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Abstract
This work reports on the implementation of multi-pixel Superconducting Single
Photon Detectors (SSPD). SSPDs have proven superior properties compared to
other single photon detection techniques. Those advantages make this device
an attractive candidate for sensitive imaging. Although there have been prior
efforts for implementing arrays of SSPDs, a scalable approach allowing one to
integrate practical sensors, has not yet been proposed.
In this work we introduce methods toward practical implementation of large
arrays of SSPDs. Our methods have good scalability and offer faster operation
(higher count rates). The first approach is a serial solution which offers spatial
information as well as simultaneous operation of the SSPDs (enabling higher
count rates). The second method (parallel array) has higher scalability and can
be a good candidate for practical imaging sensor. Finally, we propose an array
which is built based on combination of both methods and has the advantages of
both arrays. For the proof of principle we tried arrays of 2, 3 and 4 detectors for
the three above-mentioned methods, respectively. The measurement results of
those arrays are promising and show the potentials for high resolution sensors.
In chapter 3 we also propose a practical sensor which is made of cells and each
cell is built of arrays of SSPDs (based on our methods). The cells are readout
similar to a computer memory. This sensor could be a solution toward real
SSPD imaging.
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Chapter 1

Introduction
This report provides an overview of the work has been done as the author’s master thesis in Quantum Transport group of Kavli Institute of Nanoscience Delft,
Delft University of Technology, Netherlands. This project has been supervised
by Dr. V. Zwiller and Dr. S. Dorenbos. The first chapter gives an introduction
and represents the motivations and objectives of the work. Also fundamental
definitions are discussed in this chapter.

1.1

Background

Single photon detection is becoming an ever growing area of research for many
applications and it is already an inevitable part of photonic based quantum
cryptography and quantum information processing [1, 2, 3].
Superconducting Single Photon Detector (SSPD) has been shown to have
not only single photon detection potentials, which paves the way for the abovementioned applications, but also single electron [4] and single plasmon [5] capabilities which make them very interesting devices for quantum communication.
These devices work based on formation of resistive (normal mode) regions on
superconducting nanowires caused by absorption of a single photon. The generation of such regions along a nanowire abruptly changes the resistance of the
wire which can be detected by a change in the current (and consequently output
voltage). The working principle of these detectors will be further discussed in
section 1.2.4 and Chap. 2.
In the proceeding sections the working principle of some single photon technologies will be described and motivations for using SSPDs will be presented
with emphasis on array implementations.

1.2

Brief Review of Single Photon Detectors (SPD)

For the reasons which were discussed in section 1.1, SPDs with fast response,
low dark count, low jitter, high efficiency (specially in telecommunication wave2
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Figure 1.1: Schematic of simple photomultiplier tube
length) and high count rate are desired. Many different types of detectors with
photon counting capabilities has been proposed. Some of these technologies are
very mature and can already be found in the market, while some of them are
still in their infancy period.
Here, we review some of SPD technologies. Also as this work is more directed
toward multi-pixel and imaging technologies, in each case, array implementation
possibilities of the detector will be investigated briefly.

1.2.1

Photomultiplier

One of the first and still very common photon detection technology is the PhotoMultiplier Tube (PMT). This technology is very mature and has been already
used in night vision cameras for a long time. The working principles of PMT
detectors are generation of electrons in cathode by use of photoelectric phenomenon, acceleration of those electrons, generating secondary electrons using
dynodes (auxiliary cascaded cathodes) and finally detecting amplified signal in
anode side, as schematically shown in Fig. 1.1.
PMT detectors well coupled to a scintillator can be used in variety of different wavelengths and even for particle detection[6]. The sensitivity of these
detectors in visible wavelengths could be very good but their quantum efficiency
falls in infrared region [6].This dramatic drop in the efficiency is related to the
photoelectric phenomenon which cannot be done efficiently in the infrared region. Also these detectors suffer from major problems such as high dark count
and after-pulsing, which make the detection of single photons difficult. Usually
statistical investigations on the output signal is needed to achieve photon counting. Yet another problem with PMT is that it is difficult to integrate PMT into
a small area.
Beside these problems, PMTs are widely used in many applications ranging
from DNA sequence imaging to high energy physics experiments [6]. Arrays of
PMTs have been developed and even can be found in market [7].
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Figure 1.2: Schematic of an avalanche photodiode

1.2.2

Avalanche PhotoDiode

These detectors are to some extent semiconductor equivalent of PMTs. The
working principle of these detectors are based on exploiting impact ionization
in reversed bias close to the break down point of a p-n or p-i-n (p-type, intrinsic, n-tupe) junction. Fig. 1.2 shows the schematic of APD detector. Usually
the contacts on the n+ side have guarded rings to avoid burning during high
avalanche current period.
A variant of APD is Single Photon Avalanche Diode (SPAD) capable of
resolving single photons and consequently photon counting. In principle SPADs
are the same as APDs, they just differ in their operation mode. While APDs
are operated close to breakdown voltage, SPADs work above their breakdown
voltage to provide larger gain needed for single photon detection. This mode of
operation is usually referred to as Geiger-mode.
After detection of a photon, a SPAD can not immediately detect another
photon because it must come back to the same operating point and bias. For
this reason and to speed up this process, some circuitry is needed which is
usually referred to as quenching circuits. Quenching circuits can be active or
passive.
SPADs have the advantages of being relatively compact and compatible with
available technologies. For example a type of SPAD called SiPM (Silicon PhotoMultiplier) can be integrated in large arrays which make them attractive.
Arrays of these detectors are commercially available [8, 9] . Also there are several examples where arrays of SPADs were made and reasonable results has been
reported [10].
While relatively low noise and good absorption efficiency have been achieved
in some works with SPADs, the main problems with these detectors are their
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Figure 1.3: (a) The structure of a TES based photon detector, (b) Schematic of
TES sensor and its bias circuitary
speed and narrow spectrum. Usually these detectors are efficient only at visible
wavelengths and their efficiency falls abruptly in the infrared. Multiple bandgap,
spectral conversion and some other techniques have been proposed to remedy
spectral problems. However, to date these problems remained challenging.

1.2.3

Superconducting Transition Edge Sensor

Transition Edge Sensors (TES) are sensitive devices that initially gained importance for x-ray spectroscopy in astronomy. The structure of this sensor is
shown in Fig. 1.3(a) [11][12]. The device consists of an absorber, which can
have very high efficiency, and a thin superconducting film which is biased near
its transition to normal mode. When a photon is absorbed, it warms up the
absorber and the film, making it to switch into normal mode. Consequently
the current through the detector changes. This change is amplified by Superconducting Quantum Interference Device (SQUID) and then the signal is read
out by interface circuitry. Sometime multiple stages of SQUIDs are used to give
enough amplification to the signal. The circuit then returns back to its equilibrium operation mode; in modern TES designs by the help of electro-thermal
feedback. This feedback is based on the equilibrium interaction between the
Joule heating and current passing through the detector which is set by the resistance of the device, itself dependent on the temperature. So any increase in
temperature, for example by absorption of a photon, increases the resistance
and consequently decreases the current and so Joule heating;the system can
return back to the equilibrium operation [11][12]. The feedback can simply be
understood by analyzing the equivalent circuit of the sensor. The schematic of
equivalent circuit with corresponding biasing is shown in Fig. 1.3(b) [11].
The possibility of resolving the number of photons was fist proved by Cabrera
et. al [13] whom showed that amplitude of detected pulses could be investigated
to determine the number of photons that simultaneously hit the sensor. Due to
uncertainty, statistic must be used. These sensors have low speed (low saturation
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Figure 1.4: Schematic of a TES array. This array is made of row and columns
that can be used for addressing and readout, respectively.
count rate) and they need to be operated at low temperatures (about 100 mK).
Some groups have developed SQUID multiplexer circuits for use in infrared
and sub-millimeter TES bolometer arrays [14] and also for X-ray [12]. The
schematic of such array is shown in Fig. 1.4. In this array rows are sequentially
addressed and each TES is readout by a dedicated SQUID. In each column,
SQUIDs are in parallel but only the one with active row (the dressed one)
could contribute to the output. The current change in the fired detector is
sensed and amplified by corresponding SQUID, leading to a stronger signal.
The resulting signal gets more amplification by the column SQUIDs (at the
top) and finally is delivered to output. Chervenak et. al [15] claimed a 32x32
arrays or larger is feasible. For the case that each detector being connected
using its dedicated readout, N 2 lines are needed. However, one can verify that
the discussed structure can be implemented using approximately N lines.
The facts that these TES detectors have to work at very low temperatures
and that they have slow responses are their main disadvantages.
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1.2.4

Superconducting Nanowire Single Photon Detector

These detectors which are the main focus of our work are superconducting
nanowires capable of detecting single photons. The nanowire or more strictly
speaking, a part of the nanowire could switch into normal mode by absorbing a
photon. This switching is converted into a voltage pulse and is then it amplified
and counted. When being properly designed and biased this system can resolve
a single photon with high speed (high count rate) and low dark counts.
The structure of this detector is shown in Fig. 1.6. Detectors usually work
at liquid Helium temperature, well below the transition temperature of the
nanowire which in the case of NbN is about 10 K. SSPDs are brought into the
transition edge by applying a bias current. The bias current produce a magnetic
flow when strong enough can break superconductivity of the nanowire and put
it into normal state. By applying a controlled current one can bias the nanowire
such that it is just below its transition edge. This unstable equilibrium can be
broken by for example absorption of a photon (detection) or crossing of vortices
(dark count) into normal mode.
The working principle of SSPD is represented in Fig. 1.6. Absorption of a
photon produces a hot spot (will be discussed in more detail in Chap. 2) on the
surface of the detector. This hot spot grows and expels the magnetic field to
the sides causing supercurrent to flow with a higher current density than critical
current density in those areas causing a ring of resistive state to be formed in
the nanowire which changes the resistance of the wire. This changes the current
passing through the nanowire and this change is converted into a voltage pulse
and is readout by readout interfaces. If no feedback scheme is devised the
nanowire is pinned in normal mode and increase in resistance will cause more
Joule heating which put the wire more deeply into resistive state. However, it
is possible to design the bias circuit such that the increase in resistance causes
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Figure 1.6: A photon detection event; the absorbed photon makes an initial
resistive region which expels the current to the sides causing the current density
in those regions to be higher than the critical current density which causes the
formation of resistive regions. Also as shown in the figure, initial spot grows
due to formation of secondary quasi particles (will be discussed in Chap. 2).
redistribution of the current and consequently a negative feedback regime.
The SSPD’s operation can be understood from its schematic. The equivalent
schematic of SSPD and a proper bias circuit for it is shown in Fig. 1.7. This
circuit is consist of an inductor and a resistor. The inductor represents the
kinetic inductance of the nanowire (manifestation of the inertial mass of mobile
charge carriers which can be observed in high carrier mobility conductors). The
resistance is nonzero when SSPD switches to normal mode. Finally, the readout
impedance is represented by Zo ut.
The SSPDs can achieve very competing characteristics. Normal SSPDs have
jitter as low as 50-100 ps, and recovery time of ∼ 10 ns. The efficiency of
the detectors in visible range is relatively high. However, their good detection
efficiency in near and mid infrared made these devices demanding. Another
attractive feature of SSPDs is very low dark counts. For a good SSPD the dark
count can be less than a single count per second.
A few arrays implementation of SSPDs have been practiced [16]. However,
these arrays have been small so far and no large array implementation has been
reported till the date of this thesis. The arrays can be used as imaging devices
as well as for enhancing saturation count rate. The series cascaded detectors
with transmission lines in between was also proposed but not yet experimented
[17] (As far as we know). Parallel structure has been also introduced and ex-
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perimented [18, 19]. However, the main aim of those works were to improve the
strength of the output pulses to enhance signal to noise ratio (SNR); hence no
spatial information can be obtained from those parallel detectors.
In this work series architecture will be explained along with its experimental
results. Also a completely new parallel implementation of SSPDs will be introduced and finally the combination of the two ideas will be proposed which can
be a very efficient and practical implementation of large arrays.
SSPDs main challenges are low yield in production, difficult coupling (due
to small size) and working at liquid Helium temperature. While the efficiency
of SSPDs are much better than for example APDs at telecommunication wavelengths, applications like quantum cryptography still demand for much better
efficiency. As SSPDs are the main ingredients of this work, the theoretical
backgrounds and more details about important parameters having significance
in these detectors performance will be given in Chap. 2.

1.2.5

Other Detectors

There are a number of other detectors which either have not been practiced in
array form or cannot be used for single photon detection in IR wavelengths;
so they are out of the scope of this work. However, a brief review can be still
worthful. Below three such detectors have been very briefly described.
• Kinetic Inductance Detector : The working principle of these detectors
is based on the change in the kinetic inductance of the device which is
coupled to a high Q microwave resonator. This change in inductance,
changes the resonant frequency of resonator which can be easily detected.
• Quantum Dot based Transistor : This detector is indeed a transistor with
a channel of quantum dots. Absorption of photons can change the cur9

rent passing through the channel so that photon number can be resolved.
Authors of [20] showed a device capable of resolving photon number state
up to N = 3.
• Up Conversion: This technique is used to remedy the problem of low
efficiency of detectors in IR and longer wavelengths by conversion of two or
multiple low energy photons into a photon with shorter wavelength(higher
energy) which can be detected with higher efficiency. This approach is
mostly popular in solar cells technologies [21]. Also it has been used to
achieve high quantum efficiency in APDs working in IR wavelengths[22].
For the reason discussed in this chapter, SSPDs are very demanding. So,
a better knowledge of their operation is desired. For this reason Chap. 2 is
devoted to the theoretical treatment of SSPDs. Also as the main aim of this
thesis is to target imaging potentials, some possible implementations, paving
the way for imaging, will be proposed along with corresponding measurement
results in Chap. 3 and Chap. 4, respectively.
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Chapter 2

Theoretical Background
The necessity and motivation for using superconducting single photon detectors
were discussed in Chap. 1 . This chapter is devoted to theoretical treatment
of SSPDs. First hot spot theory is introduced and then different parameters
influencing SSPD performance will be discussed.
The formation of resistive regions on biased superconducting nanowires by
absorption of a photon is thought to be initiated by increase in local population
of quasiparticles after absorption of incident photon. As will be discussed in
next section, the initially small resistive region for a well designed SSPD can
grow to form a resistive belt on the nanowire. This resistive belt produces a
pulse which is amplified and can then be detected and counted.

2.1

Hot Spot Theory

As already discussed in Chap. 1, a detection event is the result of a sequence
of events happening after absorption of a photon by nanowire. These events
are: generation of quasiparticles and formation of a normal region called hot
spot in the nanowire, the growth of the normal section, breaking superconductivity in sides of the normal spot and finally formation of a normal belt on the
wire which changes its resistivity. If a well designed feedback is provided, the
nanowire can switch back into superconductive mode quickly; ready for another
detection event. In following paragraphs the mentioned sequence of events will
be discussed in detail.
We follow the theory discussed in [23] which is based on two-dimensional
analysis. It turned out that the results of this theory is in good agreement with
experimental results. In a film with thickness d and normal state diffusivity D
1
such that d  Lth = (Dτth ) 2 , where Lth is the thermalization length and τth is
the electron thermalization, the concentration of non-equilibrium quasiparticles
can be considered to be uniform throughout the film thickness.
The film is kept well below the critical temperature (TC ) at a temperature T
which determines the critical current density (jc ), the superconducting bandgap
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(∆) and the equilibrium concentration of unpaired electrons (C0 ). Now we can
write the flow of non-equilibrium quasiparticles which is produced by absorbed
photon as following
C − C0
1 ∂C
∂2C
∂C
=D (
+r 2 )+
(2.1)
∂t
r ∂r
∂r
τ
which is a two-dimensional diffusion equation. In equation 2.1, r is the
distance from the photon absorption point, C(r,t) is the quasiparticle concentration at distance r and time t and τ1 is the rate of quasiparticle decay via
recombination and phonon escape into the substrate.
The decay time inside the normal spot is the electron cooling time τep +
( ccpe )τes ; where τep is the electron-phonon interaction time, τes is the time of
phonon escape into substrate, ce and cp are the electron and phonon specific
heat respectively. Now we can write the solution of equation 2.1 by setting
t=0 for the absorption time of photon and assuming that the diffusion and
thermalization are independent processes, in the form of
2

r
)
M (t) exp(− 4Dt
t
exp(− ) + C0
(2.2)
4πDd
t
τ
M(t) is a time multiplication factor; its maximum appears during thermalization and commonly called the quantum yield. The exact formula for M(t)
can be obtained from [23]; However, rather precise values could be extracted
from analytical form

C(r, t) =

M (t) = K(1 − exp (−

t
τth

))

(2.3)

where K is the experimental value of quantum yield. After formation of a
normal spot, the supercurrent is expelled from the normal region and has to
be concentrated in the sidewalks. If the concentration of supercurrent exceed
the critical current, the superconductivity will be destroyed in sidewalks. In
vicinity of the transition constrictions similar to phase slip centers (PSC) appear.
Depending on if supercurrent response time or Maxwell relaxation time is longer
the bias current redistributes between central normal section of the film and the
sidewalks according to their resistances.
The supercurrent response time and the Maxwell relaxation time are given
by
τj ≈

2kB TC h̄
π∆2

τm ≈ µ0 rdρ

(2.4)
(2.5)

where ρ is the normal film resistivity. According to [23] the central part
resistance is consist of the resistance of normal spot plus the contribution of
penetration of electric field into the superconductor at the boundaries between
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normal regions and superconducting sidewalks. The penetration of electric field
extends into a superconductor (which is not biased) over a distance of
1

LE = (DτQ ) 2

(2.6)

where τQ is the relaxation time of the charge imbalance. Biasing current
however modifies this relaxation time. For the case of biasing the film with
currents close to the critical current according to [24] the charge imbalance
relaxation time is given by
1

τQ = (4kB TC π∆) × (3τe τj ) 2

(2.7)

In equation 2.7, τe is inelastic electron scattering time which is identified by
electron-phonon iteration in [23]. The part of superconducting region with nonzero electric field contributes to the resistance. This resistance is ρLESF (T ) where
S is the cross-section area. The portion of supercurrent which is converted into
normal current directly by Andreev reflection and thus, generates no electric
field can be accounted for by F (T ) < 1.
Authors of [23] claimed that the resistance of either sidewalk is only the
resistance contributed by the PSCs. Assuming that the photon is absorbed at
the distance from the film edge which is larger than the maximum diameter of
the spot, in [23] expressions below were driven for time dependent resistance of
the film and the density of the current flowing through the sidewalk
R=

L
ρ 2F (T )LE (1 + F (T ) rnE )
d W (1 + F (T ) Lr E ) − 2rn

(2.8)

RI
4ρF (T )LE

(2.9)

n

j=

In equation 2.8, rn resembles approximated version of circular normal spot
by the square.
So far we have discussed the theoretical works on the dynamics of SSPDs
operation. There are also phenomenological models like the electro-thermal
model developed to ease the simulation SSPDs, the next section will describe
this model.

2.2

Electro-Thermal Model

Electro-thermal Model is a simple macroscopic approach which considers thermal properties of the wire and the substrate. This model is based on a timedependent steady-state heat equation of self heating superconducting wires. The
following discussion is a summary of [25], first to investigate electro-thermal
model.
Fig. 2.1 represents schematically the heat flow. Joule heating generates heat
which flows along the wire and into the substrate while simultaneously increasing
the local temperature of the heated region. In this model, the nanowire length
13
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Figure 2.1: The cross-section of an SSPD. In electrothermal mode the nanowire
is divided into small sections and then 1D heat equation is solved for each part
using FDTD methods.
is divided into discrete segments of length δx and a finite difference numerical
method is used to simulate the heat flow. The temperature change in each
section of wire can then be calculated (we assume a single temperature for each
individual section).
The temprature in each section can then be calculated using one dimensional
heat diffusion equation,
∂2T
α
∂cT
− (T − Tsub ) =
(2.10)
∂x2
d
∂t
where J is the current density through the wire, ρ is the electrical resistivity,
κ is the thermal conductivity of the wire, α is the thermal conductivity of the
boundary between the wire and the substrate, d is wire thickness, Tsub is the
substrate temperature and finally c is the specific heat per unit volume of the
wire. Clearly, there are four terms in equation 2.10. Starting from left side
of the equation, the first term represents the heat which is generated by Joule
heating; second term is the heat dissipated by thermal conduction along the
wire; third term manifests the heat dissipated into the substrate; and finally the
last term is the rate of change in the local energy density.
All parameters (ρ κ α and c) in equation 2.10 are temperature dependent
and also depend on the working state of the wire (normal or superconducting).
Also, it is important to define the critical current at each temperature. The
authors of [25] have devised a phenomenological expression to calculate Ic (T ),
J 2ρ + κ

Ic (T ) = Ic (0)(1 − (

T 2 2
) )
Tc

(2.11)

Parameters 2.10 (ρ κ α and c) can be defined using equation provided by
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Figure 2.2: Schematic of equivalent circuit of SSPD in electrothermal model.
[25] and they are not of our main concern here. However, it is worth mentioning
that all of them must be calculated for each single temperature and then the
equation 2.10 can be solved based on these values.
So far the thermal model has been discussed; now the connection between
thermal behavior and electrical response must be clarified. Fig. 2.2 depicts the
circuit equivalent of an SSPD in elecro-thermal model; this is very similar to
Fig. 1.7. The main difference in this circuit is that Rn instead of being zero
or constant, as in Fig. 1.7, here is a variable resistor with a value defined by
solving equation 2.10 and finding ρ. Solving the circuit in Fig. 2.2 for I (current
passing through nanowire) yields,
d2 Lk I
d(IRn )
dI
+
+ Zo ) = Ibias − I
(2.12)
dt2
dt
dt
Now having solved equation 2.10 for ρ, equation 2.12 can be solved and the
output (detection pulse) can be obtained.
Cbt (

2.3
2.3.1

Dark Count, Jitter and Detection Efficiency
Dark Count

Dark counts are detection events without absorption of any photons. In SSPDs
these false signals are generated by formation of resistive regions similar to those
discussed in photodetection events; resulting in a false detection which can not
be distinguished from photon detections events. Dark count sets a limit on
photon counting applications where the source is very weak. This is because
the information can be lost in the presence of high background dark count.
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The origin of dark counts in biased superconducting nanowires is still under
debate. Some research define the depairing of vortex-antivortex pairs as the
main reason for dark counts [26], however, other research considers crossing of
only vortices over the wire width [27].
It has been shown empirically that for SSPDs biased below the critical current, dark count depends exponentially on the ratio of bias current and the
critical current e.g.
Rdk ∝ R0 exp

Ib
Ic

(2.13)

where Rdk is the dark count rate, Ib represents the biasing current and Ic is the
critical current. Near the critical current dark counts have mostly a thermal
nature. R0 in this case is represented as
R0 = Ωe

2.3.2

−∆F0
kT

=

L ∆F0 1 −∆F0
) 2 e kT
(
ζτs kT

(2.14)

Timing Jitter

The origin of timing jitter is not well understood. However, it is clear that it
depends both on the SSPD itself and also on the readout circuitry. There are
some reports indicating jitters below 30 ps and one report of ∼18 ps which has
not been replicated since. The timing jitter has not shown strong dependence
on incident photon energy, the nanowire width or nannowire inductance. However, jitter appears to be dependent on bias current and first stage amplifier.
Bias currents close to critical current as well as low noise and high bandwidth
amplifiers provide the lowest timing jitter[16].

2.3.3

Detection Efficiency

Detection efficiency represents the probability that an incident photon results in
an electrical detection pulse. In evaluating detection efficiency there are three
main contributors to be considered:
• Coupling Efficiency: This factor shows how much of light is incident on
active area of SSPD. The typical setup is a single mode fiber placed in
close proximity to the surface of the detector. Coupling efficiency could
be further enhanced by use of lenses to focus the light spot to smaller area
compared to the output spot of optical fiber.
• SSPD Absorbtance: This important factor represents the portion of light
which is absorbed by SSPD. It has been shown that using optical cavity
on top of SSPD and antireflection coating on the back side of substrate for
light also coming from the same side enhances this factor to a percentage
approaching 100 % [16].

16

• Internal Detection Efficiency: This factor reflects the portion of absorbed
photons which produces electrical detection pulses. Internal detection
efficiency is strongly dependent on bias current. The higher bias current
which is provided (with respect to critical current) the higher the internal
detection efficiency would be.

2.4

SSPD Reset Dynamics

As discussed before the SSPD can be modeled by an inductor in series with a
variable resistor. The kinetic inductance can be calculated by equating the total
energy that Cooper pairs carry with an equivalent energy stored in an inductor
[28]
1
Lk I 2 = ns (lwd)mv 2
(2.15)
2
where I is the supercurrent, ns is the density of cooper pairs, lwd is the
volume of the superconductor (length×width×thickness), 2m is the mass of
Cooper pair and v is the average velocity of the cooper pairs. Inserting I =
ns e(wd)v in equation 2.15 we get
1
m
l
Lk = (
)(
)
2
2
2ns e wd

(2.16)

The kinetic inductance depends both on temperature and on biasing current. However, the dependence on current is not very strong; the detail of this
dependence can be found in [28]. Here we would like to investigate the reset
dynamics of SSPDs based on [29, 30]. Authors of those papers concluded that
if the cooling time of hot spot is slow compared to the inductive time constant
that governs resetting of the current in the device after hot spot formation, then
the device will latch up into normal mode. According to [29] the count rate is
Lk
mostly decided by electrical time constant e.g. τr = R
, where τr is the reset
L
time constant, Lk is kinetic inductance of SSPD and RL is load resistance of
readout circuit. It should be noted that as the recovery time of SSPD is usually
much slower than its detection time (rise time), we only consider the recovery
time constant.
A full reset of SSPD requires approximately 3τr . By this time the current
is about 95 % of its initial bias value(Ib ). As detection probability is strongly
dependent on the ratio of bias current to critical current, the 3τr time is needed
for recovery of the current to a value reliable for next photon detection. So the
maximum count rate would be ≈ 3τ1r [29]. Hence, count rate can be enhanced by
increasing RL or decreasing Lk . However, as will be discussed, in the case of very
short resetting time constant, the device would not return to superconductive
state and so cannot detect photons any longer.
The factors which determine whether or not the device will latch to normal
mode are discussed in detail in [29]. The dynamics depend on Ib , Lk and RL .
It has been concluded that when a hot spot forms, the whole energy stored in
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the inductor is dissipated in this normal region, resulting in the growth of this
resistive section. So, this is the amount of energy that is stored in the inductor
which determines if the device latches to normal mode for a specific value of
Lk
.
τr = R
L
The initial inductive energy dissipation occurs in a sub-nanosecond time
scale and drives Ic (t) (critical current at time t) to zero by increasing the local
temperature. After growth of the normal spot, the current is shunted almost
entirely into RL . As usually the cooling process is much slower comparing to
normal spot formation and growth, the current starts to recover slowly from
its initial abrupt drop. As the current is recovered, the self-reset can happen
when the trajectory of Ic (t) and Id (t) (current passing through SSPD at time t)
are such that Id (t) < Ic (t). However, if this scenario (Id (t) < Ic (t)) be delayed
for an amount of time (defined by the speed of current recovery, resistance and
initial energy dissipation) the resulting Joule heating enforces a stable, finite
resistance in nanowire.
Now, it is clear that biasing with lower current, reduces the energy stored
in the inductor so the initial energy dissipation would be less. Hence the device
would have better chance to self-reset properly. However, as we know lower
bias current will result in lower detection efficiency. Shorter wire also provides
smaller inductance which can reduce the energy storage but in this case the time
constant will be smaller and the current recovery happens much faster; leading
to higher chance for Joule heating to quench the device.
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Chapter 3

Array implementation of
SSPDs
Superconducting single photon detectors were studied in Chap. 2 in detail. An
SSPD provides superior response time and timing jitter properties, lower dark
count and higher count rates as compared to other SPD techniques. These
advantages suggest array implementations with possible applications in higher
speed communication, bio-optics, photon number resolution and higher order
correlation (e.g. g (3) , g (4) ) measurements.
This chapter is devoted to array implementation of SSPDs. There are already
many examples for array implementations in the literature. We will first review
some of those array structures and explain the principles of their working and
then novel array implementations will be proposed.

3.1

Array of SSPDs

As discussed, there have been many reports of implementing SSPD arrays.
These arrays are proposed for different purposes. Some of them are designed
only to relax the readout complexity [31] while some other variants are to provide higher count rates and/or spatial information [16, 32]. However, so far
there is no published work which claims successful implementation of large size
array of SSPDs (to the best of our knowledge). In this thesis we will propose
new approaches for designing such arrays. Our approach provides simple passive implementations which can relax the requirements for readout circuitry in
a large array.
Before the proposed methods be discussed, an overview of prior works will be
given. This review will justify the need for developing new array architectures.
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Figure 3.1: Schematic of equivalent circuit for avalanche SSPD. A detection
event in either of detectors in the avalanche region, highlighted with red rectangle, can excite neighbouring detectors causing the whole array to switch. The
large change in the current is summed up and converted into a large voltage
pulse by the help of LS .

3.1.1

Review of Prior Works

We start with the array detectors with operation comparable to APD detectors.
These detectors work based on the cascade switching of parallel SSPDs. In these
structures, the switching of only one detector can cause the other detectors to
switch as well. So a large current change occurs which can be summed and
converted into large voltage pulses by use of a series inductor.
The first report of cascade switching parallel detectors was published in 2007
by Ejrnaes et. al [31]. The schematic of mentioned array is shown in Fig. 3.1.
Each detector in array can be shown with an inductor in series with a resistance
jut as discussed for a single SSPD. After a detection event in either of the
detectors, the rest of SSPDs also switch and the current change is summed and
converted into a large voltage pulse by LS .
This method found application in situations where the signals are very weak.
In those cases this method can boost the SNR. A good example for that is the
ultranarrow superconducting nanowires [18, 19] where because of the geometry
of nanowires the detection pulses are very small. A variant of this array can be
used to enhance the saturation countrate. In such structure the amplitude of
detection pulses provides information about the number of photons absorbed in
detectors.
Fig. 3.2 represents an array of SSPDs capable of photon counting. Shown in
Fig. 3.2(a) is a schematically equivalent of mentioned photon number resolving
array. Also Fig. 3.2(b) is a micrograph of fabricated chip. Yellow ellipses in
Fig. 3.2(b) indicate Au-Pd resistors. The grey meander shape nanowires at the
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side of the array (indicated by red ellipses) are used to correct for proximity
effects. The authors of the paper called this architecture: Parallel Nanowire
Detector(PND).
Unlike the avalanche array, in this case detection in one SSPD does not cause
cascade switching of the other detectors. Preventing detectors from cascade
switching behaviour is indeed a major concern here so that the detectors have
to be biased far from their critical current. This will degrade the efficiency of
the detectors. The reported efficiency for this array is 2 % at 1300 nm.
As discussed PND can enhance the maximum counting rate as well as providing photon number resolution (for simultaneous absorbed photons). To achieve
imaging possibilities, one must distinguish between detection pulses (output of
different detectors). There are examples of such arrays, however, the number
of pixels in those detectors are very limited [16]. One of the major obstacles in
scaling mentioned systems is the complexity of readout circuitry. Usually SSPD
output pulses are very prone to noise due to their small voltage amplitude (or
weak power in another word); this sets some limits on the quality of readout amplifiers. In most cases the readout circuits are composed of two stage amplifiers
where the first amplifier must have superior ultralow noise properties.
As an example for readout complexity possible implementation of array of
two SSPDs are shown in Fig. 3.3[16]. Fig. 3.3(a) represents two ways of interleaving SSPDs and Fig. 3.3(b) is a chip micrograph of two SSPDs connected
using a shared line. In the latter case three readout connections are needed
to readout the array. This number increases linearly by increasing the number
of detectors (pixels). So, this will be a serious challenges for a large imaging
sensor. We will propose new approaches for the first time in this work that can
considerably reduce the readout complexity and hence paving the way for SSPD
based imaging.
The only scalable approach proposed so far (to the best of our knowledge)
is [17]. However, it is only published as theoretical work and no experimental
report of this suggestion exists. In this thesis this method will be experimented
and then a completely new array readout scheme will be introduced; finally
combination of both works will be proposed and experimented. As the work in
[17] will be the basis of one of schemes tried in this thesis, we will discuss it in
the same section of as our works is discussed.

3.1.2

New SSPD Array Multiplexing Methods

Two novel multiplexing methods as well as the combinations will be introduced
in this section. As discussed, the principles of first method is similar to [17] (at
the time of starting the project we were not aware of that work). However, here
we will report experimental results for this proposal for the first time.
In the following, first the serial array is introduced and then parallel array
implementation is proposed and finally the combination of both methods will
be discussed.
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Figure 3.2: (a) Schematic of equivalent circuit for parallel nanowire detector.
(b) Chip micrograph of PND, Yellow ellipses show Au-Pd resistors and the grey
meander shape nanowires at the side of the array (indicated by red ellipses) are
used to correct for proximity effects
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(a)

(b)

Figure 3.3: (a) Schematic of two possible implementations of an array of two
detectors with two separate readout. (b) Chip micrograph of an array of two
SSPDs with a shared line; in total three connections are needed. The contacts
are coloured for better visibility.
Serial Array
As the name implies, these arrays are constructed by cascading the detectors
in a series circuit. Such circuit is shown in Fig. 3.4; n detectors are connected
using n-1 transmission lines. As shown in Fig. 3.4, there are two readouts at the
two ends of the series. The time delay difference at these two readouts brings
spatial information. For an example imagine an array of three detectors and also
assume that the left most detector detects a photon. The detection event at this
SSPD produces a pulse which will travel to both sides of the series. However, in
one side(left) the pulse can be observed almost simultaneously whereas in the
other side(right) the same pulse is delayed by the time it takes to pass through
all the transmission lines and SSPDs.
The idea is simple and can be implemented fairly easily. However, there are
numbers of things to be considered if one aims at designing a stable and efficient
array. First of all the design must be such that switching of an SSPD would
not cause further spurious detection events in the rest of SSPDs in the series.
As I will discuss in the next chapter fortunately this is not a problem in our
experiments. An important requirement is that in order to have efficient serial
arrays, the corresponding SSPDs in array must have similar biasing properties
i.e. similar critical currents. This is not impossible but as currently the yield in
SSPD fabrication process is low, this could become a major challenge. However,
recent work on a − Wx Si1−x [33] has raised the hope for high yield production.
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Figure 3.4: Schematic of serial array. In this arrangement n detectors are connected through n-1 transmission lines. The spatial information can be obtained
by comparing the detection time at both ends of the series. Higher saturation
count rate and spatial information can be achieved using this method.
So far we discussed challenges in designing a serial array, However, maybe
the most pronounced obstacle in achieving a very large array using this technique is the timing jitter in the detection pulses. The jitter sets a limit on the
length of transmission lines which can make designing of large arrays impossible.
Using lengthy transmission lines have two side effects: first is the size of array
can become impractically large; second problem is due to large reflections and
attenuations the SNR will be affected. The complexity analysis of pulses can
be yet another problem.
Based on above-mentioned discussions, the serial arrays can offer new possibilities but one must notice that the scalability of these arrays are limited. For
a reasonably small array, this method will be very attractive as it has the possibility of detecting photons at the same time. Furthermore, this method can
be combined with other multiplexing methods to achieve better scalabilities as
well. Indeed combination of serial SSPDs and parallel array (will be discussed
shortly) is the basis of our third proposed multiplexing method.
Parallel Array
In the review of prior works we have already shown by using SSPDs in parallel
structures one can improve the SNR . Parallel Nanowire Array capabilities for
enhancing the count rate were also discussed. Indeed the structure proposed
in [32] came very close to our idea but did not proceed to offer any spatial
information. In the following paragraphs we will introduce a new idea that not
only offers imaging potentials but also can enhance the prior works in terms of
scalability and stability. It has also the potential of improving the efficiency.
Achieving better efficiency however must be confirmed by measurement and we
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Figure 3.5: Schematic representation of parallel array. The array works by
sequential switching of the detectors. In order to address any individual detector
in the array, the cumulative bias current is set such that the target detector gains
a share of current which is close to the critical current of that detector.
didn’t manage to do it for the time and the limits of our setup (our measurement
setup wasn’t designed for arrays mounted on printed circuit boards).
The working principle of parallel array is based on sequential switching of the
detectors. This array is shown in Fig. 3.5. In order to address any individual
detector in the array, the cumulative bias current is set such that the target
detector gains a share of current which is close to the critical current of that
detector. To make it more clear, let’s suppose that we have an array of three
detectors denoted by D1 , D2 and D3 . The detector D1 can be addressed by
setting the current passing through the detector close to its critical current.
It should be noted that by this time the currents passing through the two
other detectors are not sufficient yet to activate them. In this way only D1
is addressed. Now assume that we want to readout the pixel corresponding to
D2 ; this is done by increasing the bias current such that the current in D2 branch
is now close to the critical current of the detector. This is important to be noted
that D1 will be latched into normal mode by increasing the current providing
that yet enough current passes through this detector to keep the Joule heating
required for preserving the latch up. D3 can then be addressed similarly; in this
case both D1 and D2 are disabled (latched into normal mode). The parallel
resistor (Rshunt ) is for balancing the current distribution.
As discussed, every individual detector in the array can be addressed by
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setting the bias current to the corresponding value. So when a detection event
is happening, one already knows which SSPD is detecting that photon (spatial
information). Comparing with PND [32], this array architecture not only provides spatial information but also it is much more stable. The reason for this
stability is that while for example Di is activated D1 − Di−1 are latched into
normal mode and Di+1 − Dn are biased far from their critical currents, making
them effectively inactive. So, unlike PND, detection event in Di has no chance
to initiate any cascade switching; hence every detector can be biased separately
very close to its critical current without any concern regarding instability.
Biasing detectors very close to their critical currents might bring the possibility of achieving high efficiencies in contrast with PNDs. However, it has been
reported that using series resistor with SSPD can affect its performance [30].
This is shown in Fig. 3.6. The equivalent model of SSPD with and without serial
resistor is shown in Fig. 3.6(a) and (b) and averaged detection pulses for those
two cases are depicted in Fig. 3.6(c) and (d) respectively [30]. In Fig. 3.6(e) and
(f) one can see that there is a region where by increasing serial resistance the
efficiency is almost unchanged(indicated by red circles), however, it will drop
abruptly afterward. Note that Iswitch represents the current which makes a stae
). For
ble resistive region on the SSPD for certain electro-thermal condition ( ττth
normal working SSPD Iswitch is above the critical current, so that the detector
can be biased efficiently. However, increasing Rs would decrease Iswitch and so
the device has to be biased with lower currents which makes it inefficient[30].
The problem might be remedied by engineering the kinetic inductance of the
pixels such that the detectors with higher resistance have also higher inductance
which will keep the time constant unchanged. Unfortunately, as our setup (the
alignment setup for proper coupling of the laser to SSPD with which we could
measure the efficiency) was only designed for bare SSPD chips, we couldn’t
measure our chip which was mounted on a RF printed circuit board.
Another advantage that must be noticed is that since in each step only a
single SSPD is activated, only that individual SSPD produce dark count; this
is in contrast with [32] where all SSPDs within PND array work in parallel and
hence they all contribute to the dark count.
Switching sequence from one detector to another can be done as soon as one
photon is detected in that detector; this would enhance the maximum count
rate. However, it is also possible to wait for some fixed amount of time and
then switch to the next detector. The latter case can be more suitable for
imaging where a contrast is to be extracted.
The number of SSPDs in parallel array can be much more than in serial
array. This is because there is no transmission line in this type of array, so
good integration can also be achieved. The main limiting factor in scaling
up the number of SSPDs within this structure, beside the latch up problem
discussed above, is the distinguishability of critical currents in the branches.
Usually SSPDs start activating as the current approaches to critical current and
according to [27] SSPD already start to show dark count at I3C . So considering
this and the latch up problem one can decide about the number of SSPDs in
each array (for given kinetic inductances and device sensitivities).
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Figure 3.6: Influence of electrothermal feedback on the efficiency of SSPD (from
[30]). The equivalent model of SSPD with(a) and without(b) serial resistor.
Averaged detection pulses are shown for the case without any serial resistor(c)
and for the case where Rs = 250 (d), (L ∼ 50 nH). Plotted on (e) and (f)
are Iswitch
and the detection efficiency versus Rs respectively. It is clear that
IC
except a small region (indicated by red circles), both Iswitch
and the detection
IC
efficiency drop abruptly as Rs is increased
As it will be discussed in next part the array can be made yet larger and
faster by exploiting the advantages of both serial and parallel arrays.
Combination of Serial and Parallel Array
The serial and parallel implementations can be combined to form yet a larger
matrix of SSPDs. The schematic of such a matrix is shown in Fig. 3.7. In
this structure each line is activated by setting the bias to the corresponding
critical current in that line (parallel mode), also the output pulses coming from
each pixel in a line can be distinguished by comparing the time delay between
detection events at the two readout nodes (series mode).
The array shown in Fig. 3.7 inherits the advantages of both serial and parallel
arrays. Serial elements of the array can be operated simultaneously. Also by
using different series resistors in each line, the high scalability of parallel array
can be achieved. The size of this array is somehow in between the serial and
parallel detectors. In particular as discussed n detectors can be connected using
n − 1 transmission line in a serial array whereas using the array depicted in
Fig. 3.7, it is possible to integrate n detectors with np transmission lines, where
p is the number of parallel branches.
The number of resistors and hence the number of distinct currents needed
to implement the array can be reduced to ns where n is again the total number
of detectors and s is the number of serial SSPDs in each line. However, as
discussed this comes at the expense of adding np transmission lines comparing
to the parallel arrays.
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Figure 3.7: Schematic of an array formed of combination of serial and parallel
arrays. Each line is activated by setting the bias to the corresponding critical current in that line (parallel mode), also the output pulses coming from
each pixel in a line can be distinguished by comparing the time delay between
detection events at the two readout nodes (series mode).

28

Output 1
c

Detector i_ j

...

...

R i_1
...

Detector 1_m

...

...
...

Detector i_1

R
. . . 1_m

...
Detector 2_ j

R 2_1
...

...

Detector 2_1

...

...

...

c

Bias 2

Detector 1_ j

R1_1

...

Detector 1_1

...

Output 2

Bias 1

Figure 3.8: Symbolic view of a memory-like sensor of SSPD arrays. The arrays
within a column are addressed using supply line (shown in blue). The array
outputs are connected by the help of array interfaces (indicated in black) and
finally are collected and brought to the readout circuitry by vertical red lines.

3.2

Integration of The Arrays

In order to realize the dream of having an imaging SSPD sensor, one should
also devise techniques for practical integration. The final chip must have high
resolution and reasonable complexity. An alternative implementation can be
a memory-like array. The working principle of such sensor is comparable to a
computer memory. Such an array is shown in Fig. 3.8 for a sensor made of 9
arrays as an example. For arrays consisting of 10 SSPDs this sensor can have
90 pixels. This small sensor is selected just for illustration; in a practical sensor
the number of detectors must be orders of magnitude higher.
The sensor works as follow: The horizontal blue lines which provide supply
power for detectors, are used to address a row of SSPD arrays; this is very
similar to those of word lines in computer memory if one considers the arrays as
bits. The row of information are then collected through vertical red lines (itself
connected to array outputs, by use of the interfaces shown in black) which bring
the information to the readout circuitry. It should be noted that addressing the
lines, can be done with different voltages to access individual SSPDs within an
array of parallel detectors. Also balanced readout (two readout lines on the
sides of each array) can be used to analyse serial structures output.
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Chapter 4

Results and Discussion
In this chapter the results of different array implementation approaches will be
presented followed by an analysis for each of them. We will discuss arrays in
the same way as we introduced them; starting with serial array and continuing
with parallel array and arrays formed by combining those two methods.
We simulated each array using equivalent electrical circuits. This simulations
were done in Cadence Virtuso run on a server at Linköping university. We
used the simulations to have a rough estimate regarding SNR, resistors ratios
(not the exact values) as well as basic shape of the pulses. These simulations
gave us good information about the performance of the arrays. However, the
precise simulations require one to implement electro-thermal model and solve
time dependent heat equation and based on that simulate the electrical circuits.
This was out of the scope of this work.
Since all measurements where done using the same setup, we will discuss
the setup here and then treat each array in its own section. Our setup is
fairly simple. The samples were glued on PCB and connected to the SMA
connectors by Aluminium bonding wires and put inside liquid Helium using a
holder. Multi-Mode (MM) fibers illuminated the sample inside the He fridge
and coaxial cable(s) is(are) used for readout. The setup is shown in Fig. 4.1. It
should be noted that in the cases where more than one readout line is needed
the section marked by circle in Fig. 4.1 must be duplicated.
Now that we have discussed our setup, we will investigate the experimental
results for each specific array implementation in more detail.

4.1

Experimental Results of Serial Array

We implemented serial array in the same way as discussed in Chap. 3. We tried
two and three series SSPDs; it seems that due to using isolated detectors (not
integrated SSPD arrays) and because of long transmission lines the SNR drops
significantly by increasing the number of SSPDs. Fig. 4.2 depicts a symbolic
view of connecting arrays for serial arrays. Au pads are connected to SMA con-
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Figure 4.1: SSPD array experimental setup; The samples were glued on PCB
and connected to the SMA connectors by Aluminium bonding wires and put
inside liquid Helium using a holder. Multi-Mode fibers are used to illuminate
the sample inside the He fridge and coaxial cable(s) is(are) used for readout.
In the cases where more than one readout line is needed the section marked by
circle is duplicated.
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Transmission line (Some times out of fridge)

Figure 4.2: The connection of SSPDs in serial array. The transmission line
length, shown in red, can be varied to change the delay.
nectors using Al bonding wires and the SMAs bring signals to amplifiers through
coax cables. We optically isolate detectors by covering them by aluminium foils.
Then a specific detector can be illuminated.
The measurement results for an array of two detectors is shown in Fig. 4.3(a).
The main graph represents the case where the left-side detector is illuminated
and the transmission line has a delay of approximately 9.1 ns. Inset of Fig. 4.3(a)
however, shows the case where the other detector(right-side detector) is illuminated and the delay is 17 ns. It is clear that distinguishing between detection
events can be done easily.
As we discussed in Chap. 3 the main problem with scaling this type of array is
the timing jitter and indeed it turned out to be major problem according to our
measurements. Shown in Fig. 4.3(b)(main picture) is the result of correlation
measurement for an array of two detectors. Also the inset of Fig. 4.3(b) is
measurement results for different transmission line length; as expected it is
linear. The jitter is larger than what we had expected. The Full Width at
Half Maximum (FWHM) of the fitted Gaussian wave is about 540 ps. Normally
each SSPD has a jitter in range of 50-100 ps. For this reason we measured the
jitter of each contributing component in the array. This is shown in Fig. 4.4.
Different scenarios are depicted in figure; those are cables partly immersed in
liquid Helium and an attenuator inside or outside the fridge, and using two
channel amplifiers. This at most gives something about 100-170 ps contribution.
Also the correlation measurement tool itself has also some jitter.
The jitter we found in different contributing parts of our array together
with the normal jitter of SSPDs is still much smaller than the total jitter we
measured. One explanation for high timing jitter could be that since the detectors usually are not identical (in our case they had a critical current difference
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Figure 4.3: Measurement results for serial array consisting of two detectors. (a)
The main picture represents the case where the left-side detector is illuminated
and the transmission line has a delay of approximately 9.1 ns. Inset shows the
case where the other detector(right-side detector) is illuminated and the delay is
17 ns. (b) The coincidence measurment; jitter is large, having FWHM of about
540 ps.
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Figure 4.4: Timing jitter measurement of different contributing parts in SSPD
serial array. From the left are, two channel readout of an injected pulse into the
fridge and amplified by low noise amplifiers (shown in red), measurement on the
contribution of only cables (shown in blue), An injected signal was attenuated
inside the fridge and amplified by low noise amplifiers (shown in magenta), the
same experiment as the latter case but the attenuator was outside the fridge
(shown in red).
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between 5-10%), at least one detector in the array would be biased below its
optimum critical current. This can increase the jitter significantly[34]. More
in-depth studies like [35] can enhance our knowledge about the origin of this
jitter. Here we emphasize again that this jitter puts an important limit on the
length of transmission line so it is very important to reduce it as much as possible. However, it might be also feasible to approximate transmission lines by
T and Π lumped element circuits.

4.2

Experimental Results of Parallel Array

The parallel array was implemented with the method discussed in Chap. 3. Beside the challenges discussed in previous chapter, the mismatch of the interfaces
were also a problem that hindered us from using large resistors in series with
SSPDs. This impedance mismatch can be remedied if one uses a HEMT inside
the fridge as a primary amplifier[36]. For the proof of principle we used an array
of three detectors. One of detectors had no series resistance while the other two
had different series resistances in the range of a few hundred ohms.
As we don’t measure the efficiency, we didn’t look for the most efficient range
of resistors; in principle, however, one should design the array such that it lies
in the constant efficiency region(see Chap. 3 and [30]).
The I-V curve of parallel array of three detectors can be seen in Fig. 4.5(a).
As indicated by circles, there are three distinct critical currents corresponding
to three detectors. The critical points are well separated, so that one can easily
set the bias to address an individual SSPD in the array.
The detection pulses corresponding to the three SSPDs are shown in Fig. 4.5(b).
Clearly the width of the pulse are different. This is not unexpected since by
changing the series resistance the electrical time constant of the circuit (τe )
would change. Also one can see that the amplitude of the pulses are different
which is due to different transmission line attenuation (because of different mismatches) and also the fact that the current(and voltage) redistribution scenario
for the signals coming from different SSPDs are not the same.

4.3

Experimental Results for a Combined Array

Finally, the combination both types of arrays (series and parallel) was tried.
In this case, all SSPDs were on the same chip to ease the connections and
reduce reflections. We measured an array of 2x2 detectors. The first line of two
detectors was activated by setting the voltage such that the line be biased close
to the critical current of two detectors and then the voltage was increased to
address the second line(next two detectors).
Fig 4.6 represents the measurement results for abovementioned array with
two transmission lines having about 20 ns of delay. As expected in each line the
pulses give horizontal information and the bias voltage which is used to address
a line brings vertical information.
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Figure 4.5: (a) I-V curve of parallel array of three detectors. Indicated by
circles are three distinct critical currents corresponding to three detectors. (b)
The detection pulses corresponding to the three SSPDs;the width of the pulse
are different this is due to different series resistances which causes the electrical
time constant of the circuits(τe ) to be different. Also one can see that the
amplitude of the pulses are different which is due to different attenuations and
also the fact that the current(and voltage) redistribution scenarios for the signals
coming from different SSPDs are not the same.
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Figure 4.6: The detection pulses corresponding to an array of 2x2 detectors
combining the serial and the parallel array principles. The transmission line has
20 ns of delay. (a) A detection event in first line the array (b) A detection event
in second line the array. In each line the pulses give horizontal information and
the bias voltage is used to address a line also brings vertical information.
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Chapter 5

Conclusion and Future Work
5.1

Conclusion

Multi-pixel array of SSPDs were presented in this thesis. The measurement
results proved that those solutions can be good alternatives for reducing the
readout complexity which is a major concern in SSPD based imaging sensor.
It was shown that while serial arrays provide higher count rates and offer
multi-photon detection potential, parallel arrays can be used in larger structures
which make them more suitable for imaging.
The combined array was shown to have both advantages of serial and parallel
array. This means that they can be used to provide multi-pixel capabilities and
also to have high scalability.
Further research can pave the way for SSPD based imaging sensor with applications in higher speed communication, bio-optics, photon number resolution
and higher order correlation (e.g. g (3) , g (4) ) measurements.

5.2

Future work

The future work in this area can investigate the following issues which were not
addressed in this thesis:
• measurement of g (3) , g (4) .
• A comprehensive study on the efficiency in the three proposed arrays.
• Fabrication of arrays of SSPDs. This could especially be of interest using
new high yield technique introduced in [33].
• Using SSPD based arrays in medical optical tomography, like the work in
[37].
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