
Although SiPMs can detect intense light, their dark count rate is larger than that of PMTs,
which is the major tradeoff. The advantage of high damage thresholds is reportedly distinct
for confocal fluorescence microscopy and two-photon microscopy in clinical sites where
surgical marking inks emit intense fluorescence [39]. SiPMs have not yet been widely
used for biological imaging. Giacomelli et al. evaluated the performance of commercial
SiPMs by comparing the SiPMs with a GaAsP PMT for LSM. They reported that the SiPM
sensitivity exceeds the PMT sensitivity for moderate- to -highspeed LSM, whereas the PMT
exhibited better sensitivity due to its lower dark counts for low speed LSM [39]. Modi
et al. also compared SiPMs products with a GaAsP PMT for two-photon imaging of neural
activity [38]. They showed that SiPM exhibited a signal-to-noise ratio that was comparable
to or better than PMTs in usual calcium imaging, though dark counts of the SiPMs were
higher than that of the PMT. They concluded that the low pulse height variability of the
SiPMs surpassed the weak point and resulted in high performance.
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4.2. SSPD

In recent decades, the superconducting nanowire single photon detector (SSPD) has
become an increasingly popular device, with applications ranging from sensing to quantum
communications for single photon detection with high efficiency, precise timing, and low
noise [24,40]. The crucial high-speed feature of the SSPD is represented by the TTS (<50 ps)
the fluctuation between the true arrival time of a photon and the electrically registered
arrival time recorded by the system. Korzh et al. showed that the use of low-latency
materials lowered the TTS of the SSPD, and demonstrated that the temporal resolution
can be 2.6 & 0.2 ps for visible wavelengths and 4.3 £ 0.2 ps at 1550 nm using a specialized
niobium nitride SSPD [41].

Figure 18 shows a schematic of the SSPD. The SSPD consists of superconducting
nanowire with a thickness of a few nanometers that senses photons. Single photon absorp-
tion by the SSPD suppresses superconductivity, which in turn generates a voltage spike
that can be used to detect the photon.
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Figure 18. Schematic of the operating principle of the superconducting nanowire single photon detec-
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tor (SSPD): The SSPD consists of a superconducting nanowire with a thickness of a few nanometers
that senses photons. A bias electrical current flows through the nanowire during the operation: (a) the
entire area is in the superconducting state prior to photon absorption; (b) single photon absorption
takes place in the superconducting nanowire; (c¢) superconductivity is locally suppressed by energy
excitation via the photon absorption; (d) the bias current makes the suppressed area resistive and the
resistive area expands across the nanowire, which in turn generates a voltage spike; (e) as current is
diverted, the resistive area relaxes to the superconducting state. Adapted with permission from [42].
Copyright 2020, American Chemical Society.

The SSPD is free of afterpulses because it returns to the superconducting state without
generating afterpulses after photon detection. The afterpulsing-free characteristic of the
SSPD is a clear advantage for time-resolved fluorescence microscopy. The SSPD has been
used for fluorescence microscopy and applied to FCS [43,44]. Although the SSPD has
these excellent features, its operation is inconvenient due to its small active area and low
operating temperature. The very small active area (~10 pm) makes the optical alignment
difficult and the extraordinary low operating temperature (<4 K) requires the liquid helium
cooling system.

Detailed comparisons have been made between SSPDs, SPADs, and other photon-
counting technologies in [27,40,44].

The characteristics of SiPMs and SSPDs are summarized in Table 4.



Appl. Sci. 2021, 11, 2773

17 of 20

Table 4. Characteristics of emerging photodetectors [24,27].

SiPM SSPD
Afterpulse High Low
Transit time spread (TTS) ~300 ps ~50 ps
Active area ~3 mm ~10 pm
Operating temperature 250 K-room temperature <4K

5. Summary and Outlook

This paper provides an overview of low-light point photodetectors used in fluores-
cence microscopy and introduces several point detectors and their operating principles,
focusing on HPDs that exhibit high timing resolution and low afterpulse. In addition, we
demonstrate application of HPD to wide-field single-molecule fluorescence detection.

Fluorescence imaging with a point photodetector needs scanning to acquire an image
and thus temporal resolution of the imaging is often limited. To overcome this limita-
tion, excitation methods other than point excitation, such as multifocal excitation line
excitation, have been proposed [45,46]. Regarding photodetectors, imagers with a large
number of pixels have been reported by many groups [47-50]. For example, Zickus et al.
reported scan-less wide-field FLIM using a camera consisting of a 500 x 1024 SPAD ar-
ray at a rate of 1 Hz [51]. Michalet et al. firstly reported the evaluation of a multi-pixel
(8 x 8) HPD developed by Hamamatsu Photonics [11]. Fukasawa, an author of this paper,
and his colleagues, reported another multichannel HPD that was composed of 32 chan-
nels (two lines of 16 pixels) on a chip, in which the size of each pixel was 0.8 x 0.8 mm
(Figure 19) [52]. It was confirmed that the timing resolution and afterpulse characteristics of
the multichannel HPD are identical to the conventional single channel HPD. Wollman et al.
reported an 1024-element SSPD array (a 32 x 32 row-column multiplexing architecture) [53].
Fast acquisition methods for FLIM and multi-pixel photodetectors have been reviewed by
Liu et al. [22]. These point detector arrays can be widely applied to simultaneous multipa-
rameter observation, including simultaneous multi-wavelength fluorescence observation.

Avalanche diodes (ADs)
(Two lines of 16 channels)

Figure 19. A photograph of the developed multichannel HPD. Adapted with permission from [52].
Copyright 2016, Elsevier.
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Low-light photodetectors find more applications in various fields not limited to
biological fluorescence microscopy [23]. These applications include flow cytometry and
polymerase chain reaction (PCR) in life science, positron emission tomography (PET) for
medical diagnosis, elementary particle (neutroino etc.) detection and collision experiments
in high energy physics, and semiconductor wafer inspection in industry. In the near
future, combination of fluorescence microscopy and other modalities may make low-
light photodetectors evolve further and may provide more detailed information on target
biological specimens.
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Abbreviations

AD avalanche diode

APD avalanche photodiode
CW continuous wave

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholine
EMCCD  electron-multiplying charge-coupled device

FCS fluorescence correlation spectroscopy

FLIM fluorescence lifetime imaging microscopy

FRET fluorescence resonance energy transfer

FWHM  full-width half-maximum

GFP green fluorescent protein

HPD hybrid photodetector

LSM laser scanning microscopy

MPPC multi-pixel photon counter

PCR polymerase chain reaction

PE phosphoethanolamine

PET positron emission tomography

PMT photomultiplier tube

Qdot quantum dot

sCMOS  scientific complementary metal-oxide-semiconductor
SiPM silicon photomultiplier

SPAD single photon avalanche diode

SSPD superconducting nanowire single photon detector
TCSPC  time-correlated single photon counting

TTS transit time spread
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