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Abstract

Superconducting Nanowire Single-Photon Detectors (SNSPDs) are characterized by high detection effi-
ciency, high counting rates, low dark count rates, and minimal timing jitter, making them indispensable
in fields such as quantum information science, free-space optical communication, and fundamental
physics. Conventional SNSPD architectures, however, require the superconducting nanowires to be
biased with a constant current and necessitate continuously operating readout circuits to capture the
output signals. This leads to efficiency issues under prolonged low-load conditions and poses signif-
icant challenges for the development of multi-pixel SNSPD arrays. This thesis begins by examining
conventional SNSPD designs, critically analyzing the shortcomings of previous active quenching meth-
ods, and proposing improvements to the digital sub-circuit. The introduction of a differential amplifier in
place of the original single-ended main amplifier successfully addresses output offset issues, pushing
the count rate beyond 50MHz. Moreover, this work introduces a novel persistent current SNSPD that
leverages the memory characteristic of persistent currents in a superconducting loop, enabling photon
detection without the continuous drive from interface circuits, and allowing for unified readout. A design
methodology for SNSPD loops is proposed based on various simulation techniques and the physical
and electrical characteristics of SNSPDs. This methodology was applied to design multiple samples
tailored to different loop coupling scenarios. Additionally, the thesis outlines the biasing and readout
logic for the persistent current SNSPD, ensuring independent photon detection without external circuit
interference. In the demonstration system, the energy consumption per detection event was measured
at 7pJ, with the average power consumption dependent on the frequency of rebias operations.
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1
Introduction

1.1. Photon Detectors
A photon detector is a crucial device designed to detect and measure photons, the fundamental units
of light. The operation of photon detectors typically involves the conversion of incident photons into
an electrical signal that can be quantitatively analyzed. This process relies on the interaction between
photons and the detector material, where the energy from the photons is absorbed and subsequently
generates a measurable response. A single photon detector (SPD) represents a specialized category
of photon detectors, distinguished by its capability to detect individual photons with high sensitivity.
Their design and optimization are key to enhancing sensitivity and time resolution, reducing noise and
dark counts, and improving overall performance in the detection of photons.

In recent years, SPD technology has emerged as a critical tool across many cutting-edge scientific do-
mains. As research deepens and technology advances, the types and applications of photon detectors
continue to expand. These detectors play a vital role not only in fundamental scientific research but also
in a wide range of applications, including quantum communication, quantum computing, deep-space
communication, astrophotonic detection, fluorescence lifetime imaging, etc.

To meet the diverse requirements across various applications, several types of photon sensors have
been developed, including Single-Photon Avalanche Diodes (SPADs), transition edge sensors (TESs),
microwave kinetic inductance detectors (MKIDs), and superconducting nanowire single-photon detec-
tors (SNSPDs). Among these, SPADs and SNSPDs have garnered significant attention due to their
exceptional performance. When a SPAD is biased above its breakdown voltage, an incident photon
would creates an electron-hole pair, and triggers a self-sustaining avalanche, producing a measurable
current pulse detected by readout circuits. SNSPDs, as the name suggests, rely on superconducting
nanowires to detect photons. When a single photon is absorbed by the superconducting nanowire
close to its switching current, it disrupts the superconducting state, creating a localized resistance that
produces a detectable electrical signal. Their exceptionally high count rates, precise timing accuracy,
and low dark count rates make them outstanding in cutting-edge applications.

1.2. Challenges for Multi-pixel Detectors and Motivation
However, when attempting to array these sensors, SNSPDs face limitations due to the readout cir-
cuit, especially when compared to the more mature design of SPAD arrays. The most straightforward
approach is to add a dedicated readout circuit for each pixel, but this leads to unacceptable wiring
complexity and power consumption. Various large-scale readout schemes for SNSPD arrays have
been proposed, such as row-column multiplexing [1], pulse amplitude multiplexing [2], time domain
multiplexing [3][4], etc.

Here, we propose a novel SNSPD architecture, which we refer to as the persistent current SNSPD. This
structure introduces a memory characteristic not present in conventional SNSPDs, eliminating the need
for continuous bias current. The readout of the SNSPD is integrated with the biasing process, enabling
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1.3. Thesis Object 2

a discrete-time readout design. The sensor’s biasing and readout occur in fixed cycles, allowing the
SNSPD to independently detect photons without continuous connection to the interface circuitry during
each cycle. This theoretically enables a single set of biasing and readout circuits to alternately control
multiple sensors, facilitating unrestricted multi-pixel biasing and readout operations.

1.3. Thesis Object
This thesis aims to model and explore the use of a SNSPD in a persistent current manner, and provide
parameters for an initial batch of samples based on its physical characteristics for validating the concept.
For this, the project uses the TSMC 40nm process technology to design biasing and readout circuits
for the sensor, enabling the successful operation of the system in simulation.

Given that no published work closely resembles the design proposed in this thesis and no physical
samples have yet been manufactured, the study will employ various simulation tools to qualitatively and
quantitatively analyze the sensor. This approach will help assess the sensor’s performance and guide
its further development. This thesis is conducted in collaboration with Single Quantum, a company
specializing in SNSPDs.

1.4. Thesis Outline
This thesis will begin with Chapter 2, which covers the operational principles of traditional SNSPDs and
the design of their readout circuits. One specific design example will be analyzed in detail to evaluate
its performance and suggest potential improvements.

Chapter 3 will explore the structure and operational principles of the persistent current SNSPD. It will
utilize various simulation tools to thoroughly investigate the electrical and physical characteristics of the
sensor from multiple perspectives. This analysis will yield relevant parameters and establish a model
to describe the sensor’s behavior, leading to the formulation of a design approach for the sensor and
recommendations for sample fabrication.

Chapter 4 will integrate the findings from Chapter 3 to design the biasing and readout interface circuits.
These circuits will be used to enable the initial operation of the SNSPD system, followed by performance
and power consumption analyses.



2
Traditional SNSPD Mechanisms and

Readout Design

This chapter first introduces the background information on traditional SNSPD devices and reviews
different types of readout techniques. Then a previously designed active quenching readout system is
analyzed in detail, and suggestions for improvement are proposed. Part of the content of this chapter
is the result of the work carried out for the course ET4399.

2.1. SNSPD Structures and Detection Mechanism
The typical implementation of SNSPD is a superconductor thin film nanowire pattern deposited by
nanofabrication process, as shown in figure 2.1. The nanowire usually has a thickness of around 5 nm
to 10 nm, a width of 50 nm to 100 nm, and forms a meandering structure for better optical coupling, which
is usually called an active area [5].

The SNSPD detection mechanism is shown in figure 2.2, (I) The superconducting nanowire is biased
with a bias current Ib in the ready-to-detect state. Ib is close to but smaller than the switching current Isw,
which is defined as the maximum current the nanowire can conduct while remaining superconductive.
(II) When a photon hits the superconductor, its carried energy may break hundreds of Cooper pairs,
generate a hotspot without superconductivity in the nanowire, and repel the current to the path around
the hotspot. (III) Since the current is repelled and exceeds the switching current density of the nanowire,
the hotspot will expand and continue to be enlarged by the Joule heat generated by the current and
large resistivity in the hotspot. Thermal energy also dissipates through the substrate during this step.

Figure 2.1: Typical SNSPD configuration[6]

3



2.2. Performance and State of the Art 4

Figure 2.2: SNSPD detection mechanism [5]

(IV) While the hotspot is expanding, the current in the nanowire (Id) will also be suppressed lower
and lower (in traditional readout with a load resistor) until the heat generation power is below the heat
dissipation power from the SNSPD to the substrate. At this moment, the hotspot will cool down, and (V)
the current will return to the original level. Given the elongated shape of SNSPD devices, usually, they
have a large kinetic inductance1. This results in a large time constant when combined with the load
resistor, leading to a slower voltage decay on the output compared to the faster rising. As a result, the
voltage across the nanowire will provide an asymmetric pulse signal [5][7]. To represent the hotspot
resistance and kinetic inductance in the circuit, the SNSPD can be modeled as a series combination
of a variable resistor Rn and an inductor Lk, as shown in figure 2.3.

2.2. Performance and State of the Art
The performance of the SNSPD system is determined by both the SNSPD device and the readout
circuit, it could be judged by the following parameters, including system detect efficiency, dark count
rate, afterpulsing, recovery time, latch, and jitter.[8]

System detection efficiency (SDE): As one of the most important parameters, SDE indicates the
effectivity of photon detection for the SNSPD system, including all the losses and non-idealities.

ηSDE = ηcoupling × ηabsorption × ηintrinsic

ηcoupling is the optical coupling efficiency through the active area of the SNSPD, depending on the
structure and optical characteristic of the nanowire thin firm and the substrate. ηabsorption is the ab-
sorption efficiency of the photon to the nanowire, ηintrinsic is the triggering efficiency of the absorbed
photons that can generate a detectable electric signal, highly depending on the superconducting qual-
ity, geometric design and fabrication precision of the superconducting nanowire. It is also affected by
the operation temperature and bias current, usually a high bias current (closer to the switching current)
would make the sensor more sensitive [7, 9]. As one of the photon detectors with the highest detection
efficiency, SDE of SNSPD can be up to 90% , as shown in table 2.1.

Dark count rate (DCR): The DCR indicates the number of times the detector is triggered without photon
incident per unit time. Dark count includes intrinsic dark count and background dark count, which the
intrinsic dark count is related to the spontaneous vortex motion in the nanowire, and the background
dark count is caused by black body radiation. A lower bias current can effectively reduce the DCR, but
also reduce the SDE. We can determine the optimal bias current for a device by identifying the point
where the ratio of SDE to DCR is maximized. In 2015, Shibata et al. reported an SNSPD system with
an extremely DCR of as low as 1× 10−4 Hz, achieving a SDE of 1.5% at this minimal DCR [17].

Afterpulsing: After the detector is triggered by one photon, the SNSPD system may output two or
even more pulses. The extra pulses cause incorrect triggering and hence dark counts, while possible

1Kinetic inductance in superconductors represents the inertial mass of charge carriers as an equivalent series inductance,
which can be considered an intrinsic parasitic inductance.
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Table 2.1: High SDE SNSPD

Material/temperature SDE/jitter Wavelength (nm) Reference
WSi/120 mK 93%/150 ps 1550 [10]
NbN/1.8-2.1 K 90%–92%/79 ps 1550 [11]
NbTiN/2.5 K 92%/14.8 ps 1310 [12]
MoSi/700 mK 95%/unknown 1520–1550 [13]
MoSi/700 mK 98%/unknown 1550 [14]
NbN/800 mK–2.1 K 95%–98%/65.8–106 ps 1530–1630 [15]
NbTiN/2.5–2.8 K 94%–99.5%/15.1 ps 1290–1500 [16]

physical mechanisms causing afterpulsing are not fully understood yet. The back action of the readout
circuit could be a possible reason [18][19]. Oscillations in the bias current Ib or other electrical effects
can cause additional pulsing in the readout circuitry.

Recovery time: The recovery time (trecover) indicates the time required for the SNSPD system to
return the output voltage to the original level. After the SNSPD is triggered, the output voltage cannot
immediately be reduced, because the large kinetic inductance (Lk) and the load resistance of the
readout circuit will generate a large electrical time constant τe = Lk/RL. Count Rate is the counting
frequency of the SNSPD system. The rising time is usually much smaller than falling, so the maximum
count rate fits: CRmax ≤ 1/trecover. A large input resistance of the readout circuit will decrease the
recovery time. Usually, the load resistor would be set at 50 ohms.

Latching: Although a large load resistor in the readout circuit can reduce the recovery time by mak-
ing τe small, increasing RL too much can make τe smaller than the thermal time constant τh, which
describes the rate of heat dissipation from the nanowire to the substrate, meaning that the thermal
energy cannot be fully dissipated. Once the hotspot resistance decreases, the current increases and
eventually reaches a steady state where the Joule heating power equals the dissipation power. Con-
sequently, the output voltage latches at a high level.

Jitter: Jitter in the SNSPD system indicates the time uncertainty of the photon arrival time, which can
be described by the full width at half maximum (FWHM) of the distribution. The sources of jitter include
the intrinsic jitter of the SNSPD, jitter from the optical system, and jitter from the electrical system. In
conventional readout systems, the output signal of the SNSPD is amplified and fed into a comparator.
When the amplified pulse reaches the comparator’s threshold, the triggered event is recorded. To
reduce jitter, in addition to lowering the input noise of the main amplifier, increasing the slope of the
signal’s rising edge is also effective. A steeper slope translates the same noise-induced uncertainty in
the comparator voltage into a smaller time jitter. This steeper slope can be achieved by reducing the
input capacitance of the amplifier or by using a faster amplifier. Korzh et al. have demonstrated an
SNSPD system with jitter less than 3 ps [20].

2.3. Basic Structure of SNSPD Readout
In a basic readout system, when the sensor is triggered, the bias current flows through the load resistor,
generating a pulse (e.g., approximately 1mV for a 20 µA bias current with a 50Ω resistor). This pulse
is then amplified and sent to a comparator, which determines whether an event has occurred. The
timing information from the comparator’s 1-bit output signal is digitized by a Time-to-Digital Converter
(TDC). The section preceding the TDC needs to trade-off between latching, signal amplitude, and jitter
performance according to the output characteristic of the SNSPD. For readouts illustrated in figure 2.3,
the loadRL is either DC or AC coupled to the SNSPD to shunt the current while the hotspot is generated.
In this case, the output signal amplitude depends on IL×RL, and the recovery time is the time constant
τe = Lk/RL. Given that a larger load resistor provides a smaller time constant but also increases the
risk of latching, careful attention must be paid to the selection of the load resistor. The AC-coupled
uses a bias tee to separate the high-frequency part of the signal and the load resistor here would be
the input resistance of the amplifier. Instead of the tradeoff on RL, it has a DC deviation problem since
there is no DC path to ground from the SNSPD output node. As a result, when the system operates at
a high frequency, the static state voltage will deviate to the negative side to keep the average value at
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Figure 2.3: Typical SNSPD readout with (a) DC coupled and (b) AC coupled [21]

Figure 2.4: SNSPD readout with attenuator [22]

0.

2.4. Readout Improvement
Since most of the problems emerge when people are looking for a higher count rate and lower recovery
time (which is one of the parameters that is most affected by the readout circuit), several methods have
been proposed. A straightforward improvement is developed by Lv et al. [22] using an attenuator
to lower the signal amplitude generated by SNSPD, which is shown in figure 2.4. Therefore, the DC
deviation in the AC coupling circuit will also be reduced since a smaller pulse contains less net charge
accumulated at the output node. But the amplitude loss would also cause degradation to subsequent
signal detection and jitter performance.

Zhao et al. [23] introduced a pulse-shaping technique, shown in figure 2.5. It uses an SMA tee to
separate the output signal into two equal parts, one directly goes to the input node of the low noise
amplifier, while the other part is reflected by the coaxial cable and adds on the first part with 1ns delay
and reverse polarity. In this case, two pulses would mostly canceled at the input node of the low noise
amplifier and eliminate the long falling edge, resulting in a lower but much shorter pulse. The coax
cable also creates a DC path to the ground, which releases the accumulated charges in the basic AC
coupling circuit.

Compared to the attenuator proposal, this design does not sacrifice toomuch amplitude and pulse rising
slope. However, the need for an SMA tee and coaxial cable makes this design cannot be implemented
fully on-chip.

In addition to addressing the readout part, researchers also focus on the bias module. A non-DC bias
current has been proposed to fundamentally solve the latching issue [23][24]. The Quasi-DC operation
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Figure 2.5: (a)pulse shaping readout schematic, (b)output signal compared to the conventional case 2.5

Figure 2.6: SNSPD bias with quasi-DC operation [24]

presented by Zhang et al. only activates the bias source within a limited duty cycle, resetting the
SNSPD state when the source is turned off. Consequently, this design eliminates the need to consider
the latching problem, and the load resistor is not restricted. The detection frequency largely depends
on the quasi-DC operation frequency. However, a significant drawback of this design is that during
the resetting period, the detector is not ready for detection, lowering the SDE. If the load resistor is
large enough to cause latching, each cycle can detect only one photon. Zhao et al. employ an AC
biasing method to reset the SNSPD at the trough of the sine wave, which shares similar advantages
and disadvantages with the quasi-DC operation.

2.5. Active Quenching
The active quenching readout can be considered an improved version of non-DC biasing. To maintain
characteristics unaffected by latching, the bias current of the SNSPD is adjustable. Instead of resetting
periodically, the current source is turned off only after the detector is triggered. Consequently, there will
be no periodic ”blind time”. This approach necessitates a feedback path. The first active quenching
readout was proposed by Ravindran in 2019 [25]. In their research, the passive quenching (traditional
readout) SNSPD with kinetic inductances of 250 nH and 1µH achieved count rates of 25MHz and
7MHz, respectively. In contrast, the same devices with the same settings, but with active quenching
readout, achieved maximum count rates of 95MHz and 12MHz, respectively, representing a significant
improvement.

In this section, the thesis project Cryo-CMOS Readout of SNSPDs [8] from Li that implements active
quenching will be discussed and analyzed.

2.5.1. System schematic
Figure 2.8 shows the overview schematic of the active quenching readout system proposed by Li. The
system schematic contains an SNSPD chip model which is connected to the readout chip by bond wires
(represented by the parasitic pad capacitance Cpad and wire inductance Lbondwire). The circuit features
a 7-bit current DAC with 0.1µA least significant bit (LSB) that enables programming the SNSPD current.
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Figure 2.7: SNSPD AC biasing [23]

Figure 2.8: Active quenching readout system schematic
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A programmable RL allows comparing the active quenching to the passive quenching operation.

At steady state, all the current from the current source ISNSPD,bias flows into the SNSPD as the AQ
(active quenching) switch is open. A diode-connected transistor is used to raise the SNSPD output to
the correct biasing level of themain amplifier. When the SNSPD loses superconductivity, a voltage peak
is generated that is limited by the hotspot resistance since no load resistor RL is present to redirect the
current 2. This peak is amplified and causes the comparator to trigger. After the comparator triggers,
the result is stored in an SR latch, turning into a one-bit signal that includes time information. An active
quenching signal will turn on the AQ switch to short the SNSPD for reset. After a short time set by the
delay line in the digital sub-circuit, the SNSPD will get back to the steady state. The AQ switch is turned
off, and the whole circuit is returned to its original state.

2.5.2. Circuit Implementation
As mentioned in section 2.2, the bias current of the SNSPD has a significant impact on the SDE and
DCR. Since a higher bias current brings a more sensitive sensor, which means higher SDE and DCR,
the current level needs to be set at a sweet point that generates a high enough SDE and acceptable
DCR. The number is usually around 80% of the switching current.

In this readout circuit, the core component is the main amplifier. To meet the time jitter and dead time
requirements, the amplifier must have sufficient bandwidth and low noise for low power consumption.
Given that σjitter ≥ vn,rms

SRt=tdecision
, the bandwidth and transconductance of the amplifier and comparator

can be determined by calculating the slew rate of the amplifier output at the decision time, details of
which can be found in [8].

Since the input signal from the SNSPD is a continuous, transient signal and the required gain is approx-
imate lyAamp ≈ 30dB,Acomp ≈ 17dB, a cascode amplifier and a five-transistor operational transcon-
ductance amplifier (OTA) are used in an open-loop configuration.

To ensure the main amplifier operates within the proper region and has a known output level across
PVT and mismatch, a feedback amplifier is added that regulates the open loop amplifier bias current
and equates the output of the main amplifier to a reference voltage. Given that negative feedback
would reduce the closed-loop gain of the single-ended main amplifier, one potential solution is to use
slow feedback to suppress the pulse signal generated by the SNSPD. However, slow feedback would
also result in a long recovery time, and the small changes in the feedback signal would accumulate if
the SNSPD triggers repeatedly, leading to a significant deviation in the amplifier’s operating point as
shown in figure 2.9.

Hence, a newly introduced trade-off in this design is to determine the appropriate bandwidth for the
feedback amplifier, ensuring it provides sufficient gain for the pulse signal from the SNSPD at a higher
frequency while maintaining an acceptable DC deviation. The final closed-loop frequency response of
the main amplifier is shown in figure 2.10, with the low gain at low frequency is caused by the feedback
suppression.

The digital logic needs to generate an active quenching signal for a sufficiently long duration for SNSPD
resetting. Therefore, an SR latch with a delay chain connecting the ∼ Q and R nodes is used to
generate the AQ pulse. When the voltage pulse from the comparator is input to the latch, both S and
∼ Q transition from 1 to 0, and Q (the active quenching signal) changes from 0 to 1. After S returns to
1, following the comparator output, Q remains at 1 for tdelay due to the delay chain. OnceQ returns to 0
and ∼ Q returns to 1, the active quenching operation is completed. R will return to 1 after an additional
tdelay.

Figure 2.11 shows the overall system performance at 20 MHz, table 2.2. When operating at a 20 MHz
count rate, the amplifier’s DC drift is acceptable and meets the requirements.

2.5.3. Readout Circuit Defect Analysis
While requirements are met, some improvements for this circuit can be proposed to improve readout-
related performances, i.e., jitter and count rate. Jitter can be improved by using an amplifier with a

2note that the design features a programmable RL for testing purposes, and is ideally off when testing with active quenching.
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Figure 2.9: Amplifier output response with the slow feedback

Figure 2.10: Main amplifier closed-loop frequency response

Table 2.2: SNSPD Cryo-CMOS Readout System Performance

Specification Required Preference Simulated
Dead Time <100 ns <50 ns <50 ns
Count Rate >10 MHz >20 MHz >20 MHz
Jitter <100 psFWHM (� 40psrms) 25 psrms
SNSPD bias Current <20 μA for NbTiN with ±1 μA tolerance
Supply Voltage 1.1 V & 2.5 V
Power Consumption <100 μW As low as possible 36.49 μW
Area (for readout electronics) <1 mm 2 <1 mm 2
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Figure 2.11: Overall system performance. Iphoton is the incident photon signal that triggers SNSPD; ISNSPD is current in
SNSPD; V inamp is the input of the main amplifier, also the output of SNSPD; V outamp is the output of the amplifier; V biasM4

is the output of the feedback amplifier; V outcomp is the output of the comparator; Count is the count signal Q, also the active
quenching signal

higher slew rate and lower noise, having a trade-off with the power consumption. The 20MHz count
rate in this design is relatively low since the structure eliminates the conflicts between long recovery
time and latch problem. Figure 2.12 and 2.13 show the system performance comparison at 20MHz
and 50MHz. At 50MHz, the drift worsens because the one-way pulse raises the amplifier’s average
output level. This reduces the feedback voltage before photon detection from 0.38V to 0.24V, possibly
pushing the amplifier’s current source into a linear region and reducing gain.

From figure 2.12, we can also find that the rising slope of the pulse at V outamp is reduced from 129
mV/ns to 87 mV/ns (taking 10% changing of the V outcomp as the trigger time), potentially increasing
the jitter on the output slope.

Besides, afterpulses are also found in both the main amplifier output and Q in the digital subcircuit.
Since the SNSPD model used in the simulation does not have an afterpulse generation mechanism,
it must be caused by the readout circuit. As shown in figure 2.13(b), the active quenching signal Q
does not hold for tdelay before dropping to 0 at the second quench, and the second pulse of Q does
not correspond to a pulse at Q. This is because the second flip of the delay line caused by the first
quench, mentioned in the last section, is not finished before the second quench is coming. The R is
still at 0, which is not ready for the next trigger, and the delay would not take effect.

2.5.4. Readout Circuit Improvement
The issue on the analog side is systematic, as the pulse generated by the SNSPD passes through the
DC feedback loop. To separate the pulse from the feedback loop, one possible solution is to build an
independent bias sub-circuit. This can be achieved by creating a duplicate of the main amplifier and
feedback amplifier for the actual main amplifier, as illustrated in Figure 2.14. However, in this scenario,
if any error σ is introduced at the output of the dummy amplifier, the error, after being suppressed by
the loop gain of that bias sub-circuit, would be magnified back to σ at the final output. This implies that
the accuracy of the bias circuit is entirely dependent on the mismatch between the main and dummy
amplifiers. This bias only becomes effective when the inaccuracy caused by mismatch is smaller than
that caused by PVT issues in direct biasing.



2.5. Active Quenching 12

Figure 2.12: System performance at 50MHz
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Figure 2.13: System performance at (a)20MHz (zoomed), (b)50MHz (zoomed)

Figure 2.14: Replica bias
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Figure 2.15: SNSPD output at positive and negative node

Another possible solution is to use a differential amplifier. Figure 2.15 provides a detailed view of the
voltage on both sides of the SNSPD. Although the negative node connected to the input bias block
should remain fixed due to the constant input current, it exhibits considerable fluctuation when pulses
are generated. This could provide a larger input signal to the amplifier compared to the single-ended
case. Leveraging the characteristic that the common-mode feedback does not contain differential out-
put signals, fast common-mode feedback can be employed to maintain system stability.

As shown in Figure 2.16, a folded cascode amplifier is constructed based on the original design, us-
ing similar-size transistors to achieve the same performance. It has a similar bandwidth and slightly
lower gain, causing. The common-mode output is directly connected to Vb1 to provide sufficiently fast
feedback. Both output nodes are connected to the original comparator. This folded cascode amplifier
consumes 59µW, a telescopic structure could be more energy efficiency.

On the digital side, the SR latch could be replaced by a D flip-flop with node D connected with node
Q, as shown in figure 2.17. The output from the comparator is connected with the clock node, when
every single pulse appears at the CLKin, D and Q would flip from 1 to 0 or 1 to 0 for only one time. An
OR gate with a delay line would collect this flip and generate an output holding for tdelay. On the digital
side, the SR latch can be replaced by a D flip-flop, with the D node connected to the Q node, as shown
in Figure 2.17. The output from the comparator is connected to the clock node. With each pulse that
appears at the CLKin, D and Q will flip from 1 to 0 or from 0 to 1 for only one cycle. An OR gate with a
delay line collects this flip and generates an active quenching signal that holds for tdelay.

After applying all the changes, the system performance at 50 MHz is illustrated in Figure 2.18. In
this case, the dead time limitation of the system is determined by the active quenching holding time
and the comparator recovery time. To further improve the detection frequency, a faster amplifier and
comparator are needed.

2.6. Conclusion
This chapter reviewed the operating principles of SNSPDs and various readout circuit designs pro-
posed to enhance the count rate and reduce dead time. A previous work employing active quenching
was analyzed in detail, and its issues were identified. Subsequently, an improved delay circuit was
implemented to address the ineffective delay problem, and a differential amplifier was used to replace
the original main amplifier to resolve output signal offset issues at high operating frequencies. The final
system’s count rate was increased to 50MHz.
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Figure 2.16: (a) Differential main amplifier (b) Frequency response

Figure 2.17: Digital sub-circuit with D flip-flop

Figure 2.18: System performance at 50MHz after improvement



3
Persistent Current SNSPD Modeling

and Structure Design

The conventional way of using SNSPDs is as single-photon detectors, which offer high accuracy, low
noise and high count rates. However, since each sensor needs a current source for biasing, a string
of amplifier, comparator, and time-to-digital converter (TDC) for readout, it is hard to integrate multiple
sensors in array as pixels together to form an image sensor. This chapter introduces and models the
persistent current SNSPD structure, utilizing the lossless current properties of its superconducting loop
to avoid the issues in conventional design.

3.1. Persistent Current SNSPD
A persistent current SNSPD is a design utilizing the memory feature of the persistent current in the
SNSPD loop to generate zero loss during detection and low power consumption when working at low
frequency. Since the sensor does not need current support during detection and can memorize the
state of detection, it demonstrates great potential in multi-pixel expansion.

The exploration of generating persistent currents in superconducting loops has a long history. As early
as 1938, the concept of a flux pump was proposed. In 1981, Van de Klundert and others introduced a
flux pump design that uses two superconducting loops alternately to accumulate current in a coil [26].
However, in terms of applications, most flux pumps have been designed for larger-scale supercon-
ducting coils, such as those used to generate magnetic fields in Magnetic Resonance Imaging (MRI)
systems [27], while they are rarely seen at the microscopic scale. The electromagnetic properties of
superconducting circuits may differ between macroscopic and microscopic scales, a topic that will be
discussed in subsequent chapters. In 2019, Onen et al. [28][29] made a promising exploration of pho-
ton detection using superconducting loops and persistent currents, the sensor structure is shown in
figure 3.1. Unlike our approach, they employed a shunted constriction and a Y-shaped current com-
biner as the driving and readout components of the sensor. This enabled them to generate current
efficiently and perform non-destructive, repeated readouts of the current state. However, the shunted
detector introduced uncertainties and complexities by altering the loop characteristics. In this work, the
design of SNSPD nanowire is compatible with conventional devices’ parameters.

The initial idea of the persistent current SNSPD is depicted in figure 3.2. The green circle in figure 3.2(a)
represents the superconducting SNSPD loop without any electrical connection with any circuit, while the
red circle is the input coil that is connected to the driving source. These two loops are in close proximity
and are considered magnetically coupled. Consequently, changes in current in either loop induce
variations in the magnetic flux within the loop area, and these flux changes, in turn, affect the current.
When the current in the input coil, driven by a current source, increases as shown in Figure 3.2(b), the
current in the SNSPD loop also increases due to the coupling, as illustrated in Figure 3.2(c). The current
is increased until the current in the SNSPD reaches the critical current density of the superconducting
nanowire. At this point, the nanowire temporarily reverts to a normal, non-superconductive, state due

16
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Figure 3.1: Single-Photon Single-Flux Coupled Detectors [28]

to the critical current being exceeded, resulting in a large resistance similar to the hotspot formation
in traditional SNSPDs. Consequently, the current in the SNSPD loop drops rapidly. If the current in
the input coil subsequently decreases, the current in the SNSPD loop will initially decrease and then
increase in the opposite direction due to the magnetic field change. When the current in the input
coil reaches zero, we achieve a state where no current is being input to the sensor, yet the SNSPD
can maintain a relatively high current bias level without loss (in the case of an ideal superconductor)
until triggered by an incident photon. Upon photon incidence, the SNSPD loop generates a hotspot and
quenches the current, similar to a traditional SNSPD. This requires the aforementioned biasing process
to be repeated to prepare the sensor for the next photon detection. Regarding detection, given that the
SNSPD loop is electrically isolated, we can only investigate the coupling effects of the magnetic field
changes on the input coil caused by the current drop in the SNSPD loop. This aspect will be discussed
in subsequent sections.

The primary innovation of this design lies in introducing a persistent current to the SNSPD, with the
aforementioned driving method being the core of this idea.

3.2. Modeling
To translate the design of a magnetically coupled persistent current SNSPD from concept to implemen-
tation, it is essential to model the sensing system. The developed model should reflect the overall
operational logic, the physical and electrical characteristics of the system, and how parameter settings
affect performance during detailed sensor design. Given that this system involves electronic, electro-
magnetic, and electrothermal processes, this section will address modeling and simulation from these
three perspectives.

3.2.1. Coupling Analysis
COMSOL Analysis
In this design, the driving and state readout of the SNSPD are both achieved through magnetic cou-
pling, making the coupling coefficient between the two loops critically important. Using COMSOL, it is
possible to effectively explore the coupling performance and magnetic field distribution of different loop
configurations. In this section, the input coil and the SNSPD loop will be considered as two coupled
inductors, with an investigation into their individual self-inductances and mutual inductance.

Before simulation, we need to determine the approximate shape of the SNSPD loop. As shown in
Figure 2.1, a traditional SNSPD includes a serpentine active area covering a large surface to receive
photons, which essentially determines the total length of the nanowire. To achieve a higher magnetic
coupling coefficient, the SNSPD loop needs to encompass a larger area to collect the magnetic flux
changes generated by the driving coil. Although theoretically, more turns could enhance coupling,
superconducting nanowires cannot be fabricated in multiple layers in SNSPD fabrication, so we can
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Figure 3.2: Original idea of persistent current SNSPD explored in this work. (a) shows the biasing coil (red) and
superconducting sensing coil (green) magnetic coupling with each other. (b) shows the current in the biasing coil over time. (c)
shows the introduced current in the superconducting sensing coil. The key idea of this approach is to use the persistent current
in a superconducting loop as the bias current for the SNSPD. Coupling coils are employed to control the superconducting loop.
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Figure 3.3: SNSPD structure in Active area ratio of (a) 1/2 (b) 1/9

Table 3.1: COMSOL simulation result

Active area ratio 1/2 1/9
Wire width 70nm

Wire thickness 10nm
Wire pitch 100nm
Lcoil [nH] 1.25 1.74
Lsnspd [nH] 0.42 0.29

Mutual inductance M [nH] 0.17 0.3
Coupling coefficient k 0.23 0.42
Inductance ratio n 2.98 5.94

only have a single turn to form a closed loop. Therefore, the sensor design is as shown in Figure 3.3.
The width and thickness of the nanowire and the diameter of the circular structure in the active area
are taken from the typical values of mature products by Single Quantum, the SNSPD manufacturer
collaborating on this project.

In a single structure, a larger active area ratio implies a higher photon reception probability, so the
blank area for magnetic coupling should not be too large. Additionally, the magnetic flux density is
higher in the region close to the wire, so further increasing the blank area would result in only marginal
improvements in coupling, making this approach ineffective. Figures 3.3 (a) and (b) show cases where
the total area is twice and nine times that of the active area, respectively, to explore the differences in
coupling performance under different ratios and sizes.

Since the geometrical inductance is only determined by the shape of the loop, and is the only inductance
that could be simulated by COMSOL, both loops are modeled using Copper (Cu) in the simulations to
simplify the process since COMSOL does not provide amature superconductor model. The influence of
superconducting materials on the coupling will be discussed in the next section. The simulation results
are shown in Table 3.1, which includes the self-inductance and mutual inductance of each loop pair. In
the table, k is the coupling factor, n is the ratio of Lcoil and Lsnspd The data indicate that using larger
coils does indeed result in greater mutual inductance, but only has a marginal improvement. For typical
SNSPD lengths, both the self-inductance and mutual inductance of the loop pair are in the nanohenry
(nH) range. Increasing the number of turns in the input coil can enhance both its self-inductance and
mutual inductance, but it also poses a risk of increased coil resistance, which will be discussed in detail
in the following calculations.
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Figure 3.4: Parasitic capacitor simulation

Figure 3.5: Transformer model and equivalent T circuit, M is the mutual inductance, Lcoil −M and Lsnspd −M are the
leakage inductance

The parasitic capacitance of the loop structure was also explored through simulations, with both loops
modeled using Cu as the material and the substrate set according to Single Quantum’s standard struc-
ture, shown in figure 3.4. The simulation, based on the configuration shown in Figure 3.3(a), was
conducted to estimate the order of magnitude. The input coil’s capacitance to the substrate is 7.7 fF,
the SNSPD loop’s capacitance to the substrate is 8.3 fF, and the capacitance between the input coil
and the SNSPD loop is 9.4 fF. These capacitances are almost negligible compared to the estimated
125 fF parasitic capacitance from the pad and bonding wire.

Superconductor Coupling Feature
The above simulations treated the two loops as normal metals, without accounting for their supercon-
ducting properties. In this case, the coupling feature of the loops could be modeled as a transformer
connected in series with the SNSPD, and have a T-shaped equivalent circuit, shown in figure 3.5. At
this point, the ratio of the total current entering the input coil to the current flowing into the SNSPD is:

Isnspd
Icoil

=
M

Lk + Lsnspd −M
(3.1)

(with Rn being zero during the current increase in the biasing process). Given that the typical value of
Lk in the SNSPD (around 1 uH) is much larger than the mutual inductance M in the T circuit (in table
3.1), the current coupled into the SNSPD loop will be much smaller compared to the total input current.

However, during discussions with Single Quantum, it was noted that a superconductor, being an ideal
lossless conductor, will convert all received magnetic flux changes into changes in the loop current.
Consequently, from the moment the superconducting closed loop is established, the net magnetic flux
within it will remain constant (flux conservation). This has been shown in literature, the flux pump
design by Lacy et al. leverages this property as illustrated in figure 3.6 [30]. This design alternately
disconnects two thermal switches to transfer magnetic flux into the target loop via a pumping loop. Each
time a thermal switch re-closes, the total magnetic flux in the newly established superconducting loop
remains constant. By ensuring that the pumping loop encloses a higher magnetic flux density when it
becomes superconducting and then distributes this flux to the target loop, it achieves flux accumulation.
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Figure 3.6: Flux pump using flux conservation in superconducting loop [30]

Back to our case, the large ratio of Isnspd and Iin still holds even if the coupling is ideal, which means
all the flux generated by Lcoil is accepted by Lsnspd. So, what causes the conflict between these
two theories? To identify the point of divergence, we need to trace back to the origins of the theo-
ries. The T-model transformation of the transformer is derived from Maxwell’s equations, while the flux
conservation, as mentioned in [30], is based on the Ginzburg-Landau theory. In this theory, a closed
superconducting loop, defined by a contour C, with transport current density J, and internal flux φ′

obeys:
φ′ =

∮
C

µ0λ
2Jdl +

∫
BdS + φa = constant (3.2)

where λ is the London penetration depth, B is the self-field of the closed loop, S is the surface defined
by the contour C. For the high-temperature superconducting material (HTS) used for the flux pump of
Figure 3.6, the first term in the equation can be neglected due to λ2/Ssection << 1 (Ssection is the cross-
section area of the superconductor, at 1mm2 in this research, while λ ≈ 100nm) [31]. As a result,
the sum of the self-induced magnetic field (B) and the externally applied magnetic field φa remains
constant, ensuring that the magnetic flux within the closed loop is conserved.

However, SNSPDs are much thinner, averaging a sensor thickness of around 10 nm, while NbTiN has
a penetration depth of approximately 200 nm [32]. For Ib ≈ 20µA we get:∮

C

µ0λ
2Jdl = 1.44× 10−12Wb (3.3)

∫
BdS = Ibsnspd = 3× 10−14Wb (3.4)

The first term in the equation cannot be neglected.

Besides, [33] also mentioned that the kinetic inductance function can be rewritten as:

Lk =
λ2µ0C

Ssection
(3.5)

The larger the ratio λ2

Ssection
is, the more likely the kinetic inductance is to dominate. Based on the

above considerations, we can preliminarily speculate that the flux conservation may not fully apply to
nanoscale SNSPD loops. However, due to the lack of precise computational and simulation methods,
we are unable to obtain accurate coupling data. What we can infer is that the actual coupling should
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Figure 3.7: Coupling model for superconducting loop

Figure 3.8: Basic circuit model

fall between the ideal scenario (where all flux is perfectly converted) and the worst-case scenario (fully
aligned with the mutual inductance simulation results from COMSOL). Therefore, in the subsequent
calculations and sample designs, we will address different assumptions with corresponding strategies.

Assuming that the coupling between the two loops is tighter due to the presence of superconductivity,
the standard T-model may no longer be applicable. We will need to make certain modifications to better
align the model with the more ideal coupling scenario.

Considering that themain characteristic of an ideally coupled superconducting loop is flux conservation—
where all magnetic flux changes are converted into changes in the loop current, resembling an ideal
transformer—this would manifest in our project as a higher ratio of ∆Isnspd/∆Icoil. However, from
the T-model, we see that this current ratio is primarily limited because the Lk is much larger than M,
preventing significant current from entering Lk, requiring a large current in the bias coil and increasing
losses.

During the design of the electronics, various coupling ratios will be tested. Since we don’t know which
ratio fits the reality, wewould start from amidrange value and explore both ideal and non-ideal scenarios.
Here, an increased ∆Isnspd/∆Icoil ratio can be created with a larger M value. For instance, when
Lk = 1uH, assuming M = 100 nH would yield a 1/10 current ratio. In terms of circuit modeling, this
scenario can be simplified as shown in Figure 3.7, where different M values are used to simulate various
conditions. Given that the magnitudes of Lk and M are relatively large in this model, to simplify the
model, the leakage inductance in series with Lk in Figure 3.5 is neglected here.

3.2.2. Initial Circuit Model Analysis and Calculation
Now that we have some insights into the coupling between the loops, it is time to investigate the overall
operation of the system further. In this section, all investigations and calculations will be based on
the worst-case scenario for magnetic coupling, where both loops are considered ordinary metals in
coupling, as discussed in the previous section. This will serve as the starting point for estimating the
coupling performance under more ideal conditions.

Basic Circuit Model
The initial model will be constructed using Cadence, with the magnetic coupling between the loops
represented by a pair of coupled ideal inductors. An ideal current source will be used to input the
current ramp, and all parasitic effects will be temporarily ignored, as shown in figure 3.8. The SPICE
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model of the SNSPD will follow the dynamic model proposed by Berggren et al. in 2018 [34], with
implementation details consistent with the work of Li [8]. The model uses the electrical and thermal
parameters of the SNSPD nanowire material to configure the switches and controlled resistors. This
setup accurately models the signal rise time, signal amplitude, device reset, and nanowire latching
when the nanowire is triggered. A detailed analysis and configuration of this model will be discussed
later.

Figure 3.9: Basic circuit model characteristic. Insert illustrate the voltage spike caused by quenching at the input node

Figure 3.9 illustrates the currents within the input coil and the SNSPD under this model, as well as the
voltage observed at the input node. The values for Lcoil and Lsnspd are set according to the scenario
where the active area is 1/2 of the total area, as specified in table 3.1. The Lk is set to 800 uH.

The figure shows the various currents and behaviors, confirming the assumption made in Figure 3.2.
The current in the input coil increases from 0 to Imax (0.1 A) and then returns to zero. The current
in the SNSPD rises to Isw (20µA), but it suddenly drops due to hotspot formation. After the SNSPD
cools down, the current briefly rises again, following the input coil’s current, then decreases to zero
before increasing in the opposite direction to complete the biasing process. It is important to note that
the Isnspd’s increase after quenching, driven by Icoil, is followed right after by a decrease due to Icoil’s
falling. Therefore this small rise and fall theoretically does not affect the final bias current as long as
the current in the SNSPD does not quench again. Finally, the large ratio between Imax and Isnspd
originates from the poor coupling and kinetic inductance.

As shown in Figure 3.5, in the equivalent T-model, the input current Icoil is split between the paths de-
fined by M (mutual inductance) and Lk (kinetic inductance). The current distribution ratio is primarily
determined by the ratio of these two inductances, with the leakage inductance being negligible com-
pared to Lk. Therefore, the changing current in the input coil and the SNSPD will maintain a fixed
ratio:

∆Isnspd
∆Icoil

=
M

Lk + Lsnspd
=

kLsnspd
√
n

Lk + Lsnspd
(3.6)

∆Icoil ≈
∆IsnspdLk

kLsnspd
√
n

(3.7)
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Figure 3.10: Quenching in different current slew rate

Table 3.2: ∆I and Ib at different slew rate

Slew of Isnspd (uA/ns) 4.16 1.39 0.46 0.15
∆I (µA) 16.77 15.74 15.81 15.77
Ib (µA) 16.74 16.09 15.88 15.81

Referring back to Figure 3.9, we can observe that since Icoil starts and ends at 0, the current Isnspd
would also return to 0, assuming no quenching occurs. However, during quenching, Isnspd experiences
a drop of ∆I. As a result, the final bias current Ib is also reduced by ∆I relative to 0. This indicates
that:

Ib = ∆I (3.8)

assuming the quenching duration is negligible.

For the biasing of an SNSPD, the most critical factor is the magnitude of the bias current Ib after a
single biasing operation, as it significantly impacts the sensor’s SDE and DCR. Therefore, it is crucial
to further investigate the factors influencing Ib. Theoretically, quenching in the nanowire is a thermal
process, involving the current reaching Isw and generating a large resistance, and the dissipation of
heat into the substrate. If the current drop during quenching is sufficiently fast compared to the increase
in current driven by Icoil, the driving current will have minimal impact on the quenching process.

Figure 3.10 illustrates different scenarios where the slew rate (SR) of the SNSPD current Isnspd varies
from 4.16 uA/ns to 0.15 uA/ns. The relationship between the current slope, ∆I, and Ib is summarized
in table 3.2. In the simplified SPICE model, ∆I is stable compared to the Isnspd slew rate, suggesting
that the values of ∆I and Ib are likely determined primarily by the intrinsic physical properties of the
nanowire, with minimal influence from the biasing operation. However, given that the SPICE model
used in the circuit simulation is overly simplified and may not accurately capture all the characteristics
of the nanowire, a more precise simulation and modeling approach is required. This advanced method
will be discussed in detail in section 3.2.3.

Regarding detecting the SNSPD state, since the superconducting loop has no electrical connections,
we need to detect the event through the change in magnetic flux during a quench. When the current
in the SNSPD loop suddenly drops, a voltage spike is generated at the input terminal of the coupled
input coil—this is the signal we need to detect. The width of this spike depends on the quenching time,
while its amplitude is determined by ∆I and the mutual inductance M.

Vspike =M
dIsnspd
dt

(3.9)

For the pessimistic scenario with M in the order of nH as shown in Figure 3.9, the spike amplitude can
be as low V level (for ∆I ≈ 15µA, ∆ ≈ 0.3 ns), making potential detection difficult. A larger M value
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improves the spike amplitude, so achieving a higher coupling is desired to have a larger signal for any
potential detector.

Analysis for Performance and Limitation
From equation 3.6 and 3.7, we can see that the ratio ∆Isnspd/∆Icoil is determined by the ratio of
M/Lk. Given that we always need the current increase in the SNSPD to slightly exceed Isw (to trigger
quenching during the bias operation), a larger M value reduces the required input current, thus lowering
the power consumption per bias operation. Equation 3.12 illustrate a loop design with a large coupling
factor k and more turns of coil (n) both helps get a low Imax. In this design, theoretically, no energy
input is needed from the completion of one bias operation until the sensor is triggered. Therefore, the
power consumption of the biasing circuit depends on the frequency (f) of the bias operations. The
energy consumption of a single bias operation, at a fixed Vdd, is determined by the maximum input
current Imax and the rise and fall times of the current trise and tfall (assuming a constant current
slope). Assume trise = tfall:

P =

∫
trise+tfall

VddIcoil(t)dt (3.10)

= VddIcoil,maxtrisef (3.11)

Imax ≈ IswLk

kLsnspd
√
n

(3.12)

For the same superconductor at a given temperature, the switching current (Isw) is proportional to its
cross-sectional area. The value of kinetic inductance is also related to the cross-sectional area and the
length of the superconductor:

Isw = Jswdw (3.13)

Lk(T ) =
m

2e2
(
l

wd
)(

1

ns(T )
) (3.14)

w, d, and l are width, thickness and length of the nanowire, respectively, Jsw is the switching current
density, m is the mass of an electron, and ns(T ) is the temperature-dependent Cooper pair density
[35].

Imax = (Jsw
m

2e2ns
l)

1

kLsnspd
√
n

(3.15)

By deriving equation 3.15 from equations 3.12, 3.13 and 3.14, the resulting expression for Imax shows
that the width and thickness of the nanowire cancel out. This is because a wider and thicker nanowire
decreases Lk while simultaneously increasing Isw. The terms Jsw, m, and ns are dependent on the
ambient temperature and the physical properties of the nanowire. Therefore, there are two ways to
achieve a lower Imax. First, the coupling between the bias coil and superconducting coil can be im-
proved by using more turns in the input coil and secondly, we can reduce the total length of the SNSPD
and make pixels with smaller active area (for a specific Isw).

To determine the required Vdd, the material of the bias coil becomes important. The first option is to
fabricate the coil using a superconductor, which would eliminate parasitic resistance in the coil itself.
During the biasing operation, the voltage across the bias inductor creates a changing current. The
equivalent impedance seen from the supply is a combination of the kinetic inductance of the input coil
and the kinetic inductance of the nanowire parallel with the mutual inductance (geometrical inductance
could be ignored compared to the others):

V dd ≥ dIcoil
dt

(M//Lk + Lk,coil) (3.16)

Unlike the SNSPD, where the width and thickness are constrained by optical performance, the input
coil’s kinetic inductance is expected to be much lower than that of the SNSPD because the on-chip
superconductors are limited to single-layer fabrication, preventing the creation of multi-turn coils (it
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needs the wire overlapping). And the input coil does not have the meandering structure, which saves
the total length and results in a relatively small inductance (if added in the model in Figure 3.7, it should
be connected in series withM//Lk).

In scenarios where ∆Isnspd/∆Icoil is large and hence there is a good coupling, Lk of the SNSPD will
primarily determine the voltage headroom (based on Equation 3.16, when limM→∞, Lk ≫ Lk,coil):

V dd ≥ dIcoil
dt

(Lk + Lk,coil) (3.17)

In contrast, with poor coupling (∆Isnspd/∆Icoil being low), the coupling will be mainly determined by the
geometrical inductance of the two loops (reflected in the value ofM ) and the bias coil kinetic inductance:

V dd ≥ dIcoil
dt

(M + Lk,coil) (3.18)

In this case, a single-turn input coil would result in weak coupling and require a much higher Imax.
However, the superconducting input coil also has a switching current, and when the switching current
exceeds Imax, the input coil’s cross-sectional area would be much larger than that of the SNSPD. For
instance, with Imax = 100mA and Isw = 19µA (as shown in Figure 3.9), the cross-section ratio could
reach 5000:1, making it challenging to fabricate the sensor. Therefore, a superconducting input coil is
only suitable under conditions of good coupling.

For input coils made from conventional metal materials, parasitic resistance becomes the primary factor
limiting Vdd. Taking the structure parameters from Figure 3.3 (a) as an example, the total length of the
input coil is simplified to (16 + 32) × 2 × 4 = 384µm, with the width and thickness assumed to be the
same as those of the SNSPD nanowire: w = 70nm d = 10nm. Gold (Au) is chosen as the coil material.
At cryo temperatures, the resistivity of gold decreases compared to room temperature, although this
reduction is influenced by thematerial’s purity. Here, we use themid-range value from the data provided
in [36]: ρ = 1×10−9 Ωm. Under these conditions, the total resistance of the coil is approximately 550Ω.
Using thicker and wider wires can effectively reduce the resistance, but can also make the fabrication
of multi-layer coils more complex.

In the case of poor coupling, the inductance seen from the input end is given by M//(Lk + Lsnspd −
M) + Lcoil −M , which is at the sub-nH level. At this scale, the voltage headroom consumed by the
inductance is minimal and negligible compared to the resistance. As a result, the load on the driving
circuit can be approximated as the resistance of the input coil. Therefore, the necessary energy for
driving the SNSPD is given by the integral:

E =

∫
Icoil(t)

2Rcoildt = 2

∫ trise

0

(
Imax

trise
× t)2Rcoildt =

2

3
I2maxRcoiltrise (3.19)

Assuming the coil resistance Rcoil is reduced to 50 ohms by making the gold wider and thicker, a Vdd
of 5V would be required. To further reduce Vdd, it is necessary to either decrease Imax or find an input
coil design with lower internal resistance. If trise is 10ns and the bias operation frequency is 10 kHz, the
necessary power consumption due to the bias operation is at least 16μW. A shorter trise is preferable,
but it depends on the design of the bias circuit, which will be discussed in the next chapter.

In traditional SNSPD designs, an SNSPD with Isw = 19µA requires a bias power of at least 19µW
at Vdd = 1V (assume the nanowire is biasing with a current source supplied by Vdd), which already
exceeds the estimated power consumption in the above calculation. Moreover, the parameters used in
this estimation have not yet been optimized, leaving significant room for improvement. This indicates
that the design proposed in this project holds strong potential for low-frequency, low-power applications.

3.2.3. SNSPD Finite Element Electrothermal Analysis
To effectively control the final biased current Ib in the biasing operation, it is essential to thoroughly
investigate the quenching characteristics of the SNSPD. The SPICE model used in the last subsection
does not account for the detailed electrothermal processes involved. In this subsection, we will utilize a
finite element simulator to get a more accurate result of the biasing behavior such as ∆I, exploring the
influence of SNSPD device geometry, and trying to find out the relationship between the parameters
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Figure 3.11: Circuit in Pyspice simulator

we can edit to the final bias current Ib. The simulator, which is developed by Single Quantum, uses
Python and Ngspice to explore quenching in detail and develop a comprehensive design methodology
for SNSPDs. The model is constructed using Pyspice modules to build the circuit and can output
transient simulation results for SNSPD current, voltage, resistance, and temperature.

Quenching in an SNSPD involves the entire process from the onset of hotspot resistance Rn to the
dissipation of heat and the return of the nanowire to its superconducting state. The decrease in current
during this process is a key result of interest, and the physical properties and design of the nanowire
influence quenching. The physical parameters of the SNSPD are provided with the simulator, and the
parameters we can change in the design include the nanowire’s length (l), width (w), thickness (d),
switching current (Isw), kinetic inductance (Lk), and the slew rate of Isnspd rising. The quenching result
of Isnspd can be described by the change in current ∆I and the duration ∆t. It is essential to identify
the relationship between input and output variables to investigate factors affecting Ib. Additionally, to
prevent the bias from being solely dependent on the physical process, methods for actively controlling
Ib are also being explored. In this simulation, the SNSPD circuit is simplified to a voltage source
connected directly across the SNSPD to create a constant current slope, as shown in Figure 3.11. When
a constant voltage Vin is applied across the SNSPD, the current Isnspd will increase linearly. Given that
the properties of the nanowire are uniform throughout the simulator, once the current reaches Isw, the
entire nanowire will transition to the normal state and exhibit a very high resistance, as illustrated in
the heat map shown in Figure 3.12 (b). In reality, due to inevitable manufacturing imperfections, the
nanowire’s cross-sectional area will vary, and the smallest cross-sectional areas are likely to transition
to the normal state first. This hotspot formation process is similar to that occurring with photon incidence,
as shown in Figure 3.12 (a). Therefore, in the simulation, a photon will be introduced at the moment
the current increases to Isw to trigger the sensor. Simultaneously, the voltage source will be turned off
to eliminate its effect on the quenching process.

In a given material-based SNSPD, once the width w, length l, and thickness d are determined, the
kinetic inductance Lk and switching current Isw should also be fixed. However, in the simulator, these
five parameters can be configured independently. A typical set of values will be used as a starting
point: w = 70nm, d = 10nm, Isw = 20µA, l = 800µm, and Lk = 800 nH. These parameters will
first be scanned individually to explore their respective influences on ∆I and ∆t. These analyses are
crucial for understanding the upcoming simulations. Subsequently, all parameters will be scanned in
combination to investigate the real case.

Figure 3.13 shows the results of the individual scans of the five parameters in the electrothermal sim-
ulation. Figures 3.13 (a) and 3.13 (b) illustrate the impact of varying the width and thickness of the
nanowire, respectively, on ∆I and ∆t, while keeping the other parameters at their initial values. We
can clearly observe that a wider nanowire significantly reduces ∆I and extends the quenching time.
This is likely because increasing the width reduces the hotspot resistance per unit length, weakening
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Figure 3.12: Heat map example of SNSPD quenching, with red indicates high temperature, blue represents low temperature,
the x-axis corresponds to time, and the y-axis represents the length of the SNSPD. (a) Photon imitate quenching: photon

incident at t=0 (b) Direct quenching: quench at the time when Isnspd reach Isw

Figure 3.13: Parameter sweeps, (a) plots w and d versus ∆I, (b) plots w and d versus ∆t, (c) plots Isw versus ∆t and ∆I,
the percentages are the ratio of ∆I

Isw
, (d) Slew rate of the input current versus ∆t and ∆I and (e) Lk versus ∆t and ∆I
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Table 3.3: Isw(µA) vs w & d (l = 800 µm)

d(nm)/ w(nm) 50 100 150
5 7.2 14.3 21.5
10 14.3 1.86 42.9
15 21.5 42.9 64.4

its ability to suppress the current. Similarly, increasing the thickness also decreases the hotspot resis-
tance, but unlike the width, it does not increase the surface area in contact with the substrate. As a
result, the faster accumulation of heat may actually enhance the suppression of the current.

Figure 3.13 (c) demonstrates that increasing Isw alone causes ∆I/Isw to increase. This occurs be-
cause the nanowire must reduce its current to a certain threshold where its heating power becomes
lower than its cooling power in order to return to the superconducting state. As a result, the value of
Isw −∆I should remain relatively constant. A higher Isw indicates that more current needs to be sup-
pressed during quenching, and the larger Isnspd will also cause the hotspot resistance Rn to expand
more rapidly. These two effects counterbalance each other, leading to a relatively stable quenching
time ∆t.

Figure 3.13 (d) illustrates that while the slope of Isnspd changes, the variation in ∆I remains relatively
small, whereas ∆t increases slightly as the slope grows. Even with a sixfold increase in the slope, the
change in ∆t is still less than 50%, indicating that both ∆I and ∆t remain relatively constant during
the entire quenching process. This suggests that the driving current’s influence on Isnspd is somewhat
shielded during quenching, and this characteristic can be leveraged for active control of Ib. The premise
for the Equation 3.8 in section 3.3.2 to hold is that ∆t is negligibly small. If ∆t is accounted for, it
indicates that during the rise of Icoil, there is a period, ∆t, during which Icoil does not affect Isnspd.
However, during the fall of Icoil, this absence of effect does not occur. Thus, we can obtain a complete
description of the biased current Ib:

Ib = ∆I +∆t× SR (3.20)

We can actively control the bias current Ib by adjusting the slope of Icoil during the quenching process,
which alters the slope of Isnspd accordingly. The minimum value of Ib is set by ∆I. Therefore, this
operation can only increase Ib beyond this minimum, allowing for limited control over the final biased
current.

In Figure 3.13 (e), when Lk is increased independently, it is evident that ∆t significantly increases,
while∆I remains stable. This phenomenon can likely be attributed to the larger Lk, which stores more
kinetic energy, thereby prolonging the energy dissipation time. The extended duration of dissipation
enhances the suppression of the current, resulting in little change in the overall current during the
quenching process.

The unique characteristic ofLk compared to other parameters is that changing the length of the nanowire
affects only Lk without influencing other parameters. This makes Lk the only independently control-
lable factor. However, as shown by Equation 3.15, the length of the nanowire is a key determinant of
Imax, meaning that It is unlikely that we can adjust Ib effectively by tuning Lk.

When we combine all the parameters, the effects of different widths and thicknesses of the nanowires
on ∆I and ∆t will be investigated. The starting point remains w = 70nm, d = 10nm, Isw = 20µA, l =
800µm, andLk = 800 nH. Since Lk is inversely proportional to the cross-sectional area of the nanowire,
we can calculate the kinetic inductance per unit length A using Lk = l

wdA, giving A =6.9× 10−19 H/m.
From Isw and w, we can calculate the switching current density Jsw =2.86× 1010 A/m2. Thus, we can
derive values for Isw and Lk under different w and d combinations, as shown in Table 3.3 and Table
3.4. Due to the necessity of manually compiling the Cython package for the simulation tool used in this
section, large-scale automated scans are difficult to perform. Therefore, only nine data points have
been selected to qualitatively explore the quenching characteristics of the SNSPD.

The nine data points corresponding to ∆I/Isw and ∆t are shown in Figure 3.14. Remarkably, we
observe that the width of the nanowire has almost no impact on either parameter, which can be approx-
imated as ”placing two identical nanowires side by side does not affect their performance.” In contrast,
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Table 3.4: Lk(H) vs w & d (l = 800 µm)

d(nm)/ w(nm) 50 100 150
5 2.24× 10−6 1.12× 10−6 7.47× 10−7

10 1.12× 10−6 5.60× 10−7 3.73× 10−7

15 21.5× 10−7 3.73× 10−7 2.49× 10−7

Figure 3.14: Parameter sweeping interlinked

the thickness of the nanowire is the primary parameter influencing performance. As the thickness in-
creases, both ∆t and ∆I/Isw increase significantly. Thus, the effects of various parameters on ∆t
and ∆I have been clearly demonstrated. Based on these characteristics, we can formulate a design
approach for the SNSPD:

1. The length of the nanowire, as it directly determines the value of Imax, is critically related to the
overall feasibility of the sensor design. Therefore, it should be prioritized when setting design
parameters. In cases of poor coupling, the length should be minimized as much as possible
without compromising the SNSPD’s optical performance. In cases of good coupling, there are
fewer restrictions on length. According to equation 3.20, a larger ∆t is needed to enhance the
effectiveness of active Ib control. A longer nanowire length can be used to increase ∆t, thereby
improving control over the bias current Ib.

2. As the primary determining parameter for Ib, the thickness d should be decided to set an appro-
priate ∆I. Based on previous SNSPD test data, the optimal bias current typically lies around
80%Isw. Therefore, the goal is to find the thickness that corresponds to ∆I = 0.8Isw.

3. The width of the nanowire has minimal impact on both ∆I and ∆t, but it is directly related to Isw.
Within the same Isnspd slew rate range, if ∆t remains constant, the portion of ∆t× SRf actively
controllable through the electrical input remains constant. However, by using a smaller width
to achieve a lower Isw, the ratio of this actively controllable portion to the total current ∆t×SR

Isw
increases, thereby expanding the range of active control. Therefore, selecting a smaller width
would enhance active control over Ib. However, considering the equation 3.9, which describes
that under the same coupling conditions, a larger ∆I can increase the spike that needs to be
detected by the readout circuit, a wider nanowire is also desirable. The determination of the
nanowire width must therefore balance between these two factors: increasing ∆I for stronger
signal detection and optimizing the overall coupling performance.
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3.3. Samples Design
This section focuses on the parameter design of the first batch of persistent current SNSPD samples,
with which the presented model can be verified and further improved. The design methods discussed
in the previous section will be applied to ensure that the samples can provide effective test data.

When considering superconducting loop coupling, flux conservation is only possible when the loop is
made of a superconductor. Therefore, when the input coil is made of a conventional metal, the bias
operation driven by the input coil may exhibit good coupling. However, when the SNSPD undergoes
quenching, the spike generated by the input coil may not follow the largemutual inductance (M ) dictated
by flux conservation. As a result, the ideality of both biasing and readout will need to be considered
separately. The structural parameters of the SNSPD will be designed based on different idealized
assumptions.

3.3.1. Case 1 [Ideal bias and readout]
In the most ideal case, the input coil uses superconductor and we get both ideal biasing and ideal
detection since the magnetic flux conservation phenomenon is assumed to happen on both the inner
and outer loops. In this case, the thickness should be determined by the Ib requirement, multiple
numbers would be chosen to make sure a proper Ib could be obtained, based on Figure 3.14. The
width should be smaller to increase the potential adjustment range caused by different slew rates,
since the large M, in this case, could generate a large enough spike for the readout. There are no
special requirements for Lk. For easy driving, a shorter nanowire with a smaller Lk could be better, a
relatively small typical value would be chosen.

Possible parameters for samples:

• Thickness: 8nm, 10nm, 12nm
• Length: 500µm
• Width: 50 nm

3.3.2. Case 2 [Ideal bias, non-ideal readout]
In this case, the input coil is made of normal metal (with the lowest possible resistance), because of
the need for a multi-turn input coil. Only the bias process benefits from the good coupling, the spike we
need to detect would be weak. The thickness should be still determined by the Ib requirement. A large
width is needed to generate large Isw, and large ∆I as well since the feasibility of detection is more
important than the Ib controlling. A long nanowire is preferred to form a better geometrical coupling
with the input coil, so it is set to a relatively large typical value for SNSPD.

Possible parameters for samples:

• Thickness: 8 nm, 10 nm, 12 nm
• Length: 1500µm
• Width: 150 nm

3.3.3. Case 3 [Non-ideal bias, non-ideal readout]
In this case, both the input coil and SNSPD loop would be treated as only having a geometrical induc-
tance. The length of the nanowire should be as small as possible to reduce the Imax and reduce the
power consumption. Thickness is set the same as above. The width should be large to make detection
easier.

Possible parameters for samples:

• Thickness: 8 nm, 10 nm, 12 nm
• Length: 100µm
• Width: 150 n
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3.4. Conclusion
This chapter begins with the original idea of the persistent current SNSPD, aiming to establish a model
for the SNSPD through theoretical derivation and various simulators. COMSOL simulations and the-
oretical derivations are employed to explore the magnetic coupling within the superconducting loop,
while a basic circuit model is used to clarify the electrical behavior of the SNSPD during operation. A
finite element simulator is utilized for precise simulation of the SNSPD’s characteristics during quench-
ing. Based on these results, a design methodology for the persistent current SNSPD is proposed, and
corresponding sample groups are designed according to different coupling scenarios.



4
Design of the Bias and Readout Circuit

Up to this point, we have explored the physical properties and design methods of persistent current
SNSPDs. This chapter aims to explore the optimal structural design of biasing and readout circuits to
fully leverage the unique characteristics of a well-designed persistent current SNSPD. As described in
Section 3.2.1, the actual coupling efficiency of SNSPD loops still needs to be experimentally verified.
The system feature will be investigated in the same condition in Section 3.2.2. The circuit design in this
chapter will based on Isnspd

Icoil
= 1

10 and give considerations for both good and bad coupling scenarios. A
TSMC 40nm technology will be used in circuit simulation.

4.1. System features
Figure 3.9 in Section 3.2.2 illustrates the fundamental behaviors required for the biasing and readout
circuits of this design: generating current ramps with finite slopes during both rising and falling transi-
tions and detecting spikes caused by quenching events. It is important to note that after quenching,
Isnspd does not reset to zero, but has some hysteresis and reduces to Iresidual. When the same bias
operation is applied again, as shown in Figure 4.1, the increase in Isnspd begins from −Iresidual (where
Iresidual +∆I = Isw). The increase and decrease in Isnspd during the bias operation are identical, as
described by Equation 4.1:

|I1|+ |I2| = |I3|+ |I2|
|I1| = |I3|

(4.1)

Isnspd will quench again and stop at Iresidual, failing to succesfully bias the SNSPD. However, if the
polarity of Icoil can be reversed during the second bias operation, as shown in Figure 4.2 and Equation
4.2:

|I4|+ |I5| = |I5|+ |I6|
|I4| = |I6|

Ib = ∆I − Iresidual

(4.2)

the increase in Isnspd will start from +Iresidual and end at Isw − 2Iresidual. When Iresidual is small,
Isw − 2Iresidual can still serve as a usable bias current, but the system detection efficiency compared
to the first detection will be reduced.

In terms of detection, traditional SNSPDs use continuously enabled amplifiers and comparators to cap-
ture the spikes generated during quenching and provide accurate time information, as described in
Chapter 1. This design can also employ such an approach. However, considering the continuous
monitoring power consumption and the adaptation for multi-pixel sensors, a more power efficient ap-
proach would be to detect the triggering status of the SNSPD during the previous operational cycle
while performing the bias operation.

When detection is only performed during the bias operation, it is necessary to discern whether the
sensor was triggered in the previous cycle based on the characteristics of the detected spike. The

33
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Figure 4.1: Example of single-direction continuous bias

Figure 4.2: Example of double-direction continuous bias
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Figure 4.3: Example of rebias without triggered

scenario in Figure 4.2 represents the effect when the sensor was triggered, while Figure 4.3 shows
the effect when the sensor was not triggered. If the sensor was not triggered in the previous cycle, the
growth of Isnspd will start from Ib and increase with Iresidual after which it will quench, then it will continue
increasing with ∆I and quench again given that Imax is set appropriately. Consequently, the SNSPD
will have the same bias current Ib in the opposite direction, as described by the following equation:

Ib2 = Iresidual +∆I = Iresidual +∆I = Ib1 (4.3)

It can be easily observed that in the case of a rebias without triggering, the first spike is output earlier,
and a total of two spikes are generated. This can be used as a criterion for reading out the state of the
SNSPD.

Changing of the start point in the current of Isnspd can cause more difficult situations with biasing as
shown in Figure 4.2. Here, after the SNSPD is triggered in the first cycle and then undergoes a second
bias, it will have a bias current of Ib = Isw − 2Iresidual. When performing a rebiasing cycle from this
point, the change in current will be 2Iresidual +∆I, causing it to trigger again when returning the Icoil
to 0 and causing Isnspd to be biased at Iresidual. Fortunately, after a fourth bias cycle, Ib will return to
Isw − 2Iresidual. Therefore, an SNSPD that has been triggered will require two bias operations in an
empty cycle to be ready for detection again.

Based on the above analysis, the decision logic for the bias and readout circuit is as follows: In a
system with a sufficiently long runtime (where the SNSPD has been triggered at least once), after one
cycle, if a single spike is detected during the rebias, it indicates that the sensor was triggered within the
cycle, and only this bias operation should be performed. If two spikes are detected during the rebias, it
indicates that the sensor was not triggered within the cycle. After this rebias, another bias cycle should
be performed to ensure the correct bias point.

4.2. SPICE model optimization
As mentioned in Section 3.2.2, the model used for the SNSPD in the circuit simulation is based on
the dynamic model in [8], which is designed based on [34] and illustrated in Figure 4.4. In this model,
the Drain and Source correspond to the nodes that are connected to the current source and readout
amplifier in a conventional SNSPD setup. The kinetic inductance is represented by Lk, and Rn,max

represents the maximum resistance of the hotspot. The voltage source B1, which is in parallel with
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Figure 4.4: SPICE schematic of SNSPD dynamic model

Rn,max, provides the voltage

VB1 =
VN3 + |VN3|

2
× IB1 (4.4)

representing the increase in the hotspot resistanceRn when the sensor is triggered. The current source
I1 and resistorR3 are used to mimic a photon event. When I1 switches from 0 to Iphoton, and the current
in the SNSPD exceeds Isw, the voltage source B2 will be activated. The source B2 and resistor R2

display the SNSPD’s state; when the SNSPD is triggered by a larger bias current or Iphoton, B2 will
switch from 0 to 1. The switch S1, B3, and capacitor C3 simulate the growth of Rn. When B2 switches
to 1, S1 disconnects, and B3 begins to charge C3 with a current shown in equation 4.5. The size of C3

is also depends on the physical properties of the SNSPD, shown in equation 4.6. The voltage across
C3 is numerically equal to the total hotspot resistance.

IB3 =
ψ

I2
snspd

I2
sw

− 2√
ψ

I2
snspd

I2
sw

− 1

(4.5)

C3 =
w

2RSHv0
(4.6)

ψ =
ρI2sw

hcw2d(Td − Ts)
(4.7)

v0 =

√
hcκ/d

c
(4.8)

In equation 4.5, 4.6 and 4.7, Isnspd is the current through the Lk. The parameters hc, κ, c, Td and ρ are
all denpendents on the physical properties of SNSPD; Ts is the substrate temperature; w is the width of
the nanowire. Since the primary focus of this project is on the quenching characteristics of Isnspd, which
are not within the design scope of the original SPICE model, and because we have utilized an SNSPD
simulator based on finite element analysis (which offers higher accuracy than this SPICE model), the
model requires modification to fit our application better.

In this project, quenching events can be fully described using ∆I and ∆t, as discussed in Section
4.1. Since the SPICE model mimics the change in Rn by charging a fixed capacitor with a variable
current source, the adjustments should focus on capacitor C3 and source B3. As illustrated in Figure
4.5, the relationship between ψ, C3 and the variations in∆I and∆t shows that C3 primarily determines
the charging duration, which corresponds to the quenching time ∆t, while ψ dictates the final current
level at which the quenching stops. Based on this principle, we can independently adjust ∆I and ∆t
to align them with the performance characteristics observed in the finite elements model. Finally, the
parameters of the SPICE model used in this chapter will be set to Isw = 19µA, ∆I ≈ 85%Isw = 16µA
and ∆t ≈ 3 ns.

4.3. Bias design
The bias circuit of persistent current SNSPD needs to generate a current pulse for the bias coil. Before
diving into circuit details, it is essential to clarify the requirements of the bias current Icoil. Although the
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Figure 4.5: Simulated ∆I & ∆t as a function of ψ & C3, taking Isw = 38 µA as an example.

basic circuit model shown in Figure 3.9 depicts a linear increase and decrease of Icoil, this linearity is
not necessary. Since Icoil and Isnspd always change proportionally, and assuming that the Isw of the
nanowire and the current ratio in the two loops can be obtained through testing, the key requirement is
that the maximum input current Icoil must be sufficient to trigger the sensor.

Given that in this chapter the ratio Isnspd

Icoil
= 1

10 , a current of Icoil,max > 190µA is required. With a
1.1V voltage supply, this would result in a large instantaneous power consumption. The optimal way to
reduce power consumption is to increase the slew rate of Isnspd and Icoil, thereby shortening the time
of each operation. However, increasing the slew rate presents two challenges:

1. Excessive Bias Current (Ib): According to Equation 3.20, a slope that is too steep can result in an
excessively large Ib, potentially causing additional quenching events that would lead to a failure
in biasing the SNSPD.

2. Excessive Voltage on Inductor: As shown in Figure 3.7, the persistent current SNSPD, when not
generating a hotspot, presents an inductance slightly smaller than M as its output impedance.
A large slope would induce a large voltage across the SNSPD. Since the spike produced during
quenching is superimposed on this induced voltage, a larger slope can make the spike more
difficult to detect.

Additionally, concerning detection, the quenching-induced spike is output from the SNSPD to the output
terminal of the bias circuit. To obtain a clear spike and reduce detection difficulty, the bias circuit should
have as large an output impedance as possible.

Summary of bias circuit design requirements:

1. The current should start from zero, increase, decrease, and then return to zero.
2. The slopes of Icoil and Isnspd should not be too large.
3. The input current Icoil should be capable of changing polarity.
4. Power consumption should be minimized.
5. The circuit should have a high output impedance to ensure clear spike detection.
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Figure 4.6: LC bias circuit schematic

4.3.1. LC biasing
When a current pulse is required with controlled rise and fall times, independent of parasitic effects,
one can use a DAC or passive components (such as inductors or resistors) to extend the rise and fall
edges. Given that the current pulse in this design does not carry information and does not need to be
modified, passive components should be selected. Notably, the SNSPD, which serves as the load for
the bias circuit, inherently exhibits a large inductance (≈ 73 nH for Lk = 800 nH), and this characteristic
can be utilized.

A straightforward approach would be to directly apply a fixed voltage across the SNSPD. But for a device
with total output inductance Ltotal = 73nH, generating ∆t× slewrate < 2µA (based on equation 3.20)
we need a voltage supply that can provide Vin = 0.49mV and Icoil,max > 190µA. It would be quite
difficult.

A more effective approach would be to use a capacitor that is charged during the detection period
to store energy, this allows the voltage supply not to have to output a high current. During the bias
operation, this capacitor would be connected to the SNSPD, causing them to oscillate and generate
a current pulse. Since the Icoil needs to eventually return to zero, the oscillating LC circuit should be
interrupted at the precise moment, which requires highly accurate zero-current detection. However,
using a switch with a high on-resistance could solve this issue by introducing a low quality factor to the
resonator and dissipating the energy.

The circuit is shown in Figure 4.6. Here, the SNSPD is connected to the capacitor Cin via the main
switch A, which is also connected to the voltage supply Vin through switch B. During the detection
period, the voltage supply can gradually charge Cin to Vin via switch group B (or C). During the bias
operation, switch B is opened, and switch A is closed, forming a series RLC circuit with Cin, Ltotal, and
Ron,A. When Ron,A is appropriately set, the circuit achieves critical damping (damping factor, shown in
equation 4.10, equals to 1), allowing Icoil to quickly return to zero after peaking. After opening switch
A and closing switch B, the system enters the next detection cycle

For oscillation in RLC circuit, the current over time is described by equation 4.9. When disregarding
damping (with R = 0), and assuming Icoil,max = 300µA, we can calculate the necessary Cin and Vin
for different resonance periods, as shown in Figure 4.7. Taking a resonance period of approximately 10
ns as an example, the values of Cin are within a reasonable range, but the required Vin is very small,
and decreases as the period increases, which complicates the design of the power supply. WhenRon,A

is considered, the peak of the RLC oscillation current will be reduced, and the time for the current to
return to zero will be longer than the LC resonance period.
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Figure 4.7: Resonance period vs Vin and Cin

I(t) = Ae−αtsin(ωdt+ ϕ)

ωd =
√
ω2
0 − α2

α =
RonA

2Ltotal

ω0 =
1√

LtotalCin

A =
Vin

Ltotalωdd

(4.9)

ς =
RonA

2

√
Cin

Ltotal
(4.10)

Using the SNSPD model with M = 80nH, Isnspd decreases by ∆I = 0.85Isw = 16.15µA over
∆t = 0.3 ns during quenching. As a result, it produces a spike of approximately 4.3mV, calculated
by Equation 3.9. In the RLC circuit, when switch A is closed at t = 0, the current’s slew rate immedi-
ately reaches its maximum, causing the voltage across Ltotal to peak. Figure 4.8 shows this scenario,
using ideal components in the simulation. To facilitate the detection of the spike, this voltage should
be as small as possible. However, when the voltage across ttotal at t = 0 is around 5mV, at relatively
same level with the spike, Cin already reaches 1 nF.

In this example, Cin is charged to 5mV, and release all the energy during bias process. For each
bias operation, 1

2CinV
2
in = 1.25× 10−14 J is consumed, not including the voltage supply efficiency and

readout part. For bias process time at 50 ns, the average power is 0.25µW, which is extremely low
even without considering about the duty cycle of the biasing time and the exposure time. However,
from Figure 4.8 we can find that the spike generated by quenching is very small compared to the
theoretical value. This might because during the biasing process, the circuit’s output impedance is Cin,
which is not big enough. Alternatively, the readout circuit could be always enabled to ensure detection
outside of the biasing process, but this would cancel the low power advantage of this biasing topology.

4.3.2. Current source biasing
To ensure that the circuit maintains a high output impedance during the bias operation, a current source
can be selected as the output for Icoil. The static current of the current source is set to the desired
Icoil,max. By adding a capacitor to the gate of the transistor, the current source can be gradually turned
on and off, resulting in a lower slew rate when the current source is activated or deactivated.
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Figure 4.8: RLC full damping bias circuit performance at Cin = 1nF
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Figure 4.9: Current source bias schematic

The circuit is shown in Figure 4.9. The SNSPD is connected through bonding wires to switch groups
A and B, which are used to invert the polarity. Bonding wire represented by a set of capacitors and
inductors, with Cbond = 125 fF, Lbond = 2nH Cin On the right side,M1,M2, andM3,M4 form a cascode
current mirror pair, where the gate ofM3 is controlled by switchesM5 andM6, connecting to either Vdd
or the gate of M1. When Vcontrol switches from low to high, the gate of M3 disconnects from Vdd and
links to Vref . At this point, the on-resistance Ron,6 of M6, together with the capacitor Cs, creates a time
constant τ that slows the decrease of Vm3, causing the current output by the M3 M4 current source
to gradually increase. When Vcontrol switches from high to low, the process is repeated, and the bias
circuit’s output current gradually decreases to zero. The width ofM3 andM4 is N times that ofM1 and
M2 to reduce power consumption in the Iref path.

Because C3 and the on-resistance Ron ofM5 andM6 form a first-order RC circuit, the step response of
Vm3 follows an exponential equation where the current slope rate gradually decreases. When Icoil,max

is set such that Isnspd increases only slightly after quenching, the quenching will occur during the later
part of the exponential curve, where the current slew rate is lower, which is exactly what we need.
Meanwhile, the higher slew rate in the earlier stage allows the current to change rapidly, reducing the
overall pulse width and thereby lowering the energy consumption of each bias operation.

Because the output impedance of the SNSPD is purely inductive, it will cause oscillations with the para-
sitic capacitance Cbond on the bonding wire after each quenching event. To eliminate these oscillations,
large resistors need to be added to the circuit to dissipate the energy. The polarity-reversing switch
groups A and B are set with a high on-resistance (800Ω) to dampen these oscillations. The maximum
current flowing through these switches is approximately 230µA, so they would not affect the voltage
headroom of the current source.

Figure 4.10 shows a simulation of this design, and Figure 4.11 illustrates the first two cycles of the
operation. The simulation was conducted with a switch buffering time constant τ = 6.5 ns, resulting in a
3.6mV pulse at Vout (corresponding to V1−V2 in Figure 4.9) induced by Ltotal. This pulse has a smaller
amplitude compared to the spike caused by quenching, but a large FWHM (full width at half maximum).
This indicates that the spike contains higher frequency components compared to the pulse generated
by Ltotal. In the readout circuit, this can be suppressed by using a high-pass filter to improve detection.

Figure 4.10 also shows the transition from the control signal Vcontrol to Icoil, where Vm3 follows a stan-
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Figure 4.10: Current source bias performance

Figure 4.11: Highlight the performance of the system during the first two cycles.
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Figure 4.12: 2 cascaded first order RC filters

Figure 4.13: Cascade amplifier schematic

dard exponential curve. The current Iin (output of the current source) shows some delay and distortion
due to the conversion through M3. Iref is 55µA, leading to an Icoil,max = 230µA, resulting in a peak
power consumption of 313µW. A more comprehensive power consumption analysis will be provided
in Section 4.5.

4.4. Readout design
An overview of the SNSPD readout can be seen in Figure 4.21. The primary requirement is to amplify
the spike generated by quenching in Vout, eliminate any remaining oscillation, and perform a compar-
ison for detection. Theoretically, the spike’s amplitude and width are approximately 4.3mV and 0.3 ns,
respectively. However, due to parasitic elements in the circuit, as shown in Figure 4.10, the spike’s
amplitude and width increase to around 5mV and 0.6 ns. Considering the width as half of a sinusoidal
signal’s period, the frequency range of the spike can be estimated to be around 1 GHz.

Similarly, the voltage pulse originating from applying the bias current on Ltotal has a width of approx-
imately 7.4 ns and an amplitude of around 3.6mV, which corresponds to an estimated frequency of
about 68MHz. Using a larger Cs would extend the rising time and result in that pulse at a lower fre-
quency that is easier to be filtered, but also cost more power. To suppress this pulse, a high-pass filter
can be considered. Given that the difference between the frequencies is less than two decades, two
cascaded first-order RC filters with a cutoff frequency at 1.76GHz would be used to ensure filtering, as
shown in Figure 4.12, Figure 4.16 illustrate it’s frequency response. The filtered and non-filtered Vout
is shown in Figure 4.17.

Next, the signal is fed into a cascaded, two-stage, differential amplifier as shown in Figure 4.13, which is
then fed into an operational transconductance amplifier (OTA), illustrated in Figure 4.14, to sufficiently
amplify the spike and convert it into a single-ended signal for input into the digital subcircuit. A common
mode feedback using the same 5 transistors OTA is employed to maintain the amplifier’s common-
mode output at 0.55V. In this design, the logic gate module has a threshold voltage of approximately
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Figure 4.14: OTA schematic

Figure 4.15: Amplifier common feedback
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Figure 4.16: Frequency response of the 2nd order filter

Figure 4.17: Vout before and after 2nd order RC filter

500mv, so the OTA’s steady-state output is set to 600mv, and it generates a negative pulse greater than
100mv upon the spike’s arrival to trigger the logic gate. To reliably trigger the logic gate, the required
OTA output amplitude is set to 150mv. As shown in Figure 4.17, the filtered Vout has an amplitude of
approximately 1.5mv, necessitating a combined gain of 40 dB at 1 GHz from the cascade amplifier and
OTA. The low frequency pulses are also well suppressed.

In Figure 4.18, the simulated frequency response from the input of the cascade amplifier to its output,
as well as to the OTA output, is plotted. The simulation is running at −40C. The first stage of the
amplifier provides a gain of 21 dB, with the input transistor pair operating in weak inversion to enhance
gain. The second stage delivers a 17 dB gain, with a common-mode feedback circuit made from a
five-transistor OTA used to maintain the output common-mode voltage at 500mV. Due to the use of
an inverter (for getting higher transconductance) in the second stage, it is challenging to precisely tune
its bandwidth to around 1GHz, resulting in a lower gain bandwidth. At 1GHz, the amplifier achieves
a gain of 31.8 dB, and the OTA output reaches a gain of 48.1 dB, sufficient to amplify the spike to a
detectable level. Figure 4.17 demonstrates that the pulse caused by Ltotal has been suppressed by
the filter to approximately 50µV, requiring at least 66 dB of gain for it to be detectable; thus, this pulse
has effectively been eliminated by the readout circuit.

An overall frequency response including the high pass filter, cascade amplifier and OTA is illustrated in
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Figure 4.18: Frequency response of the amplifier with OTA

Figure 4.19, showing its effect as a band pass filter which has its largest gain at ≈ 1GHz.

In the digital logic section, as discussed in Section 4.1, the status of the SNSPD needs to be determined
based on the occurrence of spikes during the bias operation. This is accomplished by detecting the
timing of the first spike. When an SNSPD has been triggered, its current during bias starts from a lower
value, whereas an untriggered SNSPD’s current starts increasing from∆I. Consequently, if the sensor
has not been triggered, the spike will occur immediately after the bias operation begins; if it has been
triggered, the spike will appear later in the bias operation. Therefore, by detecting spikes only during
the first half of the bias operation, the status of the SNSPD can be accurately determined.

An SR latch is used to detect the output of the OTA. As illustrated in Figure 4.20, when the Latch_enable
signal transitions from 0 to 1, the latch starts accepting input signals. Initially, Latch_Q and Latch_Q′

are set to 1 and 0, respectively. Since the input terminalR is fixed at 1, when Latch_in receives a 1-to-0
spike, Latch_Q and Latch_Q′ are set to 0 and 1, respectively, and they will no longer be influenced by
Latch_in.

The delay logic, shown in Figure 2.17, is repurposed here. When the bias operation begins, the CLKin

port simultaneously receives a signal, causing AQ to transition from 0 to 1. AQ is connected to the
SR latch’s Latch_enable to activate it. After a delay of tdelay ≈ 0.5trise/fall, the delay circuit sets
Latch_enable back to 0, thereby disabling the latch. During the exposure cycle of the SNSPD, the
latch, which is in a disabled state, will receive a 0-1-0 pulse at the Latch_reset input. This pulse acts
as an asynchronous reset signal to reset Latch_Q and Latch_Q′ to 1 and 0, respectively.

4.5. Overall system performance
The overall system schematic is shown in Figure 4.21. we have a Vdd = 1.1V power supply and a
55µA reference current for bias generation. The circuits in this project are designed to explore the
feasibility of the structural design rather than to be ready for actual production. Therefore, they have
not been fully optimized. All control signals are provided by ideal sources, and the logic described in
Section 4.1, which states that ”if the sensor was not triggered in the previous cycle, two consecutive
bias operations are required,” has not been incorporated. The circuit does not yet include compatibility
with multi-pixel configurations, but given the characteristics of this design, such compatibility is entirely
feasible.
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Figure 4.19: Overall frequency response

Figure 4.20: SR latch
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Figure 4.21: Overall schematic of persistent current SNSPD system
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Figure 4.22: Overall performance of persistent current SNSPD system

The bias circuit generates a current pulse with a slow rise and fall edge by employing slow switch-
ing, which is used to bias the SNSPD. The spike produced by quenching is amplified by the cascade
amplifier and OTA to a level that can trigger logic gates, after passing through a high-pass filter that
removes low-frequency pulses generated during biasing by Ltotal. The SR latch detects the spike, and
the detection time is controlled by a delay line.

The overall system performance of this design is shown in Figure 4.22, and a highlight of photon incident
is illustrated in Figure 4.23. The Q terminal of the SR latch represents the final output result. Upon
detecting that the sensor was triggered in the previous cycle, Q switches from 1 to 0 and returns to 1
during the exposure cycle.

Figure 4.24 illustrates the average power consumption of the system’s three main components during
each cycle, as well as the energy consumption per bias operation for these components, where the
”analog sub-circuit” refers to the amplifier and OTA. In Figure 4.24 (a), the highest power is observed in
Iref path of the biasing circuit, whose current can be adjusted to some extent. In low-power applications,
the biasing circuit and analog sub-circuit do not need to operate during the static state, so an enable
control can be added to turn them off during this period to reduce power consumption. In multi-pixel
applications, the same biasing and readout circuit are continuously reused by differential pixels, thereby
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Figure 4.23: Overall performance (a) First photon incident (b) Second incident

Figure 4.24: Power consumption in (a) static state, (b) one bias process
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Figure 4.25: Noise performance

avoiding unnecessary power consumption.

In Figure 4.24 (b), the biasing circuit still accounts for the largest portion of the energy consumption
due to the high peak power caused by the large Icoil,max being drawn directly from Vdd. This can be
mitigated by shortening the bias operation time (30 ns operation time is used in this calculation).

Now let’s consider the system performance under varying coupling conditions. When the coupling
approaches an ideal state, Isnspd/Icoil increases, leading to a decrease in Icoil,max. This means that
the biasing can be achieved with a lower current, resulting in reduced power consumption. As the
mutual inductance M becomes larger, the spike generated by quenching will also increase, making
the amplifier requirements less stringent. However, it is important to note that Ltotal will also increase
under these conditions (in the most ideal scenario, Ltotal will equal Lk). This increment will cause
the low-frequency pulse generated by the changing current to have a significantly higher amplitude,
potentially requiring a longer bias operation to ensure sufficient voltage headroom.

When the coupling becomes non-ideal, the ratio Isnspd/Icoil decreases, leading to an increase in
Icoil,max. This necessitates a larger current to drive the SNSPD. In this scenario, the spike generated
by quenching will significantly diminish, and may even depend entirely on the geometrical inductance
of the two loops. Given the voltage fluctuations caused by parasitic inductance or resistance during the
biasing process, any spike superimposed on these fluctuations will be extremely challenging to detect.

A noise simulation encompassing the amplifier, common-mode feedback, and OTA was conducted to
investigate the input-referred noise of the analog sub-circuit. As shown in Figure 4.25, after integration,
the input-referred noise is approximately 3mV. This results in a signal-to-noise ratio (SNR) of about
14dB when compared to the SNSPD output spike, which is around 15mV (as shown in Figure 4.17.

4.6. Conclusion
In this chapter, we proposed a persistent current SNSPD state detection scheme that combines the
quenching characteristics observed in SNSPD current behavior with biasing and outlines the require-
ments for the interface circuitry. Initially, an LC bias circuit was explored due to its theoretically low
power consumption. However, the circuit’s low output impedance made it challenging to accurately
read the spike signals. Consequently, a bias circuit generating current pulses via a slow-switching cur-
rent source was implemented using the TSMC 40nm process. In this design, the majority of the power
consumption was attributed to the path generating the Icoil. To reduce steady-state power consumption,
enable controls could be added to each sub-circuit.



5
Conclusion

5.1. Main Conclusion
This thesis proposes and models a novel type of superconducting nanowire single-photon detector
(SNSPD) that leverages the characteristics of a superconducting loop. The design aims to utilize the
memory-like properties of the persistent current within the superconducting loop to achieve a long-
lasting, low-power biasing, while also demonstrating significant potential for arrayed configurations.

The thesis begins by examining the readout architecture of traditional SNSPDs. Through in-depth
analysis, it identifies issues in previous designs, specifically the ineffective inversion in the digital sub-
circuit of the active quenching structure’s delay line, and the unavoidable DC offset drift in the output
of the main amplifier. By implementing a new delay circuit logic and switching the main amplifier to a
differential configuration, the counting rate was successfully increased to 50MHz.

In the following chapter, the thesis introduces the concept and operation of using a persistent-current
SNSPD and investigates the coupling between the superconducting coil and the input coil through
COMSOL simulations. Theoretical derivations indicate that the flux conservation property of the super-
conducting loop may not hold effectively at the nanometer scale, prompting a detailed discussion of
possible scenarios. The establishment of a basic model clarifies the electrical behavior of the sensor.
Theoretical calculations reveal that the performance limitations of the SNSPD are primarily influenced
by the coupling between the two loops, the length of the superconducting wire, and the parasitic pa-
rameters of the input coil. These findings provide a theoretical foundation for the subsequent sample
design.

A finite element electrothermal simulator is employed to accurately simulate the variations in SNSPD
characteristics under different dimensions and electrical parameter settings. This simulator also identi-
fies factors affecting quenching behavior and methods for adjusting the final bias current, culminating
in a comprehensive design approach for the persistent current SNSPD. Based on this approach, three
sets of samples suitable for different coupling scenarios were designed.

The circuit for biasing and reading out the SNSPD is then investigated. The biasing can be performed
using a capacitor as a battery or by using a current source. While the capacitor would enable lower
power consumption, the thesis proposes instead to generate the low slew rate bias current pulses
for the SNSPD by using a current mirror. By using a slow-switching approach and leveraging the
high output impedance of the bias circuit and the quenching behavior of the SNSPD during biasing, a
readout circuit is designed that can detect a quenching SNSPD while filtering bias signals. The overall
system achieved successful operation, with the main power consumption occurring in the Icoil path.
This can be mitigated by reducing the proportion of time spent on biasing within each detection cycle.
Power consumption in other sub-circuits can be eliminated by adding enable controls to deactivate
them during non-detection periods.
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5.2. Further Improvement
As exploratory research on a novel SNSPD structure, this thesis acknowledges that there are several
areas requiring further improvement:

1. Fabricate persistent current SNSPD samples and conduct coupling characteristic tests to deter-
mine whether the coupling coefficient is solely dependent on the geometric inductance.

2. Test the quenching behavior of SNSPDs with different design parameters to verify the effective-
ness of the quenching adjustment methods proposed in this thesis.

3. Design and fabricate a complete circuit incorporating all control logic and enable controls, and
conduct tests in conjunction with the SNSPD samples to explore the performance of the full sys-
tem.

4. Design a circuit multiplexing method for this structure under multiple pixels to enable the array
configuration of the sensor.
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